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| Nntroduction

Mechanical alloying is a unique process for fabrication of several
alloys and advanced materials at room temperature.

11 BACKGROUND

Fundamentally, theterm milling may bereferredtoasthebreaking
down of relatively coarse material sto the ultimate fineness. Apart fromthe
milling of ores, milling is also used for preparing materials for some
industrial applications, suchasmilling of quartztofinepowder (under 70 um
indiameter), milling of talc to produce body powder, milling of iron orefor
preparation of pellets, and many others. Over the past three decades, ball
milling hasevol ved from being astandard techniqueinmineral dressingand
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2 Mechanical Alloying

powder metallurgy, used primarily for particle sizereduction, to its present
status as an important method for the preparation of either materials with
enhanced physical and mechanical propertiesor, indeed, new phases, or new
engineering materials. Accordingly, theterm mechanical alloying (MA)!!
is becoming increasingly common in the materials science and metallurgy
literatures.[?

So far, the MA process, using ball-millingt® and/or rod-milling
techniques,!! hasreceived much attention asapowerful tool for fabrication
of severa advancedmaterials(Fig. 1.1), includingequilibrium, nonequilibrium
(e.g.,amorphous, quasicrystals, nanocrystalline, etc.), and compositemate-
rials.B7 |n addition, it has been employed for reducing some metallic
oxides by milling the oxide powderswith metallic reducing agentsat room
temperature.l819 |n fact, MA is a unique process in that a solid state
reaction takes place between the fresh powder surfaces of the reactant
materials at room temperature. Consequently, it can be used to produce
alloys and compounds that are difficult or impossible to be obtained by
conventional melting and casting techniques.I'4

1.2 HISTORY OF STORY OF MECHANICAL ALLOYING

TheMA processwasdevelopedin 1966 at Thelnternational Nickel
Company (INCO) as part of a program to produce a material combining
oxidedi spersion strengthening with gammaprimepreci pitation hardeningin
a nickel-based superalloy intended for gas turbine applications. In fact, the
original MA processwasthe by-product of researchinto different subjects.
In the early 1960s, INCO had developed a process for manufacturing
graphitealuminumalloysby injection of nickel-coated graphiteparticlesinto
amolten bath by argon sparging. A modification of the sametechniquewas
tried to inocul ate nickel-based alloyswith dispersion of nickel-coated, fine
refractory particles. Thereasonfor nickel coatingwastorender thenormally
unwetted oxideparticleswettableby anickel-chromiumalloy. Early experi-
mentsused metal -coated zirconium oxide purchased froman outsidevendor.
The examinations of these materials revealed no differences between the
inocul ated material sand uninocul ated alloys. Examinationsof theinocul ants
revealed that they were zirconia-coated nickel rather than nickel-coated
zirconia. Attention wasdirected to ball milling asameans of coating oxide
particleswith nickel. Ball milling had been used for the coating of tungsten
carbidewith cobalt for well over 70years.*3 Small amountsof nickel-coated
thoriaand zirconiaweresuccessfully producedinasmal | high-speed shaker
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Process
OoDS
Alloys
Ni-Base Ti-Base
Superalloys Alloys
Equilibrium
Phases

Solid Solutions J_ Intermetallic
Alloys Compounds

Nonequilibrium
Phases

Amorphous Nanocrystalline
Alloys Materials

Quasicrystalline

Composite
Materials

Metal-Matrix | Ceramic-Matrix
Composites Composites

Gas-Solid
Reaction

Mechanical Solid
State Reduction

Figure 1.1. Mechanical alloying is a pioneer process for fabrication of awide variety of
alloysand compounds at room temperature. Fabrication of high thermal stable amorphous
aloys, nanocrystalline and nanocomposite material s at room temperature are some advan-
tages of this process.



4 Mechanical Alloying

mill. Thisprocess, inparticular, was used to coat oxides with metal s that
could not be applied by chemical processdueto their reactivity. Sincethe
apparatusemployed, asmall high-energy ball mill, could produceonly 1
cm? of powder per single milling run, these powders were used only for
studies of the rate of rejection of oxide powders from molten alloys.
Compacts of composite powderswere partially melted in an arc melter,
sectioned, and examined metallographically.

In mid-1966, attention was turned to the ball-milling process that
had been used to make metal powders for wetting studies as a means of
making the alloy itself by powder metallurgy. The reason was attributed to
the capability of thisprocessto coat hard phases (e.g., WC or ZrO,) with a
soft phase (Co or Ni).[%3!

In 1970, BenjaminlY introduced apioneering devel opment on bal -
milling technique for producing complex oxide dispersion-strengthened
(ODS) aloys that were used for high temperature structural applications,
such asjet engine parts. This unigque method could be successfully used for
preparing fine, uniform dispersionsof oxideparticles (Al,O3, Y ,04, ThO,)
in nickel-base superalloys. It isworth noting that these material s cannot be
obtained by the conventional powder metallurgy method.

During the 1970s, research programs concerned the nature and
mechanism of the M A processitself and thedesign of special equipment for
carrying out the process. At that time, MA waswell known asaprocessfor
the fabrication of several ODS alloys[4-22

Apart from the fabrication of ODS alloys by the ball-milling
technique, for their subsequent beneficiation, Whitel?®! observed theforma-
tion of an amorphousphaseby ball milling elemental Nb and Sn powdersat
room temperature. In 1983, K och et al 124 reported thefirst novel technique
for formation of NigNb,,amorphous aloy by high-energy ball milling of
elemental Ni and Nb powders. Since then, the MA method has been
successfully employed for the formation of alarge number of amorphous
alloys. Thistechniqueleadstotheformation of several aloysthat can not be
prepared by liquid metallurgy, such as Al-Tal? and AI-Nb?®! binary
systems.

An attractive application of the ball-milling technique has been
demonstrated by El-Eskandarany etal ., for preparing nitrides(e.g., Fe;N,[>"]
AlTaN,[8 TiN,29 and NbNEY) by milling the elemental powder under
nitrogengasflow. Thismethod, whichiscalledreactiveball milling, hasbeen
employed for preparing several metal nitrides and hydrides.!34

Within the last five years, the ball-milling technique has been
proposed for formation of nanocrystalline materials at room tempera-
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ture.[33-13% The end-product of the milled powder was consolidated into
fully-dense nanocrystalline compactswhich have unusual unique physi-
cal and mechanical properties.[36]

In 1998, El-Eskandarany!3”! prepared homogeneous nanocom-
posite Al/SIC, materiasby milling the elemental powdersof Al and 3-SiC
inahigh-energy ball mill. It should be noted that this composite material is
difficult to obtain by the conventional liquid metallurgy method dueto the
poor wettability between molten Al (or Al aloys) and the reinforcement
material of SiC. Inaddition, theliquid metallurgy method usually leadstoan
undesirabl ereaction between SiC and molten Al, producing brittle phasesof
Al,C;and Si.

More recently, ceramic/ceramic nanocomposite WC-14 % (at.)
MgO material that combinestwointeresting propertiesof highhardnessand
fracture toughness val ues'®® has been fabricated by the ball-milling tech-
nique.39

13 MILLING

As mentioned above, the objectives of milling are particle size
reduction (breaking down the minerals until every particle is either fully
mineral or fully gangue), mixing and blending, and particle shaping. Inthis
book wefocusonly ontheapplicationof milling (ball millingandrod milling)
for fabrication of engineering materialsviaMA process. Benjaminl'? has
definedtheM A processasamethod for producing compositemetal powders
withacontrolledfinemicrostructure. It occursby therepeated fracturingand
rewel ding of amixtureof powder particlesinahighly energeticball mill. As
originally carried out, the processrequiresat | east onefairly ductilemetal to
act as a host or binder.[*”! Other components can consist of other ductile
metals, brittlemetals, andintermetal lic compoundsor nonmetal sand refrac-
tory compounds.

The major processin MA for producing quality powders of alloys
and compoundswithwell-controlled microstructureand morphology, isthe
repeated welding, fracture, and rewel ding of thereactant mixed powders.
Several typesof millshavebeenemployedfor such purpose. TheMA process
can be successfully performed in both high-energy mills (attritor-type ball
mill, planetary-typeball mill, centrifugal -typeball mill, and vibratory-type
ball mill), and low-energy tumbling mills (e.g., ball and rod mills).



6 Mechanical Alloying

1.3.1 FactorsAffectingtheMechanical Alloying

TheMA processisaffected by several factorsthat are playing very
important rolesin the fabrication of homogeneous materials.!*¥ It is well
knownthat the propertiesof themilled powdersof thefinal product, such as
theparticlesizedistribution, thedegreeof disorder, or amorphization, andthe
final stoichiometry, depend onthemilling conditionsand, assuch, themore
completethecontrol and monitoring of themilling conditions, thebetter end-
product is obtained.[A4041 These factors can be listed as follows:

 Typeof mills(e.g., high-energy millsandlow-energy mills)
» Themateria sof millingtool (e.g., ceramics, stainlesssteel,

and tungsten carbide)
 Types of milling media(e.g., ballsor rods)

» Milling atmosphere (e.g., air, nitrogen, and an inert gas)

 Milling environment (e.g., dry milling or wet milling)

 Millingmedia-to-powder weightratio
» Millingtemperature
» Millingtime

A summary of these chief factors that control the mechanical

alloying processisschematically presentedin Fig. 1.2.

1.3.1.1 Typesof Mills

Types of mill

The materials of Types of milling

milling tool media

The end-
Milling product of
atmosphere the milled environment
powders
Milling Milling
media-to-powder temperature
weight ratio

Milling time

Milling

Figure 1.2. Schematic presentation of the main factors that affect the MA process.
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High-Energy Ball Mills. Attritor or Attrition Ball Mill. Szigvari
introduced thistype of mill totheindustry in 1922 in order to quickly attain
fine sulfur dispersion for usein thevulcanization of rubber.[?? Theillustra-
tionof thismill, alsoknownasSzigvari attritor grindingmill,isshowninFig.
1.3. Inthismill, themilling proceduretakesplace by thestirring action of an
agitator which has a vertical rotating central shaft with horizontal arms
(impellers). Thecapacity (volume) of theattritor used for theM A process
ranges between 3.8 x 102 m3to 3.8 x 103 m>. The rotation speed of the
central shaft is about 250 rpm (4.2 Hz).

Kimuraand his coworker[#? at the National Defense Academy of
Japan devel opedanattritor ball mill withahigher rotati on speed of about 500

Cocke:d Slationary Tank

Ratating Imgallar
i

52100 Sted Balls

Figure 1.3. In the Szigvari attritor ball mill, the ball charge is activated by impellers
radiating fromarotating vertical shaft which rotatesat speedsup to 250 rpm. (After Gilman
et al.)l

rpm. In addition, they equipped the mill with several devicesto control

and measuretheappliedtorqueduringtheMA process. They could minimize
theoxygen contamination content duringthe M A experimentsby continuous
evacuation (using rotary and diffusion pumps) of thevial and introducing a
continuousflow of an argon gas. I n addition, the milling temperature could
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be controlled by flushing the outermost shell of the vial with current water.
They have proposed this milling tool for the synthesizing of several amor-
phousalloy powders.

Planetary Ball Mill. The Planetary Ball Mill is one of the most
popular millsusedinMA researchfor synthesizingamost all of thematerials
presentedinFig. 1.1. Inthistypeof mill, themilling mediahaveconsiderably
highenergy, becausemilling stock and ballscomeoff theinner wall of thevial
(milling bowl) and theeffectivecentrifugal forcereachesuptotwenty times
gravitational acceleration.

Thecentrifugal forces caused by therotation of the supporting disc
and autonomous turning of the vial act on the milling charge (balls and
powders). Sincetheturning directionsof thesupportingdiscandthevial are
opposite, the centrifugal forces alternately are synchronized and opposite.
Therefore, themillingmediaandthecharged powdersalternatively roll onthe
inner wall of thevial, and are lifted and thrown off across the bowl at high
speed (360 rpm), as schematically presented in Fig. 1.4.

Oneadvantageof thistypeof mill istheeaseof handlingthevials(45
ml to 500 ml in volume) inside the glove box (Fig. 1.5).

VibratoryBall Mill. Thevibratory ball mill isanother kind of high-
energy ball mill that isused mainly for preparingamorphousalloys. Thevials
capacities in the vibratory mills are smaller (about 10 ml in volume)

Horizontal Section  Movement of the
suporting disc

Centrifugal
force

Rotation of the grinding bowl
e

Figure 1.4. Schematic drawing of ahigh-energy planetary ball mill. Thew,andw, arethe
angular velocities of the disc and the vials, respectively.
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Figurel.5. Themillingtools(thevialsand millingmedia), and theelemental powdersof the
starting materialsfor theMA experimentsmust behandled insideaglove box filled with an
inert gas before starting the milling procedure. (The photo was taken for the author at his
laboratory, Faculty of Engineering, Al Azhar University, Cairo, Egypt.)

comparedtotheprevioustypesof mills. Inthismill, thechargeof the powder
and milling tools are agitated in three perpendicul ar directions (Fig. 1.6) at
very high speed, as high as 1200 rpm.

Another type of thevibratory ball mill, whichisused at thevan der
Waals-Zeeman Laboratory, consistsof astainlesssteel vial withahardened
steel bottom, and asingle hardened steel ball of 6 cmin diameter (Fig.1.7).

Mill | Mill
Container | Container

Mode of
vibration

Unbalanced ‘ Sprin
weight ) pring

Figurel.6. Schematic drawing of ahigh-energy vibratory ball mill. (After Hashimoto
et al.)l4d
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The mill is evacuated during milling to a pressure of 10 Torr, in
order to avoid reactionswith agasatmosphere.[*!l Subsequently, thismill is
suitable for mechanical alloying of some special systems that are highly
reactive with the surrounding atmosphere, such asrare earth elements.

L ow-Energy TumblingMill. Tumbling millsaredefined ascylin-
drically-shaped shells, which rotate about a horizontal axis. Loads of balls
orrodsarechargedintothemill toact asmilling media. Thepowder particles

—

" —

Figure 1.7. Schematic illustration of the vibratory ball mill, which is used at the van der
Waals-Zeeman Laboratory.

of the reactant materials meet the abrasive and/or impacting force which
reduce the particle size and enhance the solid state reaction between the
elemental powders.

Tumbler Ball Mill. Thetumbler ball millsdateback to 1876/“% and
arecharacterized by theuseof balls(madeof iron, steel, or tungsten carbide)
as milling media. The capacities of these mills are governed by several
variables(ratioof mill lengthto diameter, speed of mill, sizeof balls, particle
size, etc.) that should be adjusted and bal anced.

Inthesemills, theuseful kineticenergy canbeappliedtothepowder
particles of the reactant materialS*! (Fig. 1.8) by

« Collision between the ballsand the powders

* Pressureloading of powderspinned betweenmillingmedia
or between the milling mediaand the liner
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 Impact of thefalling milling media

« Shear and abrasion caused by dragging of particlesbetween
movingmillingmedia
 Shock wavetransmittedthroughcropload by fallingmilling
media
The tumbler ball mills have been successfully used for preparing
several kindsof mechanically alloyed powders. (See, for example, Ref. 41.)
However, thiskind of low-energy mill may leadtoanincreaseintherequired
milling time for a complete MA process, it produces homogeneous and

Zone of Tumbling
YY-Z2Z

Outer
Cylinder
Rotation

Rolling Layer
of Balls
Loosely Packed
Center of Rotation

Zone of Quiet

Elevation Rise
XX-YY

Layer More Tightly Gripped

(Next to Shell)

Cioyn

e
Lt

Zone of Impact

ZZ-XX X

A Layer Nearer to Center
Less Tightly Gripped

Figure 1.8. Schematic cross-section of tumbler ball mill showing ball movement [l

uniform powders.[*”l In addition, it is cheaper than those of the high-energy
millsand can be self-made with lower costs. Moreover, tumbling millsare
operated simply with low maintenancerequirements.

Tumbler Rod Mill. Our current knowledge of the materialswhich
arefabricated by MA hasshownthat almost all ball-milled aloy powdersare
contaminated with iron, when stainlesssteel ballsand vial areused; thisisa
natural consequenceof thecollision betweenmillingmedia. Therefore, MA
method isfaced with aserious problem which hasimpeded progress. Since
theball-powder-ball collisioninatumbling, planetary, or vibrating mill can
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be the main source of iron contamination, different kindsof mills, inwhich
thereisno collision between the milling mediashould be used.

In 1990, El-Eskandarany et al.[*l employed alaboratory scale rod
mill for preparing a large amount (30 g) of homogeneous amorphous
Al Taypowder. Intheir experiments, they madeastainlesssteel (SUS304)
cylindrical shell and used 10 stainlesssteel (SUS304) rodsasmillingmedia.
In order to prevent jamming of the rodsinside the shell, the shell has been
designed sothat itslength (250 mm) isgreater thanitsdiameter (120 mm) and
therodshavebeen cut tolengths(200 mm) lessthanthefull length of theshell.
The movement of the rods inside the shell was directly observed through a
thick and transparent plastic plate sealing the window of the shell. This
observation has shown that the milling occurs by the line contact of rod-
powder-rod extendingover thefull length of theshell. Theresultshaveshown
that a single phase of amorphous Al, TM 140, (TM; Ti, Zr, Hf, Nb, and Ta)
powderswithlow iron contamination content canbeformedviarod-milling
technique.[*81159 They reported that rod-milling technique leads to the
formation of high-thermal stable, homogeneousand low iron-contaminated
amorphousalloys.

Figure 1.9 showsthe concentration content of iron concentrationin
mechanically alloyed Al4,Ta,, asafunction of (a) rod-milling and (b) ball-
milling times, as well as the effect of repeating the MA process. At the
beginning of thefirstmillingrun, themilling mediawereusedintheabsence
of mechanically alloyed powder coatings. After thisrun, themilling media
which had been coated by the powderswere used againinthesecond andthe
thirdmillingruns. A drasticdecreaseiniron content fromthefirst tothethird
milling runswasobserved. It al so showsthat the amount of iron contamina-
tionin therod-milled powdersislower than in the ball-milled powders.

In the ball-milling (BM) process the starting elemental powders
usually agglomerate at the early stage of millingtoform powder particlesof
greater diameters, aslarge as several hundred microns, and thisisfollowed
by continuousdisintegrationuntil theparticlesizeislessthanafew microns.
AsshowninFig. 1.10, therod milling (RM) leadsto asimilar behavior for
thevariationinpowder diameters. InRM, however, theaverage diameter of
theagglomeratepowdersisvery small and thesubsequent disintegrationinto
fine powders proceeds at ahigh rate to provide anarrow size distribution.

1.3.1.2 Effect of Ball-to-Powder Weight Ratio

The effect of the ball-to-powder weight ratio (W,;W;) on the
amorphization reaction of Alg,Tag, alloy powdersinalow-energy ball mill,
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Figure 1.9. Iron contamination content in mechanically alloyed Aly;Ta;, powders as a
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Figure 1.10. Particle size distribution of mechanically alloyed Al3;Ta, as a function of

rod-milling (RM) and ball-milling (BM) times. (After El-Eskandarany et al.)[4
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was studied in 1991 by El-Eskandarany et al .[>1 They haveused 90 g, 309,
20 g, 10 g, and 3 g of powdersto abtain Wp: W, ratios of 12:1, 36:1, 54:1,
108:1, and 324:1, respectively. (SeeFig. 1.11.)

The x-ray diffraction patterns (XRD) of mechanically alloyed
AlgyTag, powders as ball milled for 1440 ks (400 h) as a function of the
W,: W ratio. Singlephaseof amorphousalloysareobtained whenratios36:1
and 108:1 were used. The Bragg peaks of elemental Al and Tacrystalsstill
appear when the Wy,'W, ratio is 12:1, indicating that the amorphization
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Figurel.11. Thex-ray diffraction patterns (XRD) of Alg,Tag, aloy powdersasball milled
for 1440 ks (400 h) as a function of the ball-to-powder weight ratio, W,:W,. (After El-
Eskandarany et al.)l>1

reaction is not completed. In contrast, when the Wp: W, ratio is 324:1, the
amorphous phase coexists with the crystalline phases of AlTa, AlTa,, and
AlTaFe.

Based ontheir results,® it isconcluded that the rate of amorphiza-
tion depends strongly on the kinetic energy of the ball mill charge and this
dependsonthenumber of opportunitiesfor thepowder particlestobereacted
and interdiffused. Increasing the W,:W,, ratio accelerates the rate of
amorphization, whichisexplained by theincreaseinthekinetic energy of the
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ball mill chargeper unit massof powders. It hasbeen showninthisstudy that
thevolumefraction of theamorphousphaseinthemechanically alloyed ball
milled powdersincreasesduring theearly stage of milling, 86—173 ks (48 h)
with increasing W,:W, ratio. It is noted that further increasing this weight
ratio leadsto theformation of crystalline phasesand thismight berelated to
thehighkineticenergy of theball mill chargewhichistransformedinto heat.
When the Wp: W, ratio was reduced to 12:1, however, the amorphization
reactionwasnot completed. Thisindicatesthat thekinetic energy of themill
charge is insufficient for complete transition from the crystalline to the
amorphous phase.

It is worth noting that powder particles reached the minimum of
extremefinenesswhen using ahigh W, W, ratio. Onedisadvantageof using
suchahighweight ratioisbeing thehigh concentration of iron contamination
which is introduced to the milled powders during the MA process, as
presented in Fig. 1.12.

1.3.1.3 Effect of Milling Atmosphere
Theatmosphereof themill isconsidered asoneof themostimportant

factorsduring ball and/or rod milling of the elemental powders. It hasbeen
shownl?"] that very finepowdershavere atively largesurfaceareasand, thus,
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Figure 1.12. Iron contamination content in mechanically alloyed Alg,Tas, powders as

afunction of the ball-milling time and ball-to-powder weight ratio, Wy,:W,,.(After El-
Eskandarany et al.)[51
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are highly reactive not just with oxygen, but also with other gases, such as
hydrogen or nitrogen.[? This so-called reactive ball milling®®® will be
discussed in another chapter of thisbook.

It has been suggested by Yavari et a.[52 that the amorphization
reaction which takes place in aball mill between immiscible A-B binary
coupleswithAH ;,<Oisattributed to thepresenceof someoxygen (~5at. %)
and the ternary mixtures are found to be miscible with AH,;,<O.

14 MECHANISM OF MECHANICAL ALLOYING

As previously mentioned, the main process which takes placein a
mill during the MA method to produce quality powders with controlled
microstructure is the repeated welding, fracturing, and rewelding of a
mixture of powders of the diffusion couples. It is critical to establish a
balancebetween fracturing and cold welding in order to mechanically alloy
successfully. Two techniques are proposed by Gilman and Benjaminl?Z to
reducecoldweldingand promotefracturing. Thefirst techniqueisto modify
the surface of the deforming particles by addition of a suitable processing
control agent (PCA) (wet milling) that impedes the clean metal-to-metal
contact necessary for cold welding. The second techniqueisto modify the
deformation mode of the powder particles so that they fracture before they
are ableto deform to the large compressive strains necessary for flattening
and cold welding. Cooling the mill chamber isan approach to accel eratethe
fracture and establishment of steady-state processing (effect of milling
temperature).[%]

We should emphasize that milling the powders of certain metals
which cold-weld easily (e.g., Ti, Zr, Al, Pb, Zn, Ag, etc.) with an organic
agent (PCA),[3 may lead to aundesired reaction between the PCA and the
milled powders, specifically those pure metals of the 4f and 5f elements.

1.4.1 Ball-Powder-Ball Collision

Thestarting material powdersthat are mechanically alloyed can be
two (or more) metallic powders, powders of intermetallic compound(s) or
dispersoid powders. The MA process starts by blending the two (or more)
individual powder constituentsin order to obtain thefinal or so-called end-
product after certain hours of milling (dry or wet). The morphology of the
powdersismodified whenthey are subjectedtoball collisions(Fig. 1.13). It
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isworth notingthat theeffectsof collisionsonthemilled powdersdependon
the type of the constituent particles.

It has been shown that theinitial ball-powder-ball collision causes
the ductile metal powders to flatten and work harder when they are cold
welded and heavily mechanically deformed. Therefore, they flatten, overlap,
andatomically cleanmetal interfaces. They arebrought intointimatecontact,

§ > > = 3 %
NS ERIA
> ‘c ST L) -
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Figure 1.13. Ball-powder-ball collision of powder mixture during mechanical alloying.
(After Gilman et al )24

forming layered structure of composite particles consisting of various
combinationsof thestartingingredients, asschematically showninFig. 1.13.
Further milling results in cold welding and deformation of the layered
particles and arefined microstructure is obtained. Due to the initially low
hardness of the starting elemental powders, the lamellar spacing of the
agglomerated particlesarequickly reduced uponfurther milling. Increasing
the MA time increases the hardness and this leads to fracturing of the
agglomerated powdersinto smaller particles. Further millingtimeleadstoan
interdiffusion reaction that takes place at the clean or fresh surfaces of the
intimate layersin the powder particles, to form an alloy.

15 NECESSITY OF MECHANICAL ALLOYING

Mechanical alloyingisauniqueprocessfor theformation of several
alloysand compoundsthat aredifficult or impossibleto be produced by the
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conventional melting and casting technique. For example, Al-Ta binary
system (Fig. 1.14) showsaremarkabl e gap difference between the melting
points of Al (933 K) and Ta (3293 K). This gap difference restrictsthe
production of such promising advanced material sthat are used ascapacitors
inindustrial applications. The MA method leads to the fabrication of such
new amorphous material with awide range of formation.

MA hasal so been used asapromising method for thefabrication of
many nanocrystalline and nanocomposite materials (Chs. 3 and 4), espe-
cialy the refractory materials of metal carbides (Ch. 5) and metal nitrides
(Ch. 6), using very simple techniques. More recently, the MA method has
been used for reducing several metal oxides (Ch. 7) at room temperature.
Furthermore, it can also be used for the fabrication of many amorphous
materials (Ch. 8) at room temperature.
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Fabrication of ODS
Alloys

ISP
a4 100 pm

Two of the most important alloy systems to emerge from the
mechanical alloying process are based on iron and nickel. The solid-state
alloying process for these materials is designed to introduce fine disper-
sions of yttrium oxide particles. The mixture of metal powders and fine
refractory oxide powders are milled together, extruded, and further de-
formed to achieve the required shape. The figure shows a micrograph of a
well processed ODS superalloy powder. (After Benjamin, J. S., Metall.
Trans., 1:2943, 1970.)

21 INTRODUCTION AND BACKGROUND

As pointed out in Ch. 1, the original mechanical alloying (MA)!!
processwastheby-product of researchinto adifferent subject. Thisprocess
was developed in 1966 at INCO'’ s Paul D. Merica Research Laboratory as
part of a program to produce an alloy combining the benefits of oxide

22
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dispersion strengthening (ODS) with gamma prime precipitation harden-
ing in a nickel-based superalloy intended for gas turbine applications.!?

Intheearly 1960s, INCO had devel oped a process for manufactur-
ing graphite aluminum alloys by injecting nickel-coated graphite particles
into amolten bath by argon sparging. A modification of the sametechnique
was tried to inoculate nickel-based alloys with a dispersion of nickel-
coated, fine refractory oxide particles. The purpose of nickel coating was
to render the normally unwetted oxide particles wettable by a nickel-
chromium-based alloy.

Early experiments used metal-coated zirconium oxide purchased
from outside vendors. Chemical analysis, metallographic analysis, and
mechanical property measurements, however, revealed no differences
between the inocul ated materials and uninocul ated alloys. Examination of
the inoculants revealed that they were zirconia-coated nickel rather than
nickel-coated zirconia.

A number of different processeswere studied for production of the
coated fine oxides required for this injection process. These processes
included co-reduction of mixed oxides of nickel and thorium and ball
milling of variousoxideswith nickel inorder toform acoating of theductile
metal onthe oxide, much aswasdoneover 70 years agoll in the production
of tungsten carbide-cobalt composite materials. The ball-milling process,
in particular, was used to coat oxides with metals that could not be applied
by chemical processesduetotheir reactivity. For example, zirconiumoxide
was coated with aluminum in one such experiment. Since the apparatus
employed asmall high-energy vibratory mill, and could produceonly 1 cm?®
of powder per run, these powders were used only for studies of the rate of
rejection of oxide powdersfrom molten aloys. Compacts of the composite
powders were partially melted in an arc melter, sectioned, and examined
metallographically.

In 1966, attention was turned to the ball-milling process that had
been used to make metal powdersfor wetting studies asameans of making
the alloy itself by powder metallurgy. This choiceis attributed to the fact
that the ball-milling process could be employed to coat hard phases, such
as tungsten carbide or zirconium oxide with soft phases such as cobalt or
nickel. It was also considered that:

» Both welding and fracturing occur during ball milling of
metallic powders.

« High-energy ball mills can greatly increase the rate of the
grinding and fracture processes.
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« Virtually any composition could be manufactured using a
mixture of elemental and readily available powders in-
stead of having to rely on atomized pre-alloy powders,
which are relatively expensive.

» The thermodynamic activity of reactive gamma prime
forming elements, such as aluminum and titanium, could
be reduced in orders of magnitude by combining them
with less reactive metals, such as nickel, in intermetallic
compounds.

Thesekey ideasled to the concept of establishing akneading action
which would refine the internal structure of powders while maintaining
their overall particle size at a relatively coarse level, preventing
pyrophoricity.[2

22 APPLICATIONSAND EXAMPLES

221 ODS Ni-Base Superalloys and Fe-Base High-Temperature
Alloys

The major commercial dispersion-strengthened Ni-base superal-
loysproduced to date by mechanical alloying processare INCONEL alloys
MA 754, MA 758, and MA 6000. The composition of these aloys is
presented in Table 2.1.

Table 2.1. Composition of Ni-base ODS Superalloys Produced by
Mechanical Alloying Process (in wt.%)!“

Alloy Ni Cr Co W Mo Ta Al Ti  Y,04
MA 754 Bal. 20 - - - - 03 05 06
MA 758 Bal. 30 - - - - 03 05 06

MA 6000 Ba. 15 - 4 2 2 45 25 11
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2.2.1.1 INCONEL MA 754

In 1980, Weberl® prepared alargeamount of mechanically alloyed
ODS superalloy (INCONEL MA 754). It isessentially aNi-20% Cr alloy
strengthened by about 1 vol % Y ,05. The Ni, Cr, and Y ,0, powders were
milled until ahomogeneousNi-20% Cr alloy wasformedinwhichtheY ,0O;
particleswere uniformly distributed. Thefabricated alloy powder wasthen
consolidated by hot extrusion which was followed by hot rolling. A
recrystallization step, often directional, followed consolidation that re-
sulted in elongated, high-aspect-ratio grainsthat were very stable owingto
the inert oxide pinning. After the directional crystallization, the grains had
typical dimensionsof ~500to 700 um parallel to theworking directionand
~ 15 um perpendicular to this direction. The typical BFI of the fabricated
MA 754 isdisplayed in Fig. 2.1, which shows the oxide distribution in the
metallic matrix. Benjamin et al .18 have suggested that fine particles are a
uniform dispersion of stable yttrium aluminates formed by the reaction
between the added Y ,05, excess oxygen in the powder, and the aluminum
added to getter oxygen. In Fig. 2.1, the larger particles are titanium
carbonitrides. The dispersoids are typically 14 nm in diameter with an
average spacing of 0.2 um. The 1093°C stress rupture properties of
INCONEL MA 754 are compared to those of other aloysin Fig. 2.2. The
MA 754 alloy, like other ODS materials, hasavery fine, flat, log stress-log
rupture life slope compared to conventional aloys. The strength of MA
754, about 100 MPafor 100 hourslife, is somewhat higher than both of the
other ODS alloys and several times greater than conventional materials,
MAR-M aloy509andalloy 80A. Thus, while MA 754 aloy iscomparable
to TD (Thoriadispersed) NiCr, it hasanon-radioactive dispersoid and high
strength, so it is suitable for applications such as gas turbine vanes.

2.2.1.2 INCONEL MA 6000

INCONEL MA 6000 combines preci pitation strengthening (gamma
prime, y, precipitates) from its Al, Ti, and Ta content for intermediate
temperature strength with oxide dispersion strengthening from the Y ,0;
addition for strength and stability at very high temperatures. It contains
about 25% of y precipitates. Thedispersoid dimensionsare 30 nm average
diameter and 0.1 pm average spacing. Asin MA 754, the Y ,05 reactswith
oxygen and aluminum to form uniform dispersions of yttrium aluminates,
e.g., yttrium-aluminum garnet 5A1,04:3Y ,05(YAG). The Y AG dispersoid
appears to be very stable.
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Figure 2.1. BFI micrograph of INCONEL MA 754 showing uniform distribution of the
fine primary dispersion, the presence of coarser carbonitrides and microtwins. (After
Weber.)[®!
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Figure 2.2. Stress rupture properties of MA 754 at 1093°C compared to those of other
aloys. (After Weber.)l®!
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Negligiblecoarseningisobserved for stressrupturetestsat ~750°C
and only small coarsening for temperatures of 950t0 980°C at rupturelives
beyond 10* hours. These changes cause no serious loss in the loadbearing
capability of the alloy, for practical applications.[”! Figure 2.3 shows the
1000-hour creeprupturestrengthfor MA 6000 alloy compared with several
other MA ODS alloys!®l It is clear that MA 6000 has superior rupture
strength at the highest temperatures (less than 900°C) and comparable
strength to MAR-M 200 at intermediate temperatures. MA 6000 alloy has
been used to a small extent, so far, in gas turbine engine blades.
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Figure 2.3. Creep rupture at 1000 h for MA alloys compared with cast and wrought
superalloys: (1) MA 956, (2) MA 764, (3) MA 753, (4) MA 6000, (5) MAR-M 200, and
(6) NigyAl. (After Sundaresan et al.)®l

2.2.1.3 INCOLOY MA 956

The iron-base INCOLOQY alloy MA 956 contains about 20% Cr,
4.5% Al, 0.5% Ti, and about 0.5% Y,O5. It can be used at operating
temperatures of over 1300°C inacorrosiveatmosphere.[8l MA 956 also has
excellent fabricability. It can be cold-worked and can be joined by several
welding techniques. MA 956 sheets can be bent more than 150° around a
diameter equal to twice the sheet thickness.® The first ODS material
designed asastructural systemwas SAP (Sintered Al Powder) asdevel oped
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by Irmann.[?! Sintered Al Powder (SAP) displayed a greater strength
than pure Al and no changes were observed after extended heating near
the melting point. In 1957, Benjamin et al 1'% devel oped further SAP. Bars
of SAP were made by amixture of 1 to 10% vol % Al,O; powder in pure
Al powder. The Al, Oy particles in SAP exhibit a wide distribution of
sizes (~10 nmto 1 um), as presented in Fig. 2.4. In order to maximize the
strength of Al-Al,O; ODSalloysit was desired to obtain afiner and more
uniform distribution of the Al, O, dispersion in the Al matrix.

0.5um

Figure 2.4. BFI of as-extruded MA Al. (After Benjamin et al.)[*%

Figure 2.5 shows the variation of ultimate tensile strength as a
function of the combined volume fraction of Al,O; and carbon and
comparesit to some SAP materialsof comparablestrength. Thecorrelation
between the ultimate tensile strength of MA Al and Al,O, content aloneis
not as good; indicating that certain carbon dispersion contributes to the
strengthening.'% Hightensilestrengths of the heatswere obtai ned withlow
dispersoid levels (lessthan 5.4 vol %). Sintered Al Powder (SAP) products
containing thiscontent of Al, O, dispersoid typically show tensilestrengths
at room temperature of around 241 MPa.'1 Strengths of 310 MPato 448
MPa are only obtained in SPA products with more than about 7 vol %
Al,0,.2



Fabrication of ODS Alloys 29

- . J450

D mechanically T
i 60F o alloyed 400 =
= aluminum ] £
< | =
o i)
C
£ s0F 1350 ¢
n 7]
Q£ )
_ - . —3
2 SAP 4300 @
2 % 2
= |
g -1 250 %
E L g
> 5

e ST . 1200

>4 6 8 10 12 14

Total volume % dispersoid

Figure 2.5. Room temperature tensile strength vs. dispersoid content for SAPand MA Al.
(After Benjamin et al.)[19

It was found necessary to use a process control agent, such as a
stearic acid or methanol, to prevent excessive welding.[*?! The decompo-
sition of the process control agent during mechanical alloying and subse-
guent powder compaction by hot pressing and extrusion resulted in signifi-
cant contamination by carbon. The carbon was believed present as Al ,C,
dispersoids. Thus, dispersion strengthening in these materials comes from
both Al,O5 and Al ,C; dispersoids.

Conventional Al-Mg alloys have inherently good corrosion char-
acteristics and dispersion strengthening of such alloys through MA was
seento beof technological value. It was upon thisbasisthat the MA process
was extended to produce adispersion-strengthened Al-4 vol % Mgalloy by
Benjaminet al., in 1981.1281 A mixture of commercial Al and Mg powders
is charged into a high-energy ball mill (Szegvari attritor)[*4 filled with
small steel grinding balls. The powder particles are trapped between
colliding grinding balls and severe plastic deformation results. The sur-
faces of the starting Al and Mg powders are covered by adsorbed gases,
hydrated oxides, and other thin amorphous compounds, such ascarbonates.
As displayed in Fig. 2.6, flattening during MA processing increases the
surface-to-volume ratio of the powders and ruptures the surface films,
exposing atomically clean metal.
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Figure 2.6. Rupture of surface contamination films by plastic deformation during MA
process of Al and Mg powders. (After Benjamin et al.)[1!

As shown in Fig. 2.7(a), cold welds are forced between powder
particles, building up composite particles and entrapping fragments of the
surface films within the composites. Adding a control agent during MA
process|eadstoincreased oxygen and carbon contents of thepowders. This
pickup occurs by the formation of new adsorbed surface layers [Fig.
2.7(b)]. Further processing of the composite metal particles [Fig. 2.7(c)]
caused further welding and plastic deformation. Thisthins the lamellae of
the original starting powders, and causes further fragments within the
composite particles. The internal homogeneity of the composite particles
isimproved by thisthinning of theinternal lamellae. Inadditiontowelding,
whichtendstoincreaseaverageparticlesize, fracturing occurs, whichtends
to decrease average particle size. The fracturing is assisted to some extent
by the increased carbon and oxygen content, due to the occlusion of a
process control agent.

With further processing, the internal structure of the powders
continues to be refined. Local composition, from particle to particle and
within the particle, approaches the average composition of the desired
aloy. The end point of the MA process is reached when the surface film
fragments are randomly distributed throughout the powder particles and
metallic alloying has been completed on a submicron scale.

The microstructures of MA Al-Mg powders after partial and
complete processing are shown in Fig. 2.8.
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Figure 2.7. Schematic diagram of the MA process applied to Al-Mg alloys. (After Benjamin et al )X
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(b)

Figure 2.8. Microstructures of mechanically alloyed Al-Mg powders after (a) partia
processing and (b) complete processing.
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The Al-Mg, with uniform equaxed oxygen and carbon-based

dispersoids, and Mg solid solution strengthening, gave tensile strengths of
520 to 585 MPa along with excellent resistance to corrosion and stress
corrosion cracking.

REFERENCES

ok 0D E

o

10.
11.
12.
13.
14.

Benjamin, J. S., Metall. Trans., 1:2943 (1970)

Benjamin, J. S., Sci. Forum, 88-90:1 (1992)

Hoyt, S. L., AIM Trans., 89:9 (1930)

Gilman, P. S., and Benjamin, J. S., Ann. Rev. Mater. Sci., 13:279 (1983)

Weber, J. H., The 1980s-Payoff Decade for Advanced Materials, 25:752,
Azusa, CA, S.A.M.P.E. (1980)

Benjamin, J. S., and Volin, T. E., Metall. Trans. A, 5:1929 (1974)

Benn, R. C., Benjamin, J. S., and Austin, C. M., High Temperature Alloys:
Theory and Design, Warrendale, PA, TMS-AIME (1984)

Sundaresan, R., and Froes, F. H., Modern Developments in Powder
Metallurgy, 21:439 (1988)

Irmann, |. R., Metallurgia, 46:125 (1952)

Benjamin, J. S., and Bomford, M. J., Metall. Trans. A, 8:1301 (1977)
Bloch, E. A., Met. Rev., 6:193 (1961)

Hansen, N., Metall. Trans., A1:545 (1970)

Benjamin, J. S,, and Schelleng, R. D., Metall. Trans. A, 12:1827 (1981)
U.S. Patent No. 2,764,359, Szegvari, A. (1956)



3

Fabrication of
NanophaseM aterials

The figure shows a cross-sectional view of as-consolidated me-
chanically reacted WC powders. The fabricated WC materials viaMA process
have shown advanced and unique properties owning to their nanocrystalline
structure. (El-Eskandarany et al., Metall. Trans. A, 27:4210, 1996)

31 INTRODUCTION

Most crystalline solids are composed of acollection of many small
crystalsor grains; termed polycrystalline. Theterm nanocrystal linematerials
(asoknownasnanostructured or nanophasematerial s)!1% isused todescribe
thosematerial sthat haveamajority of graindiametersinthetypical rangefrom
~1t0 50 nm.l3 Whether it can be called arevolution or simply evolution,
the nanocrystalline material s have received much attention as advanced
engineering material swith unique physical and mechanical properties. The

34



Fabrication of Nanophase Materials 35

mechanical propertiesof the nanocrystalline material sat roomtempera-
tureare always superior (i.e., higher strength and toughness) to those of
coarse-grained ones. Intensive research on these materials has been
performed since the pioneering investigations of Gleiter.[H4]

3.2 INFLUENCE OF NANOCRYSTALLINITY ON
MECHANICAL PROPERTIES: STRENGTHENING BY
GRAIN SIZE REDUCTION

One of the very basic results of the physical chemistry of solidsis
theinsight that most properties of solids depend on the microstructure. The
size of thegrains (average grain diameter) in apolycrystalline material has
pronounced effectsonmany of itsphysical and mechanical properties. A fine-
grained material, or so-called nanostructured material,isharder and stronger
thanonethat iscoarse-grained (Fig. 3.1), sincetheformer hasagreater total
grain boundary areato impede dislocation motion. For many materialsthe
yield strength, oy, varieswith grain size according to:

Eq. (3.1) 0, = 0y +k,d 2
In this expression, termed the Hall-Petch equation, d is the average grain

diameter, and g, and ky are constants for a particular material.

Grain size, d (mm)
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Figure3.1. Theinfluenceof grainsizeontheyield strength of Cu-30% Znbrassalloy. (After
Suzuki )
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The information for the average grain diameters can be primarily
obtainedfrom TEM and/or HRTEM observations, and x-ray linebroadening.

3.3 FORMATION OF NANOCRYSTALLINEMATERIALSBY
BALL MILLING TECHNIQUE

Nanocrystallinemateria scanbesuccessfully synthesized by several
techniques, includinginert gas condensation,® rapid solidification,!”l elec-
trodeposition,!® sputtering,[¥ crystallization of amorphous phases,*! and
chemical processing.'l (SeeFig. 3.2.)

Techniques for
Preparing
Nanocrystalline Materials

Inert Gas
Condensation

Rapid Solidification

Electrodepositions

Sputtering

Crystallization of
Amorphous Phase

Mechanical Alloying

Figure 3.2. Nanocrystalline materials are a unique class of the advanced engineering
materialsthat can be prepared by several methods.
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It hasbeen reported that compositesof amorphousand nanocrystal -
line phaseshaveuni que propertieswhen compared with those of amorphous
pha%s[lz]

Amongst the different options for preparations, the mechanical
alloying method has been consi dered themost powerful tool for nanostruc-
turedmaterial 9% becauseof itssimplicity, rel atively inexpensiveequipment,
andthepossihility of producinglargequantities, that can bescaled uptosevera
tons.[* Theformation of nanocrystallinematerial sduring MA of ceramicsor
metallic powdersisattributed to theintense cold working on the bal | milled
powders. Thisleads to adramatic increase in the number of imperfections
(e.g., point and | atti ce defects) whichleadsto decreasi ng thethermodynamic
stability of thestartingmaterials. Based onthetypeof defectsapplied, different
kinds of nanocrystalline materials, with different physical and mechanical
properties, can be obtained.[141°]

Itisbelieved that thereductioningrain size during MA takes place
similar tothat suggested by themodel for nanocrystal linematerial sfabricated
by gas condensation.!®! It isworth noting that the enthal py stored viahigh-
energy ball milling isfar abovethan that for the conventional cold working
technique.[1€! For example, theenthal py stored through coldwel ding of metal's
and alloys does not exceed 2 kJ/mol and isonly asmall fraction of the heat
of fusion, AH;.1*1 IntheM A method, however, theenthal py islarger and can
reach higher valuesof crystallization enthal pied'” of ametallicglass, ashigh
as 0.4 times the heat of fusion. We should emphasize that such enthalpy
storage, in the form of lattice and point defects, cannot be achieved in
traditionally processed material s. Hence, thegrainboundary energy of milled
nanocrystalline powders is larger than the grain boundary energy of fully
equilibrated grain boundary .18l

3.3.1 Mechanism(s)

Themechanismfor formation of nanocrystallinematerial sby theball-
milling technique has been proposed by Fecht,[**! who summarized the
phenomenology of thegrain sizereductioninto three stages.

Fir st Stage. Plasticdeformationthatisproducedinthecrystal lattices
of theball milled powdersby slipandtwinning. Thisdeformationislocalized
inshear bandscontai ning ahigh densenetwork of dislocation. Thelocal shear
instability of acrystal | attice can betriggered by material heterogeneity and
enhanceinstabilities.[® Itisworth noting that theseinstabilitiesresult froma
nonuniform heat transfer duringthemechanically induced deformation of the
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milled powders. During this stage of milling (early stage), the atomic level
strain increases as aresult of increasing the dislocation density.

Second Stage. Duetothesuccessiveaccumul ation of thedislocation
density, thecrystalsaredisintegratedinto subgrainsthat areinitially separated
by low-anglegrainboundaries. Theformation of thesesubgrainsisattributed
to the decrease of the atomic level strain.

Third Stage. Further ball milling timeleadsto further deformation
occurring in the shear bands located in the unstrained parts of the powders
which leadsto subgrain size reduction so that the orientation of final grains
becomesrandomincrystall ographicorientationsof thenumerousgrainsand
hence, the direction of slip variesfrom one grain to another.

3.3.2 Selected Examples

Formation of NanocrystallineNi,M 0,4, (x=60and 85at. %).
Trudeau et a.l?% have carried out a high resolution electron microscope
(HRTEM) study of mechanically alloyed Ni,M0;4q., (X = 60 and 85 at. %)
powderswhichwereprepared by millingpureNi andMoinahigh-energy ball
mill. Theend productsfor both compositionsarenanocrystallinefccalloys.
They havefollowedthereductioninthegrainsizefor bothalloysasafunction
of themillingtime[seeFig. 3.3(a)].

Theirresultshaveindicated that thereductionincrystal sizeistaking
placeby increasingtheball millingtime. By correlatingthecrystal size[Fig.
3.3(a)] and the strain values [Fig. 3.3(b)] we can conclude that a drastic
fragmentation of thecrystallitesisachieved during thebeginning of theMA
processand thegrainsrefined to beabout 10-20 nmwith alargeincreaseon
theinternal strain. Uponfurther milling, thestrainstill increasesinthelattice
andreachesvaluesthat provoke, after 15hof milling[Fig. 3.3(b)]. Thestrain
dropsafterwardsandthecrystal sizedecreasesbelow 10nm[Fig. 3.3(b)].
They have concluded that alarge number of dislocations are present inthe
crystalswhentheinternal elastic strainreachesitsmaximumvalue(10-15h).
Theresults of their work shows that when the size of the crystallitesisless
than 10 nm, the crystals are dislocation-free. Plastic deformation, in this
case, takes placethrough aglide along the grain boundaries. After along
milling time, high-anglegrain boundariesareformed.[%!

Formation of Nanocrystallinefcc M etals. Eckert et al 124 carried
out asystematic study for thegrai nreduction of puremetalswithfccstructure
duringball milling. Themillingwascarried outinahigh-energy ball mill under
an argon and hydrogen gas atmosphere, using hardened steel ballswith
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ball-to-powder weight ratioas4:1 (for Al, Cu, Ni, and Pd) or 6:1 (for Rhand
IT). Thestructure of themilled powder was characterized by meansof XRD
and TEM techniques.
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Figure3.3. (a) Average grain size of the nickel crystallitessize, L asafunction of milling
time measured by x-ray diffraction (open symbols) and direct TEM observations (full
symbols) for (¢ & ) NiggMo;5 and (! F) NigsMo,5, (b) RMS strain measured by x-ray
diffraction for the same alloys. (After Trudeau et al.)[2°!

TheXRD patternsof Pd powdersbeforeand after 20 hoursof milling
areshowninFig. 3.4. Thesharp Bragg peaksareremarkably broadened after
ball milling, duetotherefinement of thecrystal sizeandanincreaseininternal
strain, they haveshownacorrel ation betweenthemelting pointsof themetallic
milled powdersandthefinal averageof thegrainsize(Fig. 3.5). Whereas, the
grain size can bereduced to only 22 nmfor Al, it decreasesto values below
10nmfor theelementswith high meltingtemperatures. Thissuggeststhat the
recovery ratesduring the milling processcorrel ate with the melting point of
thespecificmetal, thuspreventing very small grainsizesforlow melting point
elements.
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Figure3.4. The XRD patternsof Pd powders(a) beforemillingand (b) after 20 h of milling.
(After Eckert et al.)l?!

30 1 T T T

25 -

15f- pE -

10—
~<_Rh
-~ Ir
5| fpa  E- g

Minimum Grain Size (nm)
z /)
’,
[
[
4
[

o1 | | |
1000 1500 2000 2500

Melting Temperature (K)

Figure3.5. Minimum grain sizesfor different metallic fcc metalsvs. melting temperature.
(After Eckert et al.)l?!



Fabrication of Nanophase Materials 41

34 CONSOLIDATION OF THENANOCRYSTALLINE
MILLED POWDERS

Consolidation of milled powdersisanimportant stepfor reliable
and reproducibl edetermination of the physical/mechanical propertiesof
the fabricated materials and is required for most industrial applica-
tions.[22123] Consolidation of the ball milled powdersinto bulk, full density
compactswhileretaining nanoscal egrain sizeisamajor challenge.[?2 Many
sintering techniques, e.g., hot pressing,[?4129 hot extrusion,!?® sintering
forging,?” and HIPing!?8 have been empl oyed to consolidate the mechani-
cally aloyed powders. An attractive technique that has been used for
consolidation of several metallic and ceramics powders is the plasma
activated sintering, PAS. Recently, El-Eskandarany et al.[2?-31 ysed this
sintering techniquefor preparingbulk, fully densenanocrystallinematerials,
using the mechanical aloying method as a source of the nanocrystalline
powders.

InthePA Smethod, thepowdersareconsolidatedinvacuumat 1963
K under pressuresrangingfrom 19.6t038.2 MPafor 0.3ks. Inorder toavoid
undesired graingrowth, thesintering processisusually appliedforonly 0.18
ks. Infact, therearethreeimportant factorsgoverning successful consolida-
tionstepviathe PAS(Fig. 3.6). Thefirst factor istheapplication of uniaxial
load, the second factor is the application of pulsed voltage for plasma
activation, andthelast factor istheresi stanceheating of graphitecrucibleand
powders.

Inthisconsolidationtechnique, whenthedirect current pulsevoltage
is applied to the powders, micro discharge takes place among the powder
particles, which generatesaplasma. Hence, theatomsonthe surface of each
particleareactivated, and the sintering proceduretakesplaceinashorttime
(consolidationisachievedwithin 0.3ks). Accordingly, graingrowth during
sintering can beminimized andthesintered powders(Fig. 3.7) maintaintheir
unique nanocrystalline properties with improved physical and mechanical
properties. Inaddition, the PA Stechniquedoesnot resultinany compositional
and/or structural changesof thesintered powders. Thus, theas-milledand as-
consolidated samplesareidentical intheir properties. [
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Figure 3.6. A schematic presentation of the plasma activated sintering (PAS) apparatus.
(After El-Eskandarany et al.)[®3

Figure 3.7. (a) Bright field image (BFI) and (b) the corresponding selected area
diffraction pattern (SADP) of the as-PAS TiN powders after milling for 173 ks. The
highly dense and the nanostructure characteristics of the sintered sampl e can be noted.
(After El-Eskandarany et al.)l%!
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A

Fabrication of
Nanocomposite M aterials

The idea of combining two or more different materials resulting in
anew material with improved properties dates back to 3000 years, when the
Pharaohs of Egypt knew that plant fibers helped strengthen and prevent
bricks and pottery from cracking. The figure shows a typical composite
material, which consists of brick (dark-gray block matrix) where the plant
fiber materials (light-gray needle-like material) are embedded. (After El-
Eskandarany, Al Azhar University Engineering Journal, 1:143, 1998.)

4.1 INTRODUCTION AND BACKGROUND

Metal matrix composites (MMC) are an engineered combination
of two or more materials in which tailored properties are achieved by
bringing the combined advantages of both reinforcement and metallic
matrix into full play, which gives us a rather high degree of freedom in

45
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material design.[t! Structurally, reinforcements may be in the form of
continuous fibers, short fibers, particles, or whiskers, and early interest in
devel oping these materialswasfueled by their potential for applicationsin
aerospace, naval, and automotive structures.!?

Some composite systems, like SiC/Al, have shown a significant
improvement in their tensile strength and el astic modulus as well as wear
resistance. Improved mechanical properties of particulate SIC/Al com-
posites are due to the transfer of shear load at the matrix/reinforcement
interface.

Unfortunately, thetraditional techniqueof liquid metallurgy, which
istheleast expensive method for composite fabrications cannot be success-
fully applied for the synthesizing of some SiC/Al, due to the extreme gap
difference in the thermal expansion coefficients between the two constitu-
ents and also due to the poor wettability between molten Al (or Al aloys)
and SiC. According to varioustheoretical and experimental studiescarried
out thusfar, SiC reactswith the molten Al to form Al,C;and Si according
to the following reaction:[l

Eq. (4.1) 4A1 +3SIC - Al,C, +3S

This reaction is known to have several undesirable effects on the overall
composite properties:
» Mechanical properties of SiC will be degraded due to the
formation of Al,Cy

* Since the reaction product Al,C; is unstable in some
environments, such aswater, methanol, HCI, etc. 4! the
composite can be susceptible to corrosive environments

* Inaddition, Si, formed as an interfacial reaction product,
will produce Al-Si eutectic at the interface and the grain
boundary regions, resulting in unintended mechanical
properties of the composite

Asaresult, fabrication of SiC/Al compositedevoid of Al,C;haslong been
one of the major concerns.

There are various methods employed in fabricating metal matrix
composites using different processing parameters, melt process, squeeze
casting, powder metallurgy (PM) hot pressing, and spray forming. Among
these processes, two methods have been proven to be effectivein achieving
the goal for fabricating the metal matrix composite (MMC).
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« Si addition into the Al matrix[€-°

« Artificial oxidation of SiC to produce a SiO, layer on the
surface of SiCl10-12]

The basic principle behind both methods is to enhance the Si activity and
thereby reducetheAl activity, by dissolving Si intothe Al matrix. However,
considering the forward reaction whichis presented in Eq. (1), one can say
that such interfacial reaction is also dependent on the temperature and
holding time, etc., and can be the alternative solution to support the
interfacial reaction.

4.2 FABRICATION OF SiCp/Al COMPOSITESBY
MECHANICAL SOLID STATE MIXING

The field of nanocomposites has recently attracted considerable
attention as researchers strive to enhance composite properties and extend
their utility by using nanoscal e reinforcementsinstead of the more conven-
tional particul ate-filled composites.[*®l While smaller reinforcements have
a better reinforcing effect than larger ones, applying the ball-milling
technique for composite fabrications must have the following merits:

« since ball milling is processed at room temperature, the
disadvantages of theliquid metallurgy method for produc-
ing undesirable materials can be avoided

* moreover, the ball-milling process can produce homoge-
neous nanocomposite powders instead of the more con-
ventional coarse particulate-filled composites

In 1998, El-Eskandarany!* employed a high-energy ball mill to
fabricatemetal matrix, acomposite of Al reinforcedwith Si Co withdistinct
nanocrystalline characteristics. In his experiments, pure elemental pow-
dersof Al (99.99%, 10 mm) and SiC (B + a phases) (99.9%, 100 mm) were
weighed to givethe nominal composition of SIC, Al (X=2,5,7,and 10
vol %) and mixedin aglove box under apurified argon atmosphere, using
sapphire mortar and pestle. The initial mixed powders were then charged
and sealed in a stainless steel via (SUS 316, 250 ml in volume) together
with fifty stainless steel balls (SUS 316, 10 mm in diameter). The ball-to-
powder weight ratio was maintained as 20: 1. The ball-milling experiments
were performed in a high-energy planetary ball mill at arotation speed of
3.3s. Toavoid theformation of any undesired contaminated phase(s), no
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lubricant solutionsthat are mainly hydrocarbon compoundswere added
to the charge. The ball-milling experiments were stopped periodically
(every 1.8ks) and then resumed when thetemperature of the vial decreased
to about 300 K. Thefinal product (86 ks of milling) of the mixed powders
were then consolidated into compacts in vacuum at 823 K, which is far
below the melting point of Al (934 K), with a pressure of 19.6-38.2 MPa
for 0.3 ks, using aplasmaactivated sintering method (PAS). Theas-milled
and as-consolidated sampleswere characterized by means of x-ray diffrac-
tion (XRD) with CuK a radiation, scanning electron microscopy (SEM)
using a20 kV microscope, transmission electron microscopy (TEM) using
a 200 kV microscope, and chemical analyses, using the induction coupled
plasma emission and helium carrier fusion-thermal conductivity methods.
Thegas(oxygen, nitrogen, and hydrogen) and theiron, that wasintroduced
to the samples from the milling tools, contamination contents in the end-
product of composite SiC/Al were determined to belessthan 0.07 and 0.2
(at. %), respectively. The density of the consolidated samples was deter-
mined by Archimedes' principle, using water immersion. The hardness of
the compacted samplewas determined using aVickersindenter with aload
of 10 kg. Moreover, the elastic properties of the bulk samples were
investigated by a pulse-echo overlap ultrasonic technique, using an ultra-
sonic detector.

4.3 PROPERTIESOF MECHANICALLY SOLID STATE
FABRICATED SIC, /Al COMPOSITES

431 X-Ray Analysis

Figure 4.1 presents the typical XRD patterns of mechanically-
mixed SiC,o/Aly, powder after (a) O ks of ball-milling time (starting
material mixture of elemental Al and SiC powders) and (b) 86 ks of ball-
milling time (the end-product). Obviously, the starting materials contain
coarse polycrystalline grains of SIC and Al, suggested by the sharp
diffraction peaks of the powder mixture. On the contrary, the Bragg peaks
of both the reinforcement (SiC) and metallic matrix (Al) powders become
broad towards the end stage of milling [Fig. 4.1(b)], indicating the forma-
tion of nanocomposite SiIC/Al material. Remarkably, this end-product is
still an intact mixture of polycrystalline SIC and Al and does not coexist
with any reactive products, such asAl ,C; and Si, suggesting the absence of
any undesirable reactions at the SiC/Al interfaces.
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Figure4.1. XRD patternsof mechanically mixed SiC,/Alq, powder after (a) 0 ksand (b)
86 ks of the milling time. (After El-Eskandarany.)[*4

4.3.2 Morphology and Metallography

SEM technique was used to follow the characteristics of the
powders during the several stages of ball milling. Figure 4.2 may summa-
rizethe morphology, topology, and size of mechanically mixed SiC,/Alg,
(vol %) powder after selected ball-milling time. The powdersat the starting
stageof milling [Fig. 4.2(a)] arebulky withrandom shapeand size. The soft
Al particlesin theinitial starting mixture are affected by the cold working
and the impact and shear forces generated by the milling media, and tend
to agglomerateto form larger powder particleswith an average diameter of
nearly 1000 um, after 3.6 ks of the milling [Fig. 4.2(b)]. At this stage of
milling, thehard particlesof SiC arerandomly embedded into the deformed
Al soft matrix (host matrix) to form coarse composite SiC /Al powders, as
shownin Fig. 4.3. Contrary to the Al powders, the SiC powders have been
dramatically disintegrated to form finer particles with spherical-like mor-
phology. During the subsequent disintegration stage (22 to 43 ks), the
agglomerated powder particlesare subjected to acontinuousdisintegration
with fragmentation to formfiner powderswith extremely wideparticlesize
distribution [Fig. 4.2(c)]. Towards the end of this stage (43 ks), the
reinforcement SiC particles becoming finer (less than 1 um in diameter)
and more uniformly distributed in the Al matrix (Fig. 4.4). The powder of
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the end-product (86 ks of milling time) of SiC,,/Alg, composite possesses
excellent morphological appearance, characterized by the ultrafine (less
than 0.5 um in diameter), smooth (without any detailed structural relief on
the powder surface), and the exactly spherical-like morphology, as shown
inFig. 4.2(d).

Figure 4.2. SEM micrographs of mechanically solid state mixed SiC,/Aly, powder after
(@ 0 ks, (b) 3.6 ks, (c) 22 ks, and (d) 86 ks of the ball-milling time. (After El-
Eskandarany.)l*4
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Figure 4.3. Optical micrograph of the polished and etched particle of mechanically solid
state mixed SiC,o/Aly, after 3.6 ks of the ball-milling time. (After El-Eskandarany.)[*4l
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Figure 4.4. SEM micrograph of the cross-sectional view of a selected mechanically solid
state mixed SiC,/Alg, particle after ball milling for 43 ks. (After El-Eskandarany.)*4l
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4.3.3 TEM Observations

To reveal moreinformation, theinternal structure of the mechani-
cally-mixed powders has been investigated by the TEM technique. This
technique provides information on the structure of the powder particles
within small areas (less than 50 nm in diameter) in which SEM isnot able
to give such information.

Figure 4.5 shows the bright field images (BFI) and the selected-
areadiffraction patterns (SADP) of mechanically mixed powders after 3.6
ks of ball-milling time. Obviously, the large grains of SiC are embedded
intothe Al matrix that are heavily faulted, characterized by parallel rows of
faultswhich appear asmultiplefringes, asshownin Fig. 4.5(a). The SADP
[Fig. 4.5(b)] showsasharp ring-spot pattern that is characteristic of several
simultaneity diffracting polycrystalline3-SiC (fcc) and Al (fcc). Itisworth
mentioning that there is no evidence of the formation of any reactive
products such as Al,C; and Si phases.

100 nm

Figure4.5. (a) BFI and (b) the corresponding SADP of mechanically solid state mixed
SiCyo/Algy composite particle after 3.6 ks of the ball-milling time. (After El-
Eskandarany.)*4



Fabrication of Nanocomposite Materials 53

Figure 4.6 displays the BFI and the corresponding SADP of
mechani cally-mixed powders after 86 ks of ball-milling time. Obviously,
the end-product is a typical nanocomposite material, containing only the
two starting phases of SiC (granular fine grains) and metallic Al (overall
matrix). No more sharp ring-spot patterns appeared [Fig. 4.6(b)], suggest-
ing the formation of fine powders.

20 nm

Figure4.6. (a) BFI and (b) the corresponding SADP of mechanically solid state mixed
SiC,o/Alg, composite particle after 86 ks of the ball-milling time. (After El-
Eskandarany.)*4

4.3.4 Consolidation

In order to determine some of the physical and mechanical proper-
ties of fabricated composite powders, the PAS method has been applied to
consolidate the final product of the milled powders into compacts (20
mm in diameter and 20 mm in thickness). The XRD pattern of the end-
product of as-consolidated mechanically mixed powders, exemplified by
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SiC,/Aly, compact is shown in Fig. 4.7. Comparing this pattern with that
for the milled powders[Fig. 4.1(b)], one can conclude that this consolida-
tion step doesnot | ead to aremarkabl egrain growth of thesintered powders,
and the materials still maintain their unique nanocrystalline structure.
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Figure4.7. Thetypical XRD pattern of as-consolidated mechanically solid state mixed
SiC,y/Alg, that ball milled for 86 ks. (After El-Eskandarany.)*4

TEM techniquehasal so beenusedtoinvestigateboththegrainsize
and the phasesthat may be formed during the consolidation procedure. The
BFI and corresponding SADP of as-consolidated SiC;y/Aly, are shown
together in Fig. 4.8. Comparing thismicrographwiththeoneinFig. 4.6, we
can say that this consolidation step leadsto slight or moderate grain growth
for both thereinforcements (SiC) material and Al matrix. Sincetheaverage
grain size of the composite consolidated sampleislessthan 100 nm (about
20nmin diameter or less) one can say that the sintered sample maintains
its nanocrystalline character. No reaction layers can be detected at the
SiC/Al interfaces, using the shown magnification. It has also emphasized
that this consolidation step does not lead to the formation of any reactive
product(s), and the fabricated nanocomposite bulk material combinesonly
the two starting materials of SiC and Al, as suggested by the SADPthat is
shown in Fig. 4.8(b).

The SEM (back scattering) micrograph and the elemental dot
mapping of Al and Si of as-consolidated SiC,/Aly, compact, are shownin
Fig. 4.9. Remarkably, the SiC particles (sharp-edged light-gray particles)
are embedded and distributed along the Al matrix (dark-gray background
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matrix). Apparently neither voids nor cracks can be detected, indicating an
excellent SIC/Al interfacial bonding [Fig. 4.9(a)]. Moreover, no reacted
product of amorphousor anintermediate phase can beidentified, suggested
by segregation of the elements of Al and Si in the composite sample on a
micron scale, as shown in Figs. 4.9(b) and 4.9(c).

20 nm

Figure4.8. The (a) BFI and (b) the corresponding SADP of as-consolidated mechanically
solid state mixed SiC,/Alg,that ball milled for 86 ks. (After El-Eskandarany.)!*

Figure 4.9. (a) The SEM micrograph and dot mapping of (b) Al and (c) Si of as-
consolidated mechanically solid state mixed SiC,y/Algqthat ball milled for 86 ks. (After El-
Eskandarany.)[*4
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435 Properties

The bulk density of the as-consolidated SiC,/Al;q,, composite
samplesis plotted as afunction of the SIC content, x, in Fig. 4.10.

Obviousdly, the densities increase monotonically with an increase
in the volume fraction of the reinforcement material, to have a maximum
valueof about 2.77 Mg m3for the samplewhich contains 10 vol % SiC, just
above the theoretical density of pure Al (2.70 Mg m'3). It is worth noting
that the densities of all the consolidated samples presented in Fig. 4.10 are
about 99.5% of the theoretical density, suggesting the formation of afully
dense SiC,/Al ;g cOMposite material.
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Figure4.10. Influence of SiC concentration content on the bulk density of as-consolidated
mechanically solid state mixed SiC,/Alyq., that ball milled for 86 ks. (After El-
Eskandarany.)!*4

Figure4.11illustratesthe effect of the SiC additivesontheVickers
hardness of the consolidated samples. As expected, the hardnessincreases
linearly with an increase in the volume fraction of the harder phase (SiC)
inthe soft matrix of metallic Al, to have amaximum val ue of about 2.6 GPa
for thesamplethat contains 10 vol % SiC, whichiswell abovethe measured
hardness of pure Al (about 0.95 GPa) under the same measurement
conditions. Remarkably, thehardnessvaluesfor al the SiC,/Al ., SAMples
have anarrow distribution range indicating a homogeneous distribution of
the reinforcement particlesin the Al matrix.
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Figure 4.11. Correlation between SiC concentration content, X, and Vickers hardness of
consolidated SiC,/Al ;4. powders that ball milled for 86 ks. (After El-Eskandarany.)*
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The elastic moduli presented by the bulk modulus, Young's
modulus, and the shear modul us, of the consolidated mechanically-mixed
SiC,/Al .« cOmposites, is shown as afunction of the SiC content in Fig.
4.12. We should emphasize that the values of the elastic moduli of the
consolidated samples have been estimated from the measured samples
densities and the constant parameters of the non-destructive testing appa-
ratus, as was explained elsewhere.l'[*¢l These values increase signifi-
cantly with increasing the SiC content, suggesting the formation of a
composite material that contains a brittle phase (SiC) which embedded in
the ductile Al matrix.
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Figure 4.12. Dependence of the elastic moduli on the SiC concentration content, x, for
consolidated SiC,/Al 4., powders that ball milled for 86 ks. (After El-Eskandarany.)[*4l
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4.4 MECHANISM OF FABRICATION

In this section, the mechanism for synthesis of this type of impor-
tant engineering composite material will be discussed. In addition, the
mechanism of powder consolidation into nanocrystalline compacts is
explained as well. The challenge in processing SIC/Al compositesis to
promote wetting and interface formation between SiC and Al. Contrary to
the liquid metallurgy technique, that may lead to the formation of undesir-
able brittle phases of Al,C; and Si, the ball-milling technique shows the
possibility of fabrication of nanocomposite SiC, Al 4., Without the exist-
ence of these reactive products. Synthesizing nanocomposite SiC,/Al by
mechani cal-mixing viaball-milling technique can receive much attention.
Thismay be due to the simplicity in the technique and the huge amount of
homogeneous composite powders that can be produced on an industrial
scale at room temperature. Based on the above results, well bonded
nanocomposite SiC,Al;q,.« powder particles are yielded by milling el-
emental Al and SiC powdersinahighenergy ball mill at room temperature.
Neither solid solutions nor reactive products could be detected during the
milling process.

First, it may beuseful toclassify themilling processintofour stages
according to the structure and morphological characteristics of the powder
particles.

4.4.1 Formation of Agglomerates Coarse Composite SiC//Al
Powder Particles

This refers to the first stage of the mechanical-mixing (0-22 ks).
During thefirst few kiloseconds of milling, all the Al powder particlesare
stacked on the surface of the milling tools as a result of cold welding.
Meanwhile, most of the hard particles of refractory SIC powders are
disintegrated and do not blend with the agglomerated Al powders. Asthe
milling timeincreased (3.6 ks), those hard particles of SiC that arerefined
(nearly 20 pm in diameter) and changed in shape to a spherical-like
morphology penetrated and embedded into the soft deformed metallic
matrix of Al particlestoform coarse composite particlesof about 1,000 pm
in diameter.
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4.4.2 Disintegration of the Agglomerates Composite SiC//Al
Powder Particles

Thefirst stage of millingisfollowed by asecond stage (22 ksto
43 ks) in which the agglomerated composite particles are shattered and
disintegratedinto several particlesapparently irregular insize[Fig. 4.2(c)].
The disintegration of the powder occurred as aresult of continuous shear
and impact forces generated by ball-powder-ball collisions. However, the
morphology and composition of the individual composite powder at this
milling time may differ remarkably from particleto particle and within the
particleitself, the SiC particles have not separated from the host Al matrix
and no free SiC and/or Al powders could be detected in the mill-product at
thisstage of milling. Thisisattributed to thewell bonding between SiC and
Al that was improved by the mechanical mixing.

4.4.3 Formation of Nanocomposite SiIC /Al Powder Particles

Towardsthe end of the mechanical mixing processing (43 ksto 86
ks) a complete homogenization of the composite powder particles takes
place. At this stage of milling, the powders become ultrafine and the size
of theindividual particlesislessthan 0.5 um in diameter. In addition, the
particle size distribution of the powders has become very narrow, indicat-
ing the formation of a homogeneous and uniform composite powder. The
final product of thepowder (86 ks) containsinternal extraordinary equiaxed
fine sphere grains of SiC about 3 nm in diameter.

4.4.4  Consolidation of Nanocomposite SiC,/Al Powder Particles

An attractive technique that has been used for consolidation of
several metallic and ceramics powders is the PAS. Nanocrystalline mate-
rials with grain size of less than 100 nm are receiving much attention due
to their unique mechanical properties. The ball-milling technique has been
considered a powerful tool for preparing such a class of materials. The
important steps during the PAS process are

« the application of uniaxial load
« the application of pulsed voltage for plasma activation
« the resistance heating of graphite crucible and powders
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AsDC pulsevoltageisappliedto the powder, amicro-dischargetakesplace
among the composite powder particles, which generatesplasma. Hence, the
atoms on the surface of each particle are activated, and the sintering
procedure takes place in a short period of time (consolidation is achieved
within a few kiloseconds, 0.3 ks). Accordingly, grain growth during
sintering can be minimized and the sintered maintain their nanocrystalline
properties.

Another important factor in PAS that governsthe grain size of the
consolidated samplesisthe source of the milled materials powders. When
the as-milled powders, which are introduced to the PAS, have spherical
homogeneous shape with fine nanocrystallinegrains, the PAS step leadsin
paralel to the formation of nanocrystalline fully dense compacts.

It is worth noting that the PAS technique does not result in the
formation of any undesirablereactive products, suchasAl ,C;and Si. These
products are usually obtained when the sintering temperature is above the
melting point of pure Al.
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M echanically | nduced
Solid State Car bonization

2

Carbides have a unique set of properties that are necessary for
cutting tools. This is not only because they have great hardness and wear
resistance, but also because they have good thermal shock resistance and
thermal conductivity. In addition, they have good oxidation resistance. All of
these properties are necessary for considering materials to serve as cutting
tools.

51 INTRODUCTION

Carbides, especially those of the transition-metal carbides of 1V
and V groups in the periodic table, possess unusual properties that make
them desirable and useful engineering materials for many industrial appli-
cationd¥ (Fig. 5.1). They have great hardness values, ranging between 20
and 30 GPa, between alumina and diamond. Most of the carbides have
extremely high melting points (2000°C-3000°C). For example, TaC hasthe

62
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highest melting point known for any material (about 3983°C), withinafew
degrees less than the sublimation point of graphite (4000°C).

One important property of the metal carbides is their chemical
stability at roomtemperature; they areattacked slowly when subjected only
to very concentrated acidic media. The metal carbides are generally very
strong at high temperatures with extremely high values of Y oung’s modu-
lus, however, they are brittle at room temperature. They undergo abrittle-
to-ductile transformation at around 1000°C. In fact, metal carbides are
unique in that they combine the characteristic properties of metals and
ceramics.

v \/

3087 3648

TiC 4.91 VC 565
29 29

3420 3600

ZrC 6.59 NbC 7.79
26 24

3928 3983

HfC 12.67 TaC 14.5
27 25

Figure5.1. Selected propertied? for metal carbides of the fourth and fifth groups in the
periodic table.

From the above-mentioned characteristics of metal carbide, one
can describe them as hard-stable materials. Thus, their properties place
them on top of the refractory materials, which can find a wide range of
industrial applications as cutting tools. In fact, carbides have a unique set
of propertieswhich are necessary for cutting tools. Thisisnot only because
they have great hardness and wear resistance, but also because they have
good thermal shock resistance and thermal conductivity. In addition, they
have agood oxidation resistance. All of these properties are necessary for
considering the materials to be serviced as cutting tools.

Themelting point (T,,) in°C, density (p) ing/cm?, and hardness (H)
in GPa, for each metal carbide are presented as:
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—

m

Eq. (5.1) p
H

Aswell astheir applicationsin cutting tools, metal carbides are employed
as wear resistant parts in wire drawing and extrusion and pressing dies.
They arealso used asdrilling tools and bitsfor mining and petroleum field
applications.

52 DIFFICULTIES OF PREPARATIONS

In the industrial scale of production, the technique of powder
metallurgy is usually used for preparing polycrystalline metal carbides. In
thisprocess, adirect reaction between the powder form of metallic elements
or their hydrides with graphite takes place at extremely high temperatures.
Tables 5.1 and 5.2 summarize the different ways of obtaining the metal
carbides, and the reaction temperature of selected systems.

Recently, a significant amount of attention has been focused on
another techniquefor preparing metal carbides, using amethod called self-
propagating high-temperature synthesis (SHS).[®! In this process, a suc-
cessful reaction between the reactant materials that are a mixture of
elemental metalsand graphitetakes place only at atemperature well above
the melting points of the metallic elements.[

Table 5.1. The Possible Methods for Fabrication of Transition-Metal
(TM) Carbides via the Technique of Powder Metallurgy*

Method Reaction

Direct reaction between metalic | TM+C —=> TMC
elements or metallic hydrides and
graphite, under vacuum or inert TMH+C — TMC+H,

gas.
Reduction of the metal oxide TMO+C — TMC+CO
by graphite, under vacuum

or inert gas.

Reaction of the metal with TM+C,H, 6 — TMC+H,

carbonizing gas.

TMC +CO — TMC +CO,

* (After Schwar zkopf et al.)l?
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Table 5.2. The Reaction Temperatures for the Formation of Selected
Transition-Metal Carbidesfrom Elements via Powder Metallurgy Way of
Fabrication*

REACTION TEMPERATURE (°C)
Ti+C >TiCc 1700-2100
Zr+C - zrc 1800-2200
Hf +C — HfC 1900-2300
V+C - vC 1100-1200

Nb+C — NbC 1300-1400
Ta+C — TaC 1300-1500
w+C ->we 1400-1600

* (After Schwar zkopf et al.)lZ

From the above, it can be concluded that the preparation of
homogeneous metal carbides with high purity viathe traditional ways of
fabricationsis adifficult task. Thisis attributed to the application of high
temperatures that may restrict the fabrication process, especialy in devel-
oping countries where the facilities of high-temperature furnaces are
limited. Accordingly, the high cost of this process is considered a major
disadvantage for these processes and this increases the price of the end-
product.

5.3 FABRICATION OF NANOCRYSTALLINETIC BY
MECHANICAL ALLOYING METHOD

Since all metal carbides are prepared at high temperatures (see
Table5.2), the possibility for preparing large amounts of homogeneous
nanocrystalline TiC powders at room temperature has been proposed by
El-Eskandarany.!®l Unlikeall other techniquesthat areused for fabrication of
metal carbides(seeTable5.1), MA |eadstotheproduction of metal carbides
with nanoscal edimensions. Thesenanostructured refractory materialsmust
receive tremendous attention due to their expected unique physical and
mechanical propertiesthat can add more advanced propertiestothisclassof
important material (see Ch. 3).
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In this method, pure (99.9%) elemental Ti (30 um) and carbon
powders (5 um) were used as the starting reactant materials and mixed to
give the desired average composition of Ti,,Csgg, then sealed in asapphire
via (80 ml involume) together with sapphire balls (10 mmin diameter) in
aglove box under an Ar atmosphere. The ball-to-powder weight ratio was
10:1. The milling process was carried out at room temperature using high-
energy ball mill (Laboratory Centrifuge Mill, P6, Germany). The ball-
milling experiments were interrupted after selected milling times and a
small amount of the powder was taken from the vial in the glove box. An
individual MA experiment was carried out in order to determinethemilling
temperature during the solid-state reaction between the diffusion couples
of Ti and C. Thiswas achieved by fixing the end of athermocouple at the
outermost surface of the vial. The ball mill was then operated without
interruption and the temperature of the vial was recorded after selected
millingtimes. X-ray diffraction (XRD) with CuK a radiation and transmis-
sion electron microscopy (TEM) operated at 200 kV have been used to
monitor the structural changes of the powders after several ball-milling
times; however, some samples have been characterized by high-resolution
transmission electron microscopy (HRTEM) operated at 200 kV. The
samples of TEM and/or HRTEM have been prepared by mixing the
powderswith asmall amount of pure acohol (2 ml in volume) and stirring
for 30 s. Two or three drops of the suspension were placed on a Cu-
microgrid and then well dried for about 1.8 ks before mounting the
microgrid onto the TEM sample holder. The morphological (shape and
size) changes of the powder after selected milling times were determined
by scanning electron microscopy (SEM), operated at 20 to 30 kV, and
optical microscope. In order to determine the Ti content and the contami-
nation degree of Al (that might be introduced to the milled powders upon
using the sapphire milling tools), the powders of the final product (720 ks)
have been analyzed by theinduction coupled plasmaemission method. On
the other hand, the concentration of C and oxygen contamination content,
that isintroduced to the powdersduring themilling procedureand/or during
the powder handling outside the glove box, has been determined by the
helium carrier fusion-thermal conductivity method.

The mechanically reacted powders were then consolidated in
vacuum at 1963 K under pressureranging from 19.6to 38.2 MPafor 0.3 ks,
using a plasma activated sintering (PAS) method. In order to avoid
undesired grain growth, the sintering process was applied for only 0.18 ks.
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No binding material was used in this consolidation procedure. The as-
consolidated sampleswere al so characterized by meansof XRD, transmis-
sion TEM, SEM, and chemica analyses, using the same experimental
conditions as previously shown. Selected samples (the end-product) have
been investigated by high-resolution transmission electron microscope
(HRTEM). The density of the consolidated TiC was determined by
Archimedes' principle using water immersion. Vickers indenter, with a
load of 50 kg, was used to determinethe hardness of the compacted samples
which milled for selected MA times. The hardness val ues reported below
are averaged from ten indentation results. In addition, some mechanical
properties of the consolidated samples have been determined by non-
destructive tests.

Table 5.3 shows the chemical analyses of the as-milled and as-
consolidated samplesof TiC. Obviously, the as-sintered sample gains 0.10
at. % oxygen during the consolidation procedure, however, the sintering
was achieved under high vacuum, as high as 6.0 x 10°® torr. This may be
attributed to someleaksin thevacuum system of the PAS, nevertheless, the
total contamination content of the bulk sampleis0.38 at. %, acceptablefor
several industrial applications.

Table 5.3. Chemical Analyses of As-Milled and As-Consolidated Me-
chanically Reacted TiC After 720 ks of Ball-Milling Time

Sample Ti C Al O
content | content | content | content
(at.%) (at.%) (at.%) (at.%)

As-Milled 44.80 54.93 0.03 0.24

As-

Consolidated 44.45 55.17 0.03 0.35
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54 PROPERTIESOF MECHANICALLY SOLID STATE
REACTED TiC POWDERS

5.4.1 Structural Changeswith the Milling Time

The XRD patterns of ball-milled Ti,,Css powders are presented in
Fig. 5.2 after selected MA times. After 2 ks[Fig. 5.2(a)], the powders are
mixturesof the starting reactant material's, characterized by thesharp Bragg
peaks of elemental Ti and C. Increasing the MA time (6 ksto 8 ks) leadsto
aremarkable decreasein theintensity of the Bragg peaksfor pure graphite
crystals[Figs. 5.2(b)—c)] that can be hardly seen after 11 ksof theMA time
[Fig. 5.2(d)]. Thisisattributed to asolid state diffusion of the C atoms that
have small atomic radii inthelattice of hcp-Ti. Moreover, the Bragg peaks
for pure Ti crystals shifted to the low angle side, suggesting the formation
of aninterstitial hcp-TiCsolidsolution[Fig. 5.2(d)]. After 15ksof MA time
[Fig. 5.2(e)], anew phase, corresponding to NaCl-TiC is yielded, charac-
terized by the Bragg peaks of TiC (111), TiC (200), TiC (220), TiC (311),
and TiC (222) reflections. After 22 ks of the MA time, the Bragg peaks of
the reactant materials (Ti and graphite), surprisingly, disappeared and the
reflections that come from TiC crystals become sharp and pronounced,
indicating the completion of the MA process [Fig. 5.2(f)].

The lattice parameter (a,) of the formed phase for TiC was calcu-
lated after 40 ks[Fig. 5.2(g)] of the MA time and found to be 0.4326 nm,
in good agreement with thereported value (0.4327 nm).[ It isworth noting
that theintensity ratios of these Bragg peaks are amost in good agreement
with those of the TiC powder,!”) suggesting that the crystal structure of the
obtained powdersisof theNaCl type. Increasingthe MA timeto 80 ks[Fig.
5.2(h)] leadsto anincreasein the mechanical deformation that isgenerated
by the milling tools, causing aremarkable decrease in the grain size of the
milled powders, suggested by the broadening of the Bragg peaks at this
stage of milling. Further milling (720 ks) leads to the formation of
nanocrystalline TiC, indicated by very broad Bragg peaks, asshowninFig.
5.2(i). Thisformed phase of TiC does not transform to any other phase(s)
even after longer milling times, as long as 1,000 ks.

Detailed TEM analyses have been performed in order to under-
stand the local structure changes of the mechanically reacted powders
during the several stages of the MA process. The HRTEM micrograph of
the powders that milled for 2 ks of the MA timeisshown in Fig. 5.3. The
powders are mixtures of pure Ti (zone |) and graphite (extended thin veins
inzonell). Thelattice fringe spacing in zone |1 of Fig. 5.3 is measured to
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Figure5.2. XRD patterns of mechanically alloyed Ti,,Css powders after selected MA time. (After EI-Eskandarany, et al .)(®



Figure 5.3. HRTEM image of mechanically alloyed Ti,,Csq powders after 2 ks of the ball-milling time. (After El-Eskandarany.)!®
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be 0.335 nm, which matches the plane (002) of carbon (0.338 nm). The
existence of the TiC phase could not bedetected at thisstage of milling. The
bright fieldimage (BFI) of the powdersthat milledfor 11 ksisshowninFig.
5.4. Obvioudly, the particle is a typical Ti/C composite, containing thin
veins(lessthan 10 nminthickness) of Clayersembedded in the soft matrix
of Ti. A mechanical solid statereaction takes placeat theinterfaces of these
freshlayersand anew phase of TiC resultsafter further millingtime. Figure
5.5 showsthe bright field image (BFI) of the powdersthat milled for 15 ks
of MA time. The structure of the particle is somewhat fine; however,
several faults and defects, such astwins and nanotwins, are observed. The
presented BFI is classified into three zones, i.e, I, I, and Il1, and the
corresponding sel ected areadiffraction patterns (SADPs) [Figs. 5.5(b), (¢),
and (d)] are shown asinsetsin the micrograph. At this stage of milling, the
powders differ widely in internal structure from region to region with a
heterogeneous structure.

100 nm

Figure 5.4. BFI image of mechanically alloyed Ti,,Csg powders after 11 ks of the ball-
milling time. (After El-Eskandarany.)i®
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The SADP presented in Fig. 5.5(b) (corresponding to zone I),
consists of sharp rings that correspond to the coarse fcc-TiC grains (the
obtained product), coexisting with unprocessed hcp-Ti (sharp spots). Zone
Il is a TiC-rich region, which coexisted with small mole fractions of
unprocessed Ti crystals (sharp spot patterns), asshownin Fig. 5.5(c). Zone
I11, however, showsthe existence of asinglephaseof fcc-TiC [Fig. 5.5(d)].

The BFI and the corresponding SADP of the powders which were
milled for 40 ks, are shown, together in Fig. 5.6. Overal, the sample
consists of rather coarselensesor cellswith wide size distribution, ranging
from 20 to 60 nm [Fig. 5.6(a)]. Remarkably, a single phase of NaCl-type
TiC isdetected, characterized by the Debye-Scherrer rings corresponding
to TiC, asindicated in Fig. 5.6(b). No free Ti and/or C crystals could be
observed after this stage of milling.

Figure5.5. (a) BFI and (b—d) the corresponding SADPs of amechanically alloyed sample
after milling for 15 ks. The sample differs widely in structure within the particle itself.
(After El-Eskandarany.)(®
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Figure 5.6. (a) The BFI and (b) the corresponding SADP for the sample that is obtained
after 40 ksof theMA time. The micrograph showscell structuremorphology withlens-like
morphology of about 35 nm in diameter. (After El-Eskandarany.)(®!

After 80 ks of the MA time, the powders have nanocrystalline
spherical grains of about 4 nm (or less) [Fig. 5.7(a)] in diameter. The
indexed SADP still showsclear fcc-rings of the obtained TiC [Fig. 5.7(b)].
The absence of the spotsin the SADP indicates the formation of finegrain
TiC powders.

The HRTEM image of the final-product for TiC that was ball
milled for 720 ks of the MA time is presented in Fig. 5.8. HRTEM
observations show the lattice fringeimage of TiC alloy. Thislattice fringe
spacing was measured to be about 0.250 nm which matches well with the
interplanar spacing of TiC (111).[]

The crystalline size of mechanically alloyed Ti 4,Csg powders has
been determined directly by using TEM techniques at different MA times.
The results are compared with those results obtained from the XRD
analyses, usingthe Scherrer equation and areplottedinFig. 5.9 asafunction
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of the MA time. The figure shows that the MA process for formation of
nanocrystalline TiC consists of four stages. In the first stage (0 to 11 ks),
called the stage of formation of composite Ti/C particles, the grain size of
these composite cellsis slightly decreased to an average size of about 1000
nm in diameter.

Figure5.7. (a) Thedark field image and (b) the corresponding SADPfor the sample at the
final stage of MA (80 ks). At this stage of milling, their powders contain nanocrystalline
spherical cellsof lessthan 4 nmin diameter (a) with fce-structure corresponding to the
TiC-phase (b). (After El-Eskandarany.)®
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Figure 5.8. HRTEM image of sample at the refining stage of milling (720 ks). The
micrograph shows the lattice fringe spacing (0.250 nm) that matches well with the
interplanar spacing of TiC (111). (After El-Eskandarany.)(®
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Figureb5.9. Dependenceof thecrystalline size of mechanically alloyed Ti 4,Css powderson
the MA time. (After El-Eskandarany.)®
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In the second stage (11 to 20 ks), ailmost all the reactant materials
of Ti and C are completely reacted and very coarse grains of TiC, ranging
from 800 to 1000 nm, are formed. This stageisfollowed by the third stage
(20 to 80 ks) in which the grains of TiC are disintegrated dramatically to
form rather fine grains with wide distribution (ranging from 100 to 5 nm
diameter). Toward the last stage of milling, which is called the refining
stage or homogenization stage (80 to 1000 ks), extraordinarily fine grains
(about 2nmin diameter) of TiC alloy powdersareformed, with narrow size
distribution (£ 1 nm or less).

5.4.2 Morphology

The SEM technique was used to follow the changes in shape and
sizeof themilled powdersduring thedifferent stagesof MA process. Figure
5.10 showsthe SEM micrographs of the milled powders after selected MA
times. At the starting stage (0 ks), the powders of the reactant material s of
Ti/C [Fig. 5.10(a)] are bulky, with random shape and size.

Figure5.10. The SEM micrographs of the powders of mechanically alloyed TiC powders
after (a) 0 ks, (b) 11 ks, (c) 40 ks, and (d) 720 ks of the ball-milling time. (After El-
Eskandarany.)!®
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During the early stage of milling (11 ks), the powders tend to
agglomerate and form large composite Ti/C particles of about 1000 pmin
diameter [Fig. 5.10(b)]. The metall ographical examinations of the polished
and etched particles show that the individual particle contains many thick
layersof thediffusion couplesof Ti and C powders(Fig. 5.11). A solid state
reaction takes place at the clean-interfaces of theselayers, and anew single
phase of TiC (product) isformed after 20 ksof milling. Thisis confirmed
by the surprising disappearance of the reactant layers, as displayed in
Fig. 5.11.

After 40 ks of milling, the large composite particles are disinte-
grated into smaller powderswith an average diameter of 10 um, as shown
in Fig. 5.10(c). Toward the end of the MA process (refining stage), the
powderspossessexcellent morphol ogical properties, such ashomogeneous
shapeswithfineand smooth surfacerelief and uniformsize (lessthan 0.3 um
in diameter), asshown inFig. 5.10(d).

Figureb5.11. Cross-sectional view of polished and etched particlesof mechanically alloyed
TiC after (a) 11 ks and (b) 20 ks of the ball-milling time. (After El-Eskandarany.)®!
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5.4.3 Consolidation

A sintering step using PSA technique (see Ch. 3) is applied to
consolidate the powders after a selected MA time. Figure 5.12 shows the
cross-sectional view of as-consolidated powdersthat weremilled for 15 ks
[Fig. 5.12(a)], 40 ks [Fig. 5.12(b)], and 720 ks [Fig. 5.12(c)]. As was
previously presented in the x-ray analysis [Fig. 5.2(¢)], after 15 ks of the
MA time, the as-milled powder consists of two phases. unreacted metallic
Ti and fully reacted fcc-TiC. Since the consolidation procedure took place
at 1963 K [just above the melting point of Ti (1943 K)] and far below the
melting point of TiC (3373 K), the particles of TiC in the mixed powders
[the agglomerated particlesin the center of Fig. 5.12(a)] are embedded in
the molten Ti matrix to form composite Ti/TiC compact. Thus, the
consolidated samples, after this stage of milling, are either rich or poor in
TiC. During Vickers hardness measurements, the sample hardness varies
from few (nearly 2.5 GPa) to 29 GPa, as shown in Fig. 5.14.

Themicrostructure of the consolidated samplefor the end-product
(40 ks) showsahigh-density structure with nearly equiaxed grains of about
15 pm in diameter, as shown in Fig. 5.12(b). The microstructure of the
consolidated powders after the refining stage of MA (720 ks) possess fine
grains(lessthan 5 umin diameter) and dense structure, aspresentedin Fig.
5.12(c). It should be noted that the irregular grain edges in some cases,
showninFigs. 5.12 (b) and (c), arisefromthelong etching timeused during
the sample preparation.

The BFI and corresponding SADP of the as-consolidated sample
that milled for 720 ks of the MA time, are shown in Fig. 5.13. The highly
dense and the nanostructure characteristics of the sintered sample can be
noted. Comparing thismicrographwiththeoneinFig. 5.7, wecan conclude
that the consolidation step leads to moderate grain growth. Since the
averagegrain sizeof thisconsolidated sampleislessthan 100 nm (about 60
nm in diameter), one can say that the sintered sample maintains its
nanocrystalline character. In addition, this consolidation step does not lead
to any structural changes, and the sintered TiC bulk material maintainsits
fce-structure, as shown by the indexed SADP in Fig. 5.13(b).

The dependence for the hardness of the consolidated TiC samples
on the MA time and the grain size is displayed in Fig. 5.14. As was
previously displayed in Figs. 5.6 and 5.7, increasing the MA time leads to
refinethegrainsof themilled powders. Ataspecific MA time, thegrainsize
of the compact sample is dependent on the original grain size of the as-
milled powdersthat are used assourcefor the consolidation procedure. This
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correlation can be understood from the plot of the grain size for as-milled
and as-consolidated samples against the MA time (Fig. 5.15). One can
conclude that increasing the MA time leads to a decrease in the grain size
of the powderswhich leadsto aremarkable decreasing in the grain size of
the sintered samples.

TiC Ti matrix

Figure5.12. Cross-sectional views of the as-consolidated powderswhich milled for (a) 15
ks, (b) 40 ks, and (c) 720 ks of the MA time. During the consolidation of the powders of
the early stage of milling, the TiC particles are embedded in the molten Ti matrix to form
composite Ti/TiC compact (a). The micrographs of thefinal and refining stagesreveal the
fine structure of single phase of TiC. (After El-Eskandarany.)[®!
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Figure5.13. (a) BFI and (b) the corresponding SADP of the as-consolidated TiC powders
after milling for 720 ks. The highly dense and the nanostructure characteristics of the
sintered sample can be noted. (After EI-Eskandarany.)(®l
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Figureb5.15. Correlation between the bulk density of the consolidated samplesand the MA
time. Thedensitiesvs. the MA timefor theas-consolidated samplesat thefinal and refining
stages of milling, shown in a different scale, inset the figure. The slight increase in the
values of densities (5.185 to 5.210 g/cm?) at these two stages of milling, may be attributed
tothegrain refining, which can play an important role for getting higher density materials.
(After El-Eskandarany. )¢l

Thus, the MA time can play an important role for obtaining
nanocrystalline bulk material with improved grain size strengthening. As
the grain size of the compacted samples decreased, the Vickers hardness
value increased, to be about 32 GPa after 720 ks of MA time. It is worth
noting that the high hardness value of this sampleis attributed to the grain
boundary hardening effect due to Hall-Petch assumption.

The bulk density of the as-consolidated samples is plotted as a
function of the MA time in Fig. 5.15. During the early and intermediate
stages of milling (3 to 40 ks), the bulk density increases monotonically by
increasing the MA time, suggesting the existence of the higher density
phase (TiC). That portion of the relation between the MA time and the
density at thefinal and refining stagesof theMA (40to 720Kks), ispresented
in a larger scale inset of Fig. 5.15. The densities of the consolidated
samplesat thisstage of milling areincreased linearly in arangefrom 5.185
to 5.210 g/cmq. This dight increase may be attributed to grain refining
which can play an important role in obtaining higher density materials.
Comparing the values of the densities for the samples at the refining stage
(5.210 g/cmq) with the theoretical density of TiC indicatesthat the sintered
TiCisfully dense.
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The Poisson’s ratio and the elastic modulii of the consolidated
powders have been estimated from measured sample densities and the
constant parameters of the nondestructive testing apparatus and plotted as
afunction of MA timesin Figs. 5.16 and 5.17, respectively. Increasing the
MA timeleadsto an increasein thefraction of TiC vs. that of unreacted Ti.
This leads to a monotonic decrease in the value of Poisson’s ratio to
approximately 0.261 after 720 ksof theMA time. Thisvalueissmaller than
onefor unprocessed metallic Ti (0.321), suggesting theformation of brittle
phase of TiC.

Theelasticmodulii presented by thebulk modulus, Y oung’ smodu-
lus, and the shear modulus, of the consolidated mechanically reacted TiC
powdersare shown asafunction of theMA timein Fig. 5.17. Thesevalues
increase significantly during the early and intermediate stages of milling (O
to 40 ks), suggesting an increase of the TiC in the milled powders. Toward
the end of the MA process (40 to 720 ks), the values of the elastic moduli
are almost saturated or dlightly increased, indicating the formation of a
single homogeneous phase of TiC.
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Figure5.16. Dependence of Poisson’ sratio of the consolidated powders onthe MA time.
The remarkable decrease in thisratio indicates the progress of the solid state reaction and
the increasing of TiC phase in the milled powders. (After El-Eskandarany.)®
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Figureb5.17. Relationship between the el astic modulii of the consolidated powdersand the
MA time. The remarkable increase in these values suggests monotonical increasing of a
hard phase of TiC. (After El-Eskandarany.)L¢l

5.4.4 Mechanism of Fabrication

Infact, Ti-Cisatypical exothermic reaction with alarge negative
heat of formation (-77 kJ/mol).[8l Based on the results of the present studly,
Ti Coq is yielded upon high-energy ball milling of elemental Ti and
graphite powders at room temperature. Neither solid solution nor amor-
phous phases could be detected at the end stage of the milling process. In
this section, the mechanism for formation of TiC aloy powders by MA
method will be discussed. In addition, the consolidation of the product
powders into nanocrystalline compacts is explained.

Figure 5.18 presents the dependence of the via’s temperature on
the MA time. We should emphasize that the measured temperature here
cannot be used to tell us the actual temperature that occurs at the ball-
powder-ball collision or the heat liberated during the reaction of Ti with C.
Thisisbecausethe actual temperature decreased when transferred fromthe
reacted zones in the innermost portion of the vial to the outermost surface
of the vial. Hence, the measured temperature here can just be used to
express the kinetics of the reaction during the several stages of milling.
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These experiments have been done using an agate via containing the
milling charge of reactant materials of Ti and C powders, together with the
milling media (the agate balls). The data was obtained by fixing the end of
athermocouple at the outermost surface of the vial; the ball mill wasthen
operated without any interruptions. The temperatures of the vial were
recorded at selected MA times (solid line). In order to observetherelative
temperaturerise during thereaction, the same experimentsweredone using
the same vial but containing the milling media only (broken line).
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Figure 5.18. Dependence of the vial’ s temperature on the MA time and the vial contents
during the ball-milling process. (After El-Eskandarany.)®

Obviously, the temperature of the vial that contains the milling
media only is monotonically increased by increasing the milling time to
obtain avalue of 315 K after 9 ks of milling time. No remarkable change
in this value could be observed even after alonger milling time (1000 ks).
The situation differs when the ball mill contains both the balls and the
reactant materials. Inthiscase, thevial’ stemperature increased monotoni-
cally during the first few kiloseconds of milling (0 to 9 ks). During the
second stage of milling (9 to 15 ks), however, the temperature is dramati-
cally increased to get a maximum value of 332 K after 15 ks of MA time.
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During this early stage of milling the powder particles of Ti and C are
blended together and grown in size to form composite particles of alarger
diameter (about 800 um) as a result of cold welding. A partial reaction
between the reactant powderstakes place, and asmall molefraction of TiC
isformed after 11 ksof milling. At this stage, the solid state reaction starts
and considerable amounts of the product (TiC) are formed.

The previous stage of milling isfollowed by a second stage (14 to
40 ks), in which a complete solid state reaction takes place between the
diffusion couplesof Ti and Cinthe composite particlesand anew phase of
NaCl-Ti,Csq is formed. Here, al the reactant materials have already
reacted completely, and asingle phase of TiC isformed after about 22 ks.
Duringthisstageof milling, thevial’ stemperatureisincreased to about 342
K (Fig. 5.18). Thisreaction isaccompanied by the evolution of heat. Thus,
the heat liberated on reacting Ti with C, which transferred to the surface of
the vial, is measured to be 28 K (net temperature). It should be noted that
the net temperature of the vial during this stage equals the difference
between the temperature of the vial when it contains the milling charge of
the balls and the powders and the temperature of the vial when it contains
the balls only. The temperature of the vial saturated at this value for a
duration of MA time equals 40 ks.

After the reaction is completed, the temperature of the vial de-
creases drastically during the disintegration stage (40 to 54 ks), to have a
minimum value of 328 K after 54 ks of the MA time. Oncethe temperature
of the vial is decreased, the powder particles are no longer welded on the
surface of the ceramics milling tools so that the powders are forwarded to
the effect zone of themilling media(balls). Thus, adrastic decreasinginthe
particle size could be achieved. During this disintegration stage (40 to 80
ks), the powder particles have a smooth surface relief, spherical-like
morphology, and individual particle sizes of about 1 um in diameter. In
addition, the particles consist of fine cells with an average grain size of
about 35 nm in diameter.

During the refining stage of the MA (80 to 720 ks), a complete
homogenization of the powder particles takes place. At this stage of
milling, the powders become ultrafine and the size of the individual
particles is less than 0.8 um in diameter. Moreover, the particle size
distribution of the powders has become very narrow, indicating the forma-
tion of homogeneous and uniform powder particles. This final-product
containsinternal extraordinarily fine crystallitesof about 4 nmindiameter.
Thevial’ stemperature is almost saturated at avalue closeto 320 K during
this last stage of milling which extends from 54 to 1,000 ks.
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55 OTHER CARBIDESPRODUCED BY MECHANICAL
ALLOYING

Inthissection, selected examplesare given of carbide synthesisby
mechanical alloying of elemental component powders which produce the
phase predicted by the equilibrium phase diagram.

55.1 Fabrication of -SiC Powders

Among ceramics composites, the cubic form of SIC (3-SiC) has
received much attention as a promising semiconductor for high-tempera-
ture, high-frequency, and high-power, electronic devices, due to its wide
band gap, high-saturated electron velocity, excellent thermal stability, and
high-breakdown field.[®] Moreover, its intrinsic resistance to oxidation,
corrosion, and creep, at high temperatures also makes it a desirable
protective coating for devicesoperating at el evated temperatures.[*! Single
crystal 3-SiC thin films are conventionally grown on Si(100) substrate by
the chemical vapor deposition (CVD) process using cold-wall or hot-wall
techniques.

In 1995, El-Eskandarany et al.[] could prepare stoichiometric
B-SiC powders by solid state reaction of elemental silicon and carbon
powders via the room temperature mechanical aloying process. The MA
processwas performed in ahigh-energy ball mill similar to theone used for
preparing TiC powders (see Sec. 5.3). Complete fcc-SiC alloy powders
wereaobtained after 1080 ksof milling (300h). The XRD patternsof theend-
product of as ball-milled Sig,Cg, powdersisshownin Fig. 5.19 after 1080
ksof MA time. The Bragg peaksfor thisend-product are broad, suggesting
the formation of fine grain alloy powders. Thelattice parameter (a,) of the
formed 3-SiC was calculated to be 0.4357 nm,[*2 in excellent agreement
with the reported value (0.4358).1131

Figure5.20illustratestheinfrared transmission of Sig,Cs, powders
at (a) starting stage (O ks), (b) final stage (as-milled for 1080ks), and (c) as-
milled, for 1080 ksthen annealed under vacuum at 1773 K for 86 ks. At the
starting stage of milling [Fig. 5.20(a)], there is no evidence of any oxide
phase(s), such as SIO,. Contrary to this, a narrow absorption band is
observed at about 9.5 x 10? cm?, suggesting the existence of longitudinal
optical (LO)-like phonon mode. In addition, the existence of transverse
optical (TO)-like phonon modeisobserved at lower energy (about 8.4 x 102
cmh), asshown in Fig. 5.20(b). It can be concluded that acomplete 3-SiC
phase is formed after 1080 ks. This formed phase has a nanocrystalline
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structure with an average grain size of about 7 nmin diameter (Fig. 5.21).
Weshould emphasizethat al most thesame TO- and L O- likephonon modes
corresponding to the 3-SiC phase are observed in the alloy powders after
annealing the final product in vacuum at 1773 K for 86 ks. The other
absorption bands centered at 10.9 x 10, 7.8 x 102, and 4.75 x 10? cm™ are
due to the existence of the SIO, phase in the as-annealed powders [Fig.
5.20(c)].
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Figure 5.19. The XRD pattern of as-ball milled Siz,Cs, powders after the final stage of
mechanical alloying (1080 ks). (After El-Eskandarany.)!'!
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Figure 5.20. Infrared transmission spectra of (a) unmilled Sig,Cs, powders, (b) final
product of 3-SiC powders which were obtained after 1080 ks of milling, and (c) fina
product of 3-SiC powders after 1080 ks of milling, then annealed under vacuum at 1773
K for 86 ks. (After El-Eskandarany.)*!
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Figure 5.21. The DFI and corresponding SADP of the end product of 3-SiC phase after
1080 ks of ball-milling time.

5.5.2 Fabrication of Nanocrystalline WC Powders

It has been reported by some authorg 1% that a single hep phase
of WC can be fabricated by high-energy ball milling of elemental W and
carbon powders. The end-product (432 ks) of as-mechanically alloyed
WC powders possesses nanocrystalline characteristics, with an average
grainsizeof lessthan’5nm,*® asindicated by the broad Bragg peaksof hcp-
WC which are presented in Fig. 5.22(a). Hot pressing of the mechanically
alloyed WC powdersat 1773K leadsto slight grain growth and the compact
samplestill retainsitsnanocrystalline characteristics, withan averagegrain
size of about 45 nm [Fig. 5.22(b)]. Contrary to this, consolidation of the
powdersat ahigher temperature (1973 K) leads to adramatic grain growth
and the compact sample loses its unique nanocrystalline characteristics
[Fig. 5.22(b)].
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Figure5.22. XRD patterns of the end product of WC after (a) ball milling for 432 ks, (b)
milling for 432 ksand then hot pressed at 1773 K, and (c) milling for 432 ksand hot pressed
at 1973 K phase. (After El-Eskandarany et al )13

5.5.3 Fabrication of Nanocrystalline Zr C Powders

Mahdly et al [l successfully synthesized nanocrystalline powders
of Zrs,Cy, by high-energy ball milling of elemental Zr and C powders at
room temperature. They have reported that a compl ete single phase of fcc-
ZrCwasobtained after 173 ksof milling time. Thefabricated ZrC powders
possess excellent morphological characteristics, such as a homogeneous
shape (spherical-like morphol ogy) with fineand smooth surfacerelief, and
uniform size (less than 0.5 pm in diameter).

Thefabricated refractory ZrC powdershavefinecell-likestructure
with nanoscale dimensions of about 5 nm in diameter.[*8l Cold- and hot-
pressing techniques have been used to consolidate the end-product of the
milled powders (259 ks) into fully dense (>99.5%) compacts. In the
consolidation procedure, the powders were pressed at 1573 K with a
pressure of 1.0-1.5 GPafor 43 ks.
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The BFI (near-edge) of as-consolidated ZrC at a temperature of
1573K, ispresented in Fig. 5.23. Obviously, the compact isfully denseand
practically free of voids and/or cracks. Moreover, the sample contains
nearly equiaxed grains with an average size of 95 nm in diameter. We
should emphasize that while preparing the sample for TEM observations
(polishing, ion milling, and etching), some grainsresulted with athickness
of morethan 100 nm. These grains, especially thosethat are at the far edge
(right-hand lower side), reflect dark-contrast images, asshowninFig. 5.23.

Figure5.23. TheBFI of as-hot-pressed ZrC powdersof thefinal product, 259 ksof milling.
(After Mahdy et al.)!€l

Figure 5.24 shows the grain size distribution which was deter-
mined from at least 150 representative grains taken from several BFI
micrographs of the consolidated ZrC compact that was hot-pressed at 1573
K. Theaverage grain sizeisestimated to be 95 nm, far bel ow the onewhich
calculated from an XRD diffraction pattern (130 nm) of the same consoli-
dated sample (Fig. 5.25), using the Scherrer equation. It isworth noting that
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thosefew larger grains (muchlarger than 100 nm, i.e., submicrons) arevery

few when compared with those grainsthat arelessthan 100 nmin diameter.
A well-known empirical dependence of strength and hardness on

porosity and grain size for ceramics materialsis given in Refs. 17-20.

Eg. (5.2) H = Kd?@e?P
whereH isthehardnessvalue, disthegrainsize, Pisthespecimen porosity,

and K, a, and b are the empirical constants. The constant, a, can be
approximated to be 0.5.[21]
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Figure 5.24. Grain size distribution of consolidated Zrz,C,, (259 ks of milling time) at
1573 K (1.5 GPa) as determined from several TEM micrographs. (After Mahdy et al.)[1¢]
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Figure5.25. XRD pattern of consolidated Zrz,C,, (259 ks of milling time) at 1573 K (1.5
GPa). The samplerevealsfcc structure without the existence of any reacted product. (After
Mahdy et al.)1€l

Figure 5.26 shows the correlation between the P of the consoli-
dated samples that were hot-pressed at various temperatures, and the
combined effect of H and d. It can be noted that the hardnessincreaseswith
anincreasein the values of density (low porosity values) and grain size. A
linear relation obtained with aslope, b = 5.575, issimilar to that found for
avariety of materials (3.7 171119 6,6-6.7(201121]),

5.6

T T T T T T T T T T T

54 [

52 [

50 [ slope, b = 5,575

In (VHN*d'?)

a8 [

4.6-1¢|I|||I|||I|q»||||l.:|||||l||»

Porosity (%)

Figure5.26. Dependenceof theVickershardnesson porosity and grain size of bulk Zrs¢Cy,
(259 ks of milling time) material. (After Mahdy et al.)!6]
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M echanically I nduced
Gas-Solid Reaction

Unreacted
Metallic
Powders

Fresh
Surface

Reactive Gas
“Milling Atmosphere”

Ball-Powder-Ball Collisions Formation of Fresh Active Surfaces

Reactive ball-milling (RBM) technique has been considered as a

powerful tool for fabrication of metallic nitrides and hydrides via room
temperature ball milling. The flowchart shows the mechanism of gas-solid
reaction through RBM that was proposed by El-Eskandarany. In his model,

the

starting metallic powders are subjected to dramatic shear and impact

forces that are generated by the ball-milling media. The powders are,
therefore, disintegrated into smaller particles, and very clean or fresh
oxygen-free active surfaces of the powders are created. The reactive milling
atmosphere (nitrogen or hydrogen gases) was gettered and absorbed com-
pletely by the first atomically clean surfaces of the metallic ball-milled
powders to react in a same manner as a gas-solid reaction owing to the
mechanically induced reactive milling.

94
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6.1 INTRODUCTION

Nitrides possess unique properties which are highly desirable for
a variety of applications. They are technologically important materials
because of their hardness, stability at high temperatures, and electrical and
optical properties.[” Titanium nitride (TiN) alloys are used for cutting
tools, tool coatings, solar-control films, and microel ectronics applications.
It is harder than alumina and thermally stable to about 3300 K. TiN is
chemically stable with respect to most etching solutions, has alow recep-
tivity, and provides an excellent diffusion barrier against metals.!!

The cubic form of TiN can be obtained by several methods, such
asactivated reactive evaporation,? self propagating combustion method!!
under high nitrogen pressure (10° atm), and high temperature (1500K), and
the plasma spray method!“ under nitrogen gas flow. Moreover, achemical
vapor deposition technique has been also used for TiN preparation by
reacting thetitaniumtetrachloride(TiCl,) withammonia(HN) at tempera-
tures above 1300 K. In addition, the low-temperature physical vapor
deposition and atmospheric pressure chemical vapor deposition,! and
reactive sputtering!® techniques are used widely for the preparation. The
high costs of preparation and the excess of contamination in the end-
product are the disadvantages of these methods.

6.2 FABRICATION OF NANOCRYSTALLINE TiN BY
REACTIVE BALL MILLING

Theformation of metal nitrides at room temperature was proposed
by El-Eskandarany et al.[®l when they milled metallic powders of Ti or Fe
under aflow of nitrogen gas atmosphere using a high-energy ball mill. So
far thistechnique, which is called reactive ball milling (RBM ), has been
employed for preparing some other metal nitrides®® and hydrides.[1°]

Inthismethod, pure elemental Ti powder (99.5 at. %) and purified
nitrogen gas (99 wt %) have been used as starting reacting materials. The
powder waschargedintoastainlesssteel (SUS316) vial (250 ml involume)
together with twenty five stainless sted (SUS 316) balls (10 mm in
diameter) and sealed in a glove box under a purified argon (99.99 wt %)
atmosphere. The ball-to-powder weight ratio was 10 to 1. The reactive
milling took place by mounting the vial in ahigh-energy ball mill (Fritsch
P6) equipped with a rotary pump and a gas flow system. The vial was
evacuated for about 4 ks and then aflow (1.0 ml s?) of nitrogen gas was
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passed through theinlet of thevial viaaplastic pipe. The outlet of the vial
wasconnected withan oil bubbler. Oncethe gasbubbleswere observed, the
RBM experiment started with amilling rate of 4.2 s at room temperature.
Milling was stopped periodically, after selected ball-milling times and the
powderswere completely discharged from thevial inthe glove box. Large
amounts (90 vol %) of the mechanically reacted powders were then
consolidated in vacuum at 1963 K under pressures ranging from 19.6 to
38.2 MPafor 0.3 ks, usingaPAS method. In order to avoid undesired grain
growth, the sintering process was applied for only 0.18 ks. The as-milled
and as-consolidated sampleswere characterized by means of x-ray diffrac-
tion (XRD) with CuKa radiation, transmission electron microscopy
(TEM) using a 200 kV microscope, scanning electron microscopy (SEM)
using a20 kV microscope, optical microscopy, and chemical analysis. The
hardnesses of the compacted samples were determined using a Vickers
indenter with a load of 50 kg. In addition, densities of the consolidated
samples were determined by Archimedes' principle, using water immer-
sion. Some mechanical properties of the consolidated samples have been
determined by non-destructive testing.

6.3 PROPERTIESOF REACTED BALL MILLED TiN
POWDERS

6.3.1 Structural Changeswith the Milling Time

The XRD analysis has been used to follow the progress of the gas-
solid reactionduring milling of elemental Ti powder under flow of nitrogen
gas (Fig. 6.1). At the starting stage of RBM time (0 ks), the XRD pattern
displays sharp Bragg peaks reflections corresponding to polycrystalline
hcp-Ti powder, asshowninFig. 6.1(a). After 22 ksof the RBM time, anew
phase, corresponding to NaCl-type TiN appears [Fig. 6.1(b)]. The Bragg
peaks corresponding to the TiN become sharp and pronounced after 43 ks
of RBM time[Fig. 6.1(c)], indicating an increasing of TiN fraction in the
milled powder. At this stage of milling, the structure of the powder differs
widely from particle to particle and within particles. After 173 ks of RBM
time, al the Bragg peaks corresponding to the metallic Ti disappeared and
a single phase of nanocrystalline TiN appears, indicated by the broad
Bragg peaks in Fig. 6.1(d). The lattice parameter, a,, of this phase was
calculated from (111) and (200) reflections and found to be 0.4243 nm,
whichisinagreement with thereported valueof pure TiN (0.4242 nm).[11]
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Thedark fieldimage (DFI) and the selected areadiffraction pattern (SADP)
of theend-product of TiN powder isshowninFig. 6.2. The powder consists
of fine grains (about 5 nm in diameter or less) with cell-like morphology
[Fig. 6.2(a)] indicating the formation of nanocrystalline TiN powder.
Moreover, the SADP[Fig. 6.2(b)] indicatesthe formation of asingle phase
of NaCl-typeTiN. Nohcp-Ti crystalscould bedetected, aspresented in Fig.
6.2(b).
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Figure 6.1. XRD patterns of Ti powders milled under flow of nitrogen after (a) O ks, (b)
22 ks, () 43 ks, and (d) 173 ks of RBM time. (After El-Eskandarany et al.)[*2
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Figure 6.2. (a) DFI of the end-product of NaCI-TiN powders, and (b) the corresponding
SADP. (After El-Eskandarany et al.)l"]

6.3.2 Morphology

SEM was used to follow the morphological and metallographical
changes of powdersduring the different stages of the RBM. Thestarting Ti
powder has aflake-like morphology and a wide particle size distribution,
as shown in Fig. 6.3(a). After 3.6 ks of RBM time, the Ti powders
agglomerate due to the success of the cold welding and form larger powder
particleswithanaverageparticlesizeof about 400 um, asshowninFig. 6.4(a).
Theseagglomerated particlesaredisintegrated upon further milling (7.2 ks)
and thisleadsto the formation of powder particlesthat have fresh or active
surfaces[Fig. 6.3(b)] withalath-liketopology [Fig. 6.3(c)]. Metallographical
examination of the powders after 11 ks of RBM time show that individual
agglomerated particles contain cracks and tend to be separated into smaller
particlesalongthecrack zones[Fig. 6.4(b)]. Finally, and after 22 ksof RBM
time, thelarger particlesaredividedinto smaller powder (Ilessthan40umin
diameter), as presented in Fig. 6.4(c). Asthe RBM time increases (43 ks),
adrastic decrease in the size of the powder occurs, being in the range of
5 pm to 30 um [Fig. 6.3(d)]. Towards the end of the RBM process (86 ks
to 173 ks), the powder of the end-product of TiN has homogeneous
spherical -like morphol ogy with an average particle size of about 0.4 um (or
less), as shownin Fig. 6.5.
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Figure 6.3. SEM micrographs of Ti powders milled under flow of nitrogen for (a) Oks, (b
and c) 7.2 ks and (d) 43 ks of the RBM time. The indexed areain (b) is shown in another
scalein (c). (After El-Eskandarany et al.)l*2

Figure 6.4. SEM micrographs of the cross sectional view of Ti powders milled under
flow of nitrogenfor (a) 3.6 ks, (b) 11 ks, and (c) 22 ksof RBM time. (After El-Eskandarany
et al.)*4
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Figure 6.5. SEM micrographs of Ti powders milled under flow of nitrogen for (a) 86 ks
and (b) 173 ks of RBM time. The presented powders here are fully reacted TiN. (After El-
Eskandarany et al.)4

A sintering stepisappliedto consolidatethe powdersafter selected
RBM times. Figure 6.6 shows a SEM micrograph of the cross-sectional
view of as-consolidated powder that has been RBM for 43 ks. As was
presented in the previous section [see Fig. 6.1(c)], after 43 ks of the RBM
time, the as-milled powder consists of two phases; unreacted metallic Ti
and fully reacted TiN powders. Since the consolidation of the powder took
place at 1963 K, just above the melting point of pure Ti (1943 K) and far
below the melting point of TiN (3563 K), the TiN particles in the mixed
powder (the agglomerated particlesin the center of Fig. 6.6) are embedded
in the molten Ti matrix to form composite Ti/TiN compact. Thus, the
consolidated samplesfor this stage of RBM (11 ksto 86 ks) are either rich
or poor in TiN. During the Vickers hardness measurements, the sample
hardness varies from afew GPato nearly 20 GPa, asshown in Fig. 6.7. In
addition to sample hardnessesfound from the early and intermediate stages
of RBM, the sample milled for 86 ks and then consolidated into a compact
contains a single phase of TiN with fine grain structure (about 25 pm in
diameter), as shown in Fig. 6.8(a). Moreover, the hardness value of
this sample has a narrow distribution range of about 19 GPa, as
shown in Fig. 6.7.
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Figure 6.6. SEM micrographs of the cross-sectional view of as-consolidated Ti powders
which milled under flow of nitrogen for 43 ks of RBM time. The micrograph shows the
formation of composite Ti/TiN compact (see text). (After El-Eskandarany et al.)l*2
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Figure6.7. Dependence of Vicker’shardness of the as-consolidated mechanically reacted
Ti powders on the RBM time. The measurements of the hardness were done using 50 kg.
The symbols that have low hardness values (less than 5 GPa) are corresponding to the Ti
matrix in the composite Ti/TiN compact (see text). (After EI-Eskandarany et al.)*4
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Figure6.8. Optical micrographsof the cross-sectional view of as-consolidated Ti powders
which were milled under flow of nitrogen for (a) 86 ks and (b) 173 ks of RBM time. The
micrographsreveal afine structure of single phase of NaCl TiN. (After El-Eskandarany et
al.)1

Themicrostructure of the consolidated samplefor the end-product
(173 ks) shows a high dense structure with fine equiaxed grains of about 7
pm (or less) in diameter, asshownin Fig. 6.8(b). It should be noted that the
irregular grain edges in some cases [see Fig. 6.8(b)] arises from the long
etching time used during the sample preparation. The hardness of this
sampleliesin anarrow range of about 20.5 GPa (Fig. 6.7), suggesting the
formation of a single phase TiN. Moreover, the SEM micrograph of the
fracture surface of this sample can be used to show that the PAStechnique
leads to the formation of compacts with high density and uniform micro-
structure (Fig. 6.9).

The BFI and the corresponding SADP of the end-product (173 ks)
after consolidation was previously shown in Fig. 3.7. Comparing this
micrograph with that one in Fig. 6.2, we can say that the consolidation
procedurefor TiN powder |eadsto moderategraingrowth. Sincetheaverage
grain size of this consolidated sampleislessthan 100 nm (about 60 nmin
diameter) one can say that the sintered samplemaintainsitsnanocrystalline
character. We emphasize that this consolidation step does not lead to any
structural changes, andthe TiN material maintainstheNaCl, asshownby the
indexed SADPinFig. 3.7(b).
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Figure 6.9. SEM micrograph of the fracture surface for the as-consolidated TiN (end-
product, 173 ks). The micrograph shows that the compacted sampleis fully-dense. (After
El-Eskandarany et al.)*Z

The bulk density of the as-consolidated samples is plotted as a
function of the RBM time in Fig. 6.10. During the first and intermediate
stages of RBM, the bulk density increases monotonically with increasing
the RBM time, suggesting the existence of high dense phase (TiN). At the
final stage of RBM (86 to 173 ks), the densities of the consolidated samples
arein arange between 5210 kg/m?to 5330 kg/mé. Comparing these values
with the theoretical density of TiN compound (5440 kg/mS3),1™ indicates
that the consolidated TiN samples are fully dense.

The Poisson’s ratio and the elastic moduli of the consolidated
powders of TiN have been estimated from the measured samples densities
and the constant parameters of the non-destructive testing apparatus, and
plotted as a function of RBM timesin Figs. 6.11 and 6.12, respectively.
Increasing the RBM timeleadsto an increasein thefraction of TiN vs. that
of unreacted Ti. Thisleadstoamonotoni c decreaseintheval ueof Poisson’'s
ratio to avalue of 0.222. Thisvalueissmaller than onefor pure metallic Ti
(0.321), suggesting the formation of TiN.
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Figure 6.10. Correlation between the bulk density of the consolidated powders and the
RBM time. (After El-Eskandarany et al.)[*2
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Figure 6.12. Relationship between the elastic moduli of the consolidated powder and the
RBM time. (After El-Eskandarany et al.)[*4

Theelastic moduli presented by the bulk modulus, Y oung’ smodu-
lus, and the shear modulus of the consolidated mechanically reacted TiN
powder is shown as afunction of the RBM timein Fig. 6.12. These values
increasesignificantly during theearly and intermediate stagesof RBM time
(Oksto86ks), suggestinganincreaseof TiN inthemilled powder. Towards
the end of the RBM time (86 ksto 173 ks), thesevaluesare almost saturated
or slightly increased, indicating the formation of a single homogeneous
phase of TiN.

Figure 6.13 displays the nitrogen content of the as-milled (closed
symbols) and as-consolidated (open symbols) powders as afunction of the
RBM time. Thisfigurecanbeusedtoillustratethe progress of thegas-solid
reaction between Ti and nitrogen that took placeintheball mill. After afew
kiloseconds of RBM time (22 ks), the powder contains considerable
amount of nitrogen (13 at. %). Increasing the RBM time leads to an
increase in the amount of the nitrogen content in the milled powder to
about 40 at. % after 86 ks. The nitrogen content of the end-product isabout
44 at. %, being in good agreement with the reported value of NaCl-TiN.[11]
It is worth noting that the consolidation step does not lead to any compo-
sitional changes of the samples, asindicated by the near values of nitrogen
content for the as-milled and as-consolidated samples.
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Thecontamination content (iron, oxygen, carbon, and hydrogen) in
the as-milled and as-consolidated samples is shown as a function of the
RBM timein Figs. 6.14(a) and 6.14(b), respectively. Iron contaminationis
introduced to the milled powder due to the use of stainless steel milling
tools. In order to decrease theiron contamination during RBM, metallic Ti
powder was milled before charging the reactant material to form an iron-
resistance wear on the surface of the milling tools. However, iron contami-
nation content increases monotonically with an increasein the RBM time,
[Fig. 14(a)]. The concentration of ironinthe end-product of the TiN isless
that 0.26 at. %. Comparing this value with the one in the as-received Ti
powder (0.12 at. %) indicates the iron contamination that was introduced
to the powder during the RBM is 0.16 at. %. The as-received Ti powder
already contained a small amount of another contaminant, such as oxygen
(0.08 at. %), hydrogen (0.02 at. %), and carbon (0.04 at. %), as displayed
in Fig. 6.14(a). The concentrations of these contamination elements in-
creaseswithincreasing RBM times. Thismay be attributed to the existence
of these elementsinthe nitrogen and/or argon gasused in the present study,
or may beintroduced to the powdersduring handling outside the glove box.
These contamination contents do not seem to present a serious problem
since they are under the level of 1 at. % in the end-product.

It is worth noting that during the consolidation procedure, the
concentration of these contaminants did not increase [Fig. 6.14(b)].
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Figur e6.13. Dependence of thenitrogen contentinthe Ti powdersonthe RBM time. (After
El-Eskandarany et al.)[12
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6.4 MECHANISM OF FABRICATION

A high-energy ball mill operated at room temperature under a
nitrogen gasflow can besuccessfully employed for preparing asinglephase
NaCl structure TiN powder. The as-milled powderswere consolidated into
bulk samples, using a PAS method.

6.41 RBM Techniquefor Preparing TiN Powders

Results have shown that the RBM process can be classified mainly
into four stages. The end-product of each stage varies widely in terms of
structure and morphol ogy.

6.4.1.1 TheEarly Stage of RBM.

Inthisstageof RBM (Oksto 3.6 ks)—referredtoasthefirst milling
stage—powder particles of Ti agglomerate, asaresult of cold welding, to
form larger particles. The as-received Ti powder contains about 0.08 at. %
oxygen and, hence, the powder is aready coated with a thin layer of
titanium oxide. These layers likely prevent the Ti powder from reacting
with the surrounding milling atmosphere (nitrogen) or even with the other
gas contaminants (e.g., hydrogen and oxygen gas). During this stage, the
surface area of the particlesis too small to react simultaneously with the
nitrogen gas which is continuously introduced into the vial. The hardness
of the consolidated samplestaken from thisstageisa most the sameaspure
metallic Ti and the bulk density is, likewise, that of elemental Ti. In
addition, the material’s elastic values are also the same as pure Ti. All of
these observations, and the XRD patterns as well, signify the absence of
TiN.

6.4.1.2 The Second Stage of RBM.

The previous stage of RBM is followed by a second stage (3.6 ks
to 22 ks) in which the agglomerated particles of Ti are shattered and
disintegrated into several particles apparently irregular in shape and size.
Thedisintegration of thepowder occurred asaresult of the continuousshear
and impact forces generated by ball-powder-ball collisions. The active
surfaces of Ti particles react with nitrogen to form TiN and coexist with
unreacted Ti powder. Thus, the consolidated samples of this stage are
composite Ti/TiN. Accordingly, the hardnesses of these samples have two
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values; alow one, that correlates to the unreacted metallic Ti, and a high
one, corresponding to thefully reacted TiN. Moreover, the bulk density of
this sample increases due to the existence of TiN.

6.4.1.3 The Third Stage of RBM.

This stage of milling (22 ks to 86 ks) can be defined as the
intermediate stage of RBM, in which the unprocessed Ti particles continu-
ously disintegrate and react with nitrogen in atypical gas-solid reaction.
Increasing the mole fraction of NaCl-TiN at this stage causes an increase
in the bulk density of the consolidated sample. Since, the consolidated
sample of this stage contains a considerable amount of the unreacted
metallic Ti, no remarkable changein thehardnessval ue coul d be noted, and
the sample still containsrich and poor zones of TiN. Asthe TiN increases,
the value of Poisson’s ratio decreases. Moreover, the existence of TiN
causes a remarkabl e increase in the value of elastic moduli.

6.4.1.4 The Fourth Stage of RBM.

During this, the final stage of milling (86 ksto 173 ks), all of the
metallic Ti particlesreact with nitrogen to form single-phase nanocrystal -
line TiN powders. The powdersare uniform with respect to shape and size.
The nitrogen content of the material saturates in this stage and the bulk
density of the consolidated samples is indicative of full-dense TiN. In
addition, the hardness of the as-consolidated samples is uniform through-
out.

6.5 OTHER NITRIDESPRODUCED BY RBM

A metastable phase of fcc-NbN alloy powders has been fabricated
by milling pure Nb powdersin ahigh-energy ball mill under anitrogen gas
flow.[ The nonequilibrium phase that shows a superconducting behavior
with high T, is considered as a promising industrial material that can be
used in the field of electronics.

TheXRD patternsof elemental bcc-Nb powdersandfcc-NbN alloy
powders after 720 ks of the RBM time are shown in Fig. 6.15(a) and (b),
respectively. Toward the end of the RBM processing time (720 ks), the
Bragg peaks of pure bcc-Nb powders have disappeared completely and a
new phase that related to the fcc-NbN alloy appeared clearly. The lattice
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parameter, a,, of the unit cell for this new phaseis calculated to be 0.4330
nm. Thegrain size of thisalloy powder, that was cal culated from TEM and
XRD, shows nanocrystalline characteristics (lessthan 5 nmin diameter) of
the fabricated alloy. It is worth noting that no remarkable change in the
crystal structure of this metastable phase can be observed, even after
heating to 950 K, asillustrated in Fig. 6.15(c). At 1150 K, however, the
metastable fcc-NbN phase transforms to mixed phases of hcp-Nb,N; and
hcp-NbN, as presented in Fig. 6.15(d).
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Figure6.15. Thetypical XRD patterns of (a) pure Nb, (b) milled NbN alloy powders after
720 ks, (c) milled NbN alloy powders after 720 ks, then heated upto 950K, and (d) milled
NbN alloy powders after 540 ks, then heated up to 1150 K . (After El-Eskandarany et al.)["]
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The DTA technique has been used to get more information about
the thermal stability and the behavior of the NbN alloy powders at several
temperatures. Figure 6.16 illustratesthe DTA curve of the metastabl e-fcc-
NbN after 720 ksof RBM time. During thefirst heating run (solidline), four
reactions are detected, at about 1025 K, 1100 K, 1490 K, and 1680 K. The
first two reactions are exothermic and attributed to the phase-transforma-
tion of metastable-fcc-NbN to hep-Nb,N; and hep-NbN, aswas shown in
Fig. 6.15(d). Thesephasesmelt at 1490K and 1680 K, and arecharacterized
by clear sharp endothermic peaks, asshownin Fig. 6.16. During the second
and third heating runs(dashed lines), the exothermic reactionshave al ready
disappeared and two endothermic reactions are permanent and appear
clearly, asshownin Fig. 6.16. This suggested acompl ete disappearance of
the metastable-fcc-NbN alloy powders and formation of a mixture of
hcp-Nb,N5 and hep-NbN.
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Figure6.16. Typical DTA curvesfor Nb powders milled in anitrogen gasflow for 720 ks
of the RBM time. (After El-Eskandarany et al )"

Thefirst metallic amorphousnitride phase wasfabricated by El-
Eskandarany et al.[®] when they milled pure elemental powders of Al
and Tain a high-energy ball mill under nitrogen gas flow. The XRD
patterns of the milled powders showed the formation of bcc-AlTasolid
solution after 43 ks of RBM time (Fig. 6.17). The bcc-AlTa solid
solution, which was obtained after 86 ks, contained 18 at. % nitrogen
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and coexisted with unprocessed Ta powders. This bcc-Ta powder
reacted with the nitrogen atmosphereto yield hcp-TaN that was embed-
ded into the matrix of bcc-AlTa(Fig. 6.18). At thefinal stage of milling
(72 ks) the bcc metastable phase is transformed completely to an
amorphous phase, suggested by the diffuse haloes and smooth peaks
which are shown in Fig. 6.17.
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Figure 6.17. Typical XRD patterns of AlTaN alloy powders after selected RBM times.
(After El-Eskandarany.)¥

10 nm

Figure6.18. HRTEM image of mechanically reacted Al TaN powdersafter 86 ksof theball
milling time. (After El-Eskandarany.)!!
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In fact, recently, the fabrication of metalic nitrides via RBM at
room temperature has been widely used for preparing many other metal
nitrides, like FeN, €113 ZrN [14 VN, [15] BN, 16! and amorphous NiZrN.[1]

6.6 FABRICATION OF NANOCRYSTALLINE SOLID
SOLUTION NiTiH BY REACTIVE BALL MILLING

Whereall metal hydridesare usually prepared by passing aflow of
reactive hydrogen over the metallic materials under high vacuum pressure
and at temperatures usually well above room temperature (static hydrog-
enousreaction), El-Eskandarany et al .I'% have prepared supersaturated fcc-
NiTiH; solid solution by milling an equi-atomic mixture of elemental Ni
and Ti powdersin aball mill under a hydrogen gas atmosphere.

Figure 6.19 displays the XRD patterns of NiTi powders after
several stagesof ball milling under areactive hydrogen gasatmosphere. At
the initial stage of milling [Fig. 6.19(a)], the initial powder consists of
polycrystalline fcc-Ni and hep-Ti. After 11 ks of the milling time, almost
all the Bragg peaks corresponding to hep-Ti surprisingly disappeared and
a new phase of fcc-TiH, was detected, indicating a solid-gas reaction
between the milling atmosphere (hydrogen) and the metallic Ti powder
[Fig. 6.19(b)]. The cross-sectional view of aselected, polished, and etched
particleshowsatypical compositestructureof TiH, (gray grains) which are
embedded inthematrix of metallic Ni (Fig. 6.20). At theintermediate stage
of milling (43 ks), the minor Bragg peaks of Ti have completely disap-
peared, indicating acomplete phase transformation of hcp-Ti to fce-TiH,,
aspresentedin Fig. 6.19(c). Moreover, the positions of the Bragg peaksfor
crystalline fcc-Ni have shifted, remarkably, to smaller angles, suggesting
the formation of fcc-NiTiH4 solid solution.

After 173 ks of the milling time, all the major peaks of TiH,
disappeared, suggesting asolid statereaction betweenfcc-Ni and fee-TiH,,
asdisplayedin Fig. 6.19(d). The product of thisstage of millingisasingle
phase of fce-NiTiH; solid solution, suggested by the fringe images and
selected areadiffraction pattern (SADP) of the powder particles(Fig. 6.21).

Increasing the milling time to 360 ks leads to the formation of
nanocrystalline materials with an average grain size of about 10 nm in
diameter, as shown in the dark field image (DFI) in Fig. 6.22.
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Figure 6.19. XRD patterns of NiTi powders at the (a) initial stage, (b) early stage, and (c) and (d) intermediate stage of RBM. (After

El-Eskandarany et al.)[1%
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Figure 6.20. Optical micrograph for the polished and etched surface of a mixture of NiTi
that ball milled under hydrogen gas for 11 ks. (After El-Eskandarany et al.)[19

Figure 6.21. HRTEM micrograph for amixture of NiTi that ball milled under hydrogen
gas for 173 ks. (After El-Eskandarany et al.)[%

Figure 6.22. DFI and the corresponding SADP of NiTi powders that milled under
hydrogen gas atmosphere for 173 ks. (After El-Eskandarany et al )%l
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The XRD patternsfor the end product of NiTiH5 (360-720ks), are
presented in Fig. 6.23. Obviously, the Bragg peaks of the end product
[Fig. 6.23(a)] becomebroader, indicating the formation of nanocrystalline
NiTiH;solid solution. Thelattice parameter (a,) of thefinal product was
calculated to be 0.35403 nm. This value is larger than pure fcc-Ni
(0.35240 nm), suggesting aninterstitial solubility of TiH,in Ni. Weshould
emphasize that the final product of NiTiH;does not change to any other
phase(s), even after milling for times as long as 720 ks, as displayed in
Fig. 6.23(b). The XRD patternsof theend product (720 ks), after annealing
in adifferential scanning calorimeter under aflow of argon gas at 993 K,
arepresentedinFig. 6.23(c). The Bragg peaksof NiTiH;havebecomemore
pronounced and sharper, suggesting the formation of coarse grains. Com-
paring these peaksin Fig. 6.23(c) with thosein Fig. 6.23(a) and (b), onecan
say that the NiTiH; phase is very stable, even at this relatively high
temperature.
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Figure6.23. XRD patternsof thefinal productsfor NiTiH; alloy powders after (a) 360 ks,
(b) 720 ksand (c) 720 ks of milling and then annealing under flow of argon at 993 K. (After
El-Eskandarany et al )l
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7.1 INTRODUCTION

Aswas shown in the previous chapters, most solid-state chemical
reactions involve the formation of one (or more) product phases between
the reactants, which, therefore, become specially separated. All the solid-
state reaction rates are controlled by diffusion of the reacting species
through the product material. Therefore, the activities of solids are depen-
dentoninitial contact areas, hence, particlesize, onfactorswhichinfluence
diffusion rates, such as defect densities and local temperatures, and on
product morphology.! 3 In conventional thermally activated systems,
the reactants remain substantially unchanged and specialy separated
during the course of the reaction. A significant increase in reaction rate
could result if a means were found to agitate the reaction mass and
continually bring unreacted material into contact, preventing the products
from dividing the reactants. In fact, mechanical alloy processing is ableto
provide such a potential.

The displacement reactions of the type

AO+VB - xA+BO

have been observed during MA processing of asimple metal oxide and a
strong metallic reducing agent, such as elemental Ca, Mg, Ti, Fe, Ni, and
Al powders.["-17] Thisprocessisknown asmechanical solid statereduction
(MSSR).[® In addition, the MSSR has been employed to fabricate nano-
composite WC/MgO materials by milling elemental Mg with WO, pow-
dersin a high-energy ball mill.[°

7.2 REDUCTION OF Cu,0 WITH Ti BY ROOM
TEMPERATURE ROD MILLING

In 1995, theroomtemperaturerod-millingtechniquewasemployed
for reducing Cu,O with elemental Ti powders.l In this experiment, Cu,O
(99.9%, 50 pum) and Ti (99.5%, 100 um) powdersweremixedinaglovebox
under a purified argon atmosphere to give the desired starting average
composition of (Cu,0),Ti;.,. The mixed powders were then charged and
sealed inacylindrical stainless steel shell (SUS 304, 120 mm in diameter)
together with stainlesssteel rods(SUS 304, 10mmindiameter). Therod-to-
powder weight ratio was controlled to about 30: 1. Theinlet of theshell was
connectedwitharotary pump and evacuated for about 4 ks. After evacuation,
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aflow of argon gaswaspassed into therod mill through aplastic pipe. Once
therod mill wasfilledwith 1 atm of argontheinlet of thevial wasclosedand
the M SSR processwas carried out at room temperature by mountingtherod
mill on arotator at therate of 1.4 s1. The M SSR wasinterrupted at selected
intervalsand asmall amount of the rod-milled powder wastaken out of the
via inthe glove bag. The powders were characterized by x-ray diffraction
(XRD)with CuKa, transmission el ectron microscopy (TEM) usinga200kV
microscopeand differential thermal analysisinanargongasatmosphereat a
heating rateof 0.33 K s. Themetall ographi c characterizationsof themilled
powders were studied by an optical microscope. Moreover, the induction
coupled plasma (ICP) emission method was used to detect the degree of Fe
contamination in the milled powders. After 360 ks of milling, the iron
contamination content inthealloy powderswasdeterminedtobe0.25at. %.

7.3 PROPERTIES OF ROD MILLED POWDERS
7.3.1 Structural Changeswith the Milling Time

The XRD patterns of Cu,O milledwith Ti arepresentedinFig. 7.1
after selected MSSR times. At the initial stage of MSSR process (0 ks),
the powders consist of unreacted polycrystalline fcc-Cu,O and hep-Ti
[Fig. 7.1(a)]. The intensities of the peaks corresponding to Cu,O and Ti
crystals decrease remarkably after 43 ks, as displayed in Fig. 7.1(b).
Increasing themilling timeto 173 ksenhancesthe solid statereaction of the
reactants (Cu,O and Ti) which translates into a M SSR between Cu,O and
Ti,asshowninFig. 7.1(c). At thisintermediate stage of milling, new phases
corresponding to becc-Cu and tetragonal-TiO, appear, suggesting an in-
creasein the chemical kineticsof MSSR reaction. Theyield product at this
stage of milling coexisting with unreacted Cu,O and Ti powder particles,
isdisplayedinFig. 7.1(c). Figure 7.1(d) showsthe X RD patternsof theend-
product of the MSSR process after 360 ks of rod milling time. Obviously,
the Bragg peaks that correspond to bce-Cu become more pronounced,
suggesting an increase in the mole fraction of metallic Cu in the yield
product. Remarkably, these peaks of bcc-Cu are broad, indicating the
formation of nanocrystalline Cu with an average crystallite size of 7 nm.
Moreover, the starting materials (reactants) of Cu,O and Ti powders no
longer appear, suggesting the completion of MSSR process.
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Figure 7.2 displays the change in the concentration of a reactant
(Ti) andaproduct (Cu) withtherod millingtime. Theconcentrationsof Ti and
Cuwerecal culated by measuring theareasunder thediffraction peaksof Ti
(011) and Cu (111) reflections. During the first few kiloseconds (043 ks),
no remarkabl e change in the concentrations of Ti and Cu can be observed.
Increasingthemillingtime(43-256 ks) increasestherateof thereaction. Thus,
theconcentrati on of Cuincreasesmonotonically withadramati c decrease of
the concentration of Ti, asshownin Fig. 7.2. Toward the end of the MSSR
process (360 ks) the reduction of Cu,O to Cu is completed.
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Figure7.2. Effect of the milling time on the concentration of Cuand Ti intheyield product
during rod milling of amixture of Cu,O and Ti powders. The concentrations of Ti and Cu
were cal cul ated by measuring the areas under the diffraction peaks of the Ti (011) and Cu
(1112) reflections.

Detailed TEM analyses were performed in order to follow the
progress of the MSSR process with variation in the rod milling time.
The bright-field images (BFIs) and the selected-area diffraction pat-
terns (SADPs) of rod milled Cu,O-Ti powders after selected milling
times are shown in Figs. 7.3 through 7.5.
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Figure 7.3. (a) BFI and (b) SADP of the reactant materials of Cu,O and Ti powders at the
starting stage (O ks) of rod milling time. (After El-Eskandarany.)!®

Reyion | unprocessed

Ti partiche

—
20 nm

Figure7.4. BFI andthe corresponding SADPs of several regionsfor mechanically alloyed
Cu,O and Ti powders after 173 ks of the rod milling time. (After El-Eskandarany.)!8l
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b I | 360 ks« "N

Figure 7.5. (a) BFI and (b) SADP of the powder particles at the end stage of the MSSR
process (360 ks of the rod milling time). (After El-Eskandarany.)®!

Figure 7.3 shows the (a) BFI and (b) corresponding SADP of a
mixture of Cu,O-Ti powders (reactant) at the starting stage of milling.
Obviously, the powders contain large grains of about 500 nm in diameter.
The SADP shows a ring-spot pattern that is characteristic of the
polycrystalline fcc-Cu,O and hep-Ti.

The BFI and the corresponding SADPs of the powders milled for
173 ksof rod milling areshownin Fig. 7.4. At thisintermediate stage of the
M SSR process, the structures of the particles are extremely heterogeneous,
shown by the different features of the powders in Fig. 7.4, suggested by
SADPstaken at regions | (unprocessed Ti), I (diffracting polycrystalline
Ti and Cu,0), 111 (TiO,), and IV (Cu). It is worth noting that the powder
particles consist of somewhat fine grains, ranging from 10 to 50 nm in
diameter. Increasing the rod milling time leads to an increase in the shear
forcegenerated by therodsand thiscausesseveral mechanical defectsinthe
powder particles which translate into a continuous decrease in the unproc-
essed Cu,O and Ti powders. Thus, atomically clean surfaces are created
and brought into intimate contact so that M SSR takes place and the mole
fraction of Cu and TiO, increase against the concentration of the reactant
material of Cu,O and Ti.

The BFI and corresponding SADP for the end-product of the
MSSR processare shownin Fig. 7.5(a) and (b), respectively. The powders
are a mixture of polycrystalline Cu (agglomerated dark grains) and TiO,
(the light fine spherical grains). The reactant powders no longer appear,
suggested by thering diffraction patterns of fcc-Cu coexistent with tetrago-
nal-TiO,, as shown in Fig. 7.5(b).
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7.3.2 Metallography

Figure 7.6 shows a cross-sectional view of polished and etched
powder particles of Cu,O and Ti, the reactant materials that were milled
together for (a) 43 ksand (b) 360 ks of the M SSR time. Obviously, after 43
ksof M SSR processing time, the powder isamixture of Cu,O grains (dark
gray sub-micron grains) and flaky Ti particles, aspresented in Fig. 7.6(a).
At thefinal stage of MSSR (360 ks), Cu,O was reduced completely by Ti
and the end product of this stage contained fine powders of Cu (gray
particles) together with a relatively fine equiaxed cross section of TiO,
grains (dark gray), as presented in Fig. 7.6(b).

Figure 7.6. Optical micrograph of a cross-sectional view of polished and etched powder
particles of Cu,O and Ti, being the reactant materials that were milled together for (a) 43
ks and (b) 360 ks of the MSSR time. (After El-Eskandarany.)L®
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7.3.3 DTA Measurements

The DTA curvesfor Cu,O milled with Ti are presented in Fig. 7.7
after (@) 0 ks and (b) 360 ks of rod milling times. All the samples were
heated to about 1370K (first heating run) and cooled to about 310 K. Then,
second heating runs (dashed lines) were performed, in order to get a base
line. Atthestarting stage of the M SSR process (0 ks), two reactionsbetween
the reactant materials (Cu,O and Ti powders) took place, characterized by
two exothermic peakswhich appear at about 773K and 973K, asdisplayed
inFig. 7.7(a). These reactions occur due to the reduction of Cu,O with Ti
at such high temperatures. The products of these reactions, asindicated by
XRD, contain TiO, and metallic Cu that melts at about 1356 K, character-
ized by a sharp endothermic peak [Fig. 7.7(b)]. At the second heating run,
a single sharp endothermic peak appears, due to the melting of pure Cu
powdersin theyield product. Moreover, no exothermic reactions could be
detected, suggesting the compl etion of thereduction processviaDTA. We
concludethat Cu,O can bereducedto Cuusing Ti asan RA (reducing agent)
at temperatures higher than 973 K.

Figure7.7(b) displaysthe DTA tracesfor the end-product of milled
Cu,O with Ti powders after 360 ks of rod milling time. Obviously, during
heating of the sample, an endothermic reaction takes place, characterized
by a single sharp endothermic peak centered at 1356 K. Thisis attributed
tothemelting of Cu powdersinthe end-product. Moreover, the exothermic
reaction peaks that relate to the reaction of unprocessed Cu,O with Ti
powders[Fig. 7.7(a)] have already disappeared. Thisindicates the forma-
tion of new phases (Cu and TiO,) without the existence of any other
unprocessed reactant materials of Cu,O or Ti.

7.4 MECHANISM OF MSSR

The reduction process reported in the previous section is consid-
ered a new application of the MA method for reducing metal oxide using
ametallic reducing agent (RA) viarod-milling technique. Thisapplication
was reported earlier by Schaffer et al.[! when they reduced cupric oxide
(CuO) to pure copper metal by several metallic RAs, e.g., Caand Mg. Our
resultd® have shown that Cu,O could completely bereduced to metallic Cu
by milling a mixture of Cu,0O and elemental Ti powders (due to the
stoichiometry of reaction)!*® in arod mill filled with argon atmosphere at
room temperature. The completion of the so-called mechanical solid state
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reduction (MSSR) process takes 360 ks of milling time. For MSSR, the
basic change that occurs during milling the reactants (Cu,O and Ti
powders) can bedescribed intermsof thetransfer of electrons, aspresented
in the following reaction;

2Cu,0(9)+Ti(s) - TiIO, () +4Cu (9

Temperature, T/°C
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Figure7.7.DTA curvesfor Cu,O milled with Ti after (a) Oksand (b) 360 ksof rod milling
times. The solid and dashed lines represent the first and the second heating runs,
respectively. (After El-Eskandarany. )8l
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Principles of physics and of physical chemistry always lie at the
root of every individual application of the MA technique. Obviously, the
previousreactionisatypical oxidation-reduction reactionthat involvesthe
oxidation of Ti to TiO,. The oxygen atoms required for this oxidation
comefrom Cu,O whichisreduced to Cu. Theformation enthal py, AHfor,
for TiO, (-315 kJ/mol)!*Y is about five times larger than that for Cu,O
(-57 kJmol).[*1 In other words, TiO, ismore stable than Cu,O so that the
above mentioned reaction is a forward reaction and occurs during the rod
milling of Cu,0O and Ti. Itisshown that the chemical kineticsof thereaction
indexed by the rate of MSSR increases monotonically by increasing the
milling time (therate at which the concentration of Cuand TiO,increases).
However, thisrate dependson several known factors such asthe nature and
concentration of the reacting species, and it can be controlled by the type
of mill used. A high energy ball mill (attritor, vibrating or planetary mills)
may increase the reduction rate dueto the generated temperature caused by
the collisions between the balls. One drawback of using these high energy
millscomesfrom thefact that iron contamination could be brought fromthe
milling media during the milling process, especialy when using hard
reactant materials.'d Thus, the MSSR will face a serious problem pre-
sented by the existence of such foreign material in the end product.
Moreover, thisforeign material can be alloyed with the end product and a
complex phasemay beformed. | naddition, thegradual oxidation-reduction
reaction can befollowed easily by low energy millswhich allow usto study
the characteristics of the yield product during the different stages of the
MSSR process. For these reasons, the rod milling technique has been used
in the present investigation.

For a successful MSSR via rod-milling technique, the elemental
particles of RA powders should disintegrate during milling into smaller
particles in which fresh surfaces are continuously created. These new
particles, with their fresh surfaces, are very active and react immediately
with Cu,O. We should emphasize that these new surfaces play a very
important role in the MSSR process, no reduction can occur without the
presence of these surfaces. For example, magnesium (Mg) isawell known
reactive RA with two electronsin the outermost shell [(Ne)3s?], however,
during rod milling of amixture of Cu,O and Mg under the same mentioned
milling conditions, no reaction between Cu,O and Mg coul d be detected. 2]
Thisisattributed to the fact that Mg isavery soft metal with alow melting
temperature (compared with Ti) and is stacked on the milling tools (due to
the cold welding). In contrast to Schaffer et al.[ during rod milling, Mg
powdersarebeingisolated from Cu,O powders. We should emphasizethat
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the milling or grinding processes are necessary steps in extractive metal-
lurgy. The possibility of performing pre-reduction stages by the MSSR
method may be applied.

7.5 FABRICATION OF NANOCRYSTALLINE WC AND
NANOCOMPOSITE WC-MgO REFRACTORY
MATERIALSBY MSSR METHOD

Among hard alloys, WC alloysfind wideindustrial applicationsas
tips for cutting tools and wear resistant parts. The intrinsic resistance to
oxidation and corrosion at high temperatures also makes them desirable as
aprotective coating for devices at elevated temperatures. In the industrial
scale of production, the hexagonal phase of WC is usually obtained by a
direct alloying of elemental W and graphite at temperatures ranging from
1673 to 1873 K. Accordingly, the high cost of preparation is a
disadvantage of this process. It has been shown by El-Eskandarany!®1[16]
that nanocrystalline WC can be obtained by reducing WO, through ball
milling this material in the presence of Mg and graphite. The Mg reduces
the oxide, and the resulting metallic W reacts with graphite to form WC.
The oxide phase of MgO is simply removed by selective leaching. Mi et
al.['"! have reported the formation of fine-grained WC by ball milling the
elemental powders of W and C.[*"1 They have al so shown the possibility of
synthesizing composite WC-Co by milling their previously reacted WC
particles with elemental Co powder.

However, becausethehexagonal phaseof WC alloy possesseshigh
hardness (23 GPa),[*% itisrarely usedinindustrial applicationsinitsnative
form. This is due to its relatively poor shock resistance, high values of
elastic moduli and bulk density, and low fracture toughness. Thus, a
binding material (usually Co) isoftenadded to WC during sinteringin order
toimprovethemechanical properties. Coisdesirablebecauseit will wet the
surface of WC while maintaining negligible solubility in the carbide
phase. The present section will present the formation of anew nanocom-
posite WC/MgO material for useinindustrial applications. Inthis method,
aWC/MgO end-product formsduring ball milling of WO, Mg, and C, and
is subsequently consolidated into a nanocomposite bulk compact, using a
plasma activated sintering method.

One purpose of the present section is to describe a unique process
for forming fully dense, nanocomposite materials. The significant techno-
logical potential of the present work derivesfrom arelatively inexpensive
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and simple process for synthesizing ceramic/ceramic composite materials
for applications in cutting tools, tips for drilling tools, and wear resistant
parts used in wire drawing, extrusion and pressing dies. Finally, thiswork
demonstratesaviableprocessfor preparing bulk, fully dense, nanocompos-
ite refractory material using MSSR as a source of nanophase powder.

In the experiments, elemental (99.5%) powders of WO; (5 pm),
Mg (750 um) and graphite (5 um) withan atomic ratio of 1:3: 1 respectively,
were mixed in a glove box under argon gas atmosphere and sealed in a
cylindrical sapphire vial together with fifty sapphire balls (10 mm in
diameter). The ball-to-powder weight ratio was maintained at the level of
10:1. The ball-milling experiments were carried out at room temperature,
using a Fritsch P6 high-energy ball mill at arotation speed of 4.2 s1. The
milling experimentswereinterrupted at regul ar interval sand small amounts
of the milled powders were taken out of the vial in the glove box. The
powders were characterized by means of x-ray diffraction (XRD) with
CuKa radiation, scanning electron microscope (SEM), transmission elec-
tron microscope (TEM) using 200 kV microscope, and/or high-resolution
transmission electron microscope (HRTEM). The powders were chemi-
cally analyzed to determine their concentrations of W and Mg, using the
induction coupl ed plasmaemission method. The sampl e of the end-product
contains about 18 at. % MgO. The oxygen and carbon concentrationswere
investigated by the helium carrier fusion-thermal conductivity method.

Since WC ischemically stable at room temperature and cannot be
attacked, even by strong acid sol utions, theM gO powder issimply removed
from selected samples, using amixture of HCI (7 mol) and H;PO, (3 mol).
The as-leached product, which is pure WC powder, is consolidated into a
bulk sample using a plasma activated sintering (PAS) method. The same
sintering technique has been empl oyed to consolidate the as-milled powder
of composite WC-18% MgO material (beforeleaching). All the consolida-
tion procedures of the present work took placein avacuum at 1963 K with
apressure of 19.6 to 38.2 MPa. In order to avoid undesired grain growth,
the sintering process was applied for only 0.18 ks without adding any
binding materials. The densities of consolidated WC and WC-MgO mate-
rials were determined by Archimedes' principle, using water immersion,
and found to be 15.60 g/cm? and 13.10 g/cmq, respectively. Comparing
these values with those for pure WC (theoretical density, 15.77 g/cmd)[14]
andthecal culated onefor WC-18% MgO (usingtheruleof mixturesprincipal,
13.21 g/cmd), indicatestheformation of fully densebulk materials. Vickers
indenter with aload of 50 kg wasemployed to determinethe hardness of the
compacted samples. Thesizeof theindentation crackswasusedto determine
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the fracture toughness (K,) of the sample.['8l The hardness and K, values
reported below are averaged from at least ten indentations. The elastic
propertiesof thebulk samplesweredetermined by anondestructivetest using
the pul se-echo overlap ultrasoni c technique using an ultrasoni c detector.

75.1 Propertiesof Ball-Milled Powders
7.5.1.1 Structural Changeswith the Milling Time

Figure 7.8 presents the XRD patterns of the (a) starting reactant
materials, (b)—(d) as-milled, (€) as-leached powders (pure WC powder) and
(f) consolidated sample (bulk WC material). At the starting stage of milling
(O ks) the powders are a mixture of elemental WO, Mg, and C materials
with sharp Bragg peaks [Fig. 7.8(a)]. After 22 ks of milling, Bragg peaks
of metallic W and MgO crystals appear, indicating the starting of a
mechanical solid state reduction, MSSR, which takes place between Mg
(reducing agent) and WO powders [Fig. 7.8(b)]. In parallel to the MSSR
process, asolid state reaction, SSR occurred between W and C powdersto
yield a refractory phase of hcp-WC. The Bragg peaks of these reacted
phases have become pronounced and their intensitiesincreased after 43 ks
[Fig. 7.8(c)], suggesting anincreaseinthe product materials. No freeatoms
of the starting reactant materials and/or metallic W powders could be
detected after 173 ks of milling, suggesting the completion of both
MSSR and SSR processes [Fig. 7.8(d)]. When the end-product of this
stage (nanocomposite WC/MgO material) is|eached with an acidic agent
(see Sec. 7.5), the Bragg peaks of MgO completely vanish and the
residual product isnanocrystalline WC with an average grain size of 7nm
[Fig. 7.8(e)]. The XRD pattern of the as-consolidated WC powder isshown
inFig. 7.8(f). Comparing this pattern with that one shownin Fig. 7.8(e), one
can concludethat this consolidation step does not | ead to adramatic change
in the grain size and the as-sintered sample still maintains its unique
nanocrystalline properties. Moreover, this sintering procedure does not
lead to any phase changesand/or transformationsand the sampleisasingle
phase of hcp-WC.

Figure7.9displaysthe X RD pattern of theas-consolidated WC-18%
MgO powder (beforeleaching). Obviously, thecompact samplecontainstwo
phasesof WC and M gOwithout thepresenceof any reactiveproducts. Again,
one can conclude that the compacted sampl e is nanocomposite, character-
ized by a broadening in the Bragg peaks for both WC and MgO phases.
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Figure 7.8. Typical XRD patterns of ball milled WO;, Mg and C powders at (a) O ks, (b)

22 ks, (c) 43 ks, (d) 173 ks of the milling time, (e) the end-product after leaching and (f)
the end-product after leaching and consolidation. (After El-Eskandarany.)!®!
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Figure 7.9. XRD pattern of as-consolidated WC-18% MgO (end-product, 173 ks of
milling) before leaching. (After El-Eskandarany.)l®

The bright field image (BFI) and the dark field image (DFI) of the
powder that milled for 1.8 ks is shown, together with the selected area
diffractionpattern (SADP), inFig. 7.10. Obviously, thepowdersstill contain
the reactant elemental phases of WO, Mg, and graphite, with sharp spot
diffraction patterns, as displayed in Fig. 7.10(c).

Figure 7.10. (a) BFI, (b) DFI, and (c) the corresponding SADP of the as-milled powders
after 1.8 ks of the ball milling time. (After El-Eskandarany.)¥l
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Figure 7.11 shows the (a) BFI of the milled powders after 3.6 ks,
(b) and (c) the corresponding SADPs of two regions. The hard oxide phase
of WO;and cubic graphite powders [Fig. 7.11(b)] are embedded into the
soft metallic matrix of theagglomerated Mg [Fig. 7.11(c)] particlestoform
acomposite-reactant material withellipsoid-likemorphology [Fig. 7.11(a)].

Figure 7.12 presents the BFI of the final-product (173 ks) of the
milled powders (before leaching). The micrograph shows atypical nano-
composite material consisting of the host ceramic matrix of WC and
uniform spherical nanoscale grains of MgO (reinforcement materials) that
are embedded into the matrix.

100 nm

Figure 7.11. (a) BFI, (b) and (c) the corresponding SADPs of the as-milled powders after
3.6 ksof the ball-milling time. The micrograph presentsatypical individual agglomerated
reactant particle. (After El-Eskandarany.)i¥
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Figure 7.12. BFI of as-milled powder after 173 ks (end-product). The spherical grains of
MgO, with about 7 nmin diameter, are embedded in the WC matrix to form nanocomposite
WC-MgO powders. (After El-Eskandarany.)¥l

The BFI and SADPs of the as-leached powder are shown together
in Fig. 7.13. The powder has the fine structure [Fig. 7.13(a)] of asingle
phase of WC, asindicated by SADPswhich weretaken from several zones
[Fig. 7.13(b), (c), and (d)].

30 nn

Figure7.13. (a) BFl and (b), (c), and (d) the corresponding SADPsof theend-product after
leaching. (After El-Eskandarany.)¥l
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Figure 7.14 shows the BFI of the cross-sectional view of the as-
consolidated WC (a) and composite WC/MgO (b) powders. Obviously, the
consolidation procedureleadstotheformation of nanocrystallineWCwithan
average grain size of about 25 nm in diameter. It can be noted that the
consolidated sample of composite WC/MgO contains nanocrystalline
grainsof WC (dark region) and MgO (light gray region) of not morethan
50 nmindiameter. Thedensestructure and the absence of any voidsand/
or cracks in the consolidated samples can be depicted.

Figure 7.14. BFI planner view of the as-consolidated end-product (a) after leaching and
(b) before leaching. (After El-Eskandarany.)!

7.5.1.2 Temperature Change with the Milling Time

Figure 7.15 shows the change of the vial’ stemperature during the
milling time. It has been shown in apreviouswork[?? that thistemperature
did not increase more than 314 K, when the same mill was operated
without charging thereactant powders. During thefirst few kiloseconds
(0to 3.6 ks), the temperature of thevial increased slightly, and the starting
reactant materialsof WO, Mg, and C, which haveirregular shapeandwide
particle size distributions [Fig. 7.16(a)], agglomerated to form larger
particles. The cross sectional view for these particles[Fig. 7.16(b)], shows
the formation of composite powders consisting of WO; (fine white grains
about 20 um in diameter), C (black grains about 100 pm in diameter), and
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Mg (the gray matrix about 1800 um in diameter). The formation of such
composite powder is attributed to the cold welding performed at this stage
of milling in which the ductile Mg particles are deformed to form soft
matrices containing rather hard particles of WOz and C powder. Increasing
the milling time (3.6 to 43 ks) enhances the MSSR and SSR between the
reactant materials, hence, the heat liberated by thesereactionsistransferred
tothesurface of thevial and leadsto anincreasein itstemperature to about
370K (Fig. 7.15). Toward theend of thisstage (43 ks), asmall molefraction
of WC isformed as aresult of an SSR between the W and C powders. A
complete SSR takes place between W and C powders at the second stage of
milling (43to 86 ks) and thevial’ stemperaturedropsto about 325 K. Atthe
end of the MA time (173 ks), the vial’ s temperature remains at a constant
value of about 320 K, suggesting the completion of both reactions and the
formation of the final product, which is a composite WC/MgO powder
which hasspherical-like morphol ogy, with an average particle size of about
0.5 um [Fig. 7.16(c)].
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Figure 7.15. The correlation between the vial’ s temperature and the milling time during
the ball milling elemental mixture of (WO,+3Mg+C) powders. (After El-Eskandarany.)l®
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Figure7.16. SEM micrographsot theas-milled powdersatter (a) starting stage, (b) 3.6 ks,
and (c) 173 ks of the ball milling time. (After El-Eskandarany.)[®
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7.5.1.3 Hardness, Toughness, and Elastic Moduli of Consolidated
WC and WC/MgO

A SEM micrograph of Vickers hardness indentation of the
consolidated sample appearsin Fig. 7.17. The hardness of this compact
sample was measured to be 15 GPa, taking the average of at least ten
indentations. It is worth noting that this value is higher than that for
bonded WC-14% Co (13.2 GPa).[?l The cracks displayed in the
micrograph, which developed in the product during indentation and
extended 250 to 350 um away from it, were used as indicators for
estimating the fracture toughness, K, viathe model that was suggested
by Anstiset al.[*8l Thisvalueisfound to be 14 MPa-mY?, well abovethat
for commercial WC/Co composites (12 MPa-m¥?). This indicates the
possibility of producing high fracture toughness WC/MgO nanocom-
posite materials.

{1 %110~ 1080y

Figure 7.17. SEM micrograph of Vickers hardness indentation developed by applying a
load of 50 kg on the consolidated sampl e of the end-product (173 ks). The presented radial
cracks, induced during the indentation procedure with extensions of 250 to 350 um away
from the indentation, were used to estimate the fracture toughness, K.. (After El-
Eskandarany.)[¥
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Table 7.1 summarizes the results of some mechanical properties
for the consolidated samples. However, pure nanocrystalline WC pos-
sesses extraordinarily high values of hardness (23 GPa), Y oung's and
shear moduli (813.5 and 405.1, respectively), and hasalow value of K.
(4 MPa-m¥?), making it difficult for use as a cutting tool. Contrary to the
WC material, composite WC/MgO combines unique properties of high
hardness value (15 GPa) and an extremely high value of K (14 MPamY?)
with reasonablevaluesof Y oung’ s (413 GPa) and shear (171 GPa) moduli.
In fact, composite WC/MgO material is a unique material in that it can
combine two opposite properties, high hardness and high fracture
toughness. This may be understood when recognizing that the fabri-
cated WC/MgO material consists of fine grains (less than 50 nm in
diameter) that are able to improve the mechanical properties of the
fabricated materials and introduce materials with unique properties.

Table 7.1. Some Measured Physical and Elastic Moduli of the Fabricated
Nanocrystalline WC and Nanocomposite WC/MgO Materials

Consolidated sample
of as-mechanically
reacted and then

Consolidated sample
of as-mechanically
reacted

(MPamY?)

leached WC WC-18 at. % MgO

Density (g/cm?) 15.6 13.1
Poisson’ sratio 0.004 0.209

Y oung’'s modulus 813.5 413

(GPa)

Shear modulus 405.1 171

(GPa)

Bulk modulus (GPa) 273.4 237
Hardness (GPa) 23 15
Fracture toughness 4 14
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M echanically I nduced
Solid-State Amor phization

Mechanical alloying process has been employed for preparing
homogeneous amorphous alloy powders at room temperature. One advan-
tage of this technique appears to be that there is a very large composition
range for which amorphous metallic alloys may be fabricated. The figure
shows a bright field image and the corresponding diffraction pattern of
amorphous Al-50 at. % Zr alloy powders fabricated by rod-milling technique.
[After El-Eskandarany et al., Metall. Trans. A, 23:2131 (1992)]

142
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8.1 INTRODUCTION

lonic and covalent glasses are often formed when the correspond-
ing melt fails to crystallize during relatively slow cooling, of the order of
1K/s. Naturally occurring oxideglasses, such asobsidian, werefirst known
tomanwho, asearly as 70,000 BC, used them to maketools. Around 5,000
BC the Phoenicians discovered oxide-glass making.

The field of glassy metals or metallic glass has seen enormous
development during recent years. For the uninitiated, the notion of a
metallic glass may be rather unusual, since one would primarily associate
glass with transparent and insul ating window material. However, theterm
glass is nowadays almost unanimously used for an amorphous substance
which is obtained by cooling the corresponding melt. Metallic glasses are
new substances with exciting properties which are of interest not only for
basic solid-state physics, but also for metallurgy, surface chemistry, and
technology. Metallic glasses have propertieswhich arequitedifferent from
solid metals making them promising candidates for technical applications.
Thefollowingisalist of some of theimportant propertiesthat can befound
in metallic glasses;

« high mechanical ductility and yield strength

« high magnetic permeability

* low coercive forces

* unusual corrosion resistance

« temperature-independent electrical conductivity

Since the first pioneer investigation for preparing amorphous
metallic aloys during the 1950s, Y almost all amorphous materials are
exclusively synthesized by one of the following techniques;

« rapid solidification of melts or vapors?
« atomic disordering of crystalline lattices®

« solid-state amorphization reaction between pure ele-
mentg (%]

« solid-state transformations from metastabl €6l

Several different methods for the preparation of amorphous alloys
have been discovered since 1983. Y eh et a Il reported that the dissol ution
of hydrogengasin crystallineZr;RhresultsinamorphousZr;RhH; 5. It was
shown that chemical energiescouldbeusedtodriveacrystal -to-amorphous
transformation in the solid state. The hydrogen atoms, being small, can
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easily diffusein crystaline intermetallics of large unit cells, allowing for
thereactionto occur at atemperature bel ow the crystallization temperature
of the amorphous hydride. So far, this method has been used for preparing
various amorphous alloys.[8ll]

Another kind of solid-stateamorphization reactionwasreported by
Herd et al [ They reported that metal s can diffuse at low temperaturesinto
amorphous semiconductors, such as tellurium, selenium, and silicon.
Schwarz and Johnson gave thefirst example of two pure crystalline metals
reacting to form asingle-phase amorphousalloy.[® In this experiment, thin
filmsof puregold and lanthanum, afew tenths of ananometer in thickness,
werefully reacted at 343 K withinafew kiloseconds. Two requirementsare
proposed for the solid-state amorphizing reaction:

» Thetwo reacting metals must have alarge negative heat of
mixing.

» Thetwo metals must have vastly different diffusivitiesin
each other and in the amorphous alloy to be formed.

Thefirst condition ensures that athermodynamic driving forcefor
the reaction exists. The second condition ensures that the amorphous all oy
will formin preferenceto crystallineintermetallics, which have lower free
energies. Thiskinetic selection of the reaction path is possible because one
speciesdiffusingintheother andintheamorphousalloy issufficient for the
solid-state amorphizing reaction. The micro-mechanism of the solid-state
amorphizing reaction in multilayers was studied by Rutherford back-
scattering spectroscopic (RBS) marker experiments on a Ni/Zr diffusion
couplell® and transmission electron microscopy (TEM) on Co/zr.[M]
Theseexperimentsreveal that thesmaller atominthediffusion coupleisthe
moving species. The growth rate of the amorphous layer, whichisformed
at the interface of the two atomic species, turned out to be determined by
the diffusion coefficient through this amorphous layer.

8.2 FABRICATION OF AMORPHOUSALLOYSBY
MECHANICAL ALLOYING PROCESS

A different technique for synthesizing amorphous materials at
temperatures below the crystallization temperature was suggested in 1979
by Whitel'? when he milled an elemental mixture of Nb and Sn powders.
Thistechnique, called mechanical alloying (MA), was then established by
Koch et a3 for the synthesis of amorphous Nig,Nb,, powders by milling
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amixture of pure elements. In the typical experiments for the preparation
of an amorphous NigNb,, alloy, elemental powders of Ni and Nb were
milled for about 40 ksin air or in helium (using a Spex Mixer/Mill Model
8000 and steel balls as a milling media). The XRD patterns for the end-
product of amorphous NigNb,, aloy powders of as-milled elemental
powdersin air and helium, prepared by melt spinning, are shown together
inFig. 8.1.

The positions of the maximum of the principal peak in the patterns
of the alloys obtained by milling under helium and of the quenched
NigoNb,are similar (26 = 42.6°). For the samples that were milled in air,
this maximum is at a somewhat higher angle (26 = 43°).
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Figure 8.1. XRD patterns of amorphous NigNb,, alloys prepared by liquid quenching,
MA (14 h) in air, and MA (11 h) in helium. (After Koch et al.)[*3

Intensity (arbitrary units})

The exothermic crystallization peaks of amorphous NigNb,g,
using different preparation techniques, measured by differential scanning
calorimetry (DSC), are not the same (Fig. 8.2). The onset of the first
crystallization peak of the melt-spin and thein-helium MA Nig,Nb,,are at
T, =920 K. The onset of the second crystallization peak of the helium MA
isabout 30 K lower than when rapidly cooled. In contrast, the in-air MA
NigoNb,, has one broad crystallization peak with an onset at 850 K.
These differences can be explained by the different oxygen concentrations
inthealloys. Millinginair resulted in an oxygen concentration of about 3.4
wt %, while milling in helium resulted in a concentration of 0.46 wt %
oxygen. Theseoxygenimpuritieslower thecrystallization temperatures.[13]
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Figure 8.2. DSC plots (heating rate 40 K/min) of amorphous NigyNb,, prepared by (a)
liquid quenching, (b) MA in helium, and (c) MA in air. (After Koch et al.)[*3]

The effect of iron contamination content on the crystallization
temperature, T,, has also been studied by El-Eskandarany et al.l'4 Figure
8.3illustratesthe DTA curvesfor (a) rod-milled (RM) and (b) ball-milled
(BM) AlgTay,, powders that were milled in an argon gas atmosphere.
However, both the RM and BM amorphous alloys are crystallized through
single sharp exothermic peaks; the onset of the final RM amorphous
Aly Tayyalloy (1440ks) is1216 K [Fig. 8.3(a)], higher than that for the BM
AlyyTay aloy (1170 K) after the same milling time. This difference is
attributed to the existence of highiron concentrationsinthe BM amorphous
powders (2.0 at. %) compared with that for the RM Al ;3 Ta,,alloy powders
(lessthan 1 at. %).[14

8.3 CRYSTAL-TO-GLASSTRANSITION

A free-energy diagram can successfully predict the products that
arearesult of solid-state amorphization reaction, SARR, for theinitial and
final productseval uated at the reaction temperature.®11° Thefree enthal py
of the equilibrium crystalline state (G,) is aways much lower than that of
the amorphous state (G,) for metallic systems below the melting tempera-
ture (T,,). The amorphous state is a metastable state, i.e., an energy barrier
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exists which prevents amorphous metals from spontaneous crystalliza-
tion.[*®! In order to synthesize an amorphous metallic phase via SARR, it
is necessary to create an initial crystalline state (Gy) with a high free
enthalpy as proposed by the mode! illustrated in Fig. 8.4.117]
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Figure8.3. The DTA curvesfor mechanically alloyed Al;,Tay, powders as afunction of
the (a) rod-milling, RM, and (b) ball-milling, BM, times. (After El-Eskandarany et al )[4
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Figure8.4. Basic principlesof glassformation by asolid-statereaction. (After Johnson.)!*")

Starting from thisinitia state, G, the free enthalpy of the system
can belowered either by the formation of the metastable amorphous phase
or by the formation of the crystalline intermetallic phase. Energetically
favored is, of course, the crystalline equilibrium phase, but the kinetics of
the phase formation decides which phase is, in fact, formed. To evaluate
this, the time scales of the possible reactions must be examined. The
formation of the amorphous phase is possible and likely if the formation
reaction for theamorphous phaseis much faster than that for the crystalline
phase;

T(}a << T(}x

(1;,j isthe characteristic time scale of thereaction). During thisreaction the
amorphous phase should not crystallize:

T(}a << Ta—x

It meansthat the reaction temperature, T,, must be well below the crystal-
lization temperature, T,.
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8.3.1 TheMetastable Phase Diagram

Amorphization by mechanical alloying occursby aninterdiffusion
reaction at relatively low temperature in the milled powders. The powder
particles are repeatedly cold welded by the colliding balls [Fig. 8.5(a)].[16]
Thus, the composite powder particles with a characteristically layered
microstructure (Fig. 8.6)!'8 are formed [Fig. 8.5(a)].l9

(b)

Figure 8.5. Schematic presentation of the mechanical alloying process: (a) at the
beginning of the milling and (b) after some collision events. (After Schultz)[*¢!

Figure8.6. Cross-sectional view of mechanically alloyed AlsyZr5, powders after 86 ks of
milling. (After El-Eskandarany et al.)[*l
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Duringthisinterdiffusionreaction, intermetallic crystalline phases
do not form, although these are thermodynamically stable phases. The
metastable phase diagram can be deduced using free-energy curves.!'9
Figure 8.7 shows the thermodynamically stable phase diagrams of a
hypothetical A-B alloy and the free energy curvesat atemperature T,. The
free-energy curves show extended primary phases a and . The phase
boundaries are obtained from the double-tangent construction at the free-
energy curves. At the temperature T,, the free-energy curve for the liquid
or (assuming that T, is below the glass transition temperature, T,) the
amorphous phase is always above the composed curve for the stable state.
Therefore, the amorphous phase is not present in the phase diagram at T,.
If we consider the experimental fact that during the amorphization reaction
the y phase does not form, we must ignore the free-energy curve for the y
phase in Fig. 8.7. The free-energy curve for the amorphous phase is then
lowest in the central part and the metastable phase diagram must be
constructed using the free-energy curvesfor a and 3, and by applying the
double-tangent construction to these curves (broken linesin Fig. 8.7). As
aresult, we find extended solubilities for a and 3, a broad glass-forming
rangeinthecentral part and thetwo two-phaseregionsas a plusamorphous
and S plus amorphous. Contrary to melt spinning, where glass formation
would be expected intwo composition ranges close to the two eutecticsand
not at the composition of the y phase, glass formation by mechanical
alloying preferentially occursin the central part of the phase diagram, i.e.,
at the composition of the high-melting intermetallic phase. The eutectic
compositions of the stable phase diagram are not involved.

The modified phase diagram in Fig. 8.7 resembles a very deep
eutectic diagram with the phases a and 8 in which the eutectic temperature
is below the glass transition temperature. Therefore, amorphization by
mechanical alloying can also be regarded as a eutectic melting.[1”]

84 MECHANISM OF AMORPHIZATION BY MECHANICAL
ALLOYING PROCESS

The amorphization process during ball milling or rod milling has
been proposed by several authors for the following binary systems:

* Ni-TM (TM: Ti,[20+423 7y [241[25] gand N[28])
« FeTM (TM: Zr,[2] and Nb(28])



Mechanically Induced Solid-State Amorphization 151

o AI-TM (TM: Ti [2900300 Zp [291[81] Hf [321[33] N, [29134](35]
and Tal%6-140)
Asatypica example, we will describe, in detail, the formation of
amorphous Al Hf 5 .15

TEMPERATURE

FREE ENERGY

COMPOSITION

Figure8.7. Free-energy curve and the resulting stable (solid line) and metastable (broken
line) phase diagram. (After Schwarz.)[2!
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8.4.1 Structural Changeswith the Milling Time
8.4.1.1 X-Ray Analysis

Figure 8.8 displays the XRD patterns of the end-product of me-
chanically alloyed Al Hf ;4. pPowdersat different atomi c concentrations of
Al, x. Obviously, awide amorphization range (33 < x < 75) can be obtained
after rod milling the elemental diffusion couplesfor 720 ksof theMA time.
For x =20 and 80, the final products are amixture of the amorphous phase
coexistent with unprocessed elemental Al and/or Hf crystals. No amor-
phous phases could be detected in the rich sides of the reactant materials
(when x = 10 or 90) and the end-products here are nanocomposites Al/Hf
powders.

CuKar

Intensity {arbitrary units)

20 40 60 80 1060
28 (degree)

Figure8.8. Thetypical XRD patterns of the end-products (720 ks of the MA time) for rod-
milled Al Hf o0, powders. (After El-Eskandarany. )l
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In order to understand the effect of MA time on the total structure
of therod-milled powders, different samplesweretaken after selected MA
times for x-ray analyses. Figure 8.9 presents the correlation between the
MA time and the powder’s structural changes, taking Al Hfs, alloy asa
typical example. In spite of theintact mixture of polycrystallinefcc-Al and
hcp-Hf [Fig. 8.9(a)], at the early and theintermediate stages of MA time
(0-173 ks), the Bragg peaks for Al and Hf reflections become wider and
their intensities are drastically decreased [Fig. 8.9(b) and (c)]. During the
next stage of MA (360 ks), these peaks become broader, with clear diffuse
hal oes, suggesting the formation of an amorphous phase coexisting with
Al and Hf crystals, asillustrated in Fig. 8.9(d). At theend of rod-milling
time (720 ks), a single homogeneous amorphous phaseis yielded, charac-
terized by diffuse haloes and smooth peaks, as displayed in Fig. 8.9(¢).

Intensity (arbitrary units)

20 (degree)

Figure 8.9. XRD patterns of mechanically alloyed AlsyHf5, powders after selected rod-
milling processing times. (After El-Eskandarany.)33l
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8.4.1.2 TEM Observations

TEM analyses have been used to understand the local structure of
the rod-milled powders, including the heterogeneity and homogeneity of
the powders during the different stages of MA.

Figure 8.10 presentsthe bright field image, BFI [Fig. 8.10(a)], and
the selected-area diffraction pattern, SADP [Fig. 8.10(b)], for rod-milled
AlgyHf 5, powder particles after 6 ks of MA time. Neither amorphous nor
metastable (e.g., solid solution) phases could be detected after this stage of
milling, and the powdersarejust polycrystalline mixtures of coarse cells of
Al and Hf, indicated by the sharp spot patternsasshowninFig. 8.10(b). The
BFI and the corresponding SADPs of rod-milled powders at theintermedi-
ate stage of MA time (173 ks) are shown together in Fig. 8.11. Numerous
faults with grain boundary fringes and heavy dislocationsin the boundary
appear clearly inthe powdersasaresult of the shear stressgenerated by the
millingmedia(rods), asdisplayedinFig. 8.11(a). A remarkablesignificant
heterogeneity in the local structure of the powders can be distinguished
[Fig. 8.11(a)]. According to thisvariety inthelocal structure, two different
morphological regions(l and I1) are chosen as SADPsand presentedin Fig.
8.11(b) and (c), respectively. A fine structureis observed at the right upper
edgeof theparticle(region|), aspresentedin Fig. 8.11(a). The correspond-
ing SADP [Fig. 8.11(b)] shows aclear halo pattern, indicating the forma-
tion of an amorphous phase in the rod-milled powders at this stage of
milling. Inregion |1, however, several defectswith grain boundary move-
ment are clearly visible near the center and at the lower edge of the
micrographs [Fig. 8.11(a)]. The oriented particle has twin and nanotwin
boundaries on unprocessed Al and Hf, suggested by the Laue spots
presentedin Fig. 8.11(c). The BFI and the corresponding SADP of the end-
product (720 ks) of Alg,Hfg, powders are shown together in Fig. 8.12.
Overall, the sample appears to have ahomogeneous fine structure with no
dominant facet structure[Fig. 8.12(a)]. Moreover, the SADP[Fig. 8.12(b)]
showsatypical hal o-pattern of anamorphous phasein good agreement with
the XRD pattern that is presented in Fig. 8.9(e).

EDS measurements, using an electron beam of 5 nm, have been
used to determinethelocal composition and the degree of homogeneity for
the end-product of the amorphous alloy. For this purpose, the sample that
isshown in Fig. 8.13 was classified into a rectangular grid containing 50
circular regions (with adiameter of about 50 nm). Each region wasdivided
into 10 zones and the content of Al in each zone was analyzed. Since such
measurements were achieved over several days, the examined samplewas
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kept under vacuum in the TEM apparatus until the completion of all of the
analyses. The results of these experiments were used to construct an
isochemical contour map of Al in the examined sample of Fig. 8.12(a),
usingacontour interval of 0.2, asdisplayedinFig. 8.13. Overall, thesample
appearsto havevery closevaluesof Al and variesslightly from49.0t0 50.6
at. %, suggested by the slight gradient change of the Al isochemical line.
This suggests the formation of a single homogeneous phase of AlgHfg,
aloy powder.

50 men

Figure 8.10. (a) BFI and (b) the corresponding SADP of amechanically alloyed Al ;yHfg,
powder at the early stage of the rod-milling time (6 ks). (After El-Eskandarany.)%

LT

Figure 8.11. (a) BFI and (b and c) the corresponding SADPs of two selected zones (I and
I1) of amechanically alloyed AlsoHf 5, powder at the intermediate stage of the rod-milling
time (173 ks). (After El-Eskandarany.)[33l
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Figure8.12. (a) BFI and (b) SADP of amechanically alloyed Als5,Hf s, powder at thefinal
stage of the rod-milling time (720 ks). (After El-Eskandarany.)®3

50 nm

Figure8.13. Isochemical contour map of Al concentration (at. %) of the sample shownin
Fig. 8.12(a). (After El-Eskandarany.)33



Mechanically Induced Solid-State Amorphization 157

8.4.2 Morphology and Metallography Changes with the Milling
Time

Detailed SEM observations were performed to understand the
topology and metallography of the rod-milled powders after the different
stages of MA. Figure 8.14 shows the SEM micrographs of rod-milled
AlgHfy, powders after selected MA times. After a few kiloseconds of
milling (22ks), thestarting ductile powdersof Al and Hf tend toform globe-
shaped agglomerate composite particles (nearly 700 um in diameter), as
shown in Fig. 8.14(a).

The metallographical examinations of the cross section for the
polished and etched particles that were milled for 86 ks show that the
powders contain many intimate layers of elemental Al and Hf (Fig. 8.15).
Contrary to the numerous thin layers of the equiatomic particles [Fig.
8.15(b)], the number of layersin both Hf and Al rich sides[Fig. 8.15(a) and
(c)] arestill fewer and wider inthickness. Further milling (173 ks) enhances
the shear forces generated by the rods, leading to the formation of finer
powders (about 25 pm in diameter) with cabbage | eaf-like morphology, as
presented in Fig. 8.14(b). After 360 ks of MA time, the powders are
dramatically decreased in diameter (about 2 um or less) and tend to have
nearly spherical-like morphology, asshownin Fig. 8.14(c). The powder of
the end-product (720 ks) compriseshomogeneous and smooth sphereswith
an average size of about 0.75 um in diameter, as presented in Fig. 8.14(d).

Figures 8.16 and 8.17 summarize the SEM observations of rod-
milled powders at different stages of milling. Obviously, the MA process
performed by the rod-milling technique can be classified into three stages,
that isto say, early or agglomeration, intermediate or disintegration, and
final or homogenization stages. At the agglomeration stage (022 ks) the
alloying elemental powdersof Al and Hf areagglomerated and grow insize,
as a result of repeated cold welding. During this stage of milling, the
powders vary widely in size from 150 to about 680 um (Fig. 8.16). This,
accompanied by an increase in the layer thickness and the number of
layers for the individual particles, is presented in Fig. 8.17. During the
subsequent disintegration stage (43-86 ks), the agglomerated powder
particles are subjected to acontinuous disintegration with fragmentation to
formrelatively finer powderswith sizeslessthan 100 pmindiameter. This
stage of milling provides very fine Al/Hf composite powder particleswith
narrow size distribution, as shown in Fig. 8.16. Furthermore, the layer
thickness of the particlesis dramatically decreased, indicating an increase
in the interfaces between the reactant diffusion couples of Al and Hf, as
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b 10 pm

Figure 8.14. Detailed SEM micrographs of mechanically alloyed Alg,Hf s, powders after
(a) 22 ks, (b) 173 ks, (c) 360 ks, and (d) 720 ks of the rod-milling time. (After El-
Eskandarany.)!33!
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AlsoHfgq
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Figure 8.15. SEM micrographs of the cross-sectional view for mechanically alloyed (a)

AlgHfgr, (D) AlsgHf5o, and (c) Alg;Hf4; after 86 ks of the rod-milling time. (After El-
Eskandarany.)[®
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Figure8.16. Influence of rod-milling timeon the particle size distribution of mechanically
aloyed Al Hf-, powder. (After El-Eskandarany.)!®
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Figure8.17. Effect of therod-milling time on the layer thickness distribution of mechani-
cally alloyed AlgHfs, powders. (After El-Eskandarany.)®3
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displayed in Fig. 8.17. The final or so-called homogenization stage
(360-720 ks) refersto the last stage of MA, in which all the particles are
uniform in shape and size without any metallographical details (layered-
structure morphology), suggesting the completion of the solid-state reac-
tion and the formation of an amorphous phase.

8.4.3 Thermal Stability
8.4.3.1 Amorphization Process

The typical DTA thermograph of rod-milled Al Hfg, powdersis
presented in Figs. 8.18 and 8.19 after selected MA times. These measure-
ments were made at a constant heating rate of 0.33 K/sunder an argon gas
atmosphere. All the samples were heated to 1200 K (first run) and cooled
to about 400 K. Then, second heating runs (dashed lines) were performed,
in order to establish the base line.

I I [
AlggHfsg

0.33 Kis

— 1%t heating run

- - = = 21 heating run

Endothermic «———— Exothermic

] ] ]
600 800 1000 1200

Temperature (K)

Figure8.18. DTA curvesof mechanically alloyed Al soHf 5, powders after (a) 11 ks, (b) 22
ks, () 43 ks, (d) 173 ks, and (€) 720 ks of the rod milling time. (After El-Eskandarany.)3
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Figure8.19. DTA thermogram associated with the amorphization reactions (the plain low
temperature peak) and crystallization reactions (the shady high temperature peak) for
mechanically aloyed AlgHf5, powder after 86 ks of the rod milling time. (After El-
Eskandarany.)!3?

After 11 ks, the scan reveals two reactions; the first reaction,
observed at about 940 K, is endothermic and occurs due to the melting of
pureAl inthestarting reactant mixtureof Al,Hf 5, powders, and thesecond
reaction (exothermic), occurs at about 980 K and is attributed to a partial
reaction of the unprocessed materials of Al and Hf powders[Fig. 8.18(a)].
After 22 ks, 43 ks[Fig. 8.18(b) and (c)], and 86 ks (Fig. 8.19) of MA time,
however, these reactions are replaced by a new reaction, that takes place
exothermally. The first exothermic reaction appears at a relatively low
temperature (about 900 K) and doesnot changeremarkably by changingthe
milling time. In spite of the first reaction, the second one takes place at a
relatively high temperature and its position shifts remarkably to the high
temperature side by increasing the MA time. The origin of these reactions,
exemplified by the rod-milled 86 ks sample (see Fig. 8.19), has been
investigated by XRD, TEM/EDS, and metallographical examinations. The
sample that was rod milled for 86 ks of the MA timeis heavily dislocated
and contains polycrystalline grains of Al and Hf, as suggested by the BFI
and its corresponding SADP that is presented in Fig. 8.20(a).
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Figure8.20. BFIsand the corresponding SADPs of Al 5yHfg,powdersafter (a) rod milling
for 86 ks, and (b) rod milling for 86 ks and then heating to 980 K inaDTA under Ar gas
atmosphere. (After El-Eskandarany.)[33

The metallographical examination of this sample reveals an inti-
mate layered-structure of the diffusion couples of Al and Hf, as presented
in Fig. 8.21(a). These layers disappear upon heating the sample to 980 K
(just abovethefirst exothermic peak in Fig. 8.19), suggesting theformation
of asingle phase, as displayed in Fig. 8.21(b). Moreover, the BFI of this
sampl e showsthe formation of fineand featurel essimages, and aclear halo
pattern, as presented in Fig. 8.20(b). Consequently, it is concluded that the
first exothermic reaction occurs due to a crystalline-amorphous phase
transformation conducted by a so-called TASSA reaction. The XRD pat-
terns of the sample that was annealed just above the second exothermic
reaction! show the formation of a crystalline phase, indicating that the
high temperature peak resulted from crystallization of the amorphous
phase(s) in the milled powder. Asthe milling timeincreases, the crystalli-
zation peak moves to the high temperature side, becoming more pro-
nounced and sharp; the amorphization peak, however, is hardly seen, as
displayed in Fig. 8.18.
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as-milled for 86 ks Gl.u-milli:d for 86 ks and then annealed at 980 K)
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Figure8.21. SEM micrographs of the polished surface of Alg Hf,after (a) rod milling for
86 ks, and (b) rod milling for 86 ks and then heating to 980 K in a DTA under Ar gas
atmosphere. (After El-Eskandarany. )%

In order to understand the local composition and the degree of
homogeneity of the amorphous phase that formed via the TASSA process,
EDSanalyseshave been performed for the samplemilled for 86 ksand then
annealed at 980 K. Figure 8.22 shows(a) the BFI and (b) the corresponding
isochemical contour map of Al in the examined sample. The sample has
been classified into 30 circular regions with adiameter of about 50 nm for
each examined region. The results, which were obtained from the local
analyses of at least 300 points (10 for each region, using an electron beam
of 5nm), were employed to construct the isothermal lines of Al concentra-
tion in the examined sample with acontour interval of 1 at. %, asshownin
Fig. 8.22(b). In contrast to the results presented in Fig. 8.13, the Al
concentration of this sample varies widely from region to region and even
withintheindividual regionitself, suggested by the dramati c changesof the
values for the isochemical lines (35 to 48 at. %) and the narrow distance
between the contour lines. It isworth noting that at this stage of milling (86
ks), aconsiderable amount of the Al powder is still stacked on the milling
tools due to the cold welding effect. Annealing such material leads to the
formation of heterogeneous amorphous alloys so that the sampleis either
poor in Al content (shaded area) or approaches near equiatomic values
(plain area). It can be concluded that the amorphous alloy formed via
TASSA is heterogeneous in composition, containing several compositions
of amorphous Al,Hf 4, powders.
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Figure8.22. (a) BFI and (b) the corresponding isochemical contour map of Al concentra-
tion (at. %) of AlgyHfs, powder that was rod-milled for 86 ks and then heated to 980 K in
aDTA under Ar gas atmosphere. (After El-Eskandarany.)33l

The DTA measurementsallow usto obtain the approximate values
of the enthalpy of amorphization (heat release of the crystalline-to-amor-
phous phase transformation), AH,, and the enthal py of crystallization (heat
release of theamorphous-to-equilibrium crystalline phasetransformation),
AH,. The amorphization temperature, T, and the crystallization tempera-
ture, T,, for amorphous Al,Hf ;4. powders have been investigated aswell.
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In the present study, the term AHJASA is used to refer to the heat
formation of the amorphous phase (enthal py of amorphization) via TASSA
that wasdirectly measured from theareaunder theamorphization peaksand
plotted in Fig. 8.23 as a function of the rod-milling time of selected
Al Hf o, powders. In all the compositions, AH A5 decreases drastically
to approach minimum values and then increases dramatically to zero.
Compared to thealloy of the equiatomic composition (x = 50), the AH JASSA
forthealloysat theHf-richside (x =20) and Al-rich side (x =80) takelonger
times to appear and also to vanish. This is attributed to the fact that the
starting composite particles at the rich elemental sides contain such very
thick elemental metallic layers that TASSA can not be performed between
them.[*d Increasing the rod-milling time leads to refinement of the layers
and, hence, TASSA takesplace at theinterfaces of thesefinereactant layers.
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Figure 8.23. Dependence of rod-milling time and the Al concentration on the heat
formation of amorphization via TASSA, AHJAS of selected mechanically alloyed
Al Hf 00 pPOWders. (After EI-Eskandarany.)l®!

In the present study, the term AHMPSS s used to refer to the heat
formation of an amorphous phase viaMDSSA. However, AHMPSAisnot a
measurable value; it can be estimated only during thefinal stage of milling
(when the amorphization peaks are absent, i.e., AHIAS = (), using the
following relation:[*?!
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Eq. (8.1) AHg, = AH, + AH,

Here AH;,, isthereported val ue of the enthal py of formation for an
intermetallic compound at specific concentrations of Al(x) based on
Miedema s model,[*4l AH, isthetotal heat formation of amorphous phases
formed by TASSA and MDSSA processes, and theterm AH, isthe sum total
of enthalpy of crystallization for the amorphous phases caused by the two
processes, TASSA and MDSSA.

Thus, AH, can be given as follows:

Eq. (8.2) AH, = AHTASA 4+ AHDSA

Here, AH JAS* and AHMPSS arethe heat of formation of amorphous phases
formed by TASSA and MDSSA, respectively. Similarly, AH, may be also
written as

Eg. (8.3) AH, = AHASA + AHMDSSA
Thus, Eq. (8.1) can be written as
Eqg. (8.4) AH,, = (AHJASA + AHMPSHY) + (AHTASA + AHNMDSSA)

During thefinal stage of milling (the stageinwhich theamorphous
phase is formed due to the MDSSA process, i.e., when the amorphization
reaction peaks are absent), both AH A" and AH, ™S equal zero. Hence,
the relation of Eq. 8.4 can be rewritten as

Eq. (8.5 AH,,, = AHMPSHA 4 AHMDSHA

The value of AHMPSA can then be estimated directly from the
following relation:

Eq. (8.6) AHMPSA = AH, - AHMPSSA

In fact, this value is very difficult to estimate at the intermediate
stage of milling in which the amorphization peaks are present. At the
intermediate stage, measured value of AH, is caused by the crystallization
of two amorphous phases resulting from TASSA and MDSSA together.

The correlation between the minimum values of AHIAS and
AHMPSAwith the Al content are presented in Fig. 8.24 asafunction of the
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Al concentration, x. For all x, AHMPSA s |arger than AHTASSA, especially
at the Al and Hf rich sides.

The amorphization ratios, AHMPSSYAHTASA! for amorphous
Al Hf ., aloy powdersarelistedin Table 8.1. Sincethealloysof therich
sidesof Al (x=75) and Hf (x < 33) form composite particleswith extremely
thick layer structures(seeFig. 8.15), the TASSA processtakesplace slowly.
Thus, only a small mole fraction of amorphous phase(s) can result upon
annealing these composites. Accordingly, the value of AHASA for these
aloysislower than those alloys that are laid near the equiatomic compo-
sition (33 < x £ 75), as previously presented in Fig. 8.24 and Table 8.1.
Hence, the AHNPSSY AH TASA ratio has large values (more than 14) for the
rich Al and Hf aloys, suggesting that theamorphous phasesfor thesealloys
are formed mainly due to the MDSSA process, which means long milling
intervals are necessary.

The values of AHMPS were estimated using Eq. (8.6), whereas,
AHAS was measured directly using DTA.
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Figure 8.24. Correlation between the heat formation (enthal py change) of amorphiza-
tion via TASSA, AHJASSA and MDSSA, AHMPSA for mechanically alloyed Al Hf; 50,
powders. TheAHASA of Al Hf,,,  powdersisshowninset inthefigurein another scale.
(After El-Eskandarany.)33
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Table 8.1. The heat formation of amorphization via MDSSA, AHMPSA
and TASSA, AH A5 and the rel ative enthal py of amorphization ratio,
AHMPSAARTASA for amorphous Al Hf o, alloy powders. (After El-
Eskandarany.)[33

Al concentration, x AHMPSA AHTASA AHMPSSA
(at. %) (kJ mol ) (kI mol ) AH JASA

20 -25.2 -1.3 19.4

33 -55.1 -3.6 15.3

40 -57.6 -4.2 13.7

50 -63.2 -5.2 12.2

60 -58.7 -4.5 13.0

67 -54.6 -3.8 14.4

75 -42.8 -29 14.8

80 -29.6 -1.8 16.4

8.4.3.2 Crystallization Process

The crystallization characteristics of selected Al Hf,y,, aloy
powders indexed by the crystallization temperature, T,, and the enthalpy
changeof crystallization, AH,, are presented asafunction of therod milling
time, inFigs. 8.25 and 8.26, respectively. It can beseeninFig. 8.25 that the
T, increases monotonically with an increase in the milling time during the
early stage in which the amorphization process occurs only due to the
TASSA process. This may suggest a gradual compositional change in the
milled powders. It then increases dramatically during the intermediate
stage in which the amorphous phases are formed due to the amorphization
via TASSA and MDSSA together. Thisincreasein thevalue of T, indicates
adrastic compositional change in the amorphous phases. During the final
stage of milling, however, the amorphous phases are formed by the
MDSSA process only so that the T, approaches saturation value even after
720 ks of the MA time.
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Figure8.25. Effect of rod-milling time on the crystallization temperature, T,, of mechani-
cally alloyed Al Hf o, powders. (After El-Eskandarany.)33
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Further information on crystallization reactions is given by AH,
and presented in Fig. 8.26 asafunction of therod-milling time. During the
first few kiloseconds of milling, thevalue of AH, decreasesmonotonicaly,
indicating a gradual increase in the volume fraction of the formed amor-
phous phases. A rapid increase in the volume fraction of the formed
amorphous phase is suggested by the drastic decrease of AH, during the
intermediate stage of milling. Towards the end of the milling process, AH,
tends to have saturated values, suggesting the formation of homogeneous
amorphous phases.

Figure8.27 illustrates T, (solid line) of amorphous Al Hf ;4. &loy
powders after the final stage of milling (720 ks). In the figure, the melting
points, T,,, of AlLHf,o, alloysbased on the phase relation diagram(*®! are
also presented (dotted line). The dependence of T, on T, can be noted. In
other words, T, increasesapproximately in parallel withincreasesinthe T,
Table 8.2 shows the melting points, T, and the crystallization parameters
(T,, T, /T, ratio, AH,) for amorphous Al Hf ., &loy powders prepared by
the MA method using the rod-milling technique. Obviously, the shown
T./T, ratioisabout 0.5, in good agreement with the metal lic gl asses.[46114]
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Figure 8.27. Correlation between the melting points, T, (dotted line), and the crystalliza-
tion temperatures, T, (solid line), of Al Hf ., powders. (After El-Eskandarany.)%
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Table8.2. Themelting point, T,,,[* crystallization temperature, T,, T,/ T,,
and the enthalpy change of crystallization, AH,, for amorphous
AlLHf 5.« aloy powders prepared in the present work. (After El-
Eskandarany.)[%]

Al concentration, x Tm T, T, AH,
(at. %) (K) (K) T | (kImol'h)

20 2245 1186 0.528 -4.8
33 1917 1028 0.536 -9.9
40 1863 970 0.521 -10.4
50 2073 1115 0.538 -11.8
60 1953 1007 0.516 -11.3
67 1923 1025 0.533 -10.4
75 1863 989 0.531 -8.2
80 1815 952 0.524 -5.4

8.4.3.3 Mechanism

Amorphous Al Hf,y., aloy powders with wide amorphization
ranges (33 £ x £ 75) have been synthesized by TASSA and/or MDSSA
processesusing therod-milling technique. Inthe TASSA, the heat treatment
of the composite powder particles containing awell-devel oped structure of
fresh layers of metalic Al and Hf enhances the solid-state diffusion
between these thin layers. Thisleads to a speed up in the rate of diffusion
at the clean Al/Hf boundaries so that the free energy changes drastically
from anonstabl e phase (starting reactant materials) to a more stable phase
(amorphous). In the MDSSA process, however, the solid-state reaction
takes place in the same manner as occursin the TASSA process, except for
alower diffusionrateand alonger MA time. Thisisattributed tothemilling
temperaturewhichisassumedto befar below thatin TASSA (980K). Thus,
the interdiffusion between Al and Hf layers occurs slowly. Although the
two processes seem to be the same with different time-scal es, they produce
amorphous aloys which differ widely in thermal stability.

Amorphization via TASSA Process; The Early Stage of Mill-
ing. Thisduration of MA time (0—43 ks) refersto thefirst stage of milling,
in which the amorphi zation process occurs only due to TASSA process.
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Duringthefirst few kilosecondsof thisstage (0—22ks), amost all theinitial
materials of Al and Hf are agglomerated to form powder particles contain-
ing coarse layers of the metallic diffusion couples. Further milling (2243
ks) leads to the formation of composite particles containing numerous
narrow layersof Al and Hf ingood arrangement asaresult of the shear force
generated by the rods. These intensive shear forces, accompanied by cold
working, create naturally multilayered composite particlesthat are typical
for sputtered or evaporated diffusion couples.! In this stage, the as-rod-
milled powdersarelargegrained mixturesof polycrystallineAl and Hf with
sharp grain boundaries. It is worth saying that the formation of the
amorphous phase during this stage of milling occurs only due to TASSA,
which is conducted in DTA. During the DTA measurements of the alloy
powdersat thisstage, two clear separate exothermic peaksappear. Thefirst
exothermic reaction occurs at about 920 K and the second reaction occurs
well above thistemperature. Thefirst exothermic peak refersto TASSAin
which the free energy of the composite Al/Hf particles decreases from the
initial state to the amorphous state formed via TASSA. The second exother-
mic peak occurrs due to the crystallization of the amorphous phase that
formed from the first reaction. The free energy then decreases again from
the amorphous state to the equilibrium crystalline state. The DSC allow us
to measure the enthal py of amorphization via TASSA, AH JASA, directly.

Once the thickness of Al and Hf layers in the composite particles
decreases by increasing the MA time, the number of these fresh layers
(which becamevery narrow) increases. Theincrement of theselayersplays
avery important rolefor theamorphization by way of TASSA. The AH JASA
increases drastically by increasing these layers, suggesting a dramatic
increase in the volume fraction of the amorphous phase. It isworth noting
that when the powder particles have no layers of the starting elements,
heating theminthe DTA does not lead to the formation of any amorphous
phases and AH_AS* becomes zero.

During the TASSA process, both TASA and AHJAS increase
drastically, suggesting adramatic compositional changeand anincreasein
the volume fraction of the amorphous alloy in the rod-milled powder. The
crystallization process at this stage of milling involves only the crystalliz-
ing of the amorphous phase formed by TASSA process. It has been shown
in a previous work!® that, when the initial materials for rod-milling
technique are intermetallic powders, the amorphization process or so-
called mechanical disordering, MD, takes place without compositional
change. Thisisbecausethefinal product of themilled powdershasthesame
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composition asthe starting intermetal lic compound powders. It hasalready
been established?! that the amorphization in the MD process requires an
increase in the free energy of the compound from the lowest level (most
stable phase) to ahigher level (lessstable phase).[®l This can be performed
in the ball and/or rod mills by making the crystalline compounds store
energy in the form of chemical disorder and point and lattice defects,>!
whichisatypical example for the MDSSA process. Thus, the DTA curves
for M D powderg>Y have shown that the exothermic peakswhich arerel ated
to the TASSA process are absent and the processes are carried out through
asingle stage. During all the stages of MD process, AH,, refersto the heat
formation of an amorphous phase by the MDSSA process only, i.e,
AHMPSSA This value can be easily estimated at any MD processing time
using Eq. (8.1).

Infact, TASSAisan interesting processin that an amorphousalloy
can be formed simply by heating the |ayered-composite particles to 980 K
without further milling. Thisphenomenon hasal so been showninmechani-
cally aloyed Ni-Ti,I24 AI-Nb,153 Al-Ta,51 AI-Ti,139 and Al-Zr3U pinary
systems. This process takes place in the same manner as solid-state
amorphization in artificial metallic multilayered thin film.[5354 One merit
of the TASSA processisto shorten the milling time and thismay lead to the
formation of amorphousalloyswith low contamination contents. However,
the formed amorphous phase via TASSA method is rather heterogeneous,
as indicated by broad crystallization peaks. Moreover, this amorphous
phase has alow thermal stability, suggested by the low values of AH,/ASSA
and TJASSA, Thethermal stability and homogeneity of the amorphous phase
can be improved by further milling times (see the following sections).

Thelntermediate Stageof Milling; TheRoleof Amor phization
via TASSA and MDSSA Processes. In parallel with the TASSA process, a
MDSSA begins to take place at the fresh surfaces of Al/Hf layers with
further MA time (86—173 ks). Thus, theamorphizationreaction at thisstage
of milling occursas asum of two effects, thefirst is TASSA and the second
is MDSSA. At the beginning of thisstage, theelemental layersof Al and Hf
of the composite powders become very thin and have excellent arrange-
ment with numerous numbers of interfaces between the diffusion couples.
Thus, the value of AHJASA decreases dramatically, being larger than
AHMPSA |0 other words, the value of AHJASA is larger than AHMPSSA,
Towardthemiddleof thisstage, theelemental layersof Al and Hf gradually
disappear and the amorphization process occurs mainly due to MDSSA.
Thus, the values of AHMPSS* and AHMPSSA pecome larger than AHMPSSA
and AH,JASSA, Hence, in the amorphous phases which form by way of
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TASSA plus MDSSA crystallizing together through a single broad exother-
mic peak (overlapped peak), it is very difficult to estimate the values of
AHMPSSAT A MDSSA " and AH,JASSA during this stage of MA. At the end of
this stage (360 ks), the powder particles no longer have layered-structure
morphology and the amorphization process starts to occur only due to
MDSSA. Thus, the effect of the TASSA process in the amorphization route
can be neglected.

The Final Stage of Milling; The Role of Amorphization via
MDSSA Process. During this last stage of milling (360-1400 ks), the
amorphization process occursonly dueto the effect of MDSSA. Thus, both
AH_ASA and consequently, AH,ASSA become negligible. The free energy
change of amorphization at this stage can be directly changed from the
nonstable phase (starting material) to amore stabl e phase (amorphous). In
fact, theformed amorphous phase viathe MDSSA processisvery homoge-
neous, and unprocessed Al and/or Hf atomsinthefinal product of thealloy
powders are not detected. In addition, the alloyed powders possess excel-
lent morphological properties such ashomogeneous shapes (spherical-like
morphology) with fine and smooth surface relief with uniform size (less
than 1 um in diameter). During this process, the amorphous alloys crystal-
lize through single, sharp, exothermic peaks, suggesting that the amor-
phous phase formed is single and homogeneousin composition. Dueto the
crystallization process, the free energy changes from the amorphous phase
to the most stable phase (crystalline). Compared with TASSA, the amor-
phization reaction via the MDSSA process occurs fast and much more
homogeneously. This is demonstrated by the nearly constant values of
TMPSA and AHMPSHA, One disadvantage of the MDSSA processisthe long
processing time required to change the free energy from the initial stateto
theamorphousstate. Thisusually causesarather high contamination of iron
and oxygen.

8.5 THE GLASS-FORMING RANGE

As was mentioned in the preceding sections, the glass-forming
range can be predicted using different models. It isworth noting that glass
formed by mechanical alloying differs widely from rapid quenching;
accordingly the glass-forming range for both processes differs.

Amorphization by mechanical alloying has been studied in a
wide composition range for Ni-Ti,[2 Cu-Ti % Fe-zr 56 Nj-zr,[571-60]
Co-Zr,180161 Ni-Nb,[62 Al-Nb,[3463] A|-Ti [30 Al-Hf 23 and Al-Ta 42164
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In most cases, the X RD diffraction patterns have been used to determinethe
glass and/or amorphous-forming range. For example, Fig. 8.28 shows the
XRD patterns of the end-product (1080 ks) for mechanically aloyed
Al,Ta,_,. Atthisstage of milling, clear hal o-diffraction patternsare shown,
suggesting the formation of an amorphous phase with a wide amorphiza-
tion-range of 0.10 < x < 0.8.164
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Figure 8.28. The XRD patterns of mechanically alloyed Al,Ta,., after 1080 ks (end-
product) of ball-milling processing time. (After El-Eskandarany.)!%4
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Other useful and more reliable techniques are also used to deter-
mine several physical properties of the formed amorphous phases, such as
the superconducting transition temperature (Fig. 8.29), crystallization
temperature, T, (Figs. 8.27 and 8.30), enthalpy change of crystallization,
AH, (Figs. 8.26 and 8.31), and crystallization temperature to melting point
ratio, T, /T, (Fig. 8.32), which are qualitative properties depending on
composition within the homogeneity range of the amorphous phase and
being constant in the two-phase region.

Table 8.3 lists some typical metallic amorphous binary systems
that have been obtained by way of mechanical alloying and their range of
amorphization.
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Figure 8.29. Superconducting transition temperature, T., of mechanically alloyed and
rapidly quenched Ni,Zr ., as afunction of Ni content.[65-67]
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Table8.3. Glass and/or Amorphous-Forming Range of Selected Metal-
lic Mechanically Alloyed Binary Systems and the Corresponding Mill

Devices

System Milling Device Glass and/or References
Amorphous-
Forming Range
Ag-Cu Spex mill Ag5,Cusg, 71
Al-Fe Planetary mill 50< Al <80 72
Al-Hf Rod mill 20< Al <80 33
Al-Nb P'agggar%’i {I"'” AlgoNbs, gg
< <
ATa | CSmil | weaiem | a2
Al-Ti Spex mill 125<Al<26 73
Rod mill 20<Al<75 30
Al-Zr Spex mill 175<Al<40 74
Rod mill AlspZrsy 18
Au-La Vibratory mill Augglays 75
B-Fe Hig;‘;er’;ﬁrlgy B =50, 60 76
Co-Nb Attritor Co<85 77
Co-Ti Planetary mill Cog,Tigy, CosTisg | 78,79, 80
Co-V Planetary mill 40< Co<67 81
Co-zZr Planetary mill %i ggi gg g;
Cr-Nb Planetary mill 25<Cr<80 83
Cu-Hf Planetary mill 30<Cus<70 84
Cu-Ta Planetary mill CugoTayg 85
Cu-Ti Planetary mill 10<Cu<87 55
Cu-Vv Planetary mill CugyTag, 86
Cu-Zr Spex mill Cu =40, 50, 60 87
Fe-Nb Vibratory mill Fes,Nb,g 28
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Table 8.3. (Cont’d.)
System Milling Device Glass and/or References
Amorphous-
Forming Range
Fe-Si Planetary mill Fe sSios 88
Fe-Ti Spex mill FegoTigg 89
Fe-Zr Planetary mill 20<Fe<80 27,90
Fe-w Ball mill FesoWs, 91
Mn-Nb Planetary mill 45<Mn<55 83
Mn-Zr Planetary mill MnNgoZr 49 92
Nb-Ni Spex mill 20< Ni<83 93
Ni-Ti Spex mill 35<Ni<80 94
Ni-V Planetary mill NigVso 95
Ni-Zr Planetary mill 27<Ni<83 59
Pd-Ti Vibratory mill 15<Pd< 85 96
Pd-Zr Vibratory mill 45<Pd 97
Si Planetary mill | Si amorphous phase 98
Si-Ti Planetary mill 70<Si <80 99
V-Zr Vibratory mill V5Zl71 100

The formation of enthalpy of crystalline compounds can be esti-
mated using Miedema's semi-empirical model.l19 This model can be
applied to estimate the formation enthalpy of an amorphous aloy with
chemical short-range order.[”®! The formation enthalpy of an aloy of a
transition metal, A, in atransition metal, B, is given by the model as:

Eq. (8.7)

AH; = xA[PAH A
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where AHZ," iisthe solution enthalpy of Ain B per mol A, x isthe atomic
fractionand f isthedegreeby V\A/hich an Aatomissurrounded by B atoms.
For ordered crystalline aloys, IB is defined as;

Eq. (8.9) [P=cs [1 + 8(c,§c§)2]
with cg the surface concentration of B atoms:

s = XgVg'3
Eqg. (8.9) B XV 213+ xV2/3

For amorphous alloys with chemical-short-range order, the order
parameter is given as:[”

Eq. (810  [I=c [+ slezes)]

For the formation enthal py of the alloys, aweighted average of the
formation enthalpies of Ain B and Bin A istaken:

_ A AInB , (B, BinA
Eq. (8.11) AHf—xAXBUBAHsol [ HE j

Equations (8.10) and (8.11) are used to calculate the formation
enthalpy of an amorphous alloy from the crystalline elements. This en-
thalpy (in Jmol) is estimated following Miedema and Niessen:

Eq.(812)  AH=CT,

whereT,,isthemeltingtemperature (inK) of theelement and Cisaconstant
for which an average value of 3.5 J(mol K) will be used. From the
difference in formation enthalpy of amorphous and crystalline phases
calculated by Egs. (8.8), (8.10), (8.11), and (8.12), the crystallization
enthalpy of an amorphous phase can be estimated.
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8.6 AMORPHIZATION VIA MECHANICAL ALLOYING
WHEN AH" = ZERO; MECHANICAL SOLID-STATE
AMORPHIZATION OF Fe;pW5,BINARY SYSTEM

The production of amorphous FeW alloys that have a heat of
formation, AH™", equal to zerd1®Y is difficult by melt quenching, sputter
deposition and thermal evaporation methods and few reports have been
published on its amorphous formation.['%2-1%4 Thjs is due to the differ-
ences in the melting points and vapor pressure between Fe and W. The
possibility of amorphousphaseformationwassuggested earlier by Boldrick
et al.[1%] when they milled pure W powders in a stainless steel ball mill.
Because of the hardness of W powders, contamination and later alloying
with Fe from abrasion of the stainless steel balls result in the amorphous
phase. An amorphous-like Fe-W coexisting with unprocessed W powders
was obtained after 180 ks, using a high-energy ball mill.[1%!

In 1997, El-Eskandarany et al .1l reported theformation of asingle
phase of Fe;,W 5, amorphous alloy powders viaMA process using alow-
energy ball mill operated under purified argon gas atmosphere at room
temperature.

8.6.1 Structural Changeswith the Milling Time

The XRD patterns of mechanically alloyed Fe,Wg, powders after
selected MA times are presented in Fig. 8.33. In contrast to the intact
mixture of polycrystalline bce-Fe and bee-W powders[Fig. 8.33(a)], after
86 ks of MA time [Fig. 8.33(b)], the Bragg peaks of a-W reflections
becomeweak and broad, whereas, the peak positionsdo not change. Onthe
other hand, the peak positionsof a-Fe, taking Fe(110) asatypical example,
shift tothelow angle side. This suggestsasolid-state diffusion of W atoms
in the Fe matrix to form bcc Fe-W solid solution. The number of the W
atoms that migrated to the Fe lattice increase with increasing MA time.
Obviously, theintensity of the Bragg peaks for a-W decreases drastically
after 173 ks of MA time, as shown in Fig. 8.33(c). In paralel, the Bragg
peaks of a-Fe shift to the low angle side and become broad. After 360 ks
of MA time[Fig. 8.33(d)], no remarkable changein the peak position of a-
Fe can be noted, indi cating the compl etion of the solid-statereaction. After
720 ks of the MA time, the Bragg peaks of a-Fe surprisingly disappear,
while abroad halo peak which overlapsthose of a-W appears, asshownin
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Fig. 8.33(e). This indicates the formation of amorphous FeW coexisting
withasmall fraction of unprocessed W powders. After 1440ksof MA time,
a solid-state amorphization reaction takes place between the amorphous
phase of FeW and the W powders. The amorphous phase is characterized
by a diffuse and smooth halo, as displayed in Fig. 8.33(f). We emphasize
that this amorphous phase is stable against mechanical deformation and
does not change to any other phase(s) even after milling for alonger time,
up to 2400 ks.
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Figure8.33. XRD patterns of mechanically alloyed Fe;,Ws, powders after (a) Oks, (b) 86
ks, (c) 173 ks, (d) 360 ks, () 720 ks, and (f) 1440 ks of MA time. (After El-Eskandarany
et al )%y

Figure8.34 displaysthelattice parameter (a,) of a-Feasafunction
of the MA time. The a; monotonically increases with increasing the MA
time. Increasing the MA time enhances the solid-state reaction so that the
W atoms begin to migrate to the Fe lattice and this |eads to a monotonical
expansion in the value of a,for pure Fe. After 540 ksof MA time, the a, of
a-Fe hasavalue of about 0.2915 nm, which islarger than that for pure Fe
(0.2866 nm). This solid-solution phase transforms to a metastable phase
(amorphous) after 720 ks of MA time, as presented in Fig. 8.33.
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Figure 8.34. Correlation between the milling time and the lattice parameter, a,, of a bcc
Fe phase during milling of Fes,Ws, powders. (After El-Eskandarany et al.)[®

The TEM/EDS technique has been used to detect the local struc-
tural and compositional variationsin mechanically alloyed Fesy\Ws, pow-
dersafter several stagesof milling. Figure8.35 summarizesthelocal (nano-
scale) EDS analyses of mechanicaly alloyed Fey,Ws, powders during
several stagesof milling. After 4ksof MA time, theparticlesareeither rich
or poor in Fe content. After 22 ks of MA time, the solubility of W in Fe
increases, and the particleshave avery wide compositional distribution. At
the intermediate stage of milling (22 to 173 ks), the particles are heteroge-
neous in composition. After 720 ks of MA time, the number of grains that
have an average composition of Fe,,W;,become predominant. Toward the
end of the MA time (1440 ks), the composition of the powder particles
approach the nominal composition, indicating the formation of ahomoge-
neous aloy.
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Figure8.35. Correlation betweenthe MA time, W content, and frequency of mechanically
alloyed Feg, Wy, powders. (After El-Eskandarany et al.)[®4

8.6.2 Magnetic Studies

The magnetization of mechanically alloyed Fe;,Ws, powders at
room temperatureis plotted as afunction of the MA timein Fig. 8.36. The
rapid decrease in the magnetization during the early and the intermediate
stages of milling suggests adramatic decrease of pure Fe particles. Further
milling (173 to 720 ks) enhances the solubility of W in Fe lattice and this
istranslated to a monotonical decrease in the magnetization, as shown in
Fig. 8.36. No dramatic change in the magnetization could be observed in
samples milled for longer times (1080 to 1440 ks) and magnetization
becomes constant at about 1.5 emu/g and still shows a saturation behavior,
although FeW amorphous alloys are paramagnetic.['® We suppose that
this finite magnetization is attributable to the presence of Fe and Ni fine
grains that came from the milling tools (balls and vial). It has also been
reported!1%! that the magnetization of mechanically alloyed FeV, surpris-
ingly, increasestowardstheend of the M A time. Suchincrementshaveal so
been attributed to the presence of Fe contamination that came from the
milling toals.
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Figure 8.36. Dependence of magnetization, measured at room temperature for mechani-
cally alloyed Fey,Wsg, powders, on the MA time. (After El-Eskandarany et al.)[%1

8.6.3 Thermal Stability

The typical DTA thermogram of mechanically alloyed Feg;,Ws,
powdersis presented in Fig. 8.37 after selected MA times. The measure-
mentswere made at aconstant heating rate of 0.67 K/sunder flow of argon
gas. All the samples were heated to 1300 K (first run) and cooled to about
300 K. Then, second heating runs (dashed lines) were performed, in order
to get abase line. After 360 ks of MA time, an exothermic reaction takes
placewidely at about 580 K, suggesting amorphous-crystallinetransforma-
tion, as shown in Fig. 8.37(a). This broad exothermic peak shifts to the
higher temperature side (about 785 K) and becomes pronounced after 720
ks of the MA time, as presented in Fig. 8.37(b). After 1440 ks of the MA
time, this crystallization reaction takes place at higher temperature, char-
acterized by a single sharp exothermic peak centered at about 870 K, as
shown in Fig. 8.37(c).
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Figure 8.37. DTA curves of mechanically alloyed Fe;,Wsg, powders after (a) 360 ks, (b)
720 ks, and (c) 1440 ks of MA time. (After El-Eskandarany et al.)[!

The crystallization characteristics of amorphous Fey,Wc, aloy
powdersindexed by the crystallization temperature, T, (temperature of the
exothermic crystallization reaction), and the enthal py change of crystalli-
zation, AH, (total area under the exothermic crystallization reaction), are
presented asafunction of theMA timein Figs. 8.38 and 8.39, respectively.
It can beseenin Fig. 8.38 that the T, of amorphous Feg, W, alloy increases
dramatically during the early and intermediate stages of milling. Thisis
attributed to a continuous change in the composition of the amorphous
phase. Duringthefinal stageof milling, theT, approachesasaturationvalue
of nearly 860 K, suggesting the formation of a single phase amorphous
aloy.

Further information on the crystallization reaction for amorphous
Fe,,We, aloy powders is given by AH, and presented in Fig. 8.39 as a
functionof theMA time. Duringtheearly andintermediate stages, thevalue
of AH, decreasesmonotonically withincreasing MA time. At the end of the
milling process (1080 to 1440 ks) AH, saturates at a value of about -9 kJ/
mol, suggesting that the milled powders contain a single phase of amor-
phous FesyWs, alloy. These calorimetric studies clearly demonstrate that
the amorphous phase becomes chemically and topol ogically homogeneous
with increasing MA time.
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Figure 8.38. Effect of the ball milling time on the crystallization temperature, T,, of
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Figure 8.39. Effect of ball milling time on the enthal py change of crystallization, AH,, of
mechanically alloyed Feg,Ws, powders. (After El-Eskandarany et al.)[%1
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8.6.4 Mechanism

Asdescribed in the previous section, asingle phase of amorphous
FeyoWe, powders has been synthesized by the milling of elemental Fe and
W in atumbling-ball mill. In this section, we discuss the amorphization
process of the Fe-W hinary systemviaMA. According to the characteristic
properties of the alloy powders, the milling process is classified into the
following three stages.

8.6.4.1 The Stage of Composite FeW Powder Particles Formation

During MA time of 0-360 ks (the first stage), the initial powders
of Fe and W are agglomerated to form large particles containing many
layers of the reactant elements. In contrast to some of the other metallic
binary systems,[3433 annealing these multilayered composite powders
does not lead to the formation of any amorphous phases. Thisis attributed
to the null value of the heat of formation for the Fe-W binary system.
Accordingly, no chemical driving forceto lower the free energy isapriori
present in this system. At the beginning of this stage (086 ks), the milled
powders contain large grains of polycrystalline Fe and W. During the next
duration of MA time (86-360 ks), the powders are subjected to heavy
deformations, leading to alarge amount of |attice and point defects. During
this stage, the W atoms start to migrate to the Fe lattice to form a bcc Fe-
W solid solution with finer grains. Towards the end of this stage (360 ks),
asmall fraction of an amorphous phaseisformed by amechanically driven
solid-state amorphization (MDSSA). This amorphous phase is heteroge-
neousinitscomposition and structure: thelocal structure and composition
differ widely fromoneparticleto another and evenwithinthe particleitself.
Moreover, the crystallization reaction takes place at low temperature and
the exothermic peak of the amorphous phase formed at this stage is broad,
indicating the low stability of this amorphous phase.

An empirical rulefor the amorphous phase formation is proposed
by the classical eastic continuum model. A large size difference in
constituent elements makes substitutional atom packing unstablel1®” and
gives rise to the formation of an amorphous phase.[1%! By calculating the
local volume strain energy inan A matrix caused by introducing aB solute
with a different atomic size for the FegW., binary system, the critical
concentration of A primary solid solution and an amorphous phase, x§""
is expressed as:[1%
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Eq. (8.13) Xg" = 0.V, Vg =V,

where V, and V; are the atomic volumes of A and B, respectively. The xj™"
valuesare0.38 for the Fe-rich primary solid solution and 48 for the W-rich
primary solid solution. The present Fe;oWs, alloy just satisfies this
condition.

The forming abilities of an amorphous phase and a solid solution
have al so been discussed intermsof an alloy formation enthal py, AH™, and
adifferencein outer el ectron concentration of constituent el ements, An;[199
an amorphous phase is favorable as AH™ is negative and the absolute
values of AH™" and An become smaller. Since AH™ = 01119 and An = -2 for
Fe-W dloys, thisempirical relation predicts awide range of Fe-W crystal-
line solid solutions in contrast to the present experimental results. How-
ever, random solid solutions such as an amorphous phase is stabilized by
afree energy gain of the mixing entropy, because the metallic powder is
mechanically milled at ambient temperature. In this context, the milled
Fe-W is aternary system of Fe, W, and defects.

8.6.4.2 The Stage of Formation of FeW Solid Solution

This stage of MA (360 to 540 ks) refers to the second stage of
milling in that the number of W atoms that migrate to the Fe lattice are
increased. Increasing the MA time enhances the solid-state reaction be-
tween the diffusion couples of Fe and W. This reaction is supported by a
remarkable expansion of the lattice parameter of Fe accompanied by a
drastic decreasein themagnetization. The T, of theamorphousphaseof this
stage increases drastically, suggesting a continuous change in the compo-
sition. Moreover, the value of AH, decreases monotonically with increas-
ing MA time, suggesting an increase in the volume fraction of the amor-
phousphaseagainst the crystalline phase of themilled powders. Towardthe
end of this stage, the alloy powders contain fine grains of bcc Fe-W solid
solution coexistent with the residual W powders.

8.6.4.3 The Stage of Amorphous FeW Formation

During this last stage of milling (360 to 1440 ks), the bcc Fe-W
solid solution formed during the early and the intermediate stages trans-
forms completely to an amorphous phase. The rapid diffusion process is
enhanced by the several defects piled up in the milled powders. The
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amorphous phase coexistswith asmall fraction of unprocessed W powders.
The W powders react with the FeW amorphous phase to produce asingle
amorphous phase of FeW powders. Thelocal structures and compositions
of these particles are homogeneous, as indicated by the EDS analyses. As
the W content in the amorphous FeEW matrix increases, both T, and AH,
increase.

8.7 SPECIAL SYSTEMSAND APPLICATIONS
8.7.1 Amorphous Austenitic Stainless Steel

Traditionally, steel and steel alloys are prepared by conventional
melting and casting techniques. In 1994, El-Eskandarany and Ahmed!114
proposed an attractive technique for preparing austenitic stainless steel
(Fe;,CrygNig) by rod milling elemental powders of Fe, Cr, and Ni, at room
temperature. The end-product (after 1800 ks of milling) was a single
amorphous alloy (see Fig. 8.40). The thermal stability indexed by the
crystallization temperature, T,, of this amorphous alloy shows that the
amorphous austenitic stainless steel is very stable up to temperatures as
high as 1240 K. At this temperature (see Fig. 8.41), the amorphous
Fe,,CrigNig is transformed into an order phase of fcc Fe,,CrigNig (the
typical structure of austenitic stainless steel), as shown in Fig. 8.41.
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Figure 8.40. Effect of the rod-milling time on the structure of mechanically alloyed
Fe,,Cr;gNig powders. (After El-Eskandarany and Ahmed.)*'4
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Figure 8.42. XRD patterns of (a) amorphous Fe,,Cr;gNigalloy powders as rod milled for
1800 ks, then heated to 1300 K during DTA measurements and (b) standard sample of
austenitic stainless steel. (After El-Eskandarany and Ahmed.)[*

Onesignificant potential technological attraction of thismethod of
fabricationisitssimplicity. Moreover, the end-product of amorphous steel
powder and/or annealed stainless steel (fcc structure) can be used as a
powder for high corrosion resistant coatings, or can be consolidated by hot
pressing, or HI Ping technique, thereby offering the prospect of manufactur-
ing bulk metallic aloys made from amorphous (below crystallization
temperature) and/or crystalline (above the crystallization temperature)
steel phases by a simple and powerful technique.

8.7.2 Fabrication Amorphous Fe;,Nb,g Special Steel

Niobium is one of the most important alloying elements for the
stedl industry. It hasavery strong chemical affinity for carbon and is used
asagrain-refiner. Themechanical propertiesof steel, suchasyield strength,
tensile strength, and creep strength, are monotonicaly raised by the
addition of elemental Nb. Unfortunately, the maximum solubility of Nbin
a-Fe was reported to range from 0.095 to 0.330 at. % Nb at 873 to 1123
K, respectively.[1121 Moreover, iron-niobium alloyswith high Nb content



Mechanically Induced Solid-State Amorphization 195

(>45 at. %) cannot be obtained easily by the traditional method of liquid
metallurgy, due to the remarkable gap differential in the melting points
between pure Fe (1809 K) and Nb (2742 K) metals. Thispoor solubility and
thedifficultiesin using theliquid metal lurgy method restrict thefabrication
of these technological alloys that could find a wide range of applications.

In 1999, El-Eskandarany et al.[?®! proposed a room temperature
ball-milling technique for fabrication of Fe;,Nb,g amorphousalloy, using
the mechanical alloying method. A single amorphous phaseisformed after
144 ks of milling elemental Fe and Nb powdersin a high-energy ball mill.
The XRD patterns of mechanically alloyed Fes;,Nb,g powder are presented
in Fig. 8.43 after selected MA times. In spite of the intact mixture of
polycrystalline bcc Fe and Nb powders that were taken after 7 ks of MA
time [Fig. 8.43(a)], the Bragg peaks of Nb become broadened after 18
ksof milling [Fig. 8.43(b)]. Moreover, theintensities of the Bragg peaks
for elemental Fe are markedly decreased, indicating a partial solubility of
a-Feinthe Nb matrix. Towards the end of this early stage of MA (54 ks),
abroad peak isoverlapping themajor Bragg peaksof Nb(110) and Fe(110),
suggesting the existence of a major amorphous phase [Fig. 8.43(c)]. This
first halo peak becomes more pronounced at the beginning of the interme-
diate stage of MA (72 ks), suggesting an increase in the amorphous phase
and a decrease in the unreacted powders, as displayed in Fig. 8.43(d). All
the minor Bragg peaks of the elemental starting materials [Nb(200),
Fe(200) and Nb(211)] have completely disappeared, and a second diffuse
halo pattern has appeared [Fig. 8.43(€)]. At this stage of milling, a small
mol efraction of metallic Nb and Fe powdersiscoexisting with theobtained
amorphous phase, as suggested by the presence of Nb(110) and Fe(110)
reflections in the first halo pattern. These peaks are hardly seen after 108
ksof MA time(final stage), and thematerial iscompletely in an amorphous
phase, asshownin Fig. 8.43(g). At the end of the milling (144 ks), asingle
homogeneous amorphous phase is obtained, characterized by smooth
diffuse halos, as displayed in Fig. 8.43(h).

This single amorphous phase transforms into an order phase (u
phase) upon heating at 1088 K (crystallization temperature, T,) with
enthal py change of crystallization, AH,, of -8.3 kJmol™. The end-product
of this amorphous phase can be consolidated far below or well above its
crystallization temperatureto obtain either bulk amorphousor nanocrystal -
line full dense compacts.
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Figure 8.43. XRD patterns of mechanically alloyed Fes;,Nb,g alloy powder after selected
ball-milling time. (After El-Eskandarany et al.)!?8

8.7.3 Fe-Zr-B System

Thisimportant commercia system has been studied by L. Schultz
et .83l |n their experiments, elemental Fe, Zr, and submicrons of
amorphous B powders were milled together, and the milled powders,
during the early stage of milling, show alayered microstructure of Fe and
Zr. The undeformed amorphous boron particles are caught by the colliding
Fe and Zr particles and are embedded in the Fe/Zr interfaces. Further
milling leadsto refinement of thislayered microstructure until, finally, the
Fe and Zr layers react to form amorphous Fe-Zr (see Fig. 8.44).

Anadditional solid-state reaction process(7.2ksat 728 K) enables
theborontodiffuseintothe Fe-Zr, forming amorphousFe-Zr-B (Fig. 8.44).
The boron addition to amorphous Fe-Zr also increases the crystallization
temperature.[€]
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The Fe-Zr-B samples have also been studied by M éssbauer spec-
troscopy.[*14 Figure 8.45 shows the average quadrupole splitting, QS, vs.
the boron content for the as-milled and the reacted (annealed samples, 7.2
ks, 728 K) state. The QS increases during annealing because of the boron
addition. However, theincrease of QS with boron content for the as-milled
samplesshowsthat thereissomeboron[~5at. % B for the (Fep 7521 95) 5B 15
sample] dissolved in the amorphous Fe-Zr during mechanical alloying.

—_

(Fe752r 25)85B15

Intensity (arbitrary units)

(]

as-milled

2h/550°C

30 40

50 60 70
20 (degree)

80
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8.8 DIFFERENCE BETWEEN MECHANICAL ALLOYING
AND MECHANICAL DISORDERING IN THE
AMORPHIZATION REACTION OF Al Tas, IN A ROD
MILL

8.8.1 Background

There are only two categories of amorphization by ball milling
and/or rod milling, that isto say, mechanical alloying(MA) and mechanical
grinding (MG). The terms mechanical grinding,[**% or mechanical mill-
ing!!® are usually used to express the crystal-to-amorphous transforma-
tion without compositional change. Here, we are going to use mechanical
disordering (MD)[*¥ as a more suitable terminology, which reflects the
mechanism of crystal-to-amorphous transformation in much better under-
standing. As mentioned previously, the MA process synthesizes amor-
phous alloy powders by reacting elemental crystalline powders and/or
intermetallic compound powders, with anegative heat of formation.l'*"1 In
the MD process, however, crystalline alloy or compound powders are
transformed into the amorphous solid state by relaxing the short-range
order without compositional changes.!'8! The MA and MD processes are
reactionsgoing in thermodynamically opposite directions of each other, as
illustrated in Fig. 8.46,[111 whichisaschematic free-energy diagramfor the
phases involved in the mechanical aloying and mechanical disordering
processes. In the figure, A and B are the starting materials (before MA or
MD), with three compoasitions (A-rich, equiatomic, and B-rich). The
starting elemental crystalline state (c), the amorphous state (a), and the
order state are assumed to have the same composition. Theinitial stateis
just amixture of crystalsof pure Aand B so that the free energy of thisstate
(point LinFig. 8.46) islocated along the straight linethat isjoining thefree
energiesof thepureelemental powdersof Aand B. Point 2isthefreeenergy
of the single amorphous phase (a-AB) that is formed by milling the
elemental powdersof Aand B for acertain period of time. Point 3isthefree
energy of thesingle crystallineintermetallic alloy with the same composi-
tion. The mechanical solid-state amorphization reaction takes place at a
constant temperature that is sufficiently high enough to alow for the
mechanical interdiffusion of AinBand/or Bin A, but toolow for promoting
the nucleation and/or growth of the crystalline alloy. Thiskinetic selection
of thereaction pathispossibleinbinary systemsinwhichtheelementshave
largely different diffusivitiesineach other andintheamorphousphase.[®121



Mechanically Induced Solid-State Amorphization 199

~—— : mc-A)+n(c-B)
——— | a-AmBy

—— : C-AmBn

Free Energy

A Composition B

Figure 8.46. Thermodynamical processes of mechanical alloying (MA) and mechanical
grinding (MG). (After Suzuki.)!'8l

8.8.2 Procedure

In the MA process, elemental powders of aluminum (-325 mesh,
99.999%) and tantalum (-150 mesh, 99.99%) were mixed in a glove box
under a purified argon gas atmosphere to give the desired average compo-
sition. On the other hand, the starting material for the MD process was
prepared by arc-melting nominal amounts of 99.999% pure a uminum and
99.999% puretantalum in an argon gas atmosphere (O, lessthan 0.2 ppm),
purified with a titanium getter. The ingot was remelted five times, re-
weighed, and checked metall ographically. After theingot had been crushed
to powder using a stainless steel (SUS 304) mortar and pestle, the powder
was classified in diameter to less than 50 um, using screen analysis, and
then analyzed, using the | CP emission method. The MA and MD processes
were performed by the rod-milling technique.

8.8.3 Structural Changeswith Milling Time

The XRD patterns of mechanically alloyed and mechanically
disordered AlsyTag, are shown as a function of rod-milling time in Fig.
8.47(a) and (b), respectively. AsshowninFig. 8.47(a), theintensitiesof the
Bragg peaks for pure Al and Ta powders decrease simultaneously with
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increases in the MA time. At theintermediate stage of MA (720 ks) all of
the minor Bragg peaks from elemental Al and Ta crystals decrease with
increasing M A time. After 86 ksof milling, the Bragg peaksfrom elemental
fcc Al(200), (220) and (311) reflections disappear. In addition, theintensi-
tiesof the Bragg peaksfrom elemental bcc Tadecrease quickly. During the
intermediate stage (360 to 720 ks) of MA time, the major Bragg peaksfrom
pure Al(111) and Ta(110) and (211) reflections become wider, indicating
the formation of an amorphous phase. Furthermore, the other Bragg peaks
of pure Al and Tahaveal most disappeared. Towardstheend of theMA time
(1440 ks), a homogeneous amorphous phase is formed, characterized by
broad and smooth peaks.
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Figure8.47. XRD patterns of AlsyTasyalloy powdersasafunction of (a) MA timeand (b)
MD time. (After El-Eskandarany et al )49
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Figure 8.47. (Cont’d.)

As presented in Fig. 8.47(b), the starting powders of a AlTa
intermetallic compound have an XRD pattern with sharp Bragg peaks. The
intensities of these peaks decrease by increasing the MD time. A halo
pattern with no sharp Bragg peaks was obtained after 360 ks of MD time.
At the final stage of milling (1440 ks), a homogeneous amorphous phase
was formed, because small angle scattering at 26 less than 10 degrees
completely disappeared.
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8.84 Maorphological Changeswith Milling Time

Figure 8.48 shows the scanning electron micrographs of the MA
and MD Alg,Tag, powders after selected rod-milling times. The typical
starting powders at 0 ks of MA and MD are shownin Fig. 8.48(a) and (b),
respectively. At the starting stage, the MD particles are blocky while the
MA particles have a flake-like morphology. After 22 ks of MA time, the
powder particlestend to agglomeratein size extending to morethan 300 um
in diameter. In contrast, after 22 ks of MD, the particles' sizeisreduced to
lessthan 20 umin diameter, and the shape of the starting materialshasbeen
changed to a globe-like morphology.

AlsoTaso MA

& oA

AlTa MD

Figure8.48. Scanning el ectron micrographsof Al 5oTas, alloy powdersasafunctionof MA
and MD time. (After El-Eskandarany et al.)[*%
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Figure 8.48. (Cont'd.)

Figure 8.49 shows the change of particle size for MA and MD
AlgTag, powders as a function of the rod-milling time. The sizes of the
powders were determined from the SEM observations. The process for
forming alloy powders differs for MA and MD.
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Figure 8.49. Particle size distribution of AlgyTag, alloy powders asafunction of MA and
MD time. (After El-Eskandarany et al.)*%]
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Themilling processperformed by theMA processcan beclassified
into three stages. At the initial stage (4 to 22 ks), which is caled the
agglomeration stage, the starting elemental powders of Al and Taagglom-
erate during this early stage of milling to form powders of greater diam-
eters; as large as several hundred micrometers peaking at almost 300 pm
after 22 ksof milling, asshownin Fig. 8.48(c). During thisstage of milling,
the characteristic structure containing Al and Talayers appears, as shown
inFig. 8.50(a). Using an electron microscopeanalysis, it wasfound that the
gray partsare Al layers and the dark matrix is Tarich. In the middle stage
corresponding to the MA time from 22 to 360 ks, fragmentation with
amorphizing reaction proceeds drastically by the atomic diffusion through
the interface between the layers. Moreover, the powder particles are
subjected to continuous disintegration, until the size of the powders is
reduced to lessthan 10 umin diameter, asshownin Figs. 8.48(e) and 8.49.

100 M 1um

Figure 8.50. Morphology of the powder particles as afunction of MA and MD processes
after 22 ks of milling (a) optical micrographs of MA Alg,Tag, powders and (b) scanning
electron micrographs of MD AlTa powders. (After El-Eskandarany et al.)“%

The MD process leads to a different behavior for the variation in
powder diameters. The starting powders of an AlTa intermetallic com-
pound are continuously reduced in size without any agglomerations or
layer-structure morphology, to form fine powders of about 10 um in
diameter after only 22 ks, asshownin Fig. 8.48(f). Furthermore, intheMD,
however, thesizereduction of theparticlesproceedsat ahighrateto provide
anarrow size distribution, as shown in Fig. 8.49.
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8.8.5 Thermal Stability

Figure 8.51 shows the DTA curvesfor Al Tag, aloy powders as
afunction of the MA time. At 0 ks of milling, a sharp endothermic peak
appears at about 930 K, due to the melting of aluminum in the starting
material of Alg,Tag, powders. Then, thismelt reactswith tantal um powders
in the mixture, characterized by an exothermic peak which appears above
1190 K, asshownin Fig. 8.51. During thefirst few kiloseconds of the MA
time (4 to 22 ks) thereisno significant difference in the thermal properties
between the alloy powders and the starting materials. Therefore, the
process at this stage has the appearance of just blending the two elemental
metal powders. Both the exothermic and the endothermic peaks disappear
through the second heating runs, asillustrated by the dashed linesin Fig.
8.51. Contrary tothis, asinglebroad exothermic peak appearsat around 650
K, and the exothermic reaction peak disappears after 43 ks of MA time.
After 86 ks of milling, another broad exothermic peak appears above 800
K, and thefirst exothermic peak becomes sharper. This second exothermic
peak is shifted to an elevated temperature, and becomes sharp towards the
end of the MA process (1440 ks). The temperature of the first exothermic
peak, however, doesnot changewiththemillingtime, asshowninFig. 8.51.
These reactions, which take place at the low temperature, occur due to so-
called thermally assisted solid-state amorphization reaction® that was
described in detail previously (see Sec. 8.4.3.1, Amorphization Process).

In MD alloy powders, however, the exothermic reaction peaks,
which are attributed to a solid-state amorphizing reaction at the fresh
surfaces of Al/Taboundaries, are absent, as shown in Fig. 8.52.

Figure 8.53 shows the correlation between T, T,, and the milling
timesof MA andMD. Thevalueof T,for MA alloy powdersisindependent
of the milling time, which suggests that the amorphization by a solid-state
reaction occurs simultaneously. Contrary to this, the T, increases drasti-
cally with increasing the MA time in the early and the intermediate stages
of milling, indicating a continuous change of the composition of the
amorphousphase. The T, approachesasaturation value(1210K) during the
final stage of the MA time. In MD alloy powders, however, thereisno big
changein T,, suggesting that the process occurs homogeneously, without
compositional change, asillustrated in Fig. 8.53.
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Figure 8.51. DTA curves of AlsyTag, alloy powders as afunction of MA time. (After El-
Eskandarany et al.)l*9
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Figure 8.52. DTA curves of Al Tag, alloy powders as afunction of MD time. (After El-
Eskandarany et al )l
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Figure 8.53. Crystallization temperature, T,, and amorphization temperature, T,, of
AlgyTas, aloy powders as a function of the rod-milling time. (After El-Eskandarany et
al. )14
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8.8.6 Mechanism of Formation of Amorphous Al Tas, via MD
M ethod

The MA and MD processes are similar in appearance, but differ
completely in their mechanism. The MD process differs from the MA
process in that the amorphization of a crystalline AlTa alloy requires an
increaseinitsfree energy from alower level (more stable) to ahigher level
(lessstable). By rod milling, the crystalline compound stores energy in the
form of chemical disorder, and point and lattice defects. The crystal-to-
amorphous transformation requires releasing of that stored energy to
approach a specified value. In addition, the MD process is carried out
through only one stage, in which the powder particles are continuously
disintegrated without agglomeration or formation of layer-structure mor-
phology of the particles. This is because the starting material here is an
intermetallic compound by itself, so the solid-state amorphizing reaction
can not be considered in this case.

Moreover, the M D technique differsfrom the MA techniqueinthe
rate of amorphization. The amorphization process by MD occurs fast and
much more homogeneously than that by MA. Thisis demonstrated by the
nearly constant values of T, and AH, at theintermediate and final stages of
milling (360 to 1440 ks).

Furthermore, the DTA curves of mechanically disordered AlTa
alloy powders have shown that the exothermic peaks, which are related to
asolid-state amorphizing reaction, are absent. However, the XRD patterns
of the DTA sample for MD AlTawhich was milled for 1440 ks and then
annealed to 1400 K, did not show a clear difference in the Bragg peaks
between them and those obtained in the case of the M A process. Inaddition,
there is no significant difference in the Bragg peaks of as-cast AlTa
crystalline compounds and as-annealed MA and MD powders at 1400 K
whichweremilled for 1440 ks. Thismay suggest that the amorphization by
MA and MD leads to the formation of almost the same amorphous phase
regardless of the great difference in the mechanism between the two
processes. Furthermore, the two exothermic peaks, which appear in the
DTA curvesof the 1440 ksalloy, show that the crystallization of MD alloy
powders occur in two stages. This may be attributed to nucleation and
growth morphology of the heated alloy powders.

In addition, the iron contamination content in the MD powdersis
higher thanitisinthe MA powders. The higher iron contaminationin MD
powders can be attributed to the high hardness of the used intermetallic
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compound powders. Generally, intermetallic compounds are harder than
their constituent elements. Therefore, the highiron contamination seemsto
be a general disadvantage in the MD process.

8.9 MECHANICALLY-INDUCED CYCLIC CRYSTALLINE-
AMORPHOUS TRANSFORMATIONS DURING
MECHANICAL ALLOYING

Since the amorphous phase is a metastable one, it inherently
possesses the possibility of transforming into a more stable crystalline
phase. This phase transformation usually takes place when an amorphous
aloy is heated to a certain temperature (crystallization temperature, T,),
which usually ranges between 0.4 to 0.6 of its melting point, T,,,. Trudeau
et al.[2% syggested that some iron-based amorphous ribbons crystallize
during high-energy ball milling. They mainly attributed this amorphous-
crystalline phasetransformation to the presence of hcp-Co, which enhances
the crystallization reaction. They aso discussed the effect of surface
oxidation on the crystallization reaction. Eckert et al.[8 attributed the
phase changes that occurred upon ball milling elemental Alg;Cu,,Mn;s
powder, to the presence of a high local effective temperature during the
milling process.

The phase changes (if any) beyond these transformations were not
reported until 1997 when El-Eskandarany et al.['2111122] reported the first
novel techniquefor the possibility of acyclic phasetransformation that can
occur during the high-energy ball milling of elemental Co and Ti. In
addition, they investigated to prove that such cycloidal transformations
were not unique to a single system (Co-Ti), and also could be observed
during milling an elemental powder mixture of Als,Zre,.[*23 Moreover, the
effect of themilling speed (I) on such cyclic phasetransformationshasbeen
studied.[*%3]

8.9.1 Co-TiBinary System

Pure elemental powders (99.9%) of Co (70 um) and Ti (50 pum)
were mixed to givethenominal composition of CogyTigy0r Coz5Ti,s (at. %)
in a glove box under purified argon atmosphere and sealed in a stainless
stedl vial (SUS 316, 250 ml in volume) together with fifty stainless steel
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balls (SUS 316, 10 mm in diameter). The ball-to-powder weight ratio was
maintained as 17:1. The MA process was performed in a high-energy
planetary ball mill (Fritsch P5) at arotation speed of 4.2 s1. The tempera-
ture of the vial was measured periodically, every 1.8 ks of MA time, and
found to be about 320 K. In order to avoid afurther temperature increase,
the MA experimentswere stopped periodically (every 1.8 ks) and resumed
when the temperature of the vial decreased to about 300 K. When the via
was charged with the milling mediaonly and operated for 1.8 ks, thevia’s
temperature reached to about 310 K. The MA experimentswere performed
under the same experimental conditions three times to confirm the repro-
ducibility of the present investigation and to avoid any accidental results.

8.9.1.1 Structural Changeswith the Milling Time

Figure 8.54 shows the XRD patterns of mechanically alloyed
Co,sTi,s powder after selected milling times. In contrast to the initial
mixture of polycrystalline hcp-Co and hep-Ti [Fig. 8.54(a)] after 11 ks of
MA time [Fig. 8.54(b)], a broad, diffuse, and smooth halo appears,
suggesting the formation of an amorphous phase. The XRD pattern of the
sample milled for 11 ks then annealed, well above its crystallization
temperature (874 K), reveals an fcc structure corresponding to the equilib-
rium phase of Co,Ti,1'?4 as shown in Fig. 8.55(a). This amorphous phase
is not stable against the impact and shear forces generated by the milling
media(balls) and, surprisingly, transformsinto bce-CosTi upon milling for
86 ks, as shown in Fig. 8.54(c). The lattice parameter, a,, of this new bcc-
Co,Ti phasewas cal culated to be 0.2855 nm, being smaller than that for the
ordered phase of bce-CoTi (0.2987 nm). After 173 ksof the MA time[Fig.
8.54(d)] the Bragg peaks for bce-CosTi become broader, suggesting the
existence of an amorphous phase. The XRD pattern of the sample, milled
for 173 ksthen heated to 1300 K, reveal s an fcc structure corresponding to
fce-Co,Ti coexisting with bee-CogTi. After 360 ksof the MA time, the bee-
Co,Ti phase transformed completely to an amorphous Co,sTi,s, asillus-
trated in Fig. 8.54(€). Increasing the MA time to 540 ks leads again to the
formation of nanocrystalline bce-CosTi coexisting with an amorphous
phase, as presented in Fig. 8.54(f). This bcc-CosTi returns to the same
amorphous phase of Co,sTi,s after 720 ks of MA time, as shown in Fig.
8.54(g). The XRD pattern of theas-annealed 720 ksalloy at 1300 K reveals
an fcc structure corresponding to fce-Co,Ti. It is worth noting that such
transformations were observed for all the samples, which were milled on
three different milling runs.
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Figure 8.54. XRD patterns of mechanically alloyed Co,5Ti,5 powder milled for (a) O ks,
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Figure 8.55. XRD patterns of mechanically alloyed Cos,Tis, powder after (a) 0ks, (b)
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Figure 8.55 shows the XRD patterns of mechanically alloyed
Cox, Tisy powder after selected milling times. A broad, diffuse, and smooth
hal o appearsafter 22ksof MA time[Fig. 8.55(b)], suggesting theformation
of an amorphous phase. The amorphous phase formed at this stage is not
stable against the impact and shear forces generated by the milling media
(balls) and, surprisingly, crystallizesinto bce-Cos, Tis upon milling for 86
ks, asshown in Fig. 8.55(c). Thelattice parameter, a,, of thisbcc-CogyTis,
phasewas cal cul ated to be 0.2982 nm, being in agreement with the reported
value (0.2987 nm). After 360 ks of the MA time, thisbcc phase transforms
againto an amorphous phase, suggested by thehal o that ispresentedin Fig.
8.55(d). This phase transformation occurs due to the accumulation of
several |attice imperfections, such as point and lattice defects, which raise
the free energy from a stable phase to a less stable phase.

Further milling (540 ks) leads again to crystallization of the
amorphous phase into nanocrystalline bce-CoTi, as presented in Fig.
8.55(€). Thisbcc-Coxy Tis, returnsto the same amorphous phase of Cog, Tig,
after 720 ks of MA time, as shown in Fig. 8.55(f). These cyclic phase
transformations have been observed for all the samples which were milled
for three (and sometimes four) different milling runs. Thus, the sequence
of the phase transformation with MA time in ball-milled Cog,Tig, is

Co+Ti OB amorphous [ 8¢ bec 0 3YS amorphous

0% bee 0 BYS amorphous

Figure 8.56 shows the bright field images (BFIs) and the corre-
sponding selected area diffraction patterns (SADPs) of mechanically
aloyed Cog,Tig, powder after selected MA times. After afew kiloseconds
of MA (3.6 ks), the Co powder (dark layers) embedded into the Ti matrix,
forming composite Co/Ti particles, as shown in Fig. 8.56(a). The SADP
[inset of Fig. 8.56(a)] shows sharp spot patterns (Laue spots) that corre-
spondsto polycrystallineCoand Ti. Figure 8.56(b) presentsthe BFl and the
corresponding SADP of asamplemilled for 22 ks of the MA time. Overall,
the sampl e appearsto have ahomogeneousfine structure with no dominant
facet structure. Moreover, the SADP shows a typical halo pattern of an
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amorphousphasein good agreement withthe XRD patternpresentedinFig.
8.55(b). The BFI of the powder that milled for 86 ks of MA time is
presented, together with the corresponding indexed SADP, in Fig. 8.56(c).
Thepowder consistsof nano-sizegrainsof polycrystallinebcc-Cog,Tis,, as
indicated by the Debye-Scherrer rings. In a cyclic crystalline-amorphous
phase transformation, this bce-Cog, Tis, phase returns to an amorphous
phase after 360 ksof M A time. Theformed amorphous phase hasafineand
homogeneousstructurewith aclear halo diffusepattern, aspresentedin Fig.
8.56(d).

Figure 8.56. BFIs and the corresponding SADPs of mechanically alloyed Cog,Tisg
powder after (a) 3.6 ks, (b) 22 ks, (c) 86 ks, and (d) 360 ks of the MA time. (After El-
Eskandarany et al.)[1?2
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Figure 8.56. (Cont'd.)

The magnetization of the milled powder at room temperature is
plotted as afunction of the MA time in Fig. 8.57. The magnetization of
the starting materials (does not appear in Fig. 8.57) ismeasured to be 74
emu/g. After 22 ks, the magnetization of the alloyed powder decreases
dramatically, suggesting a decrease of pure Co particlesin the mixture of
Cog, Tisy powder, and formation of an amorphous phase. During the next
stage of MA (43-86 ks), the magnetization of the milled powder
decreases, to have avalue of lessthan 2.5 emu/g, suggesting theformation
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of bece-CogyTig,. The magnetization of the mechanically alloyed powder
tends to increase upon further MA time (173-360 ks), indicating the
formation of an amorphous phase. Increasing the MA time (450-540 ks)
leadsto aremarkabledecreasein the magnetization. Thisisattributed tothe
crystallization of the amorphous alloy and the formation of crystalline
bce-Cog,Tigy phase. Towards the end of the MA time (630-720 ks),
crystalline-to-amorphousphasetransformationisobserved, and theyiel ded
amorphous phase has almost the same magnetic properties of the 22 ksand
360 ks MA amorphous alloys, indicating cyclic phase transformations. It
is worth noting that the magnetization of the amorphous samples that
annealed well above their crystallization temperatures (976 K), have
almost the same magneti zation values of the samples which milled for 86
and 540 ks. Thismay provethesimilarity of thestructurefor these samples.

—@— 1St milling run

- (--- 2 milling run

7 prreere B 39milling run TTTTTTTTTTT)
0 ]
A

4th milling run ;
as-annealed -

Q.

Magnetization (emu/g)

0:uu,«..l....l....l..,.l.,..i....l....
0 100 200 300 400 5S00 600 700 800
Milling time (ks)

Figure8.57. Dependence of the magneti zation, measured at room temperature of mechani-
cally alloyed Cog,Tis, powder, on the MA time. (After El-Eskandarany et al.)[1?

8.9.1.2 Thermal Stability

The DTA curves of mechanically alloyed Cog,Tis, powder are
presented in Fig. 8.58, after selected MA time. The measurements were
performed at a constant heating rate of 0.33 K/s under an argon gas
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atmosphere. All the samples were heated to 1200 K (first run) and cooled
to about 400 K. Then, second heating runs (dashed lines) were performed
in order to get the base line. After 22 ks of the MA time [Fig. 8.58(a)], a
single sharp exothermic peak appears at 968 K. This exothermic reaction
isattributed to an amorphous-crystalline phasetransformation (crystalliza-
tion). The XRD patterns of the sample heated up to 1300 K shows the
formation of an equilibrium bce-Cog,Tig, phase. After 86 ks of MA time,
this exothermic reaction disappears and no other reactions can be
detected, as illustrated in Fig. 8.58(b). This suggests the amorphous-
crystalline (bce-CogyTig) phase transformation of the as-milled sample.
No remarkable changes in the crystallization temperature (the peak tem-
perature of the exothermic peak) can be detected in the sample that was
milled for 22 ks. Thisbcc-Cog, Tigyphase transformsto asingle amorphous
phase after 360 ks of M A time, suggested by the sharp exothermic reaction
which appears at 976 K in Fig. 8.58(c). The crystallized sample reveals a
structure of bce-CoTi phase. After 540 ks of MA time [Fig. 8.58(d)], no
reactions can be noted, suggesting that the milled powder hasastable phase
of bec-Cog,Tig,. After 720 ks of MA time, the bee-Cogy Tis, phase trans-
forms to an amorphous Cog,Tig, powder, which crystallizes through a
single exothermic reaction peak [Fig. 8.58(€)].

8.9.2 Al-Zr Binary System

In order to understand the effect of the milling speed on the cyclic
phase transformations, several samples of mechanically alloyed AlgyZrs,
wereprepared, using milling speed, 90 rpm (I =2), 180rpm (1 =4), 270 rpm
(I =6), and 360 rpm (I = 8). In al experiments the temperature of thevial,
T,, wasmeasured every 30 minutes. Itisworth noting that when the samples
were milled with a low milling speed (I = 2 and 4), T, does not increase
remarkably, (307 or less). For thoseexperimentsrunat | =6and 8, however,
T, increases rapidly with increasing MA time, and is found to be about
320 K after 30 minutes of MA time. In order to minimize the temperature
effect in the study of the cyclic transformations, the ball-milling experi-
mentswere stopped periodically (every 30 minutes) and resumed when the
temperature of thevial decreasedto about 300 K. Thison/off modewasal so
appliedtothosesamplesmilled at alow milling speed. Itisworth noting that
when thevial was charged with milling mediaonly and operated at | = 8 for
30 minutes, the via’s temperature increased to about 310 K. In order to
study the reproducibility of this work, all the milling experiments were
repeated, under the same experimental conditions, three times.
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Figure8.58. DTA curves of mechanically alloyed CogyTig, powder after (a) 22 ks,
(b) 86 ks, (c) 360 ks, (d) 540 ks, and (e) 720 ks of the MA time. (After El-

Eskandarany et al.)[122]

8.9.2.1 Structural Changeswith the Milling Time

Here, unexpected results can be seenin Fig. 8.59, which showsthe
effect of the MA timeon the structural changes of AlgyZrs,powder milled
at | = 8. In contrast to the starting reactant materials of polycrystalline
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fce-Al and hep-Zr [Fig. 8.59(a)], a nanocrystalline metastabl e phase of
fce-AlZr solid solutionis obtained after 12 h of the MA time[Fig. 8.59(b)].
Increasing the MA time (24 h) transforms this phase into an amorphous
phase of Alg,Zrg,, characterized by a broad, diffuse, and smooth halo, as
displayedinFig. 8.59(c). Thisamorphous phaseisnot stableagainst further
mechanical deformation. It crystallizes into the most stable phase of
orthorhombic-AlZr upon milling for 48 h as in Fig. 8.59(d). In a cyclic
crystalline-amorphous phase transformation and after 72 h of MA time, the
crystalline phasetransformsto an amorphous phase coexi sting with nanoc-
rystallinegrainsof AlZr [Fig. 8.59(e)]. Presumably, this phasetransforma-
tion takes place due to the accumulation of several lattice imperfections,
such as point and lattice defects, which raise the free energy from astable
phase (orthorhombic-AlZr) to aless stable phase (amorphous-AlZr). Fur-
ther milling (100 h) leads, again, to crystallization of alargefraction of the
amorphous phase, and the product of this stage of milling is a composite
nanocrystalline/amorphous powder [Fig. 8.59(f)]. Finaly, a an MA
processing time of 150 h, the nanocrystalline phase transforms again to the
amorphous phase [Fig. 8.59(g)]. These cyclic phase transformations have
been observed for all the samples milled on three different milling runs,
using | = 8. It has been shown in a previous study!!8! that when a mixture
of AlgyZrsypowdersweremilled for along-milling run (400 h), using alow-
energy ball mill and/or rod mill, no mechanically induced crystallization
and/or cyclic phase transformations were observed, and the final-products
of those experiments were amorphous Alg,Zr, powders. Increasing the
low-energy ball milling timel*4l does not lead to the crystallization of the
amorphous phase, even after avery long milling time (800 h). We can then
conclude that the kinetic energy of the ball mill, which is affected by the
milling speed, plays an important role in the incidence of cyclic transfor-
mations.

Incontrast totheresultsshowninFig. 8.59, the XRD patternsof the
samples milled for different MA times, but at lower milling speed (I = 4)
(Fig. 8.60), show a slow solid-state amorphization reaction taking place
between the diffusion couples of Al and Zr with the absence of the cyclic
phase transformations. It is worth noting that, even for samples milled at
thislow milling speed at longer milling times (400 h, 450 h, 500 h, 550 h,
and 600 h), the cyclic reactions do not appear. The end-product for each
milling run is the same as that shown in Fig. 8.60(f).
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Figure 8.60. XRD patterns of AlgyZrs, powder that were ball-milled at milling speed of 4
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8.9.2.2 Thermal Stability

The crystallization characteristicsindexed by the enthal py change
of crystallization, AH,, of amorphous Al 5pZrg, powder that were milled at
different milling speeds, |, are plotted in Fig. 8.61 asafunction of the MA
time. For | = 8 [Fig. 8.61(a)], arapid increase in the value of AH, occurs
during thefirst stage of milling (0-12 h). Thisindicates adecrease of pure
elemental Al and Zr in the milled powder, and the formation of an
amorphous phase. After 24 h of MA time, these values increase again,
ranging from -36 kJ/mol to -38 kJ/mol. During the next stage of milling
(24 h—-48h), thevalues of AH, for the as-milled powder decrease remark-
ably, suggesting mechanically induced amorphous-crystalline phasetrans-
formation. After 72 h of milling time, however, the values of AH, for the
milled powder tend to increase again, due to the formation of amor-
phous Al;yZrs, aloy. Again, the AH, tendsto have lower values during
further MA time (72 h—100 h), indicating a second amorphous-crystal-
line phasetransformation, asshowninFig. 8.61(a). After longer milling
(100 h-150 h), the value of AH, increases to have ailmost the same
values as those milled for 24 h.
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Thecharacteristicsof themechanically alloyed powdersseemtobe
very sensitive to the milling speed, I, as suggested by the behavior of AH,
withthel and MA time[seeFig. 8.61(b)]. For | = 4 and 6, the value of AH,
increasesmonatonically withincreasing MA time, indicating anincreasing
fraction of the amorphous aloy. At | = 6, this amorphous phase gradually
transforms into a stable phase when milled for 72 h—150 h. Based on the
results of the present study, the crystalline phase formed after 150 h of
milling is transformed to an amorphous phase after milling for 440 h. No
cyclic phase changes could be observed for those samples milled at | = 4
[see Fig. 8.61(b)], and the end-product is an amorphous phase, even after
long milling runs, aslong as 600 h. Contrary to the samplesmilled at | = 4,
the end-product (150 h) of the samples milled at | = 2 are an amorphous
phase coexisting with a considerable fraction of elemental reactant pow-
ders, asindicated by the low valuein AH, [Fig. 8.61(b)].

8.9.3 Mechanism of Amorphous-Crystalline-Amorphous Cyclic
Phase Transformations During Ball Milling

One possible factor which may lead to such cyclic crystalline-
amorphous transformations of Co-Ti or Al-Zr binary systems, is the
introduction of contamination in the ball-milled powder. The iron and gas
(oxygen, nitrogen, and hydrogen) contaminating contents of the milled
powder are plotted in Fig. 8.62 (for mechanically alloyed Cog,Tigy) as a
function of the milling time. During the first stage of MA, the iron, which
comes from the stainless steel milling tool, increases drastically, to about
0.40 at. %. The gas contamination content, that may be introduced to the
milled powder during the ball-milling process and/or handling of the
sample outside the glove box, increases during this stage of milling. This
is attributed to the formation of active-fresh surfaces of the elemental
powders(especially Ti and Zr), which areableto react with the surrounding
atmosphere. Asthe MA timeincreases, the milling toolsare coated with the
milled powder, which iswear-resistant to iron. These coated balls play an
important role to prevent introduction of further iron contamination to the
milled powder. Theiron contamination content of the end-product is about
0.50 at. %. In addition, no remarkable changes in the gas content can be
detected for the samples that milled for longer times. These values of the
contaminating contents in the milled powder are ailmost negligible and
cannot be considered to beresponsiblefor the cyclic phasetransformations
of Co, Tijgg., OF AlggZrs, during the ball-milling process.
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Another possiblefactor which canlead to cyclic phasetransforma-
tions, is excessive temperature during milling. To avoid such afactor, the
ball-milling process was interrupted when the temperature of the vial
reached about 320 K (almost every 1.8 ks of continuous milling) and then
resumed when the temperature decreased to 300 K. In order to realize the
effect of the temperature increase on the structure of the powder during
milling, the samplesthat milled for 22 ks (amorphous phase of Co, Ti;g.4
or AlZr aloys) and 86 ks (bcc-Cox, Tigy) were heated separately inthe DTA
to 700 K (well above the measured temperature of the via). The XRD
patterns of these samples prove that no phase transformation takes place,
even at thisrelatively high temperature. However, the amorphous Cos,Tig,
alloy istransformed to a crystalline bcc-Cogy Tigy upon heating to about
968 K. We can then conclude that the temperature which was recorded
during the ball-milling process is far below the required temperature
that can cause structural changesin the milled powder. The sameresults
were obtained from the samples which were milled separately for the
second and third milling runs.
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method 130
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Grain boundary fringes 154
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distribution 90
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processing 119
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Magnesium 128
Matrix 49, 54, 58
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aloy powders 205
powders 208
process 174
technique 208
time 201
MDSSA 166, 167, 175. See also
Mechanically driven solid-
state amorphization
MDSSA process 167, 168,
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Mechanical aloying 2, 37, 144,
197, 198
amorphization 149, 175
carbide synthesis 86
unique process 19
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controlling factors 6
Mechanical deformation 184
Mechanical disordering 173, 198
Mechanical grinding 198
Mechanical milling 198
Mechanical mixing
second stage 59
third stage 59
Mechanical solid-state amorphization
reaction 198
Mechanical solid-state reduction
119
Mechanical-mixing
first stage 58
Mechanically alloyed Co, Ti,,
DTA curves 216
XRD pattern 213
Mechanically alloyed Co,Ti,,
powder 210

powder

Mechanically alloyed Fe_Nb,,
powder
XRD patterns 195
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magnetization 186
Mechanicaly alloyed powders 41
characteristics 223
magnetization 216
Mechanically disordered AlTa aloy
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DTA curves 208
Mechanically driven solid-state
amorphization. 190.
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Mechanically milled 191
Melt 111
Melt spinning 150
Melting point 62, 63, 171
Melting techniques 192
Melting temperature 182
Metal carbides 19
chemical stability 63
fabrication 65
Metal hydrides 113
Metal matrix composites 45
Metal nitrides 19
Metal-coated zirconium oxide 23
Metallic binary systems 177, 190
Metallic glasses 171
Metallic powders 16
Metallographical examination 163
Metals 63
Metastable phase 184
diagram 150
MG 198. See also Mechanical
grinding
Mg 128, 129, 130. See also
Magnesium
MgO 130
light gray region 136
Miedema's model 167
semi-empirical 181



Milled powders
BFI 134
compositional change 169
end product consolidated 5
gas contamination content 223
magnetization 215
metallographic characterizations
120
properties 6
Milling 1, 96, 113, 188,
201, 213
amorphization reaction 174
experiments 130
fina stage 167
first stage 172
inar 145
in helium 145
intermediate stage 167
magnetization 186
media 49, 84, 210
process 39, 58, 171
refining stage 76
several stages 185
speed 209
temperature 16
time 137, 163, 223
tools 186
Mills
high-energy 5
MMC 45. See also Metal matrix
composites
Modified phase diagram 150
More advanced properties 65
Morphological properties 175
Morphology 98, 119, 208
cabbage leaf-like 157
nearly spherical-like 157
spherical-like 50
M ossbauer spectroscopy 197

MSSR 119, 120, 128, 130, 137.

See also Mechanical solid-
state reduction
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MSSR method
pre-reduction stages 129
MSSR process 120, 122, 131
intermediate stage 124

NaCl 102
NaCl type 68
NaCl-TiC 68
Nanocomposite 47, 58
powders 47
SiC/Al material 48
Nanocomposite materials 5, 19,
129, 139
ceramic/ceramic 5
Nanocrystalline 68
bulk material 81
character 54
compacts 58, 60
spherical grains 73
TIN 96
Nanocrystalline fcc alloys 38
Nanocrystalline materials 5,
19, 34
mechanical properties 35
mechanism for formation 37
Nanocrystalline WC 129
Nanophase materials 34
Nanophase powder 130
Nanoscale 65
reinforcements 47
Nanostructure 78
refractory materials 65
Nanostructured material 35
Narrow size distribution 204
NbN 4
Ni powders 113
NiNb,,
exothermic crystallization
peaks 145
powders 144
Ni Nb,, amorphous aloy
first novel technique 4
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Nickel coating 2
Nickel-based superalloy 23
NiTi powders 113
NiTiH,

Bragg peaks 116

final product 116
Nitrides 4, 95
Nitrogen gas flow 4
NiZrN 113
No-stable phase 175
Non-radioactive dispersoid 25
Nonequilibrium phase 109

Objectives of milling 5
Obsidian 143
ODS. See Complex oxide alloys:
dispersion-strengthened; Oxide
dispersion strengthening
ODS dloys 4, 28
ODS superaloy 25
Optical microscopy 96
Order phase 195
Orthorhombic-AlZr
more stable 219
Overall composite properties
undesirable effects 46
Oxidation-reduction reaction 128
Oxide dispersion strengthening 22
Oxide glasses
naturally occuring 143

Particle size 119

distribution 85
Particulate-filled composites 47
PAS 48, 59, 66. See also Plasma

activated sintering

important factor 60

method 41, 53, 96

technique 41, 102
PCA. See Processing control agent

Phase diagram 150
Phase transformation 213
Physical chemistry

principles 128
Physical vapor deposition 95
Planetary ball mill 8
Plasma 41
Plasma activated sintering 41,

48, 66

Plasma activation 59
Plasma spray method 95
Plastic deformation 38
Poisson’s ratio 82, 103
Polycrystalline material

size of grain 35
Polycrystalline metal carbides 64
Poor wettability 46
Powder metallurgy 4, 23, 64
Powder particles

metallographical examination 98

polished and etched 125
Principles of physics 128
Process control agent

stearic acid or methanol 29
Processing control agent 16
Promote wetting 58
PSA technique

sintering step 78
Pulse-echo overlap ultrasonic

technique 48, 131

Pure graphite crystals

Braggs peak 68
Pure metals

grain reduction 38
Purified argon atmosphere 47
Purified nitrogen gas 95
Pyrophoricity 24

RA. See Reducing agent
Rapid diffusion process 191
Rapid solidification 36



Rate of amorphization 15
RBM 95, 96, 98, 100. See also
Reactive ball milling
experiment 96
process 108
time 103, 106
RBS. See Rutherford back-scattering
spectroscopic marker
Reactant materials
Braggs peak 68
Reactant mixed powders
welding, fracture, rewelding 5
Reactant powders 124
Reactants 120
Reacted state 197
Reaction layers 54
Reaction rate
increase 119
Reactive ball-milling 4, 16, 95
Reactive milling 95
Reactive product(s) 54
Reactive sputtering technique 95
Reducing agent 126
Refined microstructure 17
Refractory materials 63
Reinforcement materials 134
Reinforcements
fibers and particles 46
Resistance heating 59
Ring-spot pattern 124
RM. See Rod-milled; Rod-milling
Rod mill 120
Rod-milled 146
Rod-milling 2, 122, 128, 208
amorphization process 150
increased time 166
room temperature technique 119
technique 12, 126, 157,
173, 199
time 126, 171, 202
Rutherford back-scattering spectro-
scopic marker 144
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SADP 71, 78, 97, 102, 124,
133, 154, 162. See also
Selected area diffraction
patterns; Selected-area
diffraction patterns

clear FCC-rings 73

SAP. See Sintered Al Powder

SAP products 28

SARR 146

Scanning electron micrographs 202

Scanning electron microscope 130

Scanning electron microscopy 48,
66, 96

Scherrer equation 90

Second heating run 126

Selected area diffraction pattern
52, 71, 97, 133, 213

Self propagating combustion

method 95
Self propagating high-temperature
synthesis 64

SEM 66, 96, 98, 130. See also
Scanning electron
mi croscopy

detailed observations 157
micrograph 102, 139
observations 157, 203
technique 49, 76

Shear moduli 140

Shear modulus 57, 82, 105

SHS. See Self-propagating high-
temperature synthesis

Si addition 47

B-SiC 5, 86

SiIC/IAl 46

interfaces 48

Sic10/'A\IQO

BFI 54
composite 50
mechanically mixed 49
SADP 54
Sicx/AIIOO-x
composite 56
Sintered Al powder 27
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Sintering
procedure 41
step 78
technique 130
Sintering techniques
forging 41
HIPing 41
hot extrusion 41
hot pressing 41
Solid-state amorphization reaction
146
two requirements 144
Solid-state chemical reactions 119
Solid-state diffusion 68
Solid-state reaction 66, 77,
85, 131
process 196
room temperature 2
Solids
physical chemistry 35
Spherical-like morphology 175
Sputtering 36
SSR 131, 137. See also Solid-
state reaction
Stable crystalline phase 209
Stable phase 175
diagram 150
Stage of RBM
early stage 108
second stage 108
intermediate stage 109
final stage 109
Stainless steel vial 209
Starting reactant materials 68,
131, 136
Steel alloys 192
Stoichiometric 3-SiC powders 86
Stress rupture tests
negligible coarsening 27
Superconducting transition
temperature 177
Szigvari attritor grinding mill 7

TaC 62
TASSA 164, 167, 175
method 174
process 164, 167, 168,
172, 173
reaction 163
TEM 36, 66, 96, 110, 120, 130.
See also Transmission
electron microscopy
analyses 154
detailed analyses 68
techniques 39, 52, 54, 73
TEM/EDS technique 185
Temperature 48, 64
Ternary system 191
Thermal conductivity 63
Thermal expansion coefficients 46
Thermocouple 66
Thermodynamically stable
phases 150
Thinveins 71
Ti
crystals 120
diffraction peaks 122
TiandC
reactant materials 76
Ti crystals 72
Ti particles 108
Ti powder 95, 98, 108, 113,
119, 126
as-received 106
Ti-C 83
Ti/TiN compact 100
Ti/TiN composite 108
Ti,C, 83
Ti,C,, powders
ball-milled 68
mechanically alloyed 73
TiC
as-consolidated 67
as-milled 67
brittle phase 82
bulk material 78



fully dense 81
powder 68
small mole fraction 85
TiH, 113
TiN 4, 95, 96, 102. See also
Titanium nitride
NaCl-type 97
particles 100
powder 100, 102
single phase 102
Titanium 24
Titanium nitride 95
TM. See Transition-metal
T /T, ratio 171
Transfer of electrons 127
Transition-metal 62
Transmission electron microscope
120, 130
Transmission electron microscopy
48, 96, 144
Transverse optical (TO)-like phonon
mode 86
Tumbler ball mill 10
useful kinetic energy 10
Tumbling ball mill 190
Tumbling mills 10
low energy 5
Typical nanocomposite material 53

Ultrasonic detector 48, 131
Undesired grain growth 130
Unreacted metallic Ti 78

Values of density 92

Vibratory ball mill 9

Vibratory mill 23

Vickers hardness 56
indentation 139
measurements 100
value 81
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Vickers indenter 67, 96
VN 113
Voids 55

W W, ratio 15
wcC
chemically stable 130
dark region 136
particles 129
small mole fraction 137
WC alloys
hexagonal phase 129
WC powder
as-consolidated 131
hcp phase 88
pure 130, 131
WC/MgO 119, 130
composite material 140
nanocomposite material 129
Wear resistant parts 64, 129
Welding 23, 30
Wet milling 16
Whiskers 46
WO, 130

X-ray diffraction 48, 66,
120, 130
patterns 14
X-ray line broadening 36
XRD 48, 66, 110, 120, 126, 130.
See also X-ray diffraction
patterns
analysis 96
diffraction pattern 90, 176
patterns 48, 53, 86, 108,
109, 111, 113, 116,
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154, 163, 214
techniques 39
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Y, 0, 25

YAG. See Yttrium-aluminum garnet
Young's moduli 140

Young's modulus 57, 63, 82
Yttrium aluminates 25
Yttrium-aluminum garnet 25

zr,C,,

nanocrystalline powders 89
ZrC powders 89
ZrN 113
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