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Synopsis

Mechanical alloying is a powder processing technigue in which solid state reactions
are caused to occur when materials are processed in an aftritor under an inert
atmosphere. By mechanica! alloying & wide variety of starling materials, including
glemental powders can be converled into fully homogeneous alloys with novel

composition and microstruciure.

In an attempt to acquire the knowhow of the technoclogy locally, an aftritor end a hot
pressing die have been designed and fabricated and the related process variables
have been set. In order to produce metal powder locally, a powder production cell has
also been designed and fabricated, In this respect copper powder has been

successiully produced from commercial grade solid copper and chemicals.
|
The progress of mechanical alloying of 70 wi. % copper-30 wl. % zinc has bean

investigated by means of X-ray diffraction (XAD), optical metallography and sieve
analysis. Results obtained show that the mechanica! alloying proceeds such that the
zinc atoms praferentially inter into the copper lattica. X-ray patterns indicates that the
progress of alloying, the crystallinity decreases gracually leading the alloy to
amorphous state. Investigation of the effect of particla size on the progress of
mechanical alloying revealad that the miling tme is pariicle size dependent and finer
parlicles result in more oplically hormegeneous afloy at a much less time of milling. In
order to study the mechanical properly microhardness of consolidated body, from
mechanicaily alloyed powder particle and that of from the powder metallurgy
technique, has been dstermined. Mechanically alloyed body showed homogeneous
micro-hardness while that from the conventional powder metallurgy technigue body
showed non-homogeneous micro-hardness hardness throughout. Study of the shape
charactarisation of the parlicles showed that with the progress of milling paricle of a
particular size become more regular in shape and most of them become more or less
spherical. These parlicles are of characteristics fine lamellar compesites at the early
stage of milling, after the structural and grain refinements during mechanical alloying ,
finaily reaches to optically homogenaous alloy.
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Chapter -1.

Introduction

Introduction:

Mechanical alloying is a powder processing technigue in which solid state reactions
among the powder parlicles are caused to occur for generating powders manifesting
novel composition and extremely fine microstructures. The crucial point of
mechanical alloying is the interpariicle cold welding. Cold welding is a funclion of
melting points of the powder parlicles to be processed and is essentially a process of
solid state bonding under external pressure. Tha fundamental process in mechanical
alloying is the balanced repetitive welding, fracturing and rewelding of a mixture of
powder particles entrapped in the coilision sies of the grinding madia in 8 dry highly
energetic ball mill known as attritor. The central feature of the process 1s the
formation of uniform dispersions of stable particles in super alloys. A wide variety of
slarting materials can be employed, including elemental powders, which can be
converted into fully homogeneous alloys. This ability to process different starling
matarials with various characteristics gives the process great flexibility. State of the
art is, dispersion-strengthened materials are produced commercially through this
process and novel uses of mechanically alloyed materials are currently being

developed"

Advantages of mechanical alloying over other methods of alloying :

Alloying results in superior engineering propetities and are widaly used. Large
majority of alloys are made by heating different melals together to temperatures
above maiting points so that they form a solution with each other. This conventional
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method of making alloys i.e. melting the mixture of reguired constituenis and
subsequent casting is susceptible to some serious limitations.

One of the serious limitations of corventional alloying technolagy is the reluctance of
some metals to alloy. For example, it is quite difficult to alloy, by conventional
techniques, a metal with a high melting point and one with & low melting point. Even
though two such metals may form a.solution in the liquid state, the metal with the
lower melting point tends to separate out in the course of cooling and solidification
that Ieads lo segregation and other inhomogeneties. Alloying of refraciory metals by
conventional techniques implies use of high temperature furnaces which makes the

whole process uneconomical,

The powder metallurgy technique offers a viable alternative to the above limitations.
Powder metallurgy, for example provides a break through (3) in segregatlion
elimination, (b} in the manufacture of high purty and precise composition controlled
parts and (¢} in application of super plasticity. Powder metallurgy process can
combine metals of different melting points and densities and also metal and non-
metals into engineering materials with ‘tailored properlies’. Aside from the above,
powder metallurgy 15 the most competitive process for making parls from reactve
metals like titanium and molybdenum and refractory metals like tungsten, tantalum,
zirconium and the like. In conventional powder metallurgy technigue, alloys are made
by blending the elemental powders followad by subseguent compaction and sintering
The mixed powders are formed into solid metal by the application of high pressures

and heat. These two operations can be parormed in seguence.

“When solid articles are made from blends of diffarent metal powders the degree of
homogeneity attained in the final product depends upon the extent of intermixing and
on the sintering time. Also the degrea of homogeneity attained in the final product is
limited by the size of the parlicles in the powders. If the parlicles are too coarse, the
different ingredients will not interdffuse during solidification or prolonged heating.
This preblem can be overcome to some extent by starling with very fine powders.
One way to make a fine powder is to grind a coarse powder in a ball mill. There is
hawever, a practical limit to the fineness of the powder that can be produced in this
way; the paricles begin to weld together as the miling continues. Somelimes
Iubricants such as kerosene or fatty acids are added 1o prevent the paricles from
coming 1IN contact. Although lubricants make finer grinding possible, they may
severely contaminate the powders and degrade the alloy made from them. Another

serous limitation is the hazards due 1o their large surlace area, when brought into

i



Introductlon

contact with air, they burn spontaneously. This necessitates very careful handling of
the fine powders produced. An alternative method of making alloys by powder
metallurgy technique is by making use of alloy-powders produced by atomisation
technique which will have dilferent phases depending on the cooling rate. Generally
a multiphasa material is stronger than single phase malerial. Hence higher
compaction pressure is necessary for pressing. In addition, the density of dislacation
present in a parlicle after quenching is so high that the particle gets hardened. This

too necessitate the use of higher compaction pressures.

Mechanical ajloying was developed as a means of overcoming the disadvantages of
blending of ultrafine powders. The process consist of simultanecus milling of
different powdered constituenls (o produce metal powders with controlled
microstructures by repeated welding, fracluring end rewelding in a dry, highly
energetic ball mill. This occurs under conditions in which the rates of welding and
fracturing are in balance and the average powder parlicle size remains relatively

coarse 5.

The driving force behind development of mechanical alloying was the long search for
a means of combining, in a nickel base super alloy, the high temperature strength of
an oxide dispersion with the intermediate temperature strength of a gamma prime
precipitate including the required corrosion and oxidation resistance. But the
mechanical alloying process is not restricted to produce complex oxide dispersion
strengthened afloys, it is a means for producing composite metal powders with
controlled, extremely fine microstructures, Most mechanical alloying development
have been directed towards producing alloys that derive high temperature strength
from a fine homogenecus distrbution of oxide particles. The alloys have also
contained elements such as chromium, aluminium and titanium for corrosion
resistance; in soma alloys the latter two elements also provide intermediate
tamparature strength by precipitation of gamma-prime Niu(ALTi} intermetallic

-7
mmpnund.ﬁ

By mechanical alloying mixture of ultrafine alloy powders can be blended with fine
refractory oxides to form an oxide dispersion strengthened alloy® ; howevar, the
dispersoid interparlicla spacing is limited by matrix powder paricle size and the fine
powders, required to give sufficiently small interpariicle spacing, present handling
problems and are often pyrophoric. The problem of pyrophoricity is more severe if

reactive alloying elements are present. Not only that mechanical alloying is a only
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powder process which can be applied to a variety of systems like amorphous
powders, intermetallic materials, solid solution alloys and metal-matrix composites,

ceramic-metal composites gle.
Obijective and scope of present work :

Even though mechanical alloying is already a commetcially viable process for
producing materials with enhanced behaviour no work in this field has so far been
reporied in Bangladesh. So the main objectivas of the present work were

- to develop the knowhaw and facilities for mechanicel alloying locally at BUET.
- to produce mechanical affoy of soms common metals like copper, zinc et¢. and
- to study the structural homogenaity and mictohardness of the alloys produced.

The program of work invoived the design and fabrication of a laboratory model
mechanical alloying unit {attritor), metal-powder production unit and the hot-pressing
unit. The combination of the aforesaid units constitute the required facilities for
mechanical alloying. The unils were subsequently used to study and ideniify the
effects of the process variables e.g. speed of attrition {rpm}, the time of attrition; the
current density, applied voltage, temperature and bath composition of the powder
production unit and the pressura, tamperature and time for hot-pressing unit.

In order to gain a clear understending of the procass, not complicated by the
presence of a variety of alloying elements, it was considered to include a simple alloy
systern in these studies. As a result 30 wt.% Zn-and 70 wit. % Cu system was chosen
as the candidate materials for investigation. The processing time is known to affect
the progress of mechanical alloying. In order to gain some information on the
progress of alloying, samples mifled for different ranges of time were investigated by
X-ray diffraction techniques, sieve analysis and optical metallography. Finally, the
mechenically alloyed powder mass was hot-pressed to have a solid component and

micro hardness of the structure was measured.



Chapter -2

Mechanical Alloying-A Survey

Introduction:

The underlying phenomennl15 in mechanical alloying is the repetilive wealding,
fracturing and rewelding that take place amcng the commenting parlicles entrapped in
ihe colligion sites of the grinding balls. With timas, a balance is reached between the
two competing processes of welding and comminution. To facilitate interparticle cold
welding, which is essentially a process of solid state bonding under exlernal pressure
without the aid of external heat, adequate energy is imparted to the grinding medium
during milling . Here the presence of a mallsable constituent act as a binder for the
other harder constituents, the latter also readily bond with the grinding balls. This
makes it necessary that milling is done in a dry atmosi:here, especially for metals of
high meiting point, to promote cold welding. On the other hand, for miling metal
powders of low melting point, it is hecessary 1o introduce suitable suface deactivates

ta control excessive cold welding.

Powder processing:

Mechanical alloying begins by blending individuat powder constituents, having
diameters ranging from 1 to 500 u m. The powder blend, depending on the desired
alloy ‘o be processed, contains one or more ductile melal components, as rapresented
in Fig.' 2.1. The starting metal powders can be of almost any form including powder
made during metal refining {e.g. carbonyl nickel}, slectro-deposited powder, gas or
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made during metal rafining {e.g. carbonyl nickel), electro-deposited powder, gas or
water atomised elemental or prealloyed powders, or powder prepared from crushed
stock (e.g. titanium sponge powder). Additional constituents may include powdered
intermetallic compounds. The powder of intermetallic compound is formed by
pulverising a cast master alloy. Adding reaclive elements such as eluminium of
titanium in this way reduces their activity compared to that of elemental additions. A
fine interdispersoid can also be added for dispersion strengthening.

The effecis of a single collision on sach type of conslituent are also shown in Fig. 2.1,
The initial ball -powder-ball collision causes the ductile metal powders to flatten and
work harden'. The severe plastic deformetion incremses the parlicle’s surface-to-
volume ratio and ruptures the surace fims of adsorbed contaminants. The
intermetallic powder fraclures and is refined in size. The oxide dispersoid

pseudomorphs are comminuted mare severely.

BaLL POWODER -BALL

COLLISION _—
weal & () -
S TIIIIE O RED
METAL B (@
E=E,

INTERMETALLEC {O

DLSPERSGID Oﬁ

— — 5-5_' "
20 um 05 pm 20p H
TYPICAL STARTING POWDERS AFTER SINGE COLUSION

Figure 2.1 : Representalive constituents of starting powders used in mechanical alloying
sherwing their deformalion characterislics.

A single ball-powder-ball collision early in the machanical alloying processing
sequence can modify the powder morphology in two ways 85 representad in Fig.! 2.2.
When the metal parlicles being flatlened overlap, automatically clear metal interfaces
are brought into intimate contact, forming cold welds and building up layered
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composite powder particlas consisting of various combinations of the starling
ingredients. The more brittle constitusnts lend to become occluded by the ductile
constituents and frapped in the composites. Concurrently, work-hardenad elements or

composite particles may fracture. The competing events of cold welding and

/N

Figure 2.2 : Ball-powder-ball collision of powder mixiure during mechanical alloying.

fracluring continue throughout the processing. The interplay of welding { with plastic
deformation and agglomeration) and fracturing (size reduction} kneads the internal
struclure of the composites so that the parlicles are continwally refined and
homogenised. At the same time that powders cold weld to each other, they may also
coat the ball charge or the interior surtaces of the mill. The presence or absence of a
ball coating and the thickness of the layar encasing the mill walls depends on the
particular alloy system and the processing control agents used. Typically 3-4 wt. % of
the powder charge is lied up as blall coaling. A slight ball coating is beneficial in that it
acts to prevent wear of the steel ball charge. The milling conditions must be properly
adjusted so lhat the ball coating remains relatively slight during processing and is
continuously exchanged track and forth with the powder charge. If this is not done, an
excassive layer of poarly processed material may form and spall off at the end of the
run. This will lead to inhomogeneties in the mechanically alloyed powder.
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At an early stage of processing the parlicies are layered composites of the starling
conslituents as reprasented in Fig.' 2.3. The composite parliclas may vary in size from
a few micrometers to a few hundred micrometers. At this stage, fragmented starting
powders that have not been cold welded may also exist. The original starling
constituents are identifiable within the composites. The dispersoid is closely spaced
along the welds while the spacing hetween the welds, equal to the lamellar thickness,
is rather large. The chemica! composition of the composite patticles varies significantly

within the particles and from parlicle to particle.

METAL A
}
INTERMETALLIC
@ OIS PERSOID
METAL B
— —
H0gum 0.5 pum

Figure 2.3 : Early stage of processing. Particles are layered compositgs of starling
constituents,

The composile powdor parlicles are furlher refined as fracluring and cold welding
continues. At an Intermediate stage of processing the paricles consist of
corvoluted lamellae as represented in Fig.! 2.4. Beginning with this stage of the
process, dissolution of solute elements and the formation of arsas of solid solution
throughout the powder parlicle matrix are facilitated by slight heating, lattice defects,
and shorl diffusion distances. Heating occurs during processing as the kinelic energy
of the balls is absorbed by the powder being processed. The severs cold work
resulling from mechanical alloying also aids diffusion by providing many sites for low
activation energy pipe diffusion. In addition, the intimate mixture of the powder
constituents decreases the diffusion distances to the micrometer range. Frecipitation
may occur, or metastable phases may now form throughout the powder particles. As
the composite particle:s are fraciured and kneaded togethar, the oxide dispersoid
distribution becomes further refined. The dispersoid spacing along the welds
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increases, while the distances between the welds decrease, gradually the oxide
distribution becomes more uniform. The oxide dispersion may combine with reactive
elements and excess oxygen to form complex refractory oxides such as yitrium
aluminium gamet'®™. Other stable compounds such as alumina and fitanium

carbonitride may form in situ during processing'™.

METAL A METASTAGLE PHASE
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Figure 2.4 : Intsrmediate slage of processing. Particles consist of convoluted lamellae. It 15
possible 1o get some short-range inlerdiffusion of constituents and new phase formation,

The lamellae bacome fner and more convoluted as processing approaches
compietion, the final stage of processing, as represented in Fig.1 2.5. The
composition of individual parlicles converges toward the overall composition of the
starling powder blend. The lamellae spacing decreases o one micrometer or less and
approaches the optimum dispersoid spacing. Powder particles still contain minute
areas that are higher in concenltration of one parlicular metal constituent or contain an
embedded remnant of the intarmetallic. The precipitation of equilibrium phases is now
possible because of the naarly complete mixing of the components. At this time the
micro hardness of the individual powder parlicles attains a saturation level. The severe
plastic deformation that occurs during mechanical alloying causes the powders to

have very high hardness. Hardness increases roughly linearly during the initial stages
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of the mechanical alloying process, reaching a saturation value after which time it is

presymed that work softening batances further work hardening.

CONCENTRATION OF
METAL B

N

REMNANT OF
INTERMETALLIC

CONCENTRATION  ~ DI SPERSCIDS
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Figure 2.5 : Final stage of processing. All regions of powder particle approach composition of
starting powder blend, and lamellas approaches dispersoid spacing.

EXTREMELY DEFORMED STRUCTURE FIMNE GRAIN SIZE
LAMELLAE MO LONGER OFTICALLY EGQUILIBRILM PHASES
RESOLVABLE METASTABLE STRUCTURE UNIFORM DISTRIBUTION
WITH DISPERSQIDS. OF MEPERS2IDS
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(D
mupm IDEIJum 05pm

Figure 2.6 : Completon of processing. Each powder parlicle composition 1s sfuivalent to
starting powder blend and contains a uniform distribution of dispersoids.

At this step in the process the lamellae are no fonger resolvable by optical microscopy.
The distance betwean the oxide particles along the weld interfaces is approximately

equal to the spacing between the welds, The maximum weld spacing is about 0.7 pm

10
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while the average value is considerably finer' This spacing also coincides with the
random interparticle spacing of oxide dispersoids calculated on the basis of the
average oxide particle size and volume fraction added to the original powder mix'” .
Further mechanical alloying beyond this point could not physically improve the
dispersoid distribution. The compositions of the individual powder parlicles are now

equivalent to the starting powder blend.

The powders are heated to temperalures greater than half of the homologous
temperature (temperature in degrees Kelvin divided by the melting temperature in
degrees Kelvin), in order to consolidate them. This homogenises the powder structure
evan further on an atomic scale'® . Any impurities introduced into the system
inadvertently, as for example iron or carbon contaminants from degraded mill balls or
interior mill surfaces, are refined and uniformly distributed. Gonsequently, impurities
are not in the form of large nelusions that may be present in powder fabricated from
processes such as atomisation. The extremely deformed microstructure of the powdear

particles is transformed ta one containing a submicrometer grain size'’.

Mechanism and mechanics of mechanical alloylng:

Introduction :

Mechanical Alloying is & complex materials process. If the parameters
controlling of such a complex process can he identified, are few in number, and
do not interact significantly, analytical expressions can easily describe

parametnc effects.

In mechanical alloying, a powder charge is placed in a high-energy mili, along
with a suitable grinding medium. Powder pariicles trapped between colliding
balls are subjectad to deformation, as well as to potential coalescence and/or
fragmentation. These are the sources of the evolution of powder morphology
and size; the relative rates with which the events take place control
microstructural development. The powdar coalesce and fracture events also
alter powder particle shape. Finally, the repetitive parlicle kneading associated
with deformation, coalescenca, and fracture processes produces significant
microstructural refinement. The product powder influences the properiies of

subsequently consolidated products.

11
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Collision geometry and cellision duration:

Regardless of the mill used, mechanica! alloying is characterised by collisions
between grinding media and powder parlicles, There are several possible geometry
for such collisions. For example, powder may be trapped betweaen two colliding balls
or caught betweer: a ball and the container wall. In the case of an atlritor, powder may
be wmpacted between the grinding media and the rotating impellers. From a
gacmetrical standpoint, the greatest number of collisions take place, are of the ball-
powder-bali type. Rolling {sliding) of balls is commonplace in alritors and horizontal
bali mills. Howevar, Rydin et al™ have presented avidence suggesting that such
events do not contribute significantly to powder plastic deformation, and hence to
coalescence and fragmentation, in attritors. The extant of deformation of powder
depends on the amount of powder involved in & collision™. Balls are coated with a thin
layer of powder as they move between collisions by sweeping mechanism . A second
potantial influence on the outcome of a coliision is the shape of the powder particies
involved in it. Initial powder shape can vary from spharical to flake, and particie shape
also varias during processing. The shepe of a particla is an oblete spheroid. The
shapa can be charactarised by a ratio: that of tha minor to the major axis of the
spheroid as reprasented in Fig.?® 2.7. Deformation necessatily changes particla
shape. The nature and exient of such changes dapend on both the exient of
deformation and the deformation direction. This diraction in turn depends on the
orientation of the particle with respect to the direction of impact a colliding ball makes
with it. Usually particles rest on a grinding ball with their major axes parallel to the
bal's surface as represented in Fig.” 2.8. which is consistent with the swesping
mechanism, satisfies the requirement of towest potential energy, end recognises the
effects of adhesive forces. Potentially hundreds to thousands of particles may be
present on e ball at the time of impact; in reality their origntetions mey vary. {Fig.”
2.9). The gaomatry of a Hertzien collision batween colliding balls is characterised by a

maximum contact radius (r,, the Herlz radius). This radius is attained at a lime t
following collision initiation { the collision duration is 2t). The Hertz radius and colliston
duration can be expressed as a function of madia collision velocity, media radius,
density , and tensile modulus (Appendix A Eqn. A-1) .Hertz radius r, rangas from tens
to hundreds of ums, depending on v which is itself estimated to range between 0.5
mvs (e.g.. for an attritor} to 5 m/s {g.g., for a SPEX mill). Collision duretion are balieved

1o be on the order of 10 ® &.

12
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T0P VIEW SIOF VIEW
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Figure 2.7 : Powder particles with oblate spheroids shapes. The shape is characterised by the
factor fg. which 15 equal to béc, where b is the minor axis and ¢ is the major axis of lhe parlicie.

Figure 2.8 : Individual powder particles ats oriented so that the major axis of the parlicle lies
paraliel to tha ball's surtace. The differently shaded parlicles reprasent differant species.

13
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Figure 2.9 : Gnnding balls are typically not uniformly coatad with powder, as indicated on ihe
top. A ball and its associated coating constitute a composite ball, as shown on the botlomn,

Processing time:

Courlney and Maurice®™ estimated processing times by assuming that a critical
amount of powder deformation (E} is needed to accomplish alloying. The number of

ur

impacts therefore needed to alloy scales with Lie whara a:—ln(] - J The time

0

between collisions varies as v'. That only a small fraction of the powder associated
with a given media ball is involved in each collision must also be taken into account
when estimating processing times. The greater the powder affected volume (=nr"sho}
the less the required alloying time, other factors being equal®. For vt/2he<<1,
e=ut/Zh, The alloying time, 1, varies which can be expressed as in appendix A, Eqn
A-3. Thus from the velocity dependencies of the collision time and radius, the alloying

time depends on pre-collision velocity as tp-0"".
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Deformation during the collision ;

Powder ;:;articlas entrapped between balls undergo deformation. The degree of this
deformation largely determines coalescence and fragmentation proclivities during
impact, and the degree may be determined by modelling a collision in stagas that
allow apporlionment of deformation between the bails and the powder on their

surfaces.

The kinetic energy of the balls is converted to deformation anergy during the approach
of their centres as reprosented in Fig.™” 2.10. The stress homologous to this energy
conversion is the materials’ resistance to elastic and plastic deformation. For the
powder (much of which plastically deforms}, this resistance is taken as that of the

softer material present when milling of two-phase materials is considered.

Figure 2.10 : When composite balls collide, Lheir kinetic gnergies are converled inlo
defarmation energy. This is manitested by a decrease in their centre-to-centre spacing.

To plastically deform harder material requires that the softer species be work-
hardened to a flow stress equivalent to that of the harder one. This defays, and certain
instances may limit, the occurrence of welding and fracture of some parlicles.
Generally grinding media used are harder than all the powder to be processed. So the
grinding media exparience only elastic deformetion during impact. In practice,
however, some powders may well attan the hardness of the media. The average
strain theorem, states that the average stale of strain in a given volume element |15
determined from the deformations applied to its boundaries. So in mechanical alloying

all particles of a given species at a given distance from the centre of contact as
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undergoing the same deformation. In a similar vein the average stress theorem, which
equivalently states that the average stress in a volume element is equal to the
tractions apphied to its boundaries. Whal these theorems imply is that essentially ail
particles of a species that are located on a line belween homologous points on
colliding balls (for example, their centres) expernence the same average stress and
stran. Thus, for example, the average state of stress between powder particles (at a
given position in the contacting region of the balls) is the same as that between the

coliiding balls.

A ball and adhering powder conslitute a composite ball. A magnified view as
represented in Fig.™ 2.8, schematically shows how powders of different species might
aggregate. Although the arrangement is idealized, it is statistically correct in that some
fraction of each powder species resides in each column. It is assumed that each
species to be that of an individual {fully dense) parlicle, rather than that of a porous
body based on that the true plastic strains the powder experiences during an impact
are much greater than the strain associated with dansification during uniaxial

«c-::rm[;::r{ass;h::r"l22 .

The presence of species of different hardnesses resulis in collisions in stages, with
the softer species deforming first. 1n the initial stages of impaction, both powder and
balls deform elastically. The distnbution of stress over the contacl area is shown
schematically in Fig.”® 2.11. On further approach of the ball centres, the stress at the
contact centre attaine the powder hardness. With furlher deformation, this stress is
reached over a finite radius, the radius increasing with time of contact. Outside this
radius, the stress distribution is the same as it would be in an elastic collision. As
menlioned, balls are assumed suificiently hard so as to not plastically deform during
impacts. It should be noted that for a different collision geometry {e.g., ball-container
wall}, the stages of the collision do not change. One impartant result is that, for most
collisions, the first stage {during which both the bail and the powder deform elastically}
is very shorl in comparison with the total time of collision. Most of the approach
Leiween iwo balls are associated with plastic deformation of the powder. The
approach (Fig. 2 10.), and hence deformation, may be expressed as a function of
radius within the contact area®™. Expression has been represented in Appendix A Eqn.
A-4. Mechanics of collision and deformation have described in detailed in Appendix B

Article One,
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Powder hardness 1s an imporlant process paramster in that i affects the degree of

powder delormation during impact and determines the normal elastic force acting to

(o)

ELASTLE

b}

CENTER OFF CONTACT

FLASTLC PLASTIC

fc)

CENIGR OF CUNTACT

UHMDISTURBED
ELASTIC

a- f.[_é,p,HuJ"u'r, 8]

Figure 2.11 : Schematic of the distributon of stress over the contacl area during a collision
between composite balls. (a) Early in the collision, the balls deform elastcally. {b) The powder
begins to deform plastically when the stress attains the powder hardness. (c) During this stage,
ihe centre of lhe cantact area is charactetised by plastic deformatien of the powder, 1he annulus
around it by elastic deformation of both powder and ball, and outside this annulug there is no

deformation of aither.
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separate particles during welding. Hardness also affects the time interval between
successive impacts of a particle. There is a dearlh of constitulive refations for metals
valid over the wide range of strains to which they are typically subjected during
machanical alloying. As a consequence, a simple plastic constitutive relation
commonly applied over lesser strain ranges. Expressions have been represented in
Appendix A Eqn.A-5 to 7 from which it is straightforward to determine strain as a
function of radial position within the contact zone, With the aid of computational
techniques, the strain {and the hardness) resulting from a series of impacts can also
be monitored. However, one difficulty arises from the paucity of work-hardening
exponent and strength coefficient data over the wide range of strains, strain rates,
eic., to which powder parlicles are subjected during mechamcal a!nying. Additional
errors could arise from temperature and strain-rate effects {afthough the two factors
tend to cancel) on material hardness and of the changes in hardening rate™ at the
very large strains endamic to mechanical alloying.

Coalescence mechanisms : '

Cold pressure welding has besn the subject of considerable quanttative study™>® as
well as the qualitative study. As colliding balls plastically deform powder particles, their
comtaminant films (typically oxides) rupture, exposing underlying metal. When the free
metal surfaces of the particles coma into contact, a bond is formed. The oxide layer on
the particles is usually brittle and fracture at the onset of plastic deformation of the
undarlying metal. A consequence of assuming such brittle behaviour is that the area
of the contaminant film remains constant. However, as the particles flatten in
compression, their surface area increases and underlying metal 15 progressively
exposed. Two such particles in contact generally do not have complete overlapping of
their exposed metal surfaces. The statistically averaged fractional matching area on
two particles varies with the square of the exposed fractional area™. Walding is
assumed to take place only in the region over which intimate metal-metal contact is
established via plastic deformation. Tha expression of metal-melal contact area and
the force raquired to separate the weld that forms are represented in Appendix A.
Eqgn. A-B {c 9.respactively.

In a system ol two species having disparate starling hardnesses, welding i1s delayed
until the hardnesses of both are equal. As a corollary, there are thus two ways in
which a composite particle can be formed. If particles of the two species are of aqual
hardness, they may weld directly according {o tha description just presented; this Is
termed as an “A-A" weld as represenied in Fig.” 2.12(a). If they are of different
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hardness and the harder particle is considerably smaller than the softer one, hard
particles may be sncapsulated in the softer species; this is "A-B-A" welding as
reprasented in Fig.*® 2.12(b). Here should be roted that deformation constraints

& v N

e
~$

Figure 2,12 : Two differant forms of coalescance during mechanical alloying. {a} Coalescance
effected by cold welding, lermed as A-A weld. {b} Coalescence effecled by paricle
ancapsulation (A-B-A welding).

might lead to defermation of the harder particle once it is incorporated into the softer

23
one™.

Elashe recovery forces (arising from particle deformation) and shear forces {resuling
from any relative tangential motion of the colliding balls, {Fig. 2.13) act to separate
welded particles and sever the juncture between them. The elastic recovery forces act
in an annulus about the plastic deformation zone. If dispersoids are trapped between
powder particles, an elastic recovery force acls through them as well. Expression of
this elastic recovery force and average shear force are represented in Appendix A
Egn.A-10 1o 11

An ecffective stress argument 1s applied as a success/failure criterion for the weld. i
the following condition is met, the particles romain weldad; if not, they separate: If
particles separate, the possibility remains that they may exchange metal through
adhesion, F,2N°,+3T%.. Where F,, is the force required to separate the weld, N. is the

total elastic recovery force. Ty is the average shear force acling over the weld surface.
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The effect of surlace reoxidation. Powdar parlicles typically have an oxide coating of 2

to 10 nm”" =7,

Figure 2,13 : The newly formed bond between welded particles is subjectad to lorces acting
to sever the weld as the grinding media balls separate.

As this is just sevaral atomic layers thick, Dr. Maurice et al' stated that oxide reforms
as islands, rather than coating the entire paricle. That is, the oxide is treated in terms
of surface coverage rather than thickness. This ailows to determine the amount of
exposed metal surace prone to reoxidation during processing. The fractional metal
surface exposed is reduced by reoxidation; This reduction of metal of suface exposed
is represented in Appendix A Eqgn. A-12.

Fragmentation mechanlsms :

There are three possible machanisms of particfe fragmentation during mechanical
alloying. The first, forging fracture as represented in Fig.zﬂ 2.14(a), may develop over
sevaral impacts. Cracks formed In this way grow radially along the major axes of the
particles. The sacond type of fracture considered is termed shear fracture as
represented in Fig.” 2.14(b). This fragmentation mode is characterised by cracks
running perpendicular to the particle's minor axis. As a result of crack closure forces,
this mechanism is iikely not operational in mechanical alloying®, A third type of
fragmentation is dynamic fracture as represented in Fig.*® 2.14(c), This requires strain
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rates higher than those characteristic of common mechanical alloying devices, but
may occur in some of the higher-energy mills during impacts characterised by

N D
T

(e

Flgure 2.14 : Three possible fracture modes laking place dunng MA. {a) forging fracturs is the
fragmentation mechanism most likely to oceur. Edge cracks are formed {perhaps over several
impacls) along the paricle circumference and grow along the paricles axis. This is a
rmicioscope version of fractures that Llake placa in macroscopic forging; (b Shear fracture, in
which cracks run perpendicular to the particle's minor axis, 1s not as likely to occur dus to crack
closure forces. (¢) Dynamic fracture, in which separation is eflected by & reflected tensile wave,
reguires high strain rates.

high collision velocities and/or minimal powder coatings. Crack initiation is a pPrecursor
ko forging fracture. A crack initfates when a critical tensile strain is atlained and that
the initial crack length is equal to the distance over which that threshold strain is
exceeded. Subsequent crack propagation occurs when the plastic energy release rate
exceeds a value characterislic of the malerial. This requires that the crack exceed a
cerlain length. If the parlicté 1s sufficiently small so that this length is greater than the
particle size, the particle is considered below its comminution limit and will not fracture.
It necessilates to determine the location and directions of tensile streins in a
compressed body. Hereby considered two methods of determinetion. The first, based
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' incorporates the concepts of sticking friction at the tool-work

on work of ,‘"t‘-.l'iIZI..Jr,al
piece interface and of barreling. Strain is greatest at the outer circumference, and
there is a dead metal zone at the contact centre. This method predicls crack initiation
at the outer circumference of the particle; based on studies of forging failure of ductile
materials, 3031 this seems most reasonable. In the second method, the presence of a
dead metal zone has disregarded and strain has bean computed as a function of
posiiinn based on theoretical considarations {For detail please see Appendix B, Arlicle
Two). Strain 1s greatest at the contact centre and decreases with radial distance from
this point. This predicts erack initiation in the particle centre, as would be expected for
a brittle material. While the first method is more plausible with respect to the
conditions and materials of mechanical alloying, there is litlle difference in the criteria
for crack initiation or final fracture between the two approaches. The prediction of
fracture is based on the determination of strain distribution. This is done by
considering powder particles as oblate sphergids. An individual spharoid, in turn, can
be imagined as constituting a series of nested, concentric cylinders of differential
thickness. The innermost cylinder has a height equat to the particle’s minor axis and a
radius approaching zero; the outermost cylinder has a height tending to zaro and a
radius equal to the sphercid major semi-axis. Those differential cylinders are
sequentially compressed as powder is deformed. A cylinder under axial compression
experiences equal tensile strains in the radial and circumferential directions. It is most
convenient to work with axial strain, since that is immediately determined from the
approach at impact, For a cylinder under axial compression (and no barrefling), we
have e, =0.5g;, where g, and £, are the circumferential and axial strains, respectively.
In Appendix B, Ariicle Two determination of the plastic deformation of a powder
particle as a function of radial position within the particle, has been described so that
the axial {and hence circumferential) strain can be determined. Crack initiation {and
growlh) is assumed to occur for the condition ey=g, where g is the tansile true fraclure
strain. For duclile materials, the requirement for initiation/growth at some distance r

from the centre of contact between two parlicles becomes g (r)=-2¢ A similar analysis

can he carried out for brittle materials. In this case, the reguirement for

initiation/growth is £; (r)=-— r; This can be applied to predict fraclure strain of a powder
v

parlicle. Due to the small size of powder parlicles, linear elastic fracture mechanics
cannot be applied; rather, an elastic-plastic analysis is necessary. Crack length is
assumed egual to the distance over which a critical strain, discussed earlisr, is

axceeded. Whan the crack reaches a critical length, determined ﬁy the critical value of
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the . integral, it propagates catastrophically. The wvalue of the J integral is
approximated by*' the expression is represented in Appsendix A, Eqn. A-13. Using the
expression for strain as a function of radial position within the powder particle permits
determination of the total approach between balls needed in crder to exceed some
critical strain over a given length and to exceed the critical strain over a, reguires that
the strain be exceeded over a radial distance one-half of a.. Expression of critical
crack length is expressed in Appendix A. Egqn. A-14. And the candition for forging
fracture 15 expressed in Appendix A Egn. 15.

Welding and fracturing probabilities :

Woelding and fracturing probabilities during mechanical alloying depend on the
charge ratio and on the type of powder milled® not on particle size of on milling
time®. Welding probabilities increases with charge ratio giving rise to shorter
milling times, This is likely due to a smaller number of paricles and a larger
amount of energy absorbed per parlicle during collision. Prebabilities in this

respect are described in detail in Appendix B {Arlicle Three}.

Shape factor :

Particle shape may affect coalescence and fregmentation evenls. Moreover, particle
shapes are altered by these occurrences as well es by plastic deformation. Most
particle shepes, with the exceplion of needles, may be reasonably described as oblate
spheroids as represented in Fig. 2.7. The expression related to shape factor of
powder parlicle have been represented in Appendix A Eqn. A-16 to 17. Paricles on
ball surtaces are assumed to have their major axas parallel io the sufaces and the
minor axes perpendicular to thom. The minor axis is reduced, and lthe major axis
increased, as a particle is compressed. This change in, the shepe fector after
deformaltion are expressed in Appendix A. Eqn. A-18 1o 19,

In the case of a weld event belween two particles, the minor axis of the new particle is
taken as the sum of the minor axes of the original two .If the two powders are of
different species, the minor axis of the composite particle formed is equal to the sum
of the minor azes of the paricles of the different species, and the major axis is sat
equal to the greater of their major axes. Similarly, in the case of forging fracture, the
major axis is halved, again doubling the shape factor. As both weld and fracture
evenls take place after some deformation, the final shape factor is a muliple of the
shape factor after deformation, detsrmined on the basis of the events the paricle
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experiences. The surlace area of a panticle is also altered by deformation, fracture,
and coalescence. Surface area affecls the proclivity for welding,

Friction in a powder mass :

Friction between the particles in powder is a valuable characteristics of a powder. The
effect of the particle characleristics such as shape; size and surface configuration and
conditions on the friction in a mass of powder is prominent, The friction in a powder
mass is not only affected by the particle characteristics, but by the type of powder
material, e.g. soft metal usually have higher friction than hard metal. The friclion
canditions in a mass of powdar include siatic as well as kinetic friction. Static friction is
a function of the load between sufaces and in the rearrangement of particles in the
loose powder. The load {gravity) is low and the sliding forces (kinetic friction) during

packing of the paricles are lass.

Qxde Films on powder parlicles affects the friction in a powder mass. Powders
seldom have a clean surlfece and are more |ess oxidised; this surlace oxide film
decreases the coefliciant of friction to approximately 50 per cent of that of the material
with clean, i.e.; non-oxidised surfaces™. The powder behaviour is strongly affected
. &lso by the medium surrounding the powder, inasmuch as this gaseous or liquid
medium changes substantially the friclion condition and the friction coefficient. Parlicle
size affects the friction in a powder mass in several ways: it determines the number of
contact points whare friction occurs, the specific surface of the powder, and it
determines also the surlace energy of the particle. The shape of the particle affects
the friction in tho powder independent from the size in several different ways. The
more lhe dewiation of the particle shape from the sphere, the larger is the specific
surface, the number of contact points and the surface energy, The shape of the
particle affects greatly the iriction conditions and therefor the lcosa powder density. It
has been found that the friction in a powder mass increases the more the shape of the
particle deviales from the spherical shape. The humidity in the air also affect the
friction conditions betwaen particles. A higher relative humidity however lowered the
flow and also the apparent density.

Effects of frictlon on compacting and sintering :

Friction between powder particles as well as the parlicles and tha surace of the
compacling device plays an important role in compacting. The compression ration of a
plastically deformable metai powder actually consists of two subsegquently and
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somewhat overlapping paris. The initial part of the compaction (low pressure) results
n a rearrangement of the parlicles and the applied pressure has to ovarcome the
frictional forces between the parlicles. The second parl of compaction (higher
pressurejresult in plastic deformation of the particles. There are also indications that
the sinterability of a powder i.e. the rate of strengthening at the early state of sintering
and the rate of densification at the later stages are strongly affected by the friction
between the particles, i.e., by all the many faclors such as size, shape and surlace

conditions of the powdsr which effects friction.
Consoclidation :

introduction : At present most mechanically alloyad powders are consolidated by hot
compaction followed by hot exirusion or by direct hot extrusion at temperatures
greater than half of thair melting point. The exiruded bars can then be thermo-
mechanically processed to desired grain structires, such as coarse elongated grains
for high temperature creep resistance or cold rolled to sheet, such as for the ferritic
alloy. Mechanically alloyed powder is also amenable to the consolidation techniques
used for high perormance powder metallurgy alloys such as hot isostatic pressing.”’
As yet, simpte pressing and sintering has not been a successful consolidation
technique for high tempserature alloys. The characteristically high hardness of the-
mechanically alloyed powder prevents cold pressing, and oxide dispersion
strengthened alloys have been found not to density during simple sintering. However,
agther mechanically alloyed systems without oxide dispersions may find applications in
the pressed and sintered form. Novel consolidation techniques such as consolidation
by atmospheric pressure™, powder rolling. Conforming™, or explosive forming may
also be apphcable. Finally, mechanically alloyed powders can be consclidated by
plasma spraying for use as oxidation-resistant, or thermal barrier coatings.

Cold process:

Die compaclion: Compaction in metal dies is one of the most important methods for
shaping metal powders and this still accounts for the bulk of commercial production.
Both experimental and theoretical work have been carriad out by numerous workers., ™
" in atlempts to explain exactly the behaviour of metal powder when subjected to

external pressure in a metal dia.
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When the die cavity is uniformly filled with metal powder it gives rise t0 a cerain
packing density , but a cerlain amount of bridges are formed as represented in
Fig.*'2.15a, When the powder is slightly pressed by the apphcation of one punch or
more punches as represented in Fig.* 2.15b the first identification occurs by parlicle
movement and rearrangement causing impraved packing density (here all bridges ara

collapsed).
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Figure 2,15 : Die compacting : {a) Typical pressure-density curve, (b) Tools for die
compacting

The degree to which this occurs 1s dependent on particle size distributian, parlicle
shape, preliminary treatment of powders, amount of lubricants, etc. The interparticle
movement produces superlicial abrasian of surlace film camprising oxides, absorbed
atmospheric gases which are usually present or wedged belween the metallic
surfaces. These films obstruct the occurrence of direct metal contact and thus the
formation of appreciable interparticle banding. Because of the interparticle movement
the films surrounding the parlicles are ruptured which are usually mare britlle with
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respect to the metal underneath. The initial contact areas between the particles are s0
small that even a slight punch load causes vary high pressure on these areas thereby
breaking up the surdace films at the areas of contact. At this stage compacting
produces conly dense packing of powder particles; neither deformation nor adhesion
between the individual particles has as yet occurred.

If the pressure is further increased, clean particles are brought close enough together
and they adhere 1o each ather with some strength. This metal-io-metal contact has
heen described by Jonas™ as “cold welding” or adhesion. Furlhar increase in pressure
causes deformation of the particles and large areas of contact and mechanical
interlocking of neighbouring grains will take place as well as filling of voids by the
squeezing of small particles. Strength and density are thus increased. Deformation is
the major mechanism of densification with regard to production of high density parts.
Both types of deformatian, elastic and plastic may iake place. Most of the elastic
deformation will be recovered on removal of stress from the compact. This may occur
before, during and afler ejection from the die cavity. In general, the compacts have
dimensions slightly greater than the die dimension due to this reascn. The magnitude
of alastic deformation will depend on alastic modulus values and particle stress values
relative to the yield stress of the material. In the case of very hard and britlle powders
such as Cr, refractory metals and carbides, density may increase after initial packing
stage without plastic deformation. The elastic recovery is much greater for hard metal
powders and thus it dacreases the size of contact areas and consequently the
strength. Hence micron sizes are usually employed to produce a maximum number of

contact points and relatively targe prassure is required.

-

With the exception of parous parls, plastic deformation of powder parlicles usually
represents the most imperlant mechanism of densification during compacting. Soft
metal powdars such as Pb, Sn, and Ag possess the greatest capacity for plastic
deformation under moderate pressures with extanded ereas of contact. Application of
higher and rapid rata of pressures wilf give rise to larger degree of plastic deformation
of the particles.

Most materials work harden to an appreciabie extent, so that it becomes increesingly
more difficult to improve densification of the compact by increasing the compacting
pressure. In these cases low prassure will be more effective since plastic daformation
will occur at ease and the external prassure will become less effeclive with increasing

pressure. Thus powders of pure matals, single phase and well annealed matenals are

27



Mechanical Alloying - A Survey

most suitable for this process. The increase m hardness of individual particles afer
varying amounts of compaction is a direct result of work hardering due to plastic

deformalion.

Materials having a limited plasticity or ductility compacted at relatively high pressures
have the tendency to axhibit higher stress than the fracture stress of the individual
particles which would finally lead to fragmentation of the particles during compacting.
Thus method of fracturing also results in densification of the compact, since smaller

fractured places easily move to the adjacent pores.

Mumerous investigators™ have idantified three stages of compaction of metal
powders. [n the first stage particles are brought close together without undergoing
deformation as a result of parlicle movament end rearrangement. The second stage
attributes to plastic deformation and cold working. Since pressure is greater than the
bulk yield stress of the material, plastic flow becomes homogensous instead of local.
The third stage comresponds to bulk compression and involves fracture or

fragmentation of britlle powders.

Hewitt et. al*®. have inferred thal plastic deformation always occurs throughout powder
compaction, thoﬁgh it does not always produce consclidetion or densification.
Consolidation occurs as a result of the combined effect of mechanical interlocking and
associated friction welding due to surface shear deformation caused by asymmetrical
loading. Foilowing compaction, ejeclion of the pressed part is eHected by the
movement of the die or punch. The density and strength of the unsintered compact

are called grean density and green strength respectively.

Many studies on the effect of applied pressure on the density and its distribution within
the compact have been made in detail by many workers™. Of the numerous formulae
put forward one, which has got wide acclaim, is that of Shapirc and Kolthoff and
Konopicky™®, In{1/{1-D}}=KP +constant. where £ is the relative density, P the applied
pressure, and K a compaction constant. The plot of density as a function of the

applied compacting pressure would be as the graph as represented in Fig. 2.15a.

There are several different types of die compaction technigues as follows. {a) Single
action compaction, {(b) Double action compaction, {¢) Double action fleating die

compaction, (d} Double action withdrawal compaction.
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Explosive forming : The explosive compacting of metal powders is a comparatively
recent development which offers soma advantages. Here, the pressure generated by
an axplosive is employed to compact powdered material into & desired shape. Thus
very high and uniform density green compacis of the order of 94-898% of the
theoretical value together with superior mechanical properties are oblained” with a
wide variely of materials, e.g., metals, refractory materials, ceramics, and cermets.
Die costs are lessened and expensive (hydraulic) eguipment now required for
preparing matal powder parts are eliminated.”® In conventional die pressing, rapid
speed produces poor compacts and speeds up to 5 fi/sec. are ublised while in
oxplosive compacting spaeds of the order of tens of lhousands of fUsec. are employed
with superior result. This process is so rapid that it is very difficult to know the various
stages of powder compaction. However, it is anticipated that a greater amount of cold
welding and plastic deformation takes place when compared with conventional die

compaction.*®

Explosive charges have been employed for the movement of punch or piston into the
dies containing the powdered metal which are well protected from the products of the
explosive charge. Single acting explosive press is the simplest one which is shown in
Fig. 2.16a. Double acting explosive presses have been employed by many workers
(Fig.*®.2.16b.) end they have compacted sponge cobalt and ductile titanium powders
to a density of 85% of the rollad bar steck density. Montgomery and Thomas™ have
used the transmission of shock waves through water on to Al powder confined in a
thin-walled Al tube which produced a compact with variation in density depending
upon the distance from the charge. But compacts of cylindrical shapes of uniform
density were produced by wrapping the detenating fuse in a continuous spiral around
the thin walled metal container holding the powder, placing them in g suitable water
bath end finally detonating the explosive charge.
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Figure 216 : (a) Single acting explosive press.
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Figure 2.16 : (b) Design of double acting explosive press for comprassing powder.

in general, the detonation of low explosives such as smokeless powder and black
powder causes reaction zone fravel velocities of hundreds of feet per second and
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pressures up to about 300.000 psi., while high explosives such as dynamite, TNT and
RDX, etc. are characterisad by a burning rate of several thousand feet per second and

pressures of several millions psi.

Powder rolling: The continuous compaction of meta! powders by rolling has been
first reported by Naeser and Zirm in Germany in 1850. From then on, much work has

bean dona on this method™.

In powder rolling, the rolls are set direclly above each other so that the strip emerges
horizontally as shown in Fig. 2.17, or they are set side by side so that the strip
emerges verlically downward, as shown in Fig. 2.18 and Fig. 2.17. is a schematic
representation of horizontal arrangement in which powder is being poured on 1o a
carrier; its amount being regulated by an adjustable tip, and finally wound on reels on
the opposite side of the mill. This method is more convanient from the view point of
strip handling. In Fig. 2.18 showing vertical arrangement, hopper may be evoided and
the powder is directly dumped in the channel between the rotating rolls up to the
required height on the roll sudace. Wheﬁ the rolls turn the powder is drawn into the
gap belwean the rolls and is pressed into a strip. This method has the advantage of

gravity feeding and, therefore, the powder feeding becomes easier.

It has been shown &°

that during roll compaction the powder particles are densified
in the several stages such as restacking and reorientation, local detormation
{defermation of individual powder particles}, and plastic deformation. However, these
three stages overlap each other. Hoar™ has pointed out that pressure increases are
much rnorg effoctive in causing densification r:luring' rolling, since frictional eflect 12
negligible in this case as compared with wallfriction effect in the conventional

compaction.

The characleristics of the finished strip are dependent on many faclors, the most
important of which are;
{1} Roll compaction: of betwean 100 and 300 limes the strip thickness are required to

¥H  Maximum strip thickness that can be

obtain oplimum powder compaciion
produced, therefore, increases with increasing roll diametar. {2) Surface finish of the
rolle: Roll reughness has a pronounced effect resulting in an increase in strip
thicknass. Furlher increase in thicknass is abtained by the use of wet roughened rolis.

(3} Size of roll gap: Evans” has pointed out that a given powder can not bae
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compacied into a coherent strip if there is a very large roll gap. (4) Roll speed . For a

given powder flow, higher rolling speed reduces the time during which the

HOFPER

THRUST
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-
Py BB ol e,
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Figure 2.17 : Schemalic representation of horizontal arrangement of powder rolling.

Flgure 2.18 : Schematic diagram of powder rolling showing vertical arrangement.

rolls. (3) Size of roll gap: Evans® has pointed out that a given powder can not be
compactad into a coherent stip if thera is a very large roll gap. (4) Roll speed : For a
given powder flow, higher rolling speed reduces the time during which the
compressive load is applied to the powder, thus resulting in a decrease in density and
strip thickness. A higher output is possible by using a greater powdar head which
causes an increase in thickness and density of strip produced at a given roll gap.
Maximum rolling speed is governed by the powder flow lo the compaclion zone.
Faster rolling speed is achieved with better flow properiies of the powder®’. (5) Rate of
powder feed to the rolls: This has aiready been mantioned in {4). {8} Particle shape,

size and size distrivution: Other characteristics of the powder which have a dsfinite
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influence on the thickness of the strip produced are particle size, its distribution, and
shape. Thin strip requires fine powders while the heavy sheet is produced from coarse
powders having a normal particle size distribution. The strength of strip producad is
largely a function of the particle shape. (7) Sintering temperature: A rise in sintaring
temperature has a great influence on the strip thickness and sintered strength. Thus,
Evans® has reporled that a rise in temperature of 300°C results in an increase
thickness of Cu strip by 25%. Usually higher sintering temperatures are employed for
shorter dwell time in & sintering furnace of reasonable size to obtain the requisite
strength. Thus, the strength of the Cu and Fe strip becomes doubled by raising the
temperature from 750 to 1000°C and from 950 to 1200°C respectively.

Hot Process :

Hot die pressing: In hot pressing the powder is placed into a die and pressure is
apphed simultaneously with heat. In other words, the two basic steps such as
compacting and sintering are combined in one process. In pressure-sintering green
compacts are sintered instead of the powder and comparatively low pressure is
applied much more slowly during sintering than in hot pressing. Usually compacts of
about 90% theoretical density can be obtained from the metat powders by employing &
pressure of about 100 kg/em® and a temperature of-2/3 rds. of the absolute melting
point of the material. Accerding to Tsukerman® usually compacts of specified density
at high temperatures are produced by the application of 10-20% of the cold
compacting pressure. Ti can, therefore, be concluded that the amount of pressure
required for compacting the powder decreases with the increase of pressing

temperature.

The mechanisms of hot pressing have been described by Williams®® (for metals) and
by Murray™ (for ceramics). There are two mechanisms of densificetion in hot
pressing.® The first is termed “transient state" and the latler “steady state diffusion”
mechanisms. Though these hwo mechanisms occur simultaneously, normal
deformation mechanism dependent on the existence of yield peoint has been found to
oceur at the earlier stage. An approximate second powder relationship between the
rate of strain and stress is found to exist. This mode of densificetion results mainly
from the plastic flow which can be regarded as the distinguishing fealure of hot
pressing cnly. The second mode of densification is considered of greater imporlance
during the later stages of hot pressing. Murray™ has also concluded that plastic flow is

the main mechanism of densification.
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Hot pressing, generally, does not eliminate the subseguent normal sintering operation
which makes the composition and structure of the parts homogeneous thereby
securing the advantages derived from hot pressing. A protective atmosphere is
fraquently needed to prevent oxidation during filling, heating, and cooling on ejecticn.
The use of inert and reduging atmospheres such as argon and hydrogen respectively
have been found helpful for hot pressing. Now-a-days hot pressing is often carried out

in vacuum.

The most generally applicable metheds of heating the dies and the materials being
pressed are convection heatng using external heaters, passing high current source
through the die or powder and induction heating. Hot processing furnaces employad
are usually vertical. In case of metallic dies, since the tamperature of the powder does
hot exceed 1000°C, simple wire wound rasistance furnece is edeguate.® In hot
pressing, the temperature employed varies from 100 to 500°C for non-ferrous

matarials.

Hardened high spead steel (14-4-1, W-Cr-V steel) dies are salisfactorily employed at
temperatures up to about 600°C and at pressures up to 30 tsi. The temperature fimit
for cemented carbide dies is 950-1000°C. For temperatures above 1000°C, graphite,
oxides, nitrides, silicides, borides and uncemented carbides may be employed.

Hot Extrusion : This method is imporlant parlicularly in 1':he atornic energy field for
producing cermets, fuel matsrials (e g, UQ; in stainless steel matrix), dispersion.
strengthened matenals (e g., 5.A.P., T.D. Mickel and others with copper, zing or lead
kase), refractory metals, Be and Cr into simpler shapes such as rods, tubing, flats,

olc., by employing the canning process as shown in Fig. 2.19.

N
— A

1 CANNED REFRACTORY DIE
METAL POWDER AT ik MiLn STECL
ABOUT 1400 C CAN AT ABOUT 1100°C

Figure 2.19 : Schemalic diagram of hot extrusion employing the canning process.
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The powders are cold compacted in a mild steef or stainless steel container and
extruded at the appropriate temperature to yield a completely dense material with
better mechanical properties and controlled grain size and grain orientation. Canning
technigue facilitatas easy handling of pyrophoric, toxic and aven radicaclive materials

{end controlled atmosphere can also be used without any proklem).

Hot-Isostatle Compactlon: The process consists in enclosing the powder contained
in a pressure-tight metal container of appropriate geometry which is subjected to
ispstatic pressure (using either gases or liquid metals as the pressure transmitting
media) with simultaneous application of heat. The dasired densilication is oblained by
maintaining this condition for sufficient time. This method is well suited for the
consolidation of refractory metals, high meiting point compounds, super alloys,
beryllium high speed steel, cement and ceramic materials. Usually dense parls with
controlled grain size are produced by using low sintering temperature {for example,
0.5 to 0.6 limes the melting point in case of refractory metals) and short sintering
time®'. Gas autoclaves are most widely used for hot isostatic compaction. There are
two Iypes of equipment - hot-wall and cold-wali, the choice of which depend on
whather the haat source is external to the pressure vessel or is contained within it. But
the latter equipment has proved more versalile. This technigue avoids pressure,
temperature, and size limitations of hot pressing bacause refractory ool materials are
not involved here. The problems of contamination owing to tool material/powdar
reactions are aiso avoided. As in die compaction uniformly dense compact with large
lenglh-to-diameter ratios are produced and extremely high degree of accuracy and
shape control are achieved by this techniqus. The other advantages include isotropic

microstructure and possibility of producing eompiex shapes.
Processing control of mechanical alloying :

Processa modification : It is critical to establish & balance betwaen fracturing and cold
walding in order to mechanically alloy successfully. Developing this balance may
require different process modifications depending on the alloy systems. Two
approaches have been used for the aforesaid purpose. The first technique is to modify
the surface of the delorming particies by the eddition of a suitable processing control
agent that impedes the clean metal-to-metal contact necessary for cold weiding.
Frocessing of aluminium-alumina dispersion strengthened alioys requires the addition
of an organic compound e.g. methanol {3% mass) to reduce excessive cold welding of
aluminium powder particle by medifying the powder paficlas’ exposed metaliic
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F4%. Sometimes lubricants e.g. kerosene or fatty acids are added to prevent

suriaces
the particle from coming in contact, but thekr use may severely contaminate the
powders and degrade the alloy made from them. The second approach is to modify
the deformation mode of the powder parlicles so that they fracture before they abls to
deform to the large compressive strains necessary for flattering end cold welding. This
cen be accomplished by cryogenic milling. For example, lsad is very difficult to
mechanically alioy because it 15 extremely soft and ductile et room temperature.

Cooling the mill chamber to 77°K promotes fracturing and establishment of steedy

£ -

state processing™.

Powder slze and size distribution: The powder gize distribution of mechanically
afloyed powders may range from 10 to 500 pum in diameter with an average size of 50
to 200 um; it s a function of starting powder size distrbution and composition,
Powders that cold weld easily, such as aluminium, quickly grow in size; the average
parlicie diameter at which the powder size distribution stabilises depends on the type
and amount of processing control agent used and the time of precessing. In many
cases, after long processing times, the processing conirol agent will become alloyed
into the powder particles and will no longer prevent excessive cold welding. For most
applications, once well alloyed, homogeneous powder parlicles are made and a
specific powder size distribution is not necessary. Also the flexibility of mschanicel
alloying is such that the powder size distribution can be altered by processing beyond
the point of homogeneity with or without the addition of extra processing control

agents™,

Processing time : Processing times may vary from a few hours to over 24 hours,
depending upon the alloy system, the necessity for end quantity of any added
processing control agent, the energy input, and the type of equipment used. Because
of the nature of the process, large starting powder particle sizas lengthen processing
time only slightly.

The equipment’s.

Introduction: A vanety of ball miling equipment's have been used to carryout

mechanical alloying. Thess includes.

1. Conventional ball mill
2. High energy bell mills or attritor,
3. Cenkilugal planetery ball mill
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4. Vibratory ball mill

Conventional ball mills : Conventional ball mill is preferred by some workers’ "2,

consist of a rotating harizomtal drum half filled with small steel balls. The rate of
grinding depends on the rpm of rotation below the critical speed that is above which
speed the centrfugal force acting on steel balls exceed the force of gravity and the
balls are pinnad to the internal wall of the drum and at this point the action is stopped.
The ball charge in mechanical alloying usually consist of 52100-bearing steel grinding
balis, SUS 304 stainless steel™, High carbon- high chromium steel ball. Balis of other
malterials lfke tungsten carbide or nickel have also been used™. Balls fabricated from
alloys similar to the material to be processed has also been used to avoid minor
contaminator through ball wear. For mechanical alloying the vial should be as long as
they are of sufficient size ( >1 min. diamater of attritor) and the ball to charge weight
ratioc™ of 100:1. Conventional ball milling in a lower energy environment gradually
reduces the size of metal powder particies and the formation of composites in this way
takes an exceptionally long time. The competing of cold welding also occurs but it can
be inhibited by tho use of milling liquids or serpents. The efiects of the cold welding
are minimised untl the powder reaches sizes as small as one micrometer. A model of

a conventional balt milt is schematically shown in Fig. 2.20 below.

Figure 2.20 : Conventional bail mill.

High enargy ball mills or attritor : In order to accelerate the formation of matal
compositas, to eliminate the depsndancy of final powdar hemogenaity on initial
powders and 1o avoid the hazards of fine powders, it is reasonable to use vertical ball
mill, the so called atiritor, that would generate higher energies than convantional ball
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mill. More than any ather ball mill, the allrilor is preferred by most workers™ ™ because

of ils operatonal flexibility for mechanical allaying.

The attritor is originally a comminuting blending machina which consists of water
cooled stationary vassel with a centrally mounted verlical shaft with impellers radiating
from it. The shaft is connected to a high speed geared motor. The vesssl is usually
made gas-tight with rubber seals, especially when a controlled atmosphere such as
argon is required to be maintained. As the shaft is rotated at high speed, the impeliers
impart kinetic energy to the grinding medium which welds and comminutes the powder

parlicles.

COOLED STATIONARY TAWK

|

ROTATING IMFELLEM - TPt —

6700 STEEL BALLS

Figure 2.21 ' High energy attritor-type ball mill used for mechanical aftoying.

Such a machine can achieve grinding rates more than 10 times higher than those
typical of a conventional mill. A model of a high energy ball or aliritor is schematically
shown in Fig.2.2%. The capacity of attritor used for machanical elloying ranges from
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3.8x10°m? (1 galion) to 3.8x107'm? (100 gallon) and the central shaft rotated at speed
up te (500 rpmy).

Centrifugal Planetary Ball Mills: The centrifugal planetary ball milling has been
promoted by 5. Sumimoto at sl and Nabuo Ashahi et eI, Planetary mills are of two
types {a) planetary pill, “p-5” (b} planetary micro mill.“p-7", which of each is described

below.

Planetary mill, ‘P-5': The instrument has two or four bowl holders which are atteched
on a supporting disk, each of which accommodates one bigger size or two small size
grinding bowls. The centrifugal forces of the grinding bowls rotating in opposita
diractions and the supporling disk act on the bowl content consisting of the sample
and the grinding balls. Bacausa of the grinding bowls and the supporling disk rotating
in opposite directions, the centrifuga! forces act on the bow! content in the same and
in the oppasite direction, alternatively. There by the grinding balls and sample parlicles
turn from running half way along the wall of the grinding bowl {friction effect) to
crossing the bowl space and hitting the oppasite part of the wall {impact effect and
homogenisation). This impact effect is even in intensified considerably by the balls

bouncing against one and other.

The versatility of this instrument lies in the possible combinations of bowl
arrangament. Up to bowls of 250 or OO mi each, or 80 ml each {one above the other
In pairs) ¢an be utilised in one batch: each bow! is availeble in 8 different materials.
This means that the preparation of various, even different samples can be carried oul
simullaneously. Independently of the iﬂstrurpent that is used in sample pregparation
sach grinding process develops a slight quantity of ebrasion from the grinding

elernents, which pollutes the sample.

Planetary mill, '‘P-#": The planetary micro-mill “pulverisette-7" is an absolutely
comparable, down-sized version of the “pulverisette-5” for the fine grinding of smail
samples {dry or in suspension) up to 20 mi. The instrument has 2 bawl fasteners that
take grinding bowls of eithar 12, 25, or 45 ml gross volume. The net capacity for ane

sample preparation vanes batween 5 and 20 ml accordingly.

179 sombines thae operating principtes of the

Yibratory ball mill : ¥ibratory ball mill
balt and marar mills. A motar bowl, which is hermetically sealed at the top by means
of a cover, is made to oscillate verlically by a magnet located underneath. The

oscillations are transmitied via the grinding stock to a single large ball { 50 mm or 70
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mm diameter}. First of all, the ball movement produces preliminary crushing of the
grinding stock from a maximum edge length of & mm to about 1 mm. The impact
movement of the ball becomes an attritional tumbling motion as the grinding process
continues. Smaller paricles rise up the morlar wall to the top, whilst larger particles
are incraasing by the reductian in size, This seleclive grinding produces a parlicularly
homogeneous product with a rather narrow size distribution. An inferval circuit
intarrupts oscillation and also causas improved mixing of the grinding stock. Milling in
the vibratory ball mill can be carried out dry or wet, and can be supplied with grinding
alemant of known different materials. Schematic diagram of such high speed vibratory

bali mitl is as shown in Fig. 2.22.
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Figure 2.22 . Schematic diagram of high speed vibratory ball mill, milling vessel and its cross-
sectional laleral views.

The chemical kinetics of mechanical alloying and energy consideration:

The chemical kinetles of mechanicel elloylng :Mechanical alloying may be
considered as a means to mechanically induce solid-state chemical reactions that

occur across welded interfaces, formed when powder pariclas are impacted in a
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collision between the grinding media. The nature of these chemical reactions is,
therefore, of equal importance as the mechanics in the development of knowtedge of
the mechanism of mechanical alloying as well as the mechanics of mechanical
alloying, mathematical and empirical modslling to determine collision frequency,
impact velocities, and collision energies, and the termpsrature rise associated with
ball/powder collisions and the effect of these parameters on the rate at which alloying
procoeds. A defining characteristic of all solid-stale reactions 15 that the product
phases physically displace 1he reaclants. These products constitute a barrier layer
opposing further reaclion. The reaction interface, defined as the nominal boundary
surlace between the reactanis, is continually diminished during the course of the
reaction. Solid-state reaction are contralled™™ by the initial reactant geometry and by
the diffusion rates of the reaclants through product barriers. Such reaclions
nacessarly require elevated temperatures to proceed at reasonable rates. It has been
suggested™ that the efficacy of mechanical alloying is a consequence of the continual
fracturing and welding of powder parlicles because this both increases and
dynamically maintains the reaction interfacial volume during miliing, thereby
minimising the detritus effects of product barriers. Chemical kinetics not only describe
the rate of a chemical reaction but may also be used o determine the mechanism,
i.e., kinetic measurements can be used to identify the rate controliing step in &
reaction. Reaclion kinetics ara usually described as a function of temperature, collision
frequency, activation energy and universal gas constant by the Arrhenius type of
equation as represented in Appendix A Eqgn.-21. The callision frequency has little
significance in solid-state reactions™, whereas the activation energy is the energy
barrier that must be overcome during the rate-limiling step of the reaction. The
guantitative determination of the activation energy may be used to identify this step. A
change in aclivation energy during tha course of a reaction also implies a change n
the rate-controlling step. Chemical reactions in tha solid state generally occur
spontaneously” when the reactants are brought inta atomic contact. The rate-limiting
step may be either the transport of reactants to the reaction zone (diffusion): a
_ chemical reaction at the reaction site, such as the dissociation of a reactant into its
constituent parts; or the availability of a suitable nucleation site. so diffusion is rate
controlling and that the reaction reaches a critical condition when short circuit dilfusion
paths are operative. The rate of diffusion has an exponential relationship with
temperature, and the diffusivity has an Arrhenius form as represented in Appendix A
Eqn A-22. Factors which influence diffusion rates, are defects structure and densities,

local temperature and product mﬂrphulogymas.
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It has been established that mechanical alloying significantly increases solid-state
reaction rates by dynamically maintaining high reaction interface areas™ and by
simultaneously providing the conditions for rapid diffusion.® Mechanical alioying
thereby minimises the effect of product barriers on reaction kinetics and hence
provides the conditions required for the promulgation of solid-state reactions at low
temperatures, While mechanical alloying is often defined as a high (collision) energy
process, so the magnitude of this energy requirement is an important factor. During
conventional ball milling, powder parlicles are simply mixed; particle size, shape, and
chemistry ere not altered. When ball milling is used as a comminution process, the
particle size is reduced by fracture during collisions; the parlicle chemistry is not
altered. What distinguishes mechanicai elloying from other ball milling processes is
that both fracture and welding cccur in the former process. Fracture of parlicles
creates automatically clean sueces; hence, the reguirement that mechanical alloying
be performed in an inerl environment. Parlicle welding can occur when such surfaces
are impacted during subsequent collisions and reaclions can proceed across these
new, internai inlerfaces. Hence, the ¢hemical composition of the powder particles can
change during miling. It may be argued thet the minimum collision energy is that
required for these frecture and welding events to occur. Any additional energy will
merely accelerate the events that occur as a consequence of increased plastic
deformation and particle heating. Recent studies™®' have shown that the coliision
energy and the method of milling can significantly influence product structure.

Energy consideration and structural refining durlng mechanlcal altoying: During
machanicatl alloying alloy the systemn uses part of the input energy and moves into
highar energy state. The part of the input energy which the system uses for alloying,
phase change, compaund and matastable phase formation has chernical energy. The
remaining part of the input energy which the system steres in the form of defects or
distortions is termed as non- chemical energy. Ragent calculations™ have known that
the systemn stores maximum energy in the form of grain boundaries. This resulls in

grain refinement of the mechaniezily alloyed powdsrs.

Guantitative estimation of the amount of anergy which the system can store in the
form of defects and distortions have been carried out for Al, Cu and 5Fe®™. It was
found that the ability of the system to store energy increases in the following
sequence, namely, sudace, strain, disiocation and grain boundary. With the increase
in the amount of input energy i.e., the milling time, the system can afford to have more

42



Mechanlcal Alloying - A Survey

and more grain boundary area, which leads to the generation of grain boundary. in

other words, grain size refinement takas place with milling time.

Grain size refinement and mixing of atoms by mechanical alloying : The grain
size refinement™ is a combination of compression, folding and rotation {one cycle).
{arain size reduces to half after the completion of six cycles. Gradually the redudlion in
grain size for successive cycles reduce because of the following reasons. The elastic
limit of the powder particle increases by hardening and to deform them plastically
reguires more energy. Further deformation of these petlicles is possible by grain
boundary shiding However, this process deforms the parlicles but not the crystals. I
both the crystal and parlicles are plastically deformed under the impact of the colliding
balls, static recrystallization takes place at the expense of the grain boundary and
dislocation energies, once the colliding balls move apart. The steedy state crystal size
is achieved when the dynamic recrystallizetion takes plece. During the dynamic
recrystallization  both  the plastic deformation  and  recrystallization  ocours

simultaneously and furlber grain refinement is not possibla.
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Figure 2.23 : Decrsase in Jayer thickness with the successive number of compression and
folding .

In Fig. 2.23. here considered a particle consisting of two different layers as layered
structure s observed in machanicaily alloyed samples. if the layer thickness to start
with is d,, then the mixing of atorms depend on the initial layer thicknass (d,), the
number of times the powder parlicle is compressed and folded and the reduction
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produced by one cycle {1/a). The layer thickness after n -::1,.-r:.|mﬂ-,ss'G is given by dj{1/a)".

Under these conditions, diffusions by an atomic distance can lead to mixing of atomns.

Dissimilar atorms mixng during mechanical alloying is brought out by slip deformation
of a two layered structure consisting of various slip systems operating randomly along
the close packed directions Computer simulation of the mixing after the operetion of
0,10,20 and 60 slipe are as shown in Fig. 2.24.a-d respectively. The displacement
produced by each slip deformation is takan as ane atomic distance. The fraction of A-
B bond is identical either starting from alternating dissimilar atoms or alternating layers
of dissimilar atoms. Hence the resultant structure is similzr to that of by the diffusion of
both lhe species, even though the final structure has been arrived at without any
diffusion. However, in a real systemn, diffusion takes place together with slip

deformation to mix atoms.

Structural Refinement : During the initial period of processing a wide variety of
structures exist in tha mechanically alloyed powder, powdar which have been trapped
between colliding balls are severely deformed while & porlion of the powder remains
relatvely unaflected. This makes determination of the average refinement rate at
early times in the process very difficult. However the amount of deformation required
to cold weld can be obtsined for the powder at this stage. The average lamellar
thickness in this coarse size fraction in the first few minutes of processing is reduced
in thickness and with increased processing time, the structural differences between

the size fractions ara gradually efminated as represented in Fig. 2.25 and in Fig. 2.26.

Application of mechanical alioying :

Intraduction : Since its inception, mechanical alloying process has bean applied
mostly to the production of nickel, Iron or aluminium based oxide dispersion
strengthened alloys. However the utilisation of mechanica! alloying in its truest sense
as a technigue for allaying different or normally incompatible system is increasing. The
distinctly different direction for this process techinology, is described below.
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Figure 2.24 : Alomic conliguration alter 10, 20 and 80 slips starting from layered structure.
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Figure 2.25 : Powder size distribution as a function of processing time.
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Flgure 2.26 : Vanalion of lamella thickness with processing time.,

Alloy Synthesis : Machanica!l alloying is generally used to produce alloys from
alamental precursors. Thus brass is formed when copper powder end zine powder ere
milled. That e true alloy is indeed prﬂduc‘ed has been demenstrated wsing both X-ray
diffraction™ and magnetic measurements™. The alloying reaction is not confined to
metals but can elso be used for oxides™, nitrides” ™, chalcogenides™ '™ and semi-

" Patential applications for novel materials produced by mechanical alloying
93 permanent

metals
therefore include dental prostheses'™, hydrogen storage materials
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R . . . 11
magnets™ ', superplastic alloys'®, intermetallic compounds'™, glectrodes' "

supercorroding alloys''" and superconducting materials, both low ''Z and high T."™*'™,

Howavar, not ali metals form an alloy during miliing. Nd and Fe, for example, remain a

mixture of the elements'™

and Nd:;Fe,sB actually separates during milling into a-Fe
and an indeterminate amorphous phase”ﬁ. This de-alloying or phase separation also
oceurs with SmzFeqz, ' TisCus' " and ZrCo'™ and Fe,Zr."" . The eetiology is unknown
but the factors determining whether a system will alloy or de-alloy appear to be
controlled by the milling energy' and/or the crystal structure’”’, Composite structures
result when ceramics and metals are milled. The original oxide dispersion
strangthened afloys are composite mixtures of rare garth oxides dispersed in a nicker-
based metal matrix. The only current commercial applications for mechanical alloying
are Fe-based, Ni-based, and Al-based oxide dispersion strengthened alloys, which are
being Used as a rotor-blade material in a helicopter engine, in a fighter engine and in &

land-bassd turbine.

Nickel base oxide dispersion super alloys @ The full flexibility of the mechanical
alloying process to design simultaneously for a variaty of critical material properties
has been used to produce the oxide dispersion strengthened super alloy of which MA

6000 has attain much commercial maturity.

INCONEL slloy MA 6000 combines two types of strengthening: (a) gamma-prime
hardening {from its aluminium, titanium, and tantalum content} for intermediate
temperature strength; and () oxide dispersion strengthening (from the Y5 addition)
for strength and stability at very high temperatures. The oxide particles directly
increase high temperature strength by acting as obstacles to dislocation motion. The
oxide dispersion, coupled with the high level of stored energy from processing,
indiractly helps to atlain maximum high temperature strength by aiding the formation
of coarse elongated grains in the hot working direction. Tunpgsten and molybdenum
act as solid-solution strengtheners in this alloy. Oxidation resistance comes from the
aluminium and chromium content of the slloy, while titanium, chromium, and tantalum

act collectively to provide sulfidation resistance.

A comparison as #lustrated in Fig: 2.27. of the speciflic rupture strength
{strength/density} for a 1000-hour lifa as a function of temperature for INCONEL alloy
MA €000 and several other turbine blade alloys-directionslly solidified (DS) MAR-
M200+ Hf, single-crystal alloy PWA 454, and thoriated nickel clarifies the benefits of

the combined strengthening mades in the mechanically alloyed material™’.
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Flgure 2.27 : Comparison of specific ruplura strenglh of INGONEL alloy MA 600 with DS
MAR-M2004HE, TO-Mi, atd single-crystal PWa 454,

Aluminlum-alumina oxide dispersion atrengthened alloys : Sintered aluminium
powder, alurminium containing a dispersion of aluminium oxide, was the first structural
oxide dispersion strengthened matal’®. Because, tha production method for sintered
aluminium powder relied on fragmenting the surface oxides an aluminium powder or
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ftake to provide the dispersoid, the dispersion was relatively coarse and unevenly
distributed, requiring a very large volume fraction of Al;Os to obtain high strength.
Mechanical alloyed aluminium-alumina oxide dispersion strengthened alloys has
achieved high strengths at far lower dispersoid contents by refining the oxide particle
siza homogenising its distribution. The mechanically ailoyed aluminium alloys are
characterised by a fine grain structura that is stabilisad by a dispersion of oxide and
carbide particles'®. This contributes to high tensile and fatigue strengths. The
production of oxide dispersion strengthened aluminium alloys by mechanical ailoying
s not restricted to available pre-ailoyed powders; consequently, a variety of aluminium
alloy systems have been developed. IN-9052 {Al-4.0% Mg 0.8% 0-1.1%C) and IN-
9021 {A-1.5% Mg-4.0% Cu-0.8% O-1.1%C) are two commercially matured
machanical alloyed aluminium alloys possessing altractive combinations of tensile
strangth, fatigue strength, toughness, and corrosion resistance'™. .The significant
improvement propertias induced mechanical alloying in such alloys ars shown in Fig.
228,

Iron based dispersion strengthened alloy : Various types of ferrous alloy have been
made by mechanical alloying, of which the most highly developed material is the Fe-
20Cr-4.5A territic steel. Incoloy MA 356, disparsion strengthened with 0.5% ¥20s ; MA
956 has been made in the form of bar, sheet, plate, wire, tubing, forging, rings, hot
spinning and fabrications. The high-strength capability is combined with exceptional
high-temperature oxidation and corrosion resistance, associatad with formation of an
alumina oxide scale.'™ In cyclic oxidation resistance, MA 956 is superior to Hastslloy.
The alumina scale is an excellent barrier to carbon and no carburization occurs.
Sulfidation resistance is also good. MA 956 is usad in gas-turbine combustors, but
with ita combination of high strength up to 1300°C, corosion resistance and
formability, the alloy has found many other applications. Gas turbine applications
under davelopment include fabricated nozzlas, inlet plenum and compressor nozzle
parls of vehicle turbines, rings for aeroengine combustors, and a combustors baffle for
industrial turbines. Use in power stations include oil and coal burners and switlers, and
fabncated tube assemblies for fluid-bed combuslion,'>®

Coating applications : Mechanical alloving is used to produce corrosion and waar-
resistant cobalt-based, iron-based and nickel-based alloy powders for use as coatings,
deposited by plasma spraying and other processes. High temperature oxidation-
resistant coatings processed by mechanical alloying are generally based on the
system MCrAl, where M is Ni, Fe, Co, or a combination of thesa slements.
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Figure 2.28 : Fatigue crack growth rate of aluminium alloy forging in dry air.
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These coatings are characterised by having fine oxide and carbides dispersions
formed in sitw during mechanical alloying. These dispersoids can be beneficial for
environmental protection'®. Cermet powers that include large volume Fractions of

%% and applied as diffusion inhibiting coalings. This type of

¥:J3 have also been made
coating acls as a barrier to reduce adverse effects of concentration gradients between
the substrate and an over coating of widely differing composition from the substrate.
Mechanical alloying can be used to produce coating feed stock because of the case
with which a fine admixture of constituents can be formed, including the homogeneous
dispersion m the matrix of large volume fractions of refractory oxides. Mechanical
alloying can be used to produce wear-resistant coatings that contain a fine,

homaogenecus distribution of a hard compenent such as tungsten carbide.

Supercorrading alloys @ A somewhat different utilisation of the mechanical alloying
process is the production of supercorroding magnesium alloys that operate as shorl-
circuted galvanic cells to corrode {react) rapidly with an electrolyte such as sea watser
to produce heat and hydrogen gas'” *, To maximisa corrosion rate and eficiency, it
necessary to {2} provide a shorl electrolyte path belween anode and cathode; {b)
provide a large amount of exposed sudace area between cathode and anode; {c)
provide a slrong bond (weld) belween anode-cathode pairs; and {d} provide a very low
resistance {less than 107 ohms) path for external currents to flow through the
corroding peirs. Prior to mechanical alloying, the systems devised could not meet all of
these requirements. For use as an underwater heater or hydrogen gas generator &
mechanically alloyed Mg-5 to 20% Fe alloy is ideal because of its extremely fast
reaction rate, high power cotput, and the high percentage of theoretical completion of
the actual reaction. For corrodable release links an alloy with a slower reaction rate is
desired, such as My -5% Ti. { Fig. 2.29).

Qther systems : Liguid immiscible systems are difficult to pyrometallurgy. As an
AL e b Gleulic copper-lead system tends to separate into two liguids upon
cooling. Mechanical alloying can be used to form a homogsneous distribution of
copper in a soffer lead matrix. Solid immiscible systems such as copper-iron are also
amenable to mechanical alloying. Solid pure copper dissolves only 4.5 wt. % iron whila
gamma iron dissolves only 8 wi. %. copper. For copper-rich alloys a maximum of 3
wt.% of fine iron particies can be cbtained,. Attempts to make alloys with higher
amounts of iron give large globs of primary sclidified iron in addition to the fine

precipitata.
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Figure 2.29 : Carrosion of supsrcornading mechanically alloysd Mg-5% X alloys.

This limitation can be circumvented by mechanical alioying and a 50 wt. % iron can be
fingly dispersed in copper. Many useful intermetallic compounds have constituents
with very dilferent melting points and are difficult to fabricate by normal melting
technigues. An example is the superconducting compound Nb;Sn, which 1s formad by
a peritectic reaction. During the casting of niohium-tin, the compound that solidifies
first is nicbium rich. The final Iiquid to sclidify is very rich in tin. The resulting extreme
coring, which remains even after prolonged homogenisalion anneals, causes poor

superconducting properties. Other methods used to produce these allays include:
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(a) vapour codeposition of njobum and tin,
b} (b) splat cooling, and

{c) a composite technigue.

These processes are all tedious and do not always lead to a homogeneous product.

Fabrication of Nb;Sn with excellent superconducting properlies by mechanical

128

alloying = has been provad.

Amorphous and nanocrystalline materlals : Mechanical alloying can successfully
used for the production of amorphous structures. First reporied by Koch et.al™,
mechanically-induced amorphisation has been extensively studied and was reviawed
by Weeber and Bakker™ and by Koch.' Amorphisation occurs aither by a diffusion-

controled reaction, where the more stable crystaliine state is constrained kinelically

133-34 13536

from forming or by the defect-induced decompaosition of the crystalline state

which is analogous to amorphisation by irradiation.

Those systems which can suslain the high defect densities produced by mechanical
alloying without transforming to the amorphous state generally become

nanccrystalline. This nanocrystallization is widely reported and occurs in both single

13738 1394 |t 141

phase and multiphase systems has been suggested  that at a critical

level of strain, dislocations align to form small engle grain boundaries. The subgrains
so formed are nanocrystalline and relatively strain free. On further milling, the

orientation of these subgrains becomas completely random.

wT

54



Chapter - 3

Production of Metals Powder

Introduction : The technigques of powder manufacture can be divided inte two
headings

-Mechanical processes, and

-Physico-chemical processes.

Additionally, newar production techniques aspecially applicable to highly alloyed

systems have been developed in recent years.

Mechanical processes :

Fowder preparation by mechanical disintegration is widsly employved. A drawback
common to all methods of mechanical comminution of metals and afloys into powders
is the extraordinarily low productivity thereby causing expensive powder production.
Technigues included in this group are described below :

Machining is employed to produce filings, turning, scratching, chips, etc., which are
subsequently pulverised by crushing and miliing. Since relatively coarse and bulky
powders entirely free from fine particles are obtained by this methoed, it fs particularly
suitable in a very few special cases; such as the production of magnesum
powdersifor pyrotechnic epplications where the explosiveness and malleability of the
powder would prohibit the use of other methods) beryllium powders, silver solders,
and dental alloys. The powder particles produced are of kregular shape. This mathod

is highly expensive and, therefore, has a limited application.
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Crushing is mostly used for the disintegration of oxides and britlle materials. Any type
of crushing equipment such as stamps, hammers, jaw crushers or gyratory crushes
may be employed for crushing brittle materials. Various ferrous and non-ferrous alloys
can be heat treated in order to obtain & sufficiently brittle materiat which can be gasily

" Some metals particulerly titanium, zirconium, vanadium,

crushed inte powder form
and tantalum when heated to moderate temperature in hydrogen atmosphere are
converted to britlle hydrides, The powders produced by this method are of angular
shape which are subsequently comminuted by milling to alain the required fineness of

tha powder,

Mitling is used for producing powders of brittle, friable, tough and hard materials and
pulverisation of malleable and ductile metals. It involves the application of impact force
on the material being comminuted. The milling action is carried out by the use of a
wide variety of equipment such as ball mill, rod mill, impact mill, disk mil, addy mill, Jet
mill, vortex mill, etc. some of which are illustrated in Fig. 3.1.

Shotting consists essentially in pouring a fine stream of malten metal through a
vibrating screen into air or neulral atmosphere. In this way, molten metal stream is
disintegrated into a large number of droplets which solidify as spherical particles
during its free fall. All metals and alloys can be shotted: the size and character of the
resultant shot depending on the temperature of molten metal and gas, diameter of the
holes and frequency of vibration in case of vibrating screen. One drawback of this
process is the formation of high oxide content which can be minimised with the use of

inert gas.

Graining involvas the same procedure as the shotting, the only difference being that
the solidification 15 allowed to take place in water. In similar manner, other
pulverisation methods are used for the production of very fine powders. Frequently
cadmium, zinc, tin, bismuth, antimany, and lead alloys are pulverised by this method.

Atomisation consists of mechanically disintegrating a stream of molten metal into the
fine particles by means of a jet of compressed air, inert gases or water. This is the
main process for preparing alurminium, zing, lead, pure iron, and low alloy steel
powders, noble motals and more recenlly, high lemperature alloys and special alloy
powders, (e.9., super alloys). Typical atormising process s representad schematically
in Fig. 3.2{a}.
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This process, in its simplest form, were known as D.P.G. Spinning Disc method and
the Mannesmann H. Z. process. Fig. 3.2.{b). and Fig. 3.2.(c). show the schématic
representation of the principle of cperation of theso process. The molten metal is first
decanted into a heated tundish and passes through a small hole in the centre of its
base as a thin stream falling on a number of knives mounted on disc and rotating at
high speed which varies betwegen 1500 to 3500 revolutions per minute. The metal
stream strikes the apex of a conical high velocity water jet fixed below the tundish. In
this way the metal stream 15 disintegrated into metal powder parlicles and mixiure of
wator and powder is collected on a filler bed situated at the base of the atomising
chamber. The powder having a considerable residual meisture is saent from the filter
bed to a drying oven. When dry it is finally sieved. Irreqular powder parlicles are
formed by this method. However, spherical paricles may be produced by employing
superheatad molten metal. By proper control of temperature of the metal, the height
from which the metal is allowed to fall on the knives, water pressure, the diameter of
the tundish hole and the speed of rotation and the shape of the knives suitable
powders can be produged. Mumeraus modfications have been-introduced in the
atomigation technique e.g. the modified D.P.G. process for the manufacture of alloy
sleel powders parlicularly stainless steel powders and the centrifugal atomisation
mathod for the production of various metal powders. This method 15 based on the
disintegration of a stream of molten metal by centrifugal force. In the other modified
technique, known as the retary atomisation or the rotating electrode process, the front
end of a rotating electrode is heated, by an elactric are or plasma', allowed to mait
and the liquid droplets are thrown off by centrifugal action and finally callected in a
helium (a quenchant) filled chamber Fig.3.2.{e). Generally, spherical, solid particles
with a fine dendritic structure is praduced which is also the characteristic of inert gas

atomisation process.

A recent variation of this technigue known as soluble gas atomisation or dissolved gas
process consists of introducing the melten metal-saturated with a soluble gas such as
hydrogen, under pressure into a vacuumn chamber through an onfice where the
pressurised liquid explodes {or breaks out} into fine particles'™ as illustrated in Fig.
3.2(d).This methad is used particularly to prepare special alloy powders (super alloys
such as complex nickel and cobalt materials; titamuem alloys; tool steels; etc,}”S. Tho
size, shape, and structwe of the powder produced is similar to the powders obtained
by inert gas atomisalion or rotary electrode process.
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Figure 3.1 : Schematic representations of milling processes (a} Simple eddy mill
{2y Ball milling. (<} Jet miliing
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Figure 3.2 {a) : Schematic representations of typical alomisng process
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Cold stream process rolios upon the brittleness ol certain metals and alloys at low
temperatures. The starling material is coarse parlicles {often obtained by grinding or
atomisation) of the required composition. This is conveyed in a high velocity, high-
pressure air stream through a verlical nozzle and strikes on a target in an evacuated
blast chamber, At the nozzle, the pressure drop occurs at once from about seven
atmospheres to atmospheric and this results in a very quick temperature drop o
subzera. The brittle raw material shatlers against the target into an irregular sheped
powder having very little surlace contamination and excellent pressing characteristics.
The resulling powder is separated into suitable size fractions using a classifier. This
process has been used to produce tungsten, tantalum, tungsten carbide and tool steel

powders as illustrated in Fig. 3.3.

™

FQHDEE_mL‘]_/—l‘

Figure 3.3 : Cold Stream Process.

Physico chemical and chemical processes :

Condensation method may be considered as a modification of the usua! distillation
process smployed for refining zing. First of all, zinc oxide is mixed with powdered
charcoal and heated until zine vapour 1s formed by the reaction of zinc oxide with
carbon monoxide. The zinc vapour is condensed in a cooler extension of the retort.
Reoxidation of the zinc vapour to zinc oxide also occurs during cooling due to the
formation of carbon-di-oxido and the presence of this oxide will prevent its

148 Yery fine

coalescence into liguid causing ‘blue powder' as a normal by-product
powder of high purity can be obtained by joining a second condenser and carefully

controlling the carbon dioxide content in the condenser. The powder thus obtained,
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Praduction of Metals Powder

however, cortains higher amount of oxygen than the atomised powder. Magnesium
powder is produced by the same method such as reduclion of MgO with CaCs

followed by chilling the magnesium vapour in oil.

Thermal decomposition of vapour produces metal powders which has achieved
industrial importance particularly in the manufacture of Fe and Ni powders by the
decomposition of their respective carbonyis Other metals such as Zn, Mg, Co, W, Mo,
and Cr can also form their carbonyls which at cerlain temperature and prassure can
decompose to give a gas and a metal. The decompoesition reaction of various common
carbonyls may be expressed as'’ M{CO), M+ x CO. Where M denotes NI, Fe, Mo,
W. Co elc. Carbonyls are volatile liquids iron pentacarbonyl, Fe{COls, is an almost
colourless liquid bailing at 102.7°C while the nickel tetracarbonyl, Ni (CO},. boils at
43°C."* They are produced by allowing carbon monoxide o pass over spongy or
powdered metal at suitable temperature (200-270°C) end pressure (70-200)
atmosphere. At reduced pressure {one atmosphere) and elevated temparatura {150 -
400°C) both of these carbonyls decompose to reform both metal and tha carbon
monoxide; the laller being recycled and employed again to produce no more carbonyi
liquid and continue the precess.™ Too iow a decomposilion temperature would result
in slow and incomplete decomposition while higher temperature {above 4[:0“(3} would
lead to oxidation of iron in carbon monoxide atmosphere. By varying the conditions of
deposilion the iron can be made available in various forms Smooth layers, sponges or
brittle nodules are produced by its decomposition on the hot surface. i a very fine
powdsr wilh high purily is to be obtained, contact with a hot surdace wall should be
prevented, the walls are kept porfectly cool or carbonyl is mixed with a stream of hot
inert gas such as nitrogen and introduced into a decomposition chamber. The
carbonyl dissociates inte a cloud of microscopic condensed metal particles which have
been found to be about 0.01 in size and serve as nuclei for building up of condensing
metal into quite large shots. Thus nucleation phenomana often control the morphology
and growth rate of carbonyl metal deposit in the size range between 1 and 10u. as
illustrated in Fig. 3.4. Fe powders produced by this technigue are perectly sphericaf
and purest of all commercial metal powdars (over 99.5%) containing orly smali

i =J
amounls '™ of G, O, 2nd N; .

Reduction of compounds paricularly oxides by the use of a reducing agent in the
form of either solid or gas for producing metal powders is the most widaly used
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Figure 3.4 : Schematic drawing of decomposition using carbonyl process.

methed. Other compounds such as formates, oxalates and halides may alsc be used
as a starting malerial for reduction. This is a convenient, economical and extremaly
flexible method for controlling the properties of the product regarding size, shapa and
poresity over a wide range. It is extensively employed for the manufacture of Fe, Cu,
Mi, W, Mc and Co, though Ta, Th, Zr, Ti and even Al and Cr aro also being produced.
This process yields extremely fine powders with irregularly shaped particles and

consideralle porosity,

Gases such as hydrogen, dissociated NH;, CO, coal gas, ennched blast furnace gas,
natural gas, partially combusted hydrocarbons or alkali metal vapours, carbon and
metals are usad as reducing agents. Carbon is the cheapest reducing agent but with
its use difficulties have been experisnced in closely controlling the carbon content of
the final powder. Hydrogen, dissociated ammonia and other atmospheres rich in
hydrogan are used conveniently. Metallic reducing agents are also used for reduction
of various melallic oxdes invalvng excthermic thermit reactions as carbon as carbon
and other reducing gases are unable to reduce them economically. Thus, Cr powders

15l

are produced by the reduclion of Cr0; with Mg ', Zr powder by reduclion of

zirconium oxide with Ga or Mg in inerl gas atmosphere'™, and Th metal by the calcium

reduclion of thoria under an inert atmosphere "*2 %,
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Reduction by hydrides particularly calcium hydrde is applied where very active
nascent hydrogen is a necessity for the reduction. The chamical reduction for the
hydnde process may be expressod by the equation. MO+yCaH=xM+yCa+yH.O .
Powdered eutectic alloy such as Cu-Ti alloy is made by mixing copper and titanium
hydride powders in proper proportion, heating in hydrogen or vacuum slightly higher
than the melting point of the eutectic alloy, holding the same for a sufficient time for
complete diffusicn between copper and titanium and ccoling the meiten eutactic alloy

followed by pulvensation to powder.

Close control aver the purity, paricle size and shape, apparent density and related
properties of the deposited metal powder and completenass of reduction can be
obtained by varying the degree of purily, particle size and shape of the raw material,
the temperature and time of reduction, the type of reducing apent, and in case of
gaseous reduction, the pressure and flow rate of the gas. Since oxides are generally
krittle and easily comminuted to the desired degree of fineness, 1t is possible to obtain
very fine metal powdars. Decreasing the reduction temperature also results in the
production of very fine powders. Pyrophorical product is, thus, obtainakle with some
metals such as iron, nickel, ete. by grinding the oxide extremely fine followed by low
temperature reduction. When the reduction processes are carried out at higher
temperatiires the final metal powder parlicles sinter together into a ‘sponge’ that is
easily crushed and comminuted to powder. If H; is employed as the reducing apent,
great precaulions are need to be made It alssolutely dry by removing all the water
vapour content both in M. and that formed during the reducing reduction, otherwise

complete 1eduction into metal powder (particularly Cr} 15 nol possible.

Several reducing agents such as Li, Na, K, Mg, Ca, Mn, Al and Si may be employed to
reduce the anhydrous chlorides of Ti, Zr, Hf or V. If a purer metal is desired, use of
Mn, Al or Si is to be avoided. Li and K have to be abandonad due to their high cost

and thus Na, Ca, and Mg oniy have to be Em;:m::;,.l'ed15E

. Thus, gasecus anhydrous
chiorides of Zr, Ti and Hf are reduced by Na and Mg to spongy metals which are

subsequently pulverised.

W and Mo powders are prepared from WO; and MoQ; respectively by reduction with
Hz. The reduclion is carried out a temperature of about BOO"C and 1050-1100°C in the
case of oxides of W and Mo respectively. The initial oxides in the form of pellets are
kept in the tubular resistance furnace and they are moved into the furnace through
neating zones, each indicating a different temperature. After complate reduction, they
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are introduced into the coaler which is cocled by flowing water. H; 15 passed into the
furnace through the cooler while the oxide is conveyed as a counter flow to the gas
current. The rasulting size of the malal particles is as small as 1. Extremely fine

spherical W particles with very good properties have also been prepared by the
reduction of tungsten hexafluorides. Iron powder has ailso besn produced from oxide
ore, pure oxides or a cheap initial product such as mill scale™ by reducing with
carbon, hydrogen, or natural gas. The ground scale is reduced with H; at a
temperature of 650-800°C. The largest tonnage of iron powders are thus obtained
from reduced ores and mill scale. Flow chart of carbon and gaseous reduction are

illustraled in Fig. 3.5 and in Fig. 3.6. respectively.

Metal powders can be produced from aqueous solutions and fused salls "by
Electrodepositlon. Electredeposition is a reversed adaptation of electroplating. Thus,
while in the case of electioplating, every effort is made to form continuous and
tenacious sheet of metal on the cathode, in Electrodeposition the cenditions favouring
successiul plating exactly reversed. As many as 30 metals can be prepared as powder
by electrolysis of aqueous solutions accompanying simultanecus refining, but this
technigue is mainly employed for the commercial production of metal powdars such as
copper, baryllium. iron, zinc, tin, nickel, cadmium, antimony, silver and lead. There are
three different types of Electrodeposition which are in practical use: {|) deposition as a
hard, brittle mass, which is subsequently ground to powder.{ii} deposition as a soit,
spongy substance; only foosely adherent with fluffy texture and easily pulverised by
light rubbing, and (i} direct deposition as powder from the electrolyte which drops to
the boltorn of the cell. The last two methods produce the largest quantities of
electrolylic powders employed in the sintering process while the former method is

unsuitable for molding purposes.

The conditions favouring the production on a cathode of powders easily removable
and pulverisable, are (i} high current density, (i) low metal-ion concantration,{iii) high
acidity and addition of colloids, {iv) low temperaiure, {v) high viscosity, and (vi)
circulation of electrolyte in such a way as to avoid and suppress convection'™. By
regulating these conditions close control of the desired characteristics can be

oblained.
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The selection of a suitable cathode material permitting the complete removai of the
deposit is of great importance for continuous commercial praduction of metal powdars.
Highly polished and smooth surfaces are desirable and the deposit 1s stnpped from
the cathode by flexing or it can be recevered by using cathode as anodes in case of
the formation of interfering films on cathode. The deposit is readily removed by
scrapping it away from the cathode, or by use of ather methods such as rotating
cathodes, rapid circulation of the bath. The removal of powder from the cathode,

either continuously or at frequent intervals is also essential.

The electrolytic powders deposited in the powder form, which are characteristically
crystzlline, are generally characterised by their dendritic or fern hke shape of fow
apparent density and flow rate, favourable for pressing due to the tendency for
individual paricles to readiy interlock. The particle size is largely dependent ¢on the
conditions obtained during deposition. Anguiar or needle-like shape is obtained in the
case of powders produced from hard, brittle depesits, and the parlicle size is a
function aof mechanical methods employed for  subsequent  comminution.
Electrodeposited powders are usually very reactive and britlle and hence special heat

treatmant may be given to them.

Electrodeposition of iron and copper powders is obtained most frequently by the
electrolysis of sulphate solution but chlorides, cyanides and others can also be
employed with succass, Fig. 3.7, illustrates the principle of Electrodeposition. These
electrolytic baths may contain one or more than one metal salt and organic reagent is
oceasionally added to promote powder formation. dron powder is  produced
commercially by the elecholysis of sulphate or chloride bath. Addition of NH,CI
increases the conductivity and reduces oxidation of the product. Chioride bath has
been preferred to sulphate bath by Ljungberg et. al'™® because the latter results in the
precipilation of sulphur in the deposit and tends to cause anode passivity. Copper
powder is also produced commercially on a large scale by electrolysis. In this case the
electrolyte employed is copper sulphate and sulphuric acid. This pracess has been
thoroughly investigated by Modi et. al'®. The copper concentration has a considerable
effect on cathode current afficiency, epparent density, and particle size of the powder.
Crude copper is used as the anode material and formation of spongy deposit of
copper tlakes place which adheres only lcosely to the cathode. The oxygen content of
electrolytic- capper powder is high owing to the large surface area, but as in the case
of iran powder, the characteristics of the powder can be precisely controlled.
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Figure 3.7 : Schematic representation of elecirolylic process of making powders

The praparation of alloy powders is possible by the use of a mixture of electrofytes
with two or more metal salts. In this way, electralylic bronze and brass powders have

been produced.

If tused sait alactrolysis is pedormed at a tamperature below the melting point of the
melal, the deposition of metal will occur in the form of small cryslals with dendrilic
shape. Among the metals prepared in the form of dendrites are iron, copper, nickel,
silver, chromium, cobalt, tungsten, melybdenum, nicbium, tantalum, thorum, uranium,
beryllium, aluminium, zirconium and metals of platinum group. Ta powder is formed
commercially by the electrolysis of tantalum oxide dissolved in a bath of K;TaF;, KCI
and KF. The addition of tantalum oxide is made continuous during the reaction and
bath composition is maintained at the cathode. Leaching of tantalum removes trapped
electralyte, but the evolution of hydrogen at this stage causes embriltiement of the
metal which is easily crushed to the required size and finally softened by heat

treatment under vacuum.

Precipitatlon from agueous solution, The principle of precipitating a meta! from its

agueous solution by the addition of a less noble metal which is higher in the
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glectromotive series has been applied in numerous metallurgical processes. This
process permits the production of very finc metal powders of low apparent density
which are occasionally used for sintering purpose. Ag powder is produced in quanibty
from its nitrate solution by adding copper or iron; tin powder is precipitated by metallic
zinc from stannous chloride; copper, lron, and nickel powders are obtained by adding
aluminium to their sulphate solution containing HgClz, HCI or alkaline salts which serve
as activating agents. Gold powder is obtainable by precipitation with zinc and copper.

A vary common method of producing copper powder is by precipitation from sulphate
solutions with iron. In this case, carefully cleaned scrap iron ar steel or sometimas
aven iron powder is usually amployed to displace the copper. Moreover, the acidity of
the solution and the rate of flow of solution over iron cantrolled to get & very fine
powder having low apparent density. The raw material in this case may be a copper

ore.

The precipitated metal powders ara in general porous. A drawback of the precipitation
method lies in the fact that the adherent or entrained salts are more difficult to remove
than in electrolytic powder producls. The precipitation of selenium and tellunum
powders are possible by SO, from solutions obtained in the hydrometallurgical
treatment of sludges from copper refinaries.

FPowders, particularly of reactive metzls, are prepared by Precipitation from fused
salts. For the production of zirconium powder the ZrCl, salt is mixed with an aqual
amount of KCI, and some magnesium. Magnesium replaces the zirconium when
heated to 1380°F {749°C) and parlicles of latlter settle at the base of the chamber.
Another method uses the introduction of ZrCls  vapour to a salt bath of NaCl and
MgCl. Thus beryllium and thorium powders may be produced by foillowing a similar
technique. Several intermetallic compounds have been prepared in powder form by
reacting lwo amalgams.

In recent years, melal powders particularly Ni, Co and Cu are precipitated on
commercial scale by Hydrometallurgical or gaseous reduction process, by the
reduction of aquoous solutions or slurrics of salts of metals with hydmgenm when
subjecled lo the correcl combination of high pressure {botwoeon -400 and 900 psi. }
and temperature (between 130°C and 210°C)'*"* according to the represented type of

reaction® %2, M 4+ H,— M +2H".

70



Production of Metals Powder

In the process employed by Sherrit Gordon Mines Ltd., Canada for production of
nickel metal powders, a sulphide concentrate is leached with ammonia and air under
prassure’™ . The sulphides are oxidised and non-ferrcus metals react with ammonia to
form ammine ions such as [Ni{NH3}12+. The insoluble residus containing silica, iron
hydroxide, etc. are separated out. Copper is than precipitated from the liquid so that
the remaining solution comtaining only cobalt and nickel react with hydrogen to
precipitate nickel metal in the pure slate until the concentration of both in solution
reach about the same value'™'"™, Dua to considerably higher thermodynamic ectivity
and faster rate of reduction, reduction reaction of nickel is favoured in the mixed
system. If pure cabalt is to be obtained {or nickel is to be recovered from the solution
containing approximately equal amounts of each), a chemical process or reduction
reaction in a solution containing caobalt but no nickel is followed. When precipitating
nickel, nickel powder parlicles as seed materials {to act es nucleation sites for the
precipitating metal} are introduced which are held in suspension in the solution by
agitation. Soluble calalysts such as ferrous or palladium sulphate may also be used as
nucleating agent. The precipitation of cobalt from cobalt-bearing solution with

hydrogen is similar in most respecls to the nickel pracipitation method.

Copper powder is produced from ammoniacal solution in much the same way as
nickel and cobalt and similarly the melar ratio of NH; to metal is kept at slightly greater
than 2 :1.25, All these metals must be washed free from the |ast traces of salts and

then dried in hydrogen and these steps ere used to remove oxygen, carbon, and
sulphur considerakly from the metal. For copper the drying termperature is sufficienthy

high hut for nickel and cobalt, moderate temperature is requiredm.

The process may be developed to produce powders of zing, lead, and molybdenum. It
may also be usaed to produce composite powders in which a coating of copper, nickel
ot cobalt into an inner particle of, for example, tungsten carbide or dismond occurs in
order to facilitate subsequent sintering es well as for coating the fibbers {such es

carbon or zirconia).

Hecenlly a successiul hydrometallurgical melhod, belter known as the Peace River
Process, has heen developed for the production of iron powder with high purity,
particularly low H; loss and acid insoluble content and good pressing properlies and

166

sinterability . A distinct virtue of the process is that it can be operataed on the low

grade ores. Aparl from the high purily {usually about 99.8% } of the product this
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technique is characterised by a very narrow range of particle size distribution,
spherical shape, high apparent densities and flow rates of the powder.

Intergranular Corrasion process for producing metal powder is based on the fact
that the grain boundaries of the heat treated alloys are more susceptible to chemical
altack than the grains, thus freeing particles of bulk material. This method'® ™,
consists in carburising stainless steei scrap at a proper temperature (500-750°C) for a
definite time in order to precipitata chromium carbide at the grain boundaries and
corroding the boundary region of this sensitised matarial by corrosive solutions, for
example, by a boiling aguecus solution of 11% copper sulphate and 10% sulphuric
acid so as to cause disintegration of the stainless steel into powder. Rapid
disintegration may be obtained using stainless steel as anode and solutions of a
mixture of CuS0Q.-H:8Q, acid as electrolyte in an electrolytic cell'™. The powder
particles possess angular shape and the final particle size is determined by the grain

size of the sensitisad material,

Oxidation and decarburisation method has been developed for the production of
pura reactive metal powders, particularly niokium, by reacting metal carbide with metal
oxide in vacuum at elevated temperature so that both oxygen and carbon are removed
as CO. Mannesmann process employed for the production of iron powders (where
cast iron 15 atomised with comprassed air) may also be regarded as the oxidation and
decarburisation method, since it also invoives the elimination of both carbon and

oxygan.

Ultrafine powders can be produced by varicus metheds such as milling, reduction
and other methods, but the most versatile among these are based on precipitation
from sols and gels. Ulira fine particlas of high-melting point metals which da not react
or dissolve in-}nerﬂury to a considerable extent such as iren, nicksl and beryllium have

keen prepared by electrolysis methad employing a mercury cathode.

th recent years, the underlying methods have been employed to produce complex
alloy powder : (i) atomisation process, (i} combined precipitation in the thermal

decompaosition of carbonyls, (jii} combined precipitation of metais in electrolysis, and

{iv) spray drying.

Alomisation process has already been discussed earlier chapter. Simultansous
tharmal decomposition of several carbonylic metals, or unstable organic compounds
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following combined recryslalization of powder particles rasult in the production of alloy
powders such as iron-nickei powders wilh a nickel content in the range of 10 to B0%
and iron-nickel-molybdenum powders with & molybdanum contant up to 1.5% and with

various nickel contents'™.

Complex alloy powdars such as iron-nickel, iron-manganese, iron-molybdenum, iron-
nickel-molybdenum, brass, bronze, etc. are produced by electrolylic deposition
methad by using (1) a mixture of electrolytes containing two or more salts, (2) cast
alloy of reguired composition as the ancdes, or {3) composite anodes of the

appropriate metal and alloy {:Umponer‘ltm,

Spray drying, a technique originally developed by the chemical industry, consists of
contacting B spray (of an aqueous mixture of salts such as cobalt oxalate, nickel
oxalate, chromium eceteste, molybdenum trioxide and therium nitrate containing low
solid content) with a blast of hot air, cafcining the dried mass to convert all the metal
compounds to the oxides at B00°C in air and reduction in hydragen in order to produce

a super alloy powder with dispersed thoria'™".
Characterisation of powders

Intraduction : The characterisation of powders is difficult because of the complex
nature of a solid material in powder form and the many charecteristics of an individual

powder particles.

Characterisation of the powder parlicle shape : The behaviour of a metal powder
in powder metallurgy processing depends on the characteristics of the respective
powder. The factors which characterise an individual padicle and a powder, and the
effects of these factors on the powder behaviour are rather difficult to determine
because several of these characteristic factors are even herd to define; and many of

them are closely intarconnecied.

Characteristica of a powder particle :

A_ Malerials Characteristics ;
1. Structure, 2. Theorsetical density, 3. Melting point, 4. Plasticity, 5. Elasticity, 6.
Purity.

B. Characteristics due to the process of fabrication :
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1. Parlicie size {particle diameler), 2 Parlicie Shape, 3. Density {porosity}, 4.Surface
conditions, 5 Microstructure (crystal grain structure), 6. Type and amount of fattice
defects, 7. Gas content within a particle, 8. Adsorbed gas layer, 9. Amount of surface
made, 10. Reaclivity.

Characterislics of a Mass of Powder.

1 Parlicle of aforesaid characlerisiics, 2. Average Particles Size, 3. Parcle size
distribulion, 4. Specific surface (surface area per 1 gram), 5. Apparent density, 6. Tap
density, 7. Flow of the powder, 8. Friclion condtions between the parlides, and 2.
Compressibility (compactablity).

Among the characterisiic which are difficult to define the shape of a parlicle is prabably
the most difficult to delermine A variety of parlcle shapes which difer in many ways

are shown in Fig. 3.8

O : C
A B
/g e :
G H I
Figure 3.B . Various shapes of Metal powder
& = Spherical smoath  f = elongated b = Spherical rough
g = fragmentad ¢ = Equiaxed irregular  h = angular
d = Acicular i = rounded e = dendritic
; Surfaed dred . . o
For each of these shapes the ralio S T s quite different. This ratio is also

vifune

ditierent for parlicles of precisely identicat shape, if these particles just differ in size.
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This ratio, therefore, can not be used for any characterisation of the shape |
Herdan'™, has extensively discussed shape factors, which however, did not refer to
the shape of an individual particle, but rather to the average shape of all the particles
in 2 mass of powder. This has the reliability because there is not only a variety or
distribution of particle sizes in a mass of powder, but usually also a distribution of

parlicla shapas.

Several assumptions end preliminary thoughts has to be taken into cansideralion for
characterisation of the shape. These are: {a) Characterisation of the shape is an
approximation, (b} A characterisation of the shape must consist of a series of factors
or data, (i) to make an approximate sketch of the parlicle {ii) to predict the behaviour
of this type of parlicle in processing, {c) The shape characteristics represents a three-
dimension problem; for the sake of simplicity and better understanding it should be
treated as a two-dimensional problem, (d} A two-dimensional treatment of the shape
can be justified to a cerain sxtent because most of the powder particles used in
powder metallurgy are to a certain extent of rotational character, i.e., from the axis of
the particle, usually two axes have practically similar dimensions. (e) A Iwo-
dimensional treatment of the shape excludes plate or flake-type parlicles, (f} For the
characterisation of the shape, the diarneter or any olher figure concarning the actual

size of the particle, is not useable.

One way lo characterise an object congiste of comparing this object with another well-
known object which can easily be characterise. Such a comparison can be very
valuable if some correlation bebween the object to be described and the well-known
ohjects can be established. It has been proposed to compare a complicated shaped
powder parlicle with a sphere of identical volume, and to characterise the complicated
shape by its deviation from the sphera. It is therefor reasonable to compare the
charecteristics of a complicated shape ss ssen in the light of election microscope-
actually the projection of the particle-with a reclangle drawn around the projection of
the particle as shown in Fig. 3.9. Here assumed that the parlicle iz placed on tha stage
in the most slable position, which however, already indicates that it is possible to draw
a variety ol rectangles around the projection of the particle rectangles of various side
ratios and various areas. !t is therefor proposed to salect from tha many rectangles the
one which is characterised by a minimum area. This reclangle is perectly
¢characterised by its side lengths .a and b, where a indicates the longer, and b is the
shorler side of the reclangle. The projected particle area A and the circumference G of
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this area together with lhe side lengths a and b of the rectangle, permit a useful
characterisation of the particle shape {Fig. 3.10.). '

The shape of a powdar particle, whether it is approximately equiaxed or elongated and
the extent to which it is elongated, can be given by the ratio x=a/hy ,where x the
elongation factor. The minimum value of x=1 refers to equiaxed particles, the greater x
is, the more pronounced is the elongation of the parlicle without gnving information as
to whether the elongated particle is needle-shaped or dendritic. or whether it is of
some other shape. Even when x=1; one does not know whether this refers to a
spharical or an irregular-shaped particle; if eny case, it refers to a parlially equiaxed

paricle. The value of x may vary betwsen 5 to 10.

It is relatively easy to determine the projected area A of the particle, and to compare A
with the area ab of the rectangle drawn around the particle projection. The ratio

A
y:—}rBfBrs in a cerlain way to the bulkiness of the paricle. The factor y, the
a.h .
bulkiness factor, is close to the value of 1 for a particle which fills the area of the
rectangle, but will usually be considerably less than the value of 1 . Te certain extent a
decrease in the value of y indicates a decrease in the bulkiness of the particle. The

value of y may vary from 0.7 ip 0 B.

For the characterisation of the particle shape, the surface configuration is to be taken
into consideralion. It is actually surlace of a particle which contributes most of its
actwvity, Whereas the first mentioned two factors, the elongation faclor x and the
bulkiness factor y. correlate the dimensions of the rectangle drawn around the parlicle
cross section with the respective particle characteristics, these rectangle dimansions
cannot be used to characterise the particle sudace. The main reasons for this is the

Sterfave area

fact that the ratio of the parlicle dogs not depend exclusively on the

verdtime

particle shape, but also, and to a large extent, on the actual particie size.

2

4

C=dn the corrolation exists. C°=kA, where k=4n=126. The spherical particle

For a spherical particle whare the ¢rogss section are A= and the circumference

represents a special shape which is characterised by the minimum surface for a given
volume.
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2

1264
value of 1 for a spherical shaped parlicle with smeoth surface, but will increase for a

For any particle a factor z= exists. The factor z-the surface factor-will have the

sphere with a rough or corrugated surface or for any other shape, the more the shaps
deviates from the smocth sphere, the surface factor z, therefore should be a valuable
indicator of the particle shape with respect to its surface configuration, and without any

reference o the actual parlicles size.

Fig. 3.11{A) to Fig. 3.11{L) show a varisty of sleven different parlicles shape, the side
lengths a and b of the rectangle, the projected parlicle area A, and the circumference
of this area C. The fcllowing table shows the elongation factor x, the bulkiness factor

¥, and the surface factor z, calculated from a, b, A and C,

Table 3.1 :Relative dimensions and characteristic data of powder particles of various

shapes

Shape No. Relatlve dimensions Particle characteristlcs

a b A C X W zZ
A 6.0 6.0 28.2 18.8 1.00) 078 1.00
B 6.0 6.0 2582 26.5 1.00 0.78 1.98
C 5.0 6.0 25.4 25.5 1.00 0.7 2.04
E (2K 6.0 382 29.4 1.34 0.76 1.89
F 7.6 3.4 18.7 205 2.23 0.72 1.77
G 7.5 3.8 15.5 21.6 1.97 0.54 2.20
H B.0 50 29.4 22.9 1.60 0.74 1.40
I 8.0 25 11.8 335 3.60 0.52 7.50
J 8.0 2.0 13.2 17.8 4.00 0.83 1.89
K 7.0 5.0 10.7 19.5 1.40 0.3 2.80
L B.0 5.0 20.2 21.7 1.60 0.60 1.84

The surface factor z is minimum {z=1} for 2 smoolh sphere, but increase considerably
when the sphere surlace is corrugated. The factor z may have any value between 1
and approximately 10. Dendrilic shaped panicles will have highest surlace factors:
rounded particles are usually characterised by small values for the surface factor.
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Figure 3.9 : Various rectangles drawn around the projected aof a particle,

a, =104 2= 122 a; =117

by =823 L,=63 b;=60

E1b1 =35 Ezbz =754 Egbg:?U.E
A

S
; A

Figure 3.10 : Reciangle of minimum area drawn around the particle projection
g, b = side length of the rectangle,
A = area of the particle projection
C = circumterence of the projected parlicla
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Figure 3.11 : Charactensation of the particle shape.

Figure A: Figure B: Figure C:

a=g Ac=2Z2BZ a=6 A=282 a=8 A=254
h=6 C=188 bh=6 C=265 b=6 C=255
Figure E: Figure F: Figura (5:

a=8 A=362 a=7BA=187 a=75A=155
b=6 C=294 b=34C=205 b=38C =216
Figure H: Figure 1: Figure J:

a=8 A=3294 a=9 A=1B7 a=3 A=132
bh=5 £=229 b=2E5C=205 E=2 C=178§
Figure K: Figure L

a=7 A=7107 a=8 A=202

L=5 (=185 b=5 C=217
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Chapter - 4

Design and Fabrication

Introduction ;

Mechanical alloying originated from a long search for the meens to add high
temperature strength conferred by fing dispersion of ceramic particles to intermediate
temperature strength developed by conventional alloying. From the initial laboratory
success, the process has been developed into a well-controlled production operation,
whole series of nickel, iron, aluminium and other alloys have been designed
specifically to use the process and technigues have been developed to form and

fabricate the alloys into uselul components. But no work on mechanical alloying in

Bangladesh had been reportad till now. S0 considerable effort was decreed towards

the design and construction of the mechanical alloying unit used in the present work.

Preliminary considerations :

Mechanical alloying offer the ability to process different starting materials with various
characteristics, which can be converted into fully homogeneous alloys. This ability to
apply the process to variely of systems is due to large number of complex and
multifaceted vanables involving the mechanics, mechanical behaviour, heat flow,
thermodynamics and kinetics. In view of large number of variable, the investigations, if
they are carried out on a large scale plant, will be time ccnsuming and expensive. This

s more imporiant when one has to make e beginning in a field which is still alien to
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Bangiadesh, Tha use of a small scale unit ensures considerable economy in time,
materials and expenses, thus permitting a variety and wider range of alloys and
operating conditions to be examined. Modification in design or operation can also be

easily incorporated in small units.

In small scale unit, trench's, which can be translated to full scale work, can be
established. This also helps in gaining a better understanding of the process. This
understanding together with fundamental data can give useful information. This is of
particularly important since little is known about the process. Moreover in |aboratory
experiments, the treatrent parametors can be closely controlled and haence the result
can be fruitfully utilised 1n designing for large scale applications. From economical
viawpoint 8 cerlain measure of risk is involved in going directly to an industrial or semi-
indusirial scale operation without preliminary experimentation, for total rejection may

QCCUr,
Theoretical canslderations:

The original version of attritor used for mechanical alloying was designed by
Szegvari'". The invention related to fine grinding of solids. In the case of a fine
grinding a liguid medium is used to prevent agglomerstion of fine particles. In the
study of machanical alloying dry milling was adapted.

An attritor is essentially a high energy baell mill. It consists of a stationary vertical
vessel and usually high chromium steel balls (preferably grinding balls should be of
the same matgrials 1o ba processed) as the grinding media. The agitation of thesa
grinding media is affected by the rotation of a vertical shaft which is fitted with
horizontally spaced impeller arms. Due to the rotating motion of the shatft, the arms of
the impellers cut through grinding media imparting an activated relative motion, The
activated condition of the grinding media is characterised by at least a partial random
distribution of their momentum. There may be little or no movement of the grinding
media around the edges and at bottomn of the vessel. The moverment of the grinding
media is preduced not only by contact with agitator but by the kinetic energy imparted
by the other elements also. Each of the aclivated elements repeatedly and
continuously bounces from contact with ancther element and with the agitator and
remains in suspension in the system. Thare are two primary lypes of media interaction
during mechanical alloying in an attritor. One, termed direct impacts, is high velocity
colfisions between grinding balls. These impacts are prevalent in the attritor cora,

where the impellar arms arg located However, little of the powder charge is located in
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the core. Another type of impact, termed ball sliding, is found in regions outside the
core. Shiding results from differential rotational velocities between adjacent rows or
columns of the grinding balis. The predominance of this type of action 1s a result of the
close-packed array by the grinding balls in the region outside of the aftritor core. There
exists a difference in velocities between adjacent rows {along the attritor walls) and

columns (along the attriter bottom). The most efficient operation is that in which,

{a) the numbar of contacts belween the balls is maximum,

{z) the higher the rotatlonal speed,

{c} the Yarger the number of colliston betwean the balls.
The aforementioned (bolded) factors are described below :
The number of contacta and the number of collisions among the grinding media
depend on the type of agtation and nature of the movement of the agitator. A very
elficient type of agitator is ona with an upright vessel with a central verlical shafl and
horizontal agitating impeller arms with triangular cross section. For wet grinding this
arrangement is enough but for dry grinding two such shafts may be used spaced
further apart so that agitator arms overlap. The activated condition and hence the
number of affective contacts batween grinding media again depend on

{a) the depth of the bed of gnnding madia,

{b) specific gravity of grinding media,

{c) the viscosity of the liguid {if any),

{d) the speed of agitation,

{(e) the size, shape and distribution of grinding media.

The higher the spead of agitation, the higher the epergy input and hance the more
efficient of milling of powder parlicles. Howevar, the higher speed of agitalion the sals
wearing action of the balls and the attritor wall. The wearing of the impeller or the
agitator arms depend on the clearance between the agitator arms and the side walls
of the vessel and this clearance has direct relation to the most practical agitator
speed.

The smaller the size of the grinding med}a the more efficient of fine miliing capacity of
a given volume of elements. But this size decreases the attrition. While this can be
counter balanced by an increase in the rpm, the condition is such that there is an
optimum size which depends on the other conditions mentioned. As to the distribution
of size of grinding media, it is significant that they should be uniform in size as far as
possible. As to the shape of the grinding media, it is preferable to use spherical
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elements. Other shapes are likely to jam the operation. However, Hydin et al.'™
suggested several ways for improving attritor efficiency. Among them is use of a
mixture of differently sized balls in the mill which would result in a disruption of the
close-packed array, thereby facilitating a greater incidence of direct impacts. Gook'™
has eonducted a study of abiritor behaviour when differently sized balls are used in the
device. When differently sized balls are placed in the attriter, the smaller balls
segregate lo the tank bottom at low device rotational wvslocities. Increasing this
velocity reduces ball segregation and, at a critical rotational velocity (which 15 ball size,
ball size ratio and tank diameter dependent), complete ball mixing takes place. The
close-packed array becomes defective when bails of different size are'us,ed. Tha
defects are mainly substitutional or interstitial- (depending on the radius ratio of the

ballz), although dislocations are sometimes recommendead.

The size of the powder material to be machanically alloyed has an influence on the
most eficient speed to be used. If the size of this powder material is initially large, a
certain amount of momentum is reguired to subdivide it and the energy is

considerable. For an attritor of laboratory scala for milling very small size powder
£ »

paiticies, + diameter grinding balls can be used. In commercial units 1 diameter

grinding balls should be used.

Speed of rotation of an agilator depends on the length of the arms because the longer
the erms, the faster the arms move end greater the agitalion produced. Agitator
should be maintained at such a distance above the battom that there is no mevement

of grinding media at the bottom of the bed.

Although far the most efficient operation, a cylindrical vessel with dished bottorn might
ba recommended, from an engineering standpoeint it is most practical to construct a
vessel with a flat beltom. The collisions, impacis and friction among the grinding
media, the shaft and the inner surface of the vessel are to be preferably minimised to
prolong the life of the altntor. To prevent excessive wear, it is betler to coat the

impeller arms and the inside wall surface of the attritor vesse! with a very hard elloy.
Design and fabrication:

Based on the aforementioned preliminary and the theoretica! investment, an attritor
and all other accessory faciities for mechanical alloying, have been designed. The

design was ¢onsiderad for four parts as mentioned below :
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{a) Design of an attritar,
{b} Deasign of hot pressing unit,
{c} Design of a powder production unit,

(d} Design of accessory systems.

Design of an attritor:
The main parts : -

The atiritor designed and fabricated for this experiment was based on the mods!

-173

invented by Szegvan . The different part of this attritor are described below:

The vessel of the atlriter was cylindrical with 67 in internal diameter and 12" in

height. The vessal was made of mild steel with —; wall thickness. A reaction chamber

L

of 67 indiameter and 75 in height has been machined within the vessel. The vessel

has & flat bottomn lid and a flat top lid. The bottorn and top ends of the vessel were

welded with flanges of 107 in diameter. Eight holes esch of & diameter apart from

each other by 30° have been arranged on a circle of 9” diameter on the flanges. The
top and bottom of the vessel was covared with mild stael lid, matched with the flanges.
The lids themselves have the provisions for 0-rings to make tha inzide of the chamber
completely isolated from the environment. The vessel rests on a firm foundation.

ks

The grinding medium used in the attritor was % diameter high carbon; high

chromium sleel balls. The agitation of the grinding media wes effected by a centrally

"

located verticat shaft 17 in diameter and filtad with impellers by means of spacers.

o

This portion of the shaft agjoined with impeliers and spacers was of % diameter. The

shaft was introduced into the vassel through air tight bearings. The bearings were
fitted with the guilders spaced at a distance of 3”. The shaft wes made of stainless

steel.

~

The impeller arms of uniform circular cross section of dimension of 2” langth and 2

o

diameler ware provided at the upper portion and that of + diamater at the lower

portion of the vertical shaft. Thres impellers ¢f the same dimensions apart from each
other by 120° were provided in the same plane. Six sets of such impeller plane were
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providecl within the vessel of the attritor. The dislance between the impeller planes

werse adjusted using spaces. The impellers were made of stainless steel.

The spacers used were simpie gylindrical with internal diameter of 6", outer diameter

o irg

1L and were fittad to the shalt (with { in diameter portion). These spaces provided

both the distance between the impeller arms planes as well as distribution of energy

equally to the impellers. The spacers were made of stainless steel.

The dimensions and all others details of different parts and the layout of an allritor are
represented from Fig. 4.1 1o Fig. 4.8 C. and Fig p1.

The hot-pressing unit :
The hot pressing unit consists of the following parts as described below :

(a) Pressing chamber : It was a cylindrical chamber with 17 in internal diameter and

r

I—} in outer diameter and 4 in height. This chamber was made of stainiess steel.
-

L1

(b) Two die plungers, upper parl 3+ in height and 1" in diameter and lower part 1 in

height and 1" in diameter were made of stainless steel.

ic) The furnace was made by winding non-inductive nichrome wire on a heavy duly
mullite tube. The constant temperature zone of the furnace was about 5 cm. and was
maintained by means of an ‘ON-OFF" controller. The combination of hot pressing
chamber and die plungers ware heated by means of this electrically heated furnace.
{d) The press adopted to consolidate the milled powder was based on the principal
hydraulic pressing. The hydraulic press used was of the capacity of 20 Ton.

The dimensions and all other details of hot pressing unit are represented in Fig. 4.10.
toFig. 413. andFigp 2to Figp .

The powder production cell ;

The powder production cell, adopted in this experiment was designed and febricated
based on the principal of raversed eleclroplating . This unit consist, of an electrolytic
tank, anode and cathode, and controlled electric power supply system.
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The tank was made of plastic of dimension 207 x 7" x 9”. It was consisted six anades
of copper sheet each 2° x 7 and two cathodes of polished aluminium sheet of 5" x 7.
Both the anodes and cathodes ware arranged in series on an electric supplying rod of

copper of 17 in diameter. A rectifisr was provided to convert the a. ¢. supply to d. ¢. of

required voltage and ampere.

The dimensions and all other details of the powder preduction unit are representad in
Fig. 4.14. to Fig. 4.15 and Fig pd to Fig p5.

The accessory systems :

The attritor adopted for mechanical alloying regquires some accassory systams which
were, (a) the power supply system.

{b) the cooling system

{c) the gas supply system

Power supply systems : £
The powsr supply systems adopted in this axperiment was two types.

{a) Alternating current supply for driving the motor (7.5 HP) which rotetes the attritor
shaft by means of pulley and belt system. The supply source was of 120 volts, 50 Hz,
single phase e .¢.

{b) Controlled direct current {d. c.) for powder production cell. The power supply for
thizs purpose was adopted such that would be capable of providing the required
voltage end current in the electrolytic cell to decompose copper and deposit it in the
form of powder. A current densily of 20 Ampere/square foot of cathode at a voltage of

—

10 volts adequalte for the eforesaid purpose were required.

Since two aluminium sheet of each of area of 5'x7” were used as cathode and the
effective portion to l_:onduct ions was only 5"x<4“. The d. c. supply system was
consisted of a variac, an step down transformer end a rectifying unit. The voltage can
veried from O to 30 velts and the current from 0 to 200 amperes by regulating the input
voltage. Tha power supply system itself was fed from 120 volts, 50 Hz, single phase a.
c. source and necessary instrumants for measuring output voltags and current were

also provided.
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The gas supply system:

frt order to provide a reducing atmesphere in the athiitor, it was devised lo supply
hydrogen gas. Gas was drawn from the ¢ylinders conlaining commercial varieties of
hydrogen gas supplied by the Bangladesh Oxygen Limited. This gas supply system
consisted of a cylinder containing the treatment gas, fitled with reguiators, flow

meters, ard piping system.
The cooling system ;

During mechanical allcying tremendous heat was formed within the chambaer either for
solid state reactions among the powder particles and/or friction between the colliding
balls, balls-impellers and balls -attritor vesset wall. Such high temperature inhibits the
fracturing evenis of the powders. S50 a cooling system is needed ta be adopted to
minimise such a rise of temperature. This cooling system consisted of water supply,
piping system and the copper tubing sround the outer surlace of the vesssel of the

attritor 1o circulata the cocling water.
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1

Figure P41 : PHOTOGRAPH OF AN ATTRITOR .
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Fig. 414D L.H. SIDE VIEW OF POWDER PRODUCTION CELL
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Figure P 4 : PHOTOGRAPH OF A POWDER PRODUCTION CELL {TOP VIEW).

Figure P 5 : PHOTOGRAPH OF A POWDER PRODUCTION UNIT
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Chapter - 5

Experimental Methodology

Introduction :

The design, construction and cperation of 2 mechanical alloying unit was one of the
maini goals at the starl of this thesis, This was followed by experimentation on selected
systams for sludy. A [aboratory model mechanical alloying unit was designed and
fabricated as already described. This was subsequently used to set procass variables
of machanical alloying. A powder production ¢ell wes also designed and fabricated, so
as to be able to produce metal powder (copper powder) logally, using commercial
grade chemicals. In addition an existing pressing unit was modified to carry out

sintering with simultanecus heating of milled powder.

A simplo alloy syslem 70 wt.%copper-30 wt. % zinc was chosen to facilitate easy
interpretation of the results obtained under different experimental condition. In this
chapter the production of copper powder, charactarisation of the powdsr particles,
milling of the charge powder, X-ray diffraction of initial, rulled {at different interval of
processing tima), hot-pressing of milled powder, study of microstructure of the initial,
millad and consolidated powder have besn described. {n order to relate the
mechanical property of the alloy with the micro structural refinement in the course of
mechanical alloying micro hardness of consolidated spacimen (hot pressed) was

recorded,
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Production of Powder :

The copper powder usad in this experiment was produced by adopting the principle of
reverse electroplating. The process involved the use of anodes made of commercial
grade copper sheet and cathodes of highly polished aluminium sheet. As the d.c.
curtent is supplied, copper anodes corroded i.e. copper atoms each releasing two
electrons transform to positive copper ion which is attracted to the cathode. Whtn the
copper ion comes in contact with the cathods it consumes two electrans from the latter
and is converted into copper atem. Huge number of such copper atoms whan
coalescence on the cathode, they form powder particles in the form of sponge. This
spongy deposit was stripped from the cathods and was washed by stirring in distilled
water by means of a magnetic stirrer to rernove ali the sulphate ions and last traces of
sulphuric acid. This electrolysis process to produce copper powder is really electro-
refining in nature and there is considerable purification as anode material is
transferred to cathode. Reaclion involved for copper powder production are :

Anode reaction: Cu— Cu'"+2e , Cathode reaction: Ze+Cu*™— Cu.

As already mentioned, the starting materiat was commercial grade copper sheet. The
electrolylic cell consisled of six anodes of copper sheet, two cathodes of highly
polished aluminium sheet and an electiolyle consisting of an agueous solution of
copper sulphale and sulphuric acid, Current passing through the cell caused copper to
be deposited at the calhode. Deplelion of metallic ions in the immediete area of the
cathode caused B migration of jons by diffusion. The bath was intermittently suppiied
wilh metal ions from the anode materials and intermittent supply of sulphuric acid.
Other parliculars of the conditions of this experiment are given below:
Yoltage (0.C) : 6-7 Volis.
Current : 5 Amp / inch.” {Total 200 Amp.).
Temperature : 80°C.
Composition of the Bath (Elactrolyte):

1059 Cus0, {weight)

16% Free HSO, (Weight)

74% Hz O {Volume)

Characterisation of Powder:

Characterisation of powder samples both initial copper and zinc powder and milled 70
wt. %-30wl. % powder mixture were studied by means of sieve analysis and optical
metallography.
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X-ray ditfraction:

The asm of the X-ray diffraction study was to identify the presence of copper and zinc
species at different intervals of milling time. The progress of mechanical alloying wes
evaluated by the determination of latlice parameters and by evaluation of integral peak
intensilies.
VA k2w FF

28ing
Here, hkl = Miller indices,

Lattice parameter, a =

A = Wave length.
8 = Diffraction angle.

The particulars of X-ray diffraction paltern racording are given below.

Target : Cooper, ) Voltage : JOK.Y.,
Filter : Mickel, Current : 20m A,
Scanning Speed : 2., Charl Speed : 10.,

Full Scale :  2x10° C.P.5., Hange : an"-100°.

Hot pressing of mllled powder:

The aim of hot pressing and to identify the micro structure of the alloy in a solid state.
The same was carried out using fabricated hot pressing unit. The milled powder was
put in the die and compaction was perflormed by means of a hydraulic pressure. The
botiom plunger remainad dead while the upper plunger moved under pressure. During
pressing, heating by means of eleclrically heated furnace set rounding the die and
plunger {both made of slainless sleel}. The constant temperatwe was recorded by
means of thermocouple and the temperature as controlled by means of a vanac and

‘ON-OF control system. The all ather particulars of hot pressing are given below:

Fressure : 12 tai
Temperature ; 280°C.
Time : 6 hrs.

Powdear supply input : 230 Volts, 50 Hz, Single Phase a. ¢.
Powder supply cutput (Input of furnace). 140 volts, 2 Amp single phase a. ¢.

Optical metatography :

The consolidated initial powder, miled powder at different tme of processing and
specimean alter hot pressing were investigated to reveal structural refinement with the
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progress of the mechanical alloying. Standard methods were used in speciman
preparation for optical metallography. HaC: and 25% NH,OH in the ratic 1:1 mixture
was used as etching reagent. The microstructures were ohserved and recorded by

optical metallography.
Powder milling:

A binary system consisling 70wt. % copper and 30wt. % zinc was milled fc:-:adiﬁarant
time interval in a iocally designed and fabricated attritor. The all other parliculars of

milling are given below.

The high-chromium steel ball : 5/16"( in diameter)

The steel ball hardness: 56-57.6 C (Rockwell Hardness).

The size of powder : Copper-AFS No.244.867 and AFS No 261.292.,
Zinc-AFS Mo, 292.439.

Weight of powder mixture : 100 gm.

Process controlling agent : Methanol (95%), 3% Mass of powder mixture.

Ball to Powder weight ratio : 201

Speed of attrition : 800-2100 rpm.

Attntion was carried out in dry hydrogen (reducing) atmosphere {Inert atmosphere is
preferable) and the attritor chamber was cooled externaily by circulating water through

a copper tubing system.
Measurement of micro-hardness :

Micro-hardness of different powder species and phases in the consclidated
specimen were measured by means of a micro-hardness tester of ‘Shimadzu

341-64278 Model based on the following principle,

HV = 1854.4 P/d®,

Where

HV is the Vickers Hardness,

P is the Load (gm),

d is the mean diagonal of indentation {j« m.).

The load applied in this experiment was of 100gm.for a duration of 10 sec,
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A

Results and Discussions.

A laboratory mode! high enemgy ball mill {attritor), a powder production unit based on
the prninciple of reversed electroplating and a hot pressing unit have been designed
and fabricated locally. The satisfaclory operation of the aforesaid units have been
established.

The laboratory model attntt-ar has been used for mechanical alloyng of 70 wl %
copper-30 wl. % zinc syslem The progress of mechanical alloying of the alloy system
have been investigated by means of X-ray diffraclion, sieve analysis and oplical
metallography, To evaluate the mechamcal properbes micro-hardness of the phases

present in consolidated samples were also determined.

1‘5\5Lin’n,llt:aunantzrus considerations of the aforesaid investigations offer an explanation of
Islruc!uraﬂ refinements occurnng durng mechanical alloying A comparative picture of
the effect of mbal paricle size on the progress of mechanical alloying and the
effectiveness of different zones of an altritor for alloying a padicular alloy system have

also emerged from this study.

Calcuialion of latlice parameters from x-ray diffraction patlerns obiained for different
processing lime of the alloy systemn, show that the lattice parameter of copper
increases while thal of the zinc remain constant which indicates the faci that dunng
mechanical alloying zine atoms preferentally arter into lhe copper laitice: not the

copper atom inlo the zing lattice. Values of the difraclion angfes, lattice parameters of
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copper, copper-zine alloy and znc respectively and mean powder parlicles sizes
obtained for differeni time ranges during the progress of mechanical alloying are given

intable 6 1.

After a shorl penod of milling (100 s&c.) an increased prolific widths of copper and zinc
dilfraction intensily peaks have been observed as represented by curve B in Fig. 8.1.
Optical metallographs also revealed the well known fine layered lamellar struclure. As
the diffractton angles of copper and zine are not changed to a considerable amount,
no ailoying has oceurred, Profile widening 1s caused only by lattice defects which inturn
is caused by severe deformation due 1o impact as well as fnclional force between ball-
powder-ball collision, ball-powder-atintor wall, ball-powder-impeller arms Small mean
powder parlicle sizes as well &s subgrain refinement and increasing dislocation density
due to severe deformation 1s the characleristics for partition (conlinuous deformation,
welding, fracluring and rewelding) period of mechanical alloying. Parlicies with
decreased average particle size AFS 299338 (table 6.1} and the metallographs (as
represented in Fig 6.12) afler 100 sec. milling supporis this penod of mechanical
alloying. Howewer, i line profiles were not widened there were no padition penod

during the course of mechanical alloying process.

X-ray diffraction pattern as curve C in Fig. 6.1 of sample milled for 1000 sec. milled
samples revealed the asymmetnc ine profiles indicating that the alloying perncd has
already been staded. This asymmetry can be explained by local differences of copper
{attice parameters due to the diffusion of zZinc into copper followed by solid solution of
zinc in copper Solid solution of zinc in copper causes changes of copper lattice
parameter Continued milling yelded noticeable progress of alloying, caused by zinc
concentration gradients in the copper-zinc alloy phase, increasing profile width of the

alloy patterns as represented by curve C in Fig. 6 1.

As shown in Fig 6 4 the katlice parameter of 2inc remains constant where as the
intensity of zinc-peaks decreases (Fig. 6.5}, with increasing of milling time This
decraases of intensity 15 caused by the diffusion of zinc into copper 1o perorm
mechanical allaying, which results in a reduction of the amount of not-alloyed zinc, As
zing lattice parameter is conslant there is no solid solution of copper in zine {(octherwse
the zinc diffraction angle must change according to Vagards' lLaw). Mechanical
alleying of copper and zinc 1s achieved only by diffusion of zinc into copper and solid

solution of zinc atoms in the copper matrix form the copper-zinc
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Table 6.1 Copper, zinc diffraction angles, lattice parameter of copper and zin¢ and mean paricle size of mechanical alloyed

copper 70% wil.- 30%wt. zinc powder blend.

Diffraction Angle (287} Latice Parameter [ A®) Particle
size
Elements Copper ] Zinc Copper Zinc
w Saaz S £104
{111) § (200} § (2207 | {002) | (101) | {104 = Sanc Bgon Sppz =N Bng AFS Na.
Trne E cla cig
4 8650 £ 9560 26741
Q 43,20 | 503017400 | 3618 | 4310 | 8980 ) 38276 | 38283 | 38235 2.6744 4 9880 | Cu 244 867
iSec ) 1.8565 1.8571 Zn 252 435
4 5550 48560 26741
100G 4310 | 5020 | 7280 | 36.00 | 4310 | B9EAD { 36386 | 36351 38320 26744 & 9580 299 335
(Sec) 1 8559 i.8571
4 8550 4. 5650 2670
1050 4200 | 5000 | 7400 | 36.00 | 43,00 | 2260 | 36437 | 36487 | 36235 2 E744 49880 2835 065
(Sac) 1.8550 i.8571
48550 4 9650 49560
150C 42,40 | 4980 | 7380 | 3620 | 4320 | BUGOD | 36028 | 34762 | 26320 ZBB75 Z BVES -
(Sec ) 1.8808 1.8527
£ GER0 4.89680
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Figure &.1: X-ray diffraction pattern {or mechanical alloyed copper 70% wt. (AFS No.
244 BET)-zinc 30% wi. {AFS No, 292 439} powders processed in aitritor for different
time interval.
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alloy. Giving attention 1o the lattice parameter, it has been cbserved (Fig. 6.3} that
there is a sharp increase of the lattice parameter of copper after milling for 1000 sec.
where as at the initial stage there is a slow change in lattice parameter indicating a

slow rate of alloying.

4 : | -

| SN .
H ; IJI [
r I I :'
=) ; ! |
g 3 | | .
2] i I i
N ' I H '
C ; : : H
< i : -
[ H ) '
3 e i i

g e B
] ! : ;
— - . H !
o i i i [
' | : I
q ! : i |
B2 i : i !
e ' 1 [ - i
% ! : i Tl !
—l i § i :
i i : |
: i ! é

i [-i*C-::l,lopgi!r Iatt::ce Eirameter .
0 ' : . '
F] a00 1000 1500 2000 2500

Miling Time (Sec.)

Fig. 6.3 : Change of lattice parameters of copper with the progress of mechanical
alloying of 70%wt.copper- 30%wt zinc system. Lalice parameter of

copper increases with the increase of milling time.

ARer milling for 1750 sec. the zinc peaks have disappeared as represented by curve E
in Fig & 1. At this stage X-ray pattems of milled samples indicate only interference of

copper-rine alloy as amorphous phase,

During the first shorl period {100 sec.) it hes been cbserved that there is an increase
of latice defects due to deformation (Fig. 6.1. Curve B) The powder parlicle size firstly
increases and then decreases wilh the pragress of milling, sa the structural refirement
is mainly caused by repetitive particle deformation, flatlening, welding and fracturing. It
is reasonable therefore to observa an increase and then a decrease in pewder parlicle
size (lable 6.1). On the other hand alloying which slarts by diflusing of zinc into copper
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is a thermally aclivated process, Therefare mechanical allaying of copper and zing has
concerned as a conseguence of the creation of thin layered composite structure to
achieve an inlerfacial area followed by diflusion, which s aided by temperature rises
due to dissipation of kinelic ball energy (impacl and collision).

6 ! ,
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F . o-'c'-lattice parameter
D | ! . 1
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Fig. 8.4 : Change of iatlice parameters of zinc with the pregress of mechanical
alloying of 70%wl.copper- 30%wl. zinc system. The lattice parameter of

zinc remains constant with the increase of miling time.
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Fig. 6.5: Change of X-ray difiraclion intensity (arbitrary unit) with respect te milling
time of copper and zinc with the progress of mechanical alloying of
70%wt copper- 30%wl. zinc system.

Investigaiion of parlicle shape charadlerisation, the inilal powder parlicies of afl
fineness number were imagular and more or less were sphencal or circular. With the
progress of mechanical alloying perlicles of s specific fineness number tend to be
more regular in shape as is cleary revealed in Fig. 8.6a, Fig. 6.7g, Fig. 6.8a., Fig. 6.9a
Here noticeable that the initial irmegularly shaped parlicles tend to be more circular and
spherical. From the macro-structures of powder particles miled at specific time
indicate that powder particles of finer grain size are more irregular shaped as

compared of coarser powder parlicles.

Investigatian of structural refinement dunng mechanical alloying of 70 wi, % copper-30
wl, % zinc by means of optical metallography showed that the initial coarser duciile
copper powder (AFS No, 244 867 WVH 94.71) and relalively fines brittle zinc
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Figure 6.6(a} : Macro-structure {x120)
of 0 sec. milled powder particles of
grain fineness No.100. Here bright
parlicles are of zinc and off dark
particles are of copper.

Flgure6.6{c): Macro-structure{x120) of
0 sec. milled powder parlicles of grain
fineness No.200. Here bright panicles
are of zinc and off dark particles are of
copper.

Results and Discussions

Figure B.6(b}: Macro-structure(x120)
of O sec. milled powder paricies of
grain fineness No.740. Hera bright
particles are of zinc and off dark
particles are of copper.

Figure 6.6(d): Macro-structure{x120)
of 0 sec. milled powder paricles of
grain fineness MNo.270. Here bright
rarticles are of zinc and off dark
parlicles are of copper.
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Flgure 6.7 (b) :Macro-struclure(x120}
of 100 sec. milled powder particles of
grain fineness No.140.

Figure 6.7(a) :Macro-structure{x320) of
100 sec. millad powder particles of
grain fineness No.100.

Figure 6.7(c): Macro-structure(x120) Figure 6.7 {d}: Macro-structure{x120}
of 100 sec. milled powder particles of of 100 sec. miled powder particles of

grain fineness No. 200. grain fineness No. 270.
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Figure 6.8 {a): Macro-structure(x120) Figure 6.8 (b): Macro-structure(x120)
of 1000 sec. millad powder particies of of 1000 sec. milled powder pericles of
grain fineness No.100. grain fineness No.140.

Figure 6.8 (¢): Macro-structure(x120) Figure 6.8 (d): Macro-siructure(x120)
of 1000 sec. milled powder particles of of 1000 sec. milled powder particles of
grain fineness Ne. 200. grain fineness No. 270.
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Figure 6.9 {b): Macro-structure(x120)
of 1750 sec. milled powder parlicles of
grain fineness No.140.

Figure 6.9 (a): Macro-structure{x120)
of 1750 sec. milled powder parlicles of
grain fineness No.100.

Figure 6.9 {(d): Macro-structure{x12Q)
of 1750 sec. millad powder parlicles of
grain fineness No. 270,

Figure &.9 {¢): Macro-structure(x120)
of 1750 sec. milled powder particles of
grain finencss No. 200.
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Figure 6.,10: Micrgstructure{x1200) of Figure 6.11: Micrastructure{xt200) of
coppor powtder parlicles. zinc powdor perides

powder {AFS No. 202,439, VH 350.5}, wﬁm irregular and more or less spherical
{circular In two dimensional viaw) shaped s reprosented in the abova Fig. 6,10 and
Fig. 6.11.

Aftor tha first shorl period of milling {100sec.), the Inltiet finer zinc powdar particles are
embeddad and weldad In the matrlx of coarser coppar powder partictes and a large
fraction of them fraclured Into finer paricles. The Indwmdual Ingredients of the
composite particles are visible. The copper powders are visible as off bright and the
zinc powders are vislbe as bright parlides as are represented in Fig. 6.12, The
average slzo is finer as compared with that of the Inltial powder. Tha sieve analysls
dala alse supports this argument,

Alter 100Q sec of milling tho repelitive deformation, fattening, wolding and fraciuring
of 1he partictes bulld up a characterlstics Jayered strueture due to trapping of cpposite
species. Trapping was soma what like as represented In Fig, 6,13 which results in the
finat oplical homogenisad particles. Somo of the composite parkdes are in the form a
laycrad plate like the stkruciure as represented in Fig. 8.12 and most of them are no
morg finer. The sieve analyels dala shows that the average particlo size is incronsad
which may be dus to coalescence of the Indvidual particies.

125



Aesuills and Discussions

Powder Consolidated Consolidated
funetchad) {unatched) (etched)

Figure 6.12 : Microstructure (x1200} of the products of mecharical alloying of 70% wit.
copper-s wt zinee syadem at diferent stagos of miling. The zing padicles are
trapped in the copper particles and are welded Aftor 100 sec. of milling the welded
povader partiius wre frugmented into finer particles. After 1000 sec. of milling
composites and the welded detormed powder particles are moved together and the
spacing among them has decreased lo a noticeable amount, Finally after 1750 sec. of
miling they are oplically homoyenised and no more resolvable by means of light
MIGIOSCope.

126



Resulis and Dlscusslons

-

Flgure 6.13: Microstruciure representing lhe irepping medo of ditferent species of
povder pariclea {(X1200) which finally results In coplically hamogenised (X3000)
structure after consolidation. Here bright particles are zine and ofl white parlicies are
copper ard 1he dark paricles aro metal axides,

After 1750 soc. of miliing the powder partidles continua to appear plate ke, but the
layered structure aré no kenger resolvable. Tho oplica! metallographs revealed &
migresiructura of about uniform colour as Is represented in Fig. 6.12. This uniformity in
colour is the indication of the visual homogeneity which in turn s the Indication of

alloying.

The uniformily in the siructure ks more promfnent in the in tha consolidated samples.
Consalidation was carried out In a localty designed nnd labricalod hat prossing dia,
The milled powder particles was consolidated at 200°C under a pressure of 12 tsi
{tons per square Inch) for 6 hours. Consoldation facilitated the homoganisatien of
both species i the large Inter surface aroa of very fine layered composites leading to
lhe formation of matrix of unilorm visual homogeneity as represented in Fig, 6.12.

The eitect of inltlal powder parliclo size has a noticoabla effect on tha progross of
mochanicnt alleying and on its final homoganised struciure. A mixture of initial copper
povwaler of AFS No. 261,295 and zinc powdor of AFS No. 262.439, resulted to tho
same degroe of mochanical alloying as compared o the mixture of initial coppar
powders of AFS No. 244.857 and zinc powdar of AFS No. 292.439 has taken arcund
halt milling. This is dua to tho larger Interfacial areas avaflabte In the finar panide size
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powder facititating lhe diffuslon batween the spedes. The seitact of partide size on
machanical alloying lime has been compared in Flg. 6.1 and Flg. 6.2. The resuliing
{ina) optical homogenised siructure has beon compared in Fig. 6.14.

Flgure 6.14; Microstructure represeniing the comparalive coplical homogenisation of 1he
mechenical afioyed products frem Indisl panicles of different grein size, The upper three
microstruciures (X1200) aro of mochanical aloyed copper 7% wi., AFS Mo 244 B67-7ine J0%
wi. AF5 No. 202.419 powders processeod I alldtor for 1750 seconds. Tho kower ihreo
mictestrsciutes (X 1200 are of mochaniea! afoyod conper 70% wi, AFS Mo, 261.202-rinc 0%
wi, AFS Mo, 202439 powdar proceasod in attritor for SO0 seconds,

The study of efHecthvenoss of differant zones of an altdtor, iermod medla interaction
zone {where powdar particlos are trapped between grinding balls), out side of modia
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interaction zone (where powder particles are trapped between grinding balls and the
attritor wall) and the bottomn edge dead zone {where powder particles are segregated)
by have been investigatod-The resulting comparative progress of mechanical alloying
has illustrated by X-ray diffraction patterns { Fig. 6.15, Fig. 6.16 and Fig. 6.17.).
Among the aforesaid three attrition zone, the dead zone shows the lower, the media
interaction shows the medium and the outside of the media interaction zone shows the
higher degrea of mechanica! alloying. The higher degree of mechanical alloying at the
outer media interaction zone is probably due to tha higher centrifugal impacts together
with friction between grinding ball and the attritor wall. The medium degree of
mechanical alloying at the media interaction zone is due to the high collision irmpacts
and the sliding impacts between the grinding balls, where sliding results from
ditferential rotational velocities between adjacent rows or columns of the gninding balls
and due to the closed packad array by the grinding balls. There exists e differencs in
velocities between adjacent rows along the attritor wall and columns along the atiritor

boltom.

Powder added 1o the atiritor, with the progress of milling process segregated to the
bottorn edge of the altritor, This is due to the lack of grinding ball motion there.
However, the inalfectiveness of the dead zone was decreased by providing a ring-pad,
adjacent to the dead zone, which assists the powder parlicles to segregate into the

dead zone.

Micre-hardness of dilferent species and phases in the conventional powder melallurgy
route product and that of in the consolidated mechanically alloyed product were
evaluated. A very largo difference of hardness from VH 95.76 to VH 350.5 were '
observed in the conventional powder metallurgy product . This is due to the structural
inhomogeneity which inturn is resulted from insufficient diffusion. Microstructural
inthomogenenty, in other words, the presence of mother species {zinc and copper} was
also detacted from optical metailography (Fig. 6.18) and X-ray diffractton pattern {Fig.
6.18). Although the mechanically alloyed powder were consclidated at the same
conditions as applied in the former case more or less uniform micro hardness ranging
frem ¥H 681.1 to VH 771.9 ware observed. This improved and uniform micro-
hardness in the mechanically alloyed consolidated specimen s due to the very fine
plate-like composites which provide short circuit diffusion path leading to production

the homogenised microstructura,
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{arbitrary wir)

Xoray diffraction intensin

3 400 il i FliG 5o oQ*  95°
» K-tay diffraction angle {20).

Figure 6.15: X-ray diflraction patlern for mechanical alloyed copper 70% wt.-zine 30%
wi. powders processed in alinlor for ditferent ime intervals (sample bapped between
yrinding balls). .
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Figure 6.16. X-ray diffraction patlern for mechanical alloyed copper 70% wi.-zine 20%

wl. powidnis processed e allilor for different time inlervals (samplo trapped belween
grinchny ball and attritor wall).

TImAon intensity

(arbutrary vnit)

Heray di

MWMW-MMW
o NN o N ot i

M“' \“MMW

\__ [ [ 1 [ ) 1
* W An° s0° (0" 7o B0” 90" 1ogm
» X-ray dilitaction angle (20)
Figure 6.17: X-ray diffraction pattern lor mechanical alloyed copper 70% wh.-zinc 30%
wt. powders processod in altritor for difarent lime intervals {sample the dead zone).
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{a) unetched condition {b) elched condition

Figure 6.18: Microstructure (x1200) of conventional powder metallurgy product
{copper 70% wi., AFS No. 261.292 and zinc 30% wl., AFS No. 292.439) powders

consolidated under the same conditions of hot pressing, indicates the microstructural
inhomogansity,
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Figure 6.19: X-ray diffraction pattern for conventional powder metaliurgy product

(copper 70% wi., AFS No. 261.292 and zinc 30% wt., AFS No. 262.4358) powders

consolidated under the same conditions of hat preasing, indicates tha structural non
homogeneity i.e. the presence of mother species {zinc and copper).
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Chapter - 7

CRTE

Conclusions

The following conclusions concerning the mechanical alloying of 70%coppar-30%zinc

systemn can be drawn based on lhe results abtained in this study.

1. During mechanical alloying, zinc atom preferentially enters into the copper
lattice leading to the formation of a copper-zine alloy and finally reaches to

the amorphous state .

2. Formation of compaosite particles and structure refinement in the course of
mechanical alloying appears to gceur predominantly due to the severe

deformation, cold welding and fracluring of frae powder particles.

3. After consolidation the micro-hardness of visually homagenised phasa of
mechanical alloylng product s much higher and uniform than the non-
homogenised individually visible powder paricles and phases appearing in
the conventional powder metallurgy product under the same condition of

processing.

4, The rate at which mechanical alloying towards a given structure ocours is
dependent on the size of initial powder padicle and finer paricle size leads to

the faster rate of mechanical alloying of a given systam.

5. The different degrees of mechanical alloying for a given time occurs at
different zone within the atlritor vessel. At the interaction zone large amount
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of moderate deg?ee, at the outer interaction zone small amount of high

degrese and at the dead zone small amount of low degree of mechanical

alloying oocurs.

Linless perect inert atmosphers is provided, the process is amenable to the
severs oxidation of metal powder particles due to the large aveilable surface

arag.

Recommendation for future work.

Mechanical alloying is completely and distinctly a different direction of produclion

technology for normally incompatible systems with great flexibility, So many facts

abaut this technique are still in embryonic state and warrant more in-depth exploration.

Fram ihe fundamental stand point of locally developed mechanical alloying facilities

and all other available facilites at this university, the following work can be

recommended for further study.

(1.

(2).

Alloying of incompatible alloy systems e.g. immisble systams, metastable
phases, incongruent intarmetallic ete. through mechanical alloying and

studies of their microstructural and mechanical properties.

Development of metal matnx composites of light alloys through mechanical
aitoying and study of their microstructural and mechanical properlies. Al-Cu,
Al-Ni and Al-Co systems can be considered as candidate materials. Micro-
scale fine layered composites are expected to form with improved mechanical

properties.

Developmenl of aluminum-alumina dispersion strengthened allﬂ:-,lrs through
mechanical alloying and study of their mechanical properties bolh at low and
at high temperature. Al-Mn systam can be studied. Stabilised structure
dispersed with inert particles of ALQ; by mechanical alloying is expected to
form. Ultimate tensile strength more than 500 MPa. at room-temperature and
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(4

(6).

(7).

(8).

Concluslons

more than 200 MPa. al 400°C are expected promising applications in the

automative sector.

Asgessmant of the stability of mechanically alloyed aluminium based alloys.
Al-Mn, Al-Fe-Mn alloy systems can be studied. Fine grained aluminium
matrix stabilised by oxides and carbide dispersions and by the intermetallics
Als(Fe Mn) and Al;sFe, are expacted to form. Improved tensile strength,
Young's modulus and wear properlies at higher temperatures are expected.

Developmenl of ceramics metal composites through mechanical alloying and

study of their lhermal and mechanical parformance.

Study on mechanical nitriding Fe-Cr alloy system. Elemental Fe and Cr can
be milled in nitrogsn gas at ambient temperature. Slabilised metal nitrides or

high nitrogen alloys are expected to form.

Cevelopment of amorphous alloys e.g. Cu-Ta, Fe-Ni, Ni-Zr &tc. [ocally by

mechanical alloying routo.

Froducticn of metals and alloys from their oxides directly by mechanical
alloying. ZnO with Ca, CuO with Ca and equal quantities of ZnO ,CuC and
Ca can be milled. Mstallic Zn, Cu and [¥'-Brass are respectively expected to
form. The process thus can be used to produce metals and alloys directly

from their oxides, thereby polentially decreasing overall production costs.
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Appendix A

Expressions and Equations.

) The Hertz radius and caollision duration

02 _
fo = gu? [%J R [Egn. A-1.]

N
2r=gu®’ [}f) R [Egn. A-2.]

where g,_are constanis of order unity, v is the media collision velocity and R, pand £

are the media radius, density and tensile modulus, respeclively.
1 The alloylng lime:
2,

_— Eqn. A-3.
llﬂfhu [Eq !

The alloying time 1, --

Where I is critical amount of deformation, v is the media collision velocity, T is
collision time, r, is Hertz radius, h, is the height of powder cylinder {the powder

volume affected is treated as a cylindar of radius r, and helght hg.}

O Deformation:

-— [Eqn.A-4]

Where r is the distance from the center of contact, R the radius of the balls, v the
relative velocity of the balls at impact, p. the density of the grinding balls, and H, the
powder hardness. This expression ignores factors of order unity and the effect of
impact angle of the coiliding balls.
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I Flow Stress:

Ty = Oy + K" [Egn. A-5]
Where K is the strength coelficient, n the work-hardening exponent, o, the flow tress

at the accumulated plastic sirain €, and o,, the initial flow stress. On using H, = gy,

H, = H,, + Ke" [Egn. A-6)
U Strain :
. . h,—a(r)
The strain is determinad frem £= - In — [Eqn. A-7]
n

Where wir} is the approach of the balls which is a function of distance, r, from the

contact area (cf. Eqn. A-4) and h, the powder coating thickness.

& Area of metal to metal contact :

2

AS 2

Ag=mry |1 22| —ng | 5% [Eqn. A-8]
Sf" I p

Where J is a constant =0.7-0.8, AS = 5, - S, §, is the pre-deformation metal-surface

area and S¢is the post deformation metal-surace area, r, 15 the number of

dispersoids trapped in tha potantial weld region of radius r. and rg is the radius of the

dispersoids.

U The force require to separate the weld :
Fw = A-d.r Ty [Eqn J|E!"_9]
Where g, is the tensile strength of the weld, F,and A,, have there usual meanings. For

two adhenng particles of the same materal, this strengith is equal to the tensile
strength of the bulk material. For wo welded paricles of different materials, the weld
strength is assumed to be the lasser of the tensile strengths of the diffarant matarials.
When a cold weld is made between two lamellar paricles {i. e, composite particles
containing two specias), weid strength is taken as e rule of mixtures strength an the
basis that the weld is a mixlure of similar and dissimilar metal bonds.

Ui Total elastic recovery force :

2 4 2

' R

N =, H, ”*'; 4y i —a5| 52112, [Egn. A-10]
t“p  O(1+1331an“8) | 1

Where 3 = (1- v* } /E, and R, is the parlicle’s volume effective radius, 6 the relative

impact angle , v the particle's Poisson's ralio, and E its elastic modulus. The second
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term in parentheses represents the elastic response of the annulus around the plastic

Zone.

[} The average shear force acting over the weld surface:

[Egn. A-11]

2 {15
044 tan® 8
1+133tan’ @

Ty = mEpHv [
Where the symbols have there usutal meanings.

{1 Reductian is represented in the second term in the following equation:

AS L
St/ (55;S|h

Where { AS/S) 1s the fraction of surface exposed through cumulative deformation '

through impact i, and £ is the fraction coated during the interval between relevant

impacts
. intregal :
+
E m
S = [Magpmn N[ 5 [Egn. A-13]
&y

where B=(1/to} {a/K)", wilh K being the strength coefficiant and m=1/n (n is the work-

hardening cosefficient). The critical J vafue (4. ) is relatad to the critical stress-intensity
factor, Ki., through « .= K*/E. Tha crilical crack length (a.) is obtained for J=J, or ‘

Ui Critical Crack Length:

a.=J K 2 ] (E A-14
= dy, —— | —— 1. A-
“ xdm oy o ]

Where J; .a;, K, £, K, ,, and m have there usual meaning.

U Conditlon {or forging fracture:

ﬂ:{r)zl_[l_a?c f?sfj
4R%)

1]
] exp (-6 } [Eqn. A-15]

where k. is the critical strain lo fracture. The factor of 4 in the denominator of the last
term on the right-hand side of this eguation stems from tha radial symmetry of the

particles,

U Velume of an oblate spherold:
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The major sems axis is ¢; the minor semi axis, which also defines the axis of

revolution, is b. The shape factor is defined as fsl= b/c. The volume of an oblate
4 -
spheroid 15 V, = _;f_cg h [Egn.  A-18]

A volume equivalent radius of the spheroid can be defined as R, = {¢’ b)"", and both
semi axes may be expressed in terms of this radius and the shape factor.

b=Ryf°  c=R " [Eqn. A-17]
O Shape Factor:

15
,|r51= (E_I] irsl [Ean A'.IE']

where the subscripts i and f denote the pre-and post-deformation shape factors,
respectively. The change in the minor axis dimension can be related to powder
daformation:
by _, ai)

T
b hl:'l

1

[Egn. A-19]

Thus, the shape factor can be expressed in terms of bulk deformation:

N 1.5
fa :[1—““}] fa (Ean. A-20]

h,,
[ Reaction kinetics:
k=Aexp{- QG/AT}, : [Egqn. A-21]
where k is the reaction rate at temperature T, A is the pre-exponential factor {collision

frequency), @ is the activation energy of the rate-conbrolling step, and R is the

universal gas constant.
01 Rate of diffusion:

D =D, exp {-Q/RTY, [Eqn. A-22]
where D is the diffusivity, D, is a constant, Q is the activation energy, and Rand T

have the usual meanings.
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Appendix - B

Mechanics of collision and particle deformation.

Article One: collision mechanics :
Considering two balls colliding at some relative velocity and impact angle, as depicted
in Figure B-1. To a first approximation it can be written

N = Fcoss, [Egqn. B-1]
where Fis the force developed during the collision as a result of the resistance of the
- composite bell to deformation, N is the normal component of that force, end 8, is the

tnitial anple of impact. The tangential componant of the force is

T= F“_")] F sin 0, [Egn.  B-2]
2—v

where the term in brackets arises from the ratio of normal to tangential compliance'™.
Dasignating this term as C, we have

T=CNan g [Egn. B-3]
Egn. B-1 and through Eqn. B-3 apply for collision angles below which gross slip
belween the colliding balls occurs. Far such slip, the entire contact area of one ball
slides on that of the other ball. in these circumstances, tan &,in the equatinr‘l;&‘. must be
replaced by ., the coefficient of friction. In this Appendix, it has been considered that
the collision has been taken place under “sticking” conditions, i.e., without gross
sliding.
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Figure B-1: Two composite balls coliiding at an mtiaf impact angle of O produce both normal

{M} and tangenlial {T) components of stress arising from the balls resislance Lo deformation,

The stress distributions corresponding to these forces can be approximated as'™’

4 :
a, = [ N x] {a®-rf} & [Eqn. B-4]
2mi-
and o= (K’N—m:lﬂ'] (a®-r\y'? [Eqn, B-5}
2ma

where the subscripts n and t dencte normal and tangential stresses, respectively; a is
radius of the circle of contact, and r is the radial position within the contacl area. The
effective stress al any point in the contact area is given by

Ge = (G 4 30,5 2 [Egn, B-g]

Using the resulls of goldsmith'’, g = [%TH) (ANS) [Eqn. B-7)

where 8=(1-v*}¥nE, then the elfective stress can be written as a function of radius in

the contact zone:

Te =( ;{6} (a”-r*y"® (14C* tan® @) " [Eqn. B-8j
'y

The development until now holds as long as the composite ball axperiences only
elastic deformation. However, the powder coating clearly experiences plastic

vi
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deformation during mechanical alfoying. The onset of this deformation occurs when
the effactive stress approximately equals the powder hardness {H,). This cccurs first
at the center of the contact zong {r=0). The contacl radius and the normal approach of

the balls at this elastic to elastic-plastic transition are then given by

2
fgp = Lﬁﬂv]“+3ﬂztanz 'E'u :]-1.r2 [Eqn. B-E}
s .
4 2,2
and Ly = #] (1'1"362 tanz BI}-‘] [Eqﬂ E—1D]
\ .

This transition approximately lakes place for a value of « on the order of 2 pm. During
the aelastic deformation stage, the composite balls have been cbeying the equation of

l 2
motion’® 5 {az-vE}:-—; Ky kg o [Eqn. B-11] where o

is the instantaneous relative velocity of the balls; v is the pre-impact velocity, k,=2/M,
where M is the mass of one ball; and k; = 2R"™ /3r6.Substituting the value for .,
given by Eqn. B-9 into Eqn. B-10, «r will be approximately equai to v at the transition.
Therefore, the greatest parl of the collision duration involves plastic deformation of the
powder.

The transpires after the transition from elastic to plastic deformation of the powder is
as follows (neplecting any work-hardening of the powder that may take place during
the course of the collision). The plastic zone of the powder grows radially, as a cirgle,
with uniform hardness. The corresponding stress distribution has been illustrated in
figure 2.11. The equations of motion for the composite balis undergoing elaslic-plastic
deformation can be developad. There are two componenis of the normal force
resisting the approach of the balls: the plastic circle surrounding the contacl center
and the elastic annulus around the plastic zone

The normal force acting in the plastic zone is given by N, = nr'H, [Egn. B-12]

where r, s the radius of the plaslic zong. The normal force in the aelastic annulus is

a
Ne = JT g.2nrdr [Egn. B-13)

n

If we assuime that outsicle the plastic zone the stresses given by Eqn. B-4 and Egn. B-

3 remain valid, the equation of motion of the composite ball is given by

0 +QB=0 [Eqn. B-14)

vii
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MR
where [ = u- i [Z ,;' [Egn. B-15j
G(1+3C7 1" 0,)
H
andQ = Jrl:: "2 ™" [Eqn. B-186]
M(1+3C tan? 8 )
The soiutions to Eqn. B-14 are
P =G sin (kt + Gz} [Eqn. B-17{a}]
f=Ci k cos fkt + Ca) [Eqn. B-17(b)]
B=-C\ K sin (kt + Cy) [Egn. B-17{c)]
: A 172
where k= — et T [Egn. B-18] with
2R | p(1+3C" tan &) oo

p being the powder density. For a typical impact in an mechanical alloying device k is
on the order of 60,000 s”'. The values of C, and G, can be determined by use of the
initial condilions that at t = 0, o = 0 and v is the relative impact velocity. Over the vast
duration of the contact, kt => C; , 80 C; can be neglectad. Gn this basis, G, = v cos
8/k. The duration of the compression phase of the colifsion is |

T = {2k} [Egn. B-19]
which is approximately 2.5 x 10 ** seconds, or about twice that determined through

elastic analysis. Knowing the duration of the compression phase allows to calculate
the final approach of the two composite balls {and hence the defarmation of the

p(1+3C* tan?0,)
3H,

172
142
powder coating them) as i, = 2Rv cosh, { J [Egqn. B-20]

Here the effects of tangential force on the collision is neglected. As a result of the
tangential force, the halls rotate during the collision, effectively reducing the engle of

"7 Nevertheless, the collision time and the maximum approach are

fncidence
dependent on k, and it has bean found that a change in the angle of incidence from 45

to O degree results in only a 25 pet change in tha value of k.

Article Two - Particle deformation as a function of position :

The deformalion of individual particles significantly influences therr coalescence and
fragmentation proclivities. Considening two oblate spheroids in contact, as depicted in
{Fig. B-2} are pressed together, the greatest displacement accurs at the center of
contact, and the amaount of displacement decreases away from the center. it is
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necessary to determine this variation in displacement n order to subsequently

detormine strain as a function of pasition.

Figure B-2 : Deformation af particles along (he conladt radius batwsen themn

In a vertical section (Fig. B-2.), the spheroids are ellipses and the plane defining their
contact area is a line. It is a simple matter to find the distance from any point on the
perimeter of this ellipse to this lne, end hence to determine the difference in

displacement as a function of radial position in the oblate spheroid. The equation for

) . 7oyt
an ellipse is —
¢ b

expression for y, the verlical distance of Fig. B-2. The difference in displacement
{distance of a point on the surface from the plane) is z= b-y, which is obtained as z= b

=1 [Egn. B-21] Rearrangement of Eqn. B-21 provides an

3 U3
I—[l—x—z] [Eqn. B-22] Thus the strain at any point can be defined
[
. e -
hq.-}—ﬂ F‘; }J—z{r}} - :
by r=-In [Eqn.B-23]

bir)

where ¢,{r} i5 the approach between homologous points on two particles being
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(0}

pressed togather. Sinca b(r) = b{o)-z(r), and recognizing that (o) =h— [Eqn B-24]
(o y
&
1
the strain becomes g1} =-In —(“} [Egn. B-25]
z(r )
[ b, :|

Article Three - Welding and fracturing probabilities :

Welding and fracturing probabilities can be determined based on kinati |:Jrir1=t.‘.i|::I«E:*Sm'ﬂ'ﬂ2

and some critical assumptions, the most important being that the particle fracture and
welding frequencies, while specias dependent, do not depend on parlicle size or on
miling time. This can be schematsed in Fig.B-3 indicating the populations of
elemental starting powders (A and B) and alloy (&) paricles change as a result of

paricle fracluring and welding. !

WELDING EVENTS

SO B 8-

ZA—A iB--B 20—C

80 899 8-

Ala—¢ A+C -~C I e

FRACTURING EVENIS

- LTIy 2

O - L R < —
o> &>

A 2A B— 28 Cmm 2C

Figure. B-3 : Powder particles' numbars change as a results of fraclure and weld events A
and B particles are alloyed to form composites ©. When an A/B particles weld to any olher
particle, the number of AMB 13 reduced by ore and the number of G parlicla is increasad by
one. YWhen two C particlas weld the number of C parlicis is reduced by oneg
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A welding probability is assigned fo each possible coalescence event; 8.0., oaa
represents lhe probability per unit process time of iwo particles of A welding to each
other, o, represents this probability for particles of A and C welding to each othar,
etc. Similarly, oyrepresents the prabability per unit time of a paricle of species | {=A, B
or C} fracturing. Using first order reaction kingtics the number of A parlicles (Ma) is
ANy

]:‘r—“"‘{m - fa Gan- 2f Ctap - fodac }
de T '

shown to vary with milling time as -:E[

where N is the total number of powder particles {of all species), 1. the time between
powder parlicle collisions and f, the {particle number) fraction of species . An equation

similar in form to the aferesaid applies for B panicles. The analogous equation for ©

. 1 dN,- | .
particles is E(Tttjz_ { fooe - fec{,'l'{;c + 2fafe Can , Taking into account that both N,
e

T
and N vary with time, the time variation of f» is expressed as [—C-J(
A

dfa

dt J =(1-fa) O

- Jette ot - fa{l- fa) Gas + fPeups + Settoe 209 fa) fo Gap - 2(1- fa} fo {IACI +
e fufitec
A similar expression pertains for fa, and the comparable expression for f¢ is

df¢

’ (Tf]z"f“f“ ta - fafc 0o+ fo (1 - fo ) o + fafotan + Fafoaen - £ (1 - fo) foo

+2fafn (1 + fo ) ttag + 2/°c {fa Oag + fettoc ).
Here should be noted that for milling of an elemental species {a.g., A) the number of

Lrvel

powder parlicles varies with time as izexp
N Te

] whera M, is the initiat number
of such particles. Therefore measurement of the time wvariation of N allows the
diferences between the welding and fracture probabiiities of the slemental species to
be determined. On the assumptions that the fracturing and rewelding probabilities are
size independent, the temporal varialion of particle size distribution during milling of an

elemental species powders is represented by

dt

where n (u} dv is the number of particles having volume between v and v + dv and

T:{M} = —pnfv) - rxmnl[v}T fiv' }dv'+2aAT n(::'} dv'+ a;‘“ In{v'} v — v')dv'
0 v 0

f{u) is the corresponding paricle fraction.
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