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SYNOPSI~

Oxide Dispersion Strengthened (ODS) alloys (Coma;n a small volume fraction

of very firlc oxide particles, typically of 100 - IOOOA" mean particle size, in a

metal or alloy matrix. ODS alloys are noted for their 5uperior mechanical proper-

ties at temperatures approaching the melting point at which strengthening by

precipLtate particles becom"s relatively weak. Most of the methods developed

to produce ODS alloys 5uffer from a common limitation of the 5€Vere diff'culty

of incorporating into the matrJx highly reactive solutes like chromium, titanium

and aluminium wr.;ch are particularly needed ,n super alloys to confer wlid solution

strengthening and precipitation -hardening. A novel method, called mechanical

alloying, developed in recent years overcomes this l'mitation, as it JS capable

of combining the mcorporation of an oxide dispersJOn with the incorporation of

reactive sol\Jtes. The mechanical alloying technique essentially consists of dry-

blel1dil1g the constituent powders of the oxide, matrix metal and solutes in a high

energy comminutor mill such as an attritor.

f
The overall objective of this dissertation ;s to provide some insight il1to

•
the mechanical alloying process from a theoretical as well as practical stand

-point. A typ'cal ODS superal1oy, namely, NJ-20Cr-2Th02 IS chosen lor the subjeCl

of investigations; the alloy should have all the chromium in solid solution al1d
•

thoria pilrtJcles of a mean size of about JOOA" should be uniformly dispersed in

the- alloy matrix. A laboratory model of an attritor has been specially designed

and fabricated to carry out the mechanJcal alloying experlmenls.

•
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Successful mechanical alloying IS primarily dependent on the mechanical

energy input given to the attrltor whicrt in turn is a complex functIon of several

variables jnvolved In the attritor mijJing operation, A detailed study has therefore

been undertaken to examine the effect of the milling parameters on the degree

of mechanical alloying of chromium in nickel.

gated inc}ude, among others, the following'

The milling parameters ;nvesl;-

the attritQr speed (RPII..l),ratio of
•

the weight of the grinding balJs to the weight of the powder charge, diameter,
of the grinding bails, impeller geometry and starting particle sizes of nickel and

chromium. Employing Electro" Probe Microanalysis (EP/I;!A), the 'effectiveness

01 alJoyirtg' h,,-sbeen quantified i'1 terms of the average chromium cO'1tenl picked

up in the milled, composite particles and the degree of mhomogeneJty of distribu-

tior. of chromium with'n them.

Studies 0'1 the influe'1ce of milling paramete[5 0'1 the efficacy of mechanic,,-I

alloying yielded the following results. The r,,-te of alloying, in general, increases

WIth mcrea,ing atlritor speed, balls-to-powder weight rat,o and ball diameter.

The results also suggest the existence of certam threshold values for these three

parameters below which effectiveness of alloying would be so poor thai extremely

long milling times wo~J1dbe required. Furthermore, an exami'1atlon of the experJ-

mental data has enabled optimization of the mijJing parameters. Thus, for the
•

anritor design used, the optimum speed works out to be abollt 350RPM, oplJmum

balls-to-powder weight ratio is 35/1 ilnd the optimum ball diameter is Smm.

A triangular shape geometry for the Impellers of the attritor appears to be much
•

more effective than either round or flat shape. The experiments on the effect

of initial particle ,izes ,how that the parttcle size of chromJurn hilS mOre predomi-
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nant effect On the degree of alloying than 01 nickel; the fmcr the chromium parti-

cle size, the more effective and faster is the alloying.

It IS also noticed from transmission electron microscopic observations

that the distributJOn of tharia becomes optimum when the millLng parameters

•

are optimJsed with respect to alloying of chromium in nickel. A magnetic coer-

civity index has,.been found to be useful in monitoring qualitativelY"the degree,
of mechanical alloying. A 'peak-crossed drop' in coercivity ;5 found to be invarJ-

ably associated with samples whicCt have undergone satLsfactory al1oy;"g. The

peak in cocrcivity )s attributed mainly to the attainment of a relatively high

degree of cold work in the miIled particle5.

The questJOn of whether or not mechanical alloying is true alIoying hCls

been examined m somo detail. Using the results of x-ray diifractiort, EPMA artd

ScanrtJrtg Auger Microprobe Artalysis, it has been pOSSibleto cortclude that mecharti- <~

cal alloyirtg can lead to the formation of a tru", homogeroeous solid solutioro of

chromium in rticke!'

Aro 'energy balance' r,nodel is proposed irt the present work to relate mechani-

cal alloy'rtg with atlritor milling pdtameters. Here the heat energ,¥ reqUIred to

cause alloyi"g of the solute is balanced against a kinetiC energy expression irtvoly-

ing the three principal mijjjrtg parameters (attritor sp eed, ball-to-powder weight

ratio and ball diameter). Ba,ed on the results of some milling expenments with



and without thorla, an enhanced dilfusivity mechanism 15 proposed to explain

the relatively low temperature diffusion of chromium in nickel observed in the

mechanical alloying process. The enhanced diffusivity is cons,dered to be arlsmg

from the localised dynamic recrystallization of the cold worked matrix due 1O

the local rise in temperature durmg collisions between the balls. The heat energy

,,", requirement for mechanical alloying is thus deemed to be the heat energy necessary

to raise the local, mean temperature durmg attrltor milling to the level of the

recrystallization temperature of the cold worked matrix metal.

Chapter I introduces the reader to the various aspects covered in this

thesis. Chapter II is a concisc review of tke properties of oxide dispersion sueng-

thened alloys. The difierern methods of preparation of ODS alloys are described

in Chapter 1lI wherein special attention is paid to the technique of mechanical

alloying. This ckaptcr concludes with a note on the scope of the present work.

The experimental detaJis on the attritor deSign and the various techniqucs employed

to monitor the mechanical alloying proccss are induded in Chapter IV. Results

on the optimisation of attritor milnng parameters are presented in Chapter V.

Ch;Jpler VI is devoted to a dIscussion on whether or not mcchanlcal alloying JS

true allOYing. A model for mechanical alloymg IS presented and discussed m

Chapter VI!. Chapter Vlll summarises the work and lists the conclusion".
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CHAPTER I

INTRODUCT!OL\'

OXide dispersion strengthened (ODS) materials are known to possess remark-

able engineering properties that include high Yield strength, outstandIng creep

resistance and exc;eIlcnt oxidation resistance. These materials generaIJy contain

a small volume fractiorL (about 0.01 to 0,03) of hard, se<;ortd phase particles of

a stable oxide In art otherwise homogeneous matrix. The part ides, which are

\Isually 'n the r:lrLge of 100-JOOOt!: diameter with tYP'cal tnterparticle spacirtg

In the rartgc of 500-5000A', are lrLcoherent WJth the matrix artd remain stable

upto very high homDlogous temperatures. Evert at the small volume frae,;orts

of thc dtspersoJ~, tetC inccrease in tensile and creep strertgth is impresSive and

persists upto temperatures dose to the melting point of the material where

strengteterLirtg by other mechanisms become, weak. This c:lass of ma,erials is not

new: as early as 1910, Coolidge (I) used thoria disper,ed tUrLgstertfor filaments.

Jeffries (2) "Iso studied how thoriated tllngstert (ould stand long hours of high

temperature exposure withOUTsagging. •

Engineerlrtg applicatiorts of disperS'on hardened material'> preceded an under-

standing of ,he mechanisms responsible for teteir unique propertws_ Ever since

tete "dvancem"m of the cortcept of dislocation5 in SOlids, there have been numerOllS
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attempts to relate the deforlnatJorl behaviour of the,,, materlal5 with varied forms

of dJsJocat;ol1-di~persoLd 'nt<:raCljon~. Severa! theorctwal mOGel, "nd iI we"llh

sever~l theoretical models explalnlrlg these properties.

In ODS SY5tems as In preclpltatiol1 hardened systems wherein the second phase

IS grown l[] Situ from a ;upersalurat<>d matrix. A variny of powder metallurgy

Most of these

Some models have been

" .,Thoria in nickel (3), "lurnm'i!

This limitatlort is especially felt if reaC,lve 501ute5 are to

be the alloy constituents. AdditIons of reactive solutes to the matriX phase are

suit the techrtique.

needed In advartced technology ODS superalloy" tor precipita:'on hardertirtg (e.g.,

alloy powders, and these are conCisely surveyed In Chapwr II'.

titanium and alumirlium) or even for incre"sed ductility (e.g., zirconium and boron).

techrlJques includmg some chemical methods have been developed to produce 005

Most of the engineering propertJe, depend crnically 011 a ul1jform dlstribu-

techrtiques however are 110t uru"ersally appl'cable; alloys hal"<' to be tailored to

In aluminium (4), silKa on copper (5), and thoria Tn nickel-chromIum alloy (6) arc

a brJel reV LeW 01 the important e:oginccring properties of 00::; alloys arid the

tion of the second phase particles In the matrix. This IS not 0-5 easJly achievable

of experimental data are available Jrl literature explaining the deformation amJ

, ,
tlon and oxidation mechanisms is stijJ incomplete.

overtaken by new",r experimental data; yet a qu"ntit:ltJve underslandmg of de!orm,,~

oxid"tlon behaviour of dIspersion h"rdened materials.

some of the extcrtsively investigated examples of ODS alloys. Chapter II presenrs
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A novel powder met"lllJrgy method of introducing oXide parl,c.1es and rt'-

active solutes uniformly In a metal matrix was first pionc['red by fknjamin (7).

He introduced chromium, titanium and ::t1wn;niumas well as z<rconiumand boron

into a nickel matrix along with yttria by dry-milling all the constituents together

••

in a hIgh 'energy ba1J"mjjj called 'aHritor', In th,s technique, WhLChhe 'named

'rnech,,,,ical allDying', he WilS able to achieve uniform irllerdJspersJOrl of all the
•

alloying constituents and the oxide particles as well. The phenomenon of mcchani-

cal alloying and attritor proces,ing raise some question, and this dissertation

is primarily an attempt to provide answers to them in qualitatIve and q"cJantitatJve

terms.

•For following mechan.caJ alloying, Ni-20Cr-2Th02 'S chosen as a model

alloy In the present investigations. This alloy, which ha, been extensively investiga-

led by W,lcox and hIS co-workers, represents a stmple <:combination of a reactive

solute and an oxide dispersold. To analyse the degree of alloying, several expen-

mental techniques (described in ChapterlV.) have been used in this work, which

mainly include magnetic coercivlty measurements ilnd electron probe m'croanalysls.

These tools have prov'ded a clear picture of .he degree of alloying as mfJuenced

by a variety of atlritor milltng parameters. The miJling pararnetE',[S could be

varied OVer a range of values in a specJal1y built attritor described in ChapterlY,

•Chromium JS 20 wlo, thori" IS 2 __/0 and rest nickel in thIs composltJOn. Hereafter

ali percentages of oxide dJspersoid refer to volume -percentages in thi, work.
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The resull; of the: E'>.per,,"ents on the effect of nljJling pardmeters un mecharl'Glf

alloying constitute Chapte:r V.

A relevant questl0rl is whether mechanical alloying IS true aJloying of

the solutes. Th,""problem has been examined in this thesis In Chapter VI using

X-ray diffraction and Scanning Allger Mlcr<;>probearlaly~i~. Alloyirlg of any kind

must involve dJffusion of the specles and so it IS desirable to know what kind

of diHusion mechilnism :nay be operating that enables mechanical alloying to ,
take place In an attrltor. Chapter VII of this thesIs discusses a possible diffusIOn ~

mechanism In the light of some experimental results.

Chapter VlI takes this study further leading to an 'energy balance' model

Ih"t relates mechanical alloying to process pararneter5 such as attritor speed,

weight proportion of the grinding balh, and ball diameter. 'With sorne limitations,

the model is capable of predicting the main process parameters of attritor mijj;ng.

TCieresufts of lhe work are summarised In Chapter VIJI wCierein !he main conc!u-

'Ions are also ind,cated afongwlth sllggee;tions for further work in the area •

•
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CHAPTER If

PROPERTIES OF OXIDE DlSPER:-'JON STRENGTHENED ALLOYS

2.], INTRODUCTION

ODS alloys are useful at temperatures where coherent partJcks precJp.-

tal"d from an alloyed matrix coarsen ana even dJssolve. Thermal!y stable met<oJJ,,=,

oxide piirtJcle, are commonly preferred as the dispersoids in ODS materials :2,

enwre that degradatJOn jn properties doesnot OCCur as a result of grow"th c

decomposjtion of the partjcles during hJgh tempera"ture service. The dl0JCec

of the oXIde is governed by SOme of the following main consjderations:

i) the oxjde must have a Jurge negative heat of formal JOn, and

preferably have no alJOlropJC modifJcations upto service temp~raturE',.

ii) It must have negligible solu~Jlity m the matrJX,

jji) jt must have negligjble reaction w;lh lhe re2.cti\'e solut~ eJeme,.::

jn the malrlx.

A 1977 revjew (S) has compiled numerOllS case hJS10ries of dispersio:-,

strengthenrng of as many as 21 metals wnh different oXides. describing Ih"

resultlllg properties and <':haraeteristICs. The development in the fjflJes of SAF

(Sinter"d AJurnil1Jum Powder) aJJoys (9), which have A1
2
0
3

dispersion In the rcnge
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of 5 to J5 volume % 'n an aluminium matriX, stirred greater inlerest ;n dlsp~rslo"

strengthened mat~rjab for engineering applications. Because of its enhanced

heat-resi'lant propenies, SAP was a candidate material for nuclear reactor cladd-

IngS and automOlJve engmc pi,ton components UO). NI-20Cr-2Th0
2

cornposilion

'(designated TDNiC, also called TOi\'iC~) rn sheet for;n was developed (6) in the

early seventies a, a SUCCeSSOrto TO Nkkel (Ni-2Th02) 0) for potential appl<CCl-

t;ons in g'" turbine combustors/vanes. Even prior 10 this, some properties of

NJ-20Cr-2Th02 were investigaled by Gregory and Goetzcl (J 1). Copper dis;:>er-

Slon hardened with ilbout 1 Vol.% Al20) which could retain the electrical conducti_
,

vity at a useful lcvel of about 85% lACS became commercially available (J2)

for electrical contacts and similar applicalions. The typical magnitudes of H1)-

provcment in Yield strength, crecp strength arid oxidation resistance respectively

of SOme AI-Al20) alloys (10), Ni-Hf02 allo}', (&), artd a Ni-Cr-Y 20) aHoy (1))

are illustrated in Fig.!.

In modern time" the demands for advartced gas turbine materials capable

of withstanding higher turbine erltry temperatures Jr1 high performance aircraft

engines have focussed the allention of metallurgists to produce complex 005

SUperalloys that combine solid solution strengthenlr1g, precipi,atJo,-;' hardening

and OXide dispersion strengthening. An example of such an ODS superallo, is

•
lnlemationa! Annealed Copper Standard, taken as 100%.
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IN-853 with the nommal composition Ni-19.7Cr-O.9i\J-2.3Ti-O.OlZr-O.OOlB-2.25Y20)

and its improved creep strengtr. over a wide range of temperatures stretcr.ing

from aboul O.4Tm to abolll O.STm (Tm being the meltJrtg temperature of tr.e

alloy) can be seen in fig.2(l4). The ODS superalloys possess the additional ad"an-

tagc of enr.anced hot corrosion resistance, as illustraled in flg.ld for a recentlr

developed version designated as Mi\6000 (J5) with the nomin"l composition Ni-
• '0 .:i',

15Cr-4W-2~,10-4.5AJ-2.5Ti-2Ta-O.Ol8-0.,~ 52r-]. IY20) in comparison with an advan-

ced, non-ODS nickel base superalJoy.

Although mcreasing the dispersoid content increases the mechanical

strength, the tende~cy to brittleness and severe difficulties in fabrication to

useful shapes set an upper limit to the volume fraction loading of the oxide 'n

the matrix (J6). \\'ilh the availability of oxides as fine as 50-JOO~ In mean

particle size, even moderate volume fractions of the order of 0.01 to 0.03 are

a, effective in strengthening as higher volume fractions of Coarser particles,

SJrtCe it is tr.e intecpartlcie spacing rather than tr.e dispenoid size that is of

predominant importance for strengthening.

The strengthecung that the oxide dispersion provides IS essentially a result

of the increased res:nance to dislocation motion. ThiS chapter briefly dcline-
•

ates the important "spects of the underlying dislocation mechanisms that have

been identified by va~ious workers to account for the dmbierlt and elevated te;np-

erature ddormatJon ::>ehaviour including yielding, work-hardening, ductility and

• - • • • • . . ,
r ~ I
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creep. Tioe peculiar features of recrystallizatIon of ODS matcriCils "nd their

eHects on HlcchanicaJ properties are discu'_,ed wllich is followed by a note Or)

lhe ductility bchavJOur of ODS aJloys. A brief survey of the reported modeJs

for improved oXIdation resistance is also included.

2.2 DEFORMP,T10N AT AMBIENT TEMPERATURES

Yielding in partIcle-hardened alloys occurs when the ilppljecf stress reaches

the stress required to caUSe measurable plastic deformation by the movement

of dIslocatIons through the array of particles in the matrix. In the generalised

model for such alloys (l7). the disiocatlOrl motion is hJndered by the obstacles

and the breakaway of Ihe dIslocation from the obstacles is said to be rate-controIJ_

ing for flow: when the incJuded angle between the bowed segments of a pinned

dislocation as showrl in Fig.3 reaches a critical vallie, the dislocation breaks

away from the obstacle. At the critJGli point 01 equiJibrium, the obstacle strength

F, is balanced by the 0PPOSlrlg reSlIlt<lnt of the dislocation 1me tension forces

gJven by the rei~tion:

2 r co. <;ii
2

Where r is th~ 1m'.' tension of the dislocation. It Can be shown that 'Eh'.' applied
•

stress 1: , needed for the dislocation 'EObreak away is related to F as:

F "l"bA
(e'V~-2)

,.,.
,"
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Fig 3. DISLOCATION, HELD UP AT OBSTACLES, BOWS TO- AN
ANGLE'" AS SHOWN, UNDER THE ACTION OF APPLIED STRESS

•
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where b is the burgers vector 01 the dIslocation,). IS the effective int"r-particJe

spacing and G is the shear modulus of the matrix.

"For all values of <fo >0 , the particles can be sheared by the glide dJsloca-,
lIOn with a force equ"J to the obstacle strerlgth: this is typical j" solid solutiO'"

or precipitation hardened alloY" When cp = 0, Ihe particles behave as impcnetra-

ble obstacles and this situation exemplifies dLspersJOn harderting. The vital term

J[] Eqn.2 is). which is a measure of the strength of the obstacle, ,maller the

), , stronger is the obstacle. While the above analysis assumes a regular array

of particles, Foreman and Makin (18) derived, on the basis of computer s;mula-

lion, a more prec;;e expreSS'Orl for Ihe flow stress for a random array of partides

haVing the whole range of obstacle strengths (D~<P0;11:).

Kocks (19) showed that the macroscopic effect of a random array of

particles IS to lower the flow stres> by a factor of 0.84 with respect to a regular

array of similar obstacles. WheClparticle, teCld to form clusters, the mechanical

properties are lurther lowered. When particles are cut, the flow stress can comprl-

•se of contributions from several mechanisms like coherency hardening buch as

AlCu2 preCJpitates on alumi"ium alloys), modulus hardening (soft panicle strength-

ening such as copper iCl Iron), order hardenmg (su<.:has Y m superaJloys). Su<.:h

mechanisms are ab,ent ICl dispersion hardened alloys m which dislocation looping

governs the fJow sue,,;. A cOClsequence of this LS that for the same volume

fraction of particles. the strength of the material iClcrea,es with increasing partl-

cle diameter upto " critical d,ameter (curve A in f'ig.4), ",hen the particles dee

,.." • • ....~---~._----••• _"._----- •• "¥__ Z' ••••__ ,.;q.,.,••~.
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lDlSPERSION HARDENING l, (Ref. 20)
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ddormable. Beyond the crotlcal size, the particle, become non-deformable and

following the Growan mechanism (described in Section 2.2.1) the yield strength

decreaoes with mcreaoing particle diameter for the same volume fraction {curye

b in F'g.If}. For non-deformable p"rricie., such as in dispersion hardened alloys

the strength is independent of the properties of the particles but is strongly

dependent on the dispersion parameters (size and distribUlion). lVewill now brief!:

examine some of the important mechanisms of yielding and work hardenmg in

dispersIon hardened alloys.

2.2.1 DJrect part'cle strengthening

When the particles arc dtrectly responsible for strengthening, the increase

m flow ,tress is the stress required to make the dislocations overcome the p~'ti-

cles by either dislocation bowmg or cross-slip. Particle shear by dislocations

in dispersion hardened aJloy, was proposed as the yielding mech<:mismby Ansell

and Lenel (2l) and further supported by Ansell (22) but as will be Seen shor:ly,

many later irlVestlgatlons proved this mechanism to be inapplicable in dispersion

hardening, particularly in ODS alloys.

•

Orowan BowlPg

The dislocation bowing mechanl5m for yjelding proposeo by Orowan (23.::~)

J5 illustrated inFig.5. Here th~ dislocation blocked by the particles bows bet",,~,..

then, unrler jncr"a~ed applied stress, acting agaln51 ils own line tension, u;":;:,;
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1 STARTING MIX Of ELEMENTS A &. B
2 INITIAL STAGE
3 PERIOD OF WELDING PREDOMINANCE
4 Ea.UIAXEDPARTICLE fORMATION
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FIG 14 THE STAGES OF MECHANICAL ALLOYING
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J.8.4 lHE FIVE .:,l'ACES IN MECH,\NICAL ALLOYING

BenjamIn arld Voli" (J23j, by following the progress of mechanJc<JJalloy-

jng with. time in a high spced blender, arrived at the followIng generaljsed

division of five consecutlv<, stages involved J[l the mechanism of mecharlical

alloying, as schematically illustrated In Flg.J4. - These are as foJlow~:

j) an initial period wherem there is an increase in the number of

,particles coarser and finer than presem In the starting charge.

The coarser particles are composite plates formed by the fJattenmg

of the different ingredIents o[ the ch"'ge; ,h", fine [",rtic1es ar ••

mostly fragments of the mOre frIable ingrediern5 of the''-starting

jjl a perJOd of welding 5,,1, in afterwards wherein coarser powder

fractlort irt<;reases while firtH size' fractiort remains approximately

constant. Coar,cr partic:1es, here, have multilayered composiTe

structure with l:imellae rurining paraJJel to the ball suda<;es or

Ihe long aX" of the flakes. These individual, elem"rttal lamellae

are much smaller In volume th",n the initial elemental particles

?rtd t~erelor" must- be the commlnut"d fragments of the initial

elem~nt2l powder,.

iii} This JS followed by a period of "CJuiaxed particle form,ll; ••n wherem

lhe amOllrtl of COilr~e piate-'Ilke particle, shilrply decreas" a[]d

mor" cqlli",:..ed pilrrlcles are dcvelooed. The firter powdet fract-

iort 110\" dJSplc]\'s p.,ralleJ lanlellae Similar to the coarser powd~r
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FIG 13 OXIOE PARTICLES BEING DISTRIBUTED
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FIG 12 COMPOSITE PARTICLE FORMATION IN POWDER
TRAPPED IN COLLISION BETWEEN BALLS (R,'''')
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O[)S alloys with h'gh melting pOHlt5.

time. the oxide concentcation along the weld searns decreasC$ as the welds

With

While SOme-- - ;,'-- ..._----
These surfaces are easjjy cold welded among themsehes leading

---'\, others which cannOI take further deformation are being fractured

surface,;.

to the formation of composite particles of the constituents (Fig.12).

reduced in successive cojJision~j thus refining composile partIcles.

particles ilre being weldC'd,

time, the lameJlar lhkkness withm the compo,ite particles IS progressively

sions, particles are compressively deformed to an eXIenl that ciluses rupture
,

of any adsorbed surface cont"m;nation and expo.,c> atomJcaJJy clean me,al

need for high energy grind LOg ,i,ill, j,ke attrllor; for rneCh~nJGll alloying oj

The undc:rly!ng phenomenon in mechemical alloy'ng (129) is the repetitive

process of particle welding arid flakJng off at the ball SlJrfaces as the powd"r

particles arc trapped in the attritive cojJisions between the baIls. During colli-

leading to comminution. 1\ stea<iy state processi"g j, Soon attained, charaeterl_

sed by a saturation In hardn~,s and COrlstant particle size distribution which

" reJatively coarse. The OXIde disperSOld which IS sub-optical jn SlZe, is bell-

eved (129) to be Inilially entrapped alorlg the cold weld interfaces; with milling

-

move clo,er together (Fig. D). At a stage where the l2mellae within the compo_

site particles are no longer opticaJJy resolvable, the oxid~ particle; also would

have attained optimum imcrpanicJe spacJng which IS approximately the spacing

between the welds. Further milling" not nec~ssary as the mechanICal alloyirtg

is deemed to be complete at this stage.

• ••
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FIG 11 A SCHEMATIC AND ACTUAL VIEW OF A TTRITOR



3.8.3 PHENO~'E,~OLOGY OF I\.1ECHANIC/"IL ALLOYING

meCetanlcal alloying.

made pOSSIble by the comparatively high speeds of operatJOI1S of the mJl] and

"

Thus

energy which IS utijised

These features promote cold

Cold welding etowever is gener"lJ)

reqwre the pre;enee of surfactantsjother

in the mecrlanicaJ alloying of the powder constituents.

agItates the baJj c;harge to a high level of kinel;c

the absen('c of surfactant, or rnjJling vehicle,.

,
"The key features [If mechanical alloying are the high energy inpu;

welding between the partJcles which lS a crUCial aspect In tete meCetan;,m of

it. Thl? shaft IS UnslJpported :It its bottom end. The rotatIon of the impellers

Cold welding, a well know" method of JOIn;ng metals, is capable of

that sUfJpOrlS a centra'lly mounted, motor-driven shaft with impeller arms On

a schematic and actual VIew of an attrnor, as u,ed for rHccil<::trlical alloying.

It consists of a statIonary, vertical, willcr-cooled vessel wjth a f;astigilt lid

produci"g truly me;:allurgical bonds (J27).

a fUnctlon of the ratio of welding temperature to the melting point.

low temperature melt'ng metals like aillminium cold weld easilr and do so

to such an extem lhat milling methods of prodUCing AI-!\1203 alJo~'s _ be 11

ball millmg 0, allritor milling,

organic media 10 control exceSSlve particle welding ('9,128). lVith cdgher melt-

Ing pOint metals like nickel or iron, cold weldlllg is mOre difficult, requlrmg

, 5 to 20 tJmes e[]"rg" input Over that "eeded for alurni"ium or lead (7). Such

rngh energy levels are not obtainable in convention,,1 bidl mill, and hence .he



FIG 10 A VIBRATORY BALL MILL •



tendency.

tion of alloying e1cments.

In the

alloying process, because of the

The millmg '5 generaJly don~ dryare kept in a state of IntensE' ilgitat;on.

in elemental form even for the nlechanlcal

(for adding titanium and alum;n;um) or N;~Zr (for add;ng zirconium).

risk of their oxidation in the presence of the sealed-in air in the mill. Recourse

,
Reacti"" elements ]jk" titanium and aiumm;um cannot be added directly

cnngy grinoJrLg mil] willi a refatlv,"i)' high charge of hard, grinding balls which

is lrterefore taken to U."" crushed and powdered master alloys like N;- Ti-AI

In some cases, inert atmosphere such as argon is also uscd 10 prevent the: ox;<ia_

to baJI mjJjmg where surfaclarns and wet-mijjjng vehicles are commonly useu.

w,;hout the u,€ 01 any - liguid medium or surface-activating agent, in contrast

master alloy form the thermodynamjc actlyity of the reactIve elements is z.

reduced by several orders of magn;tlJde thus greiltly subduJrlg their oxidc~fcrming ~

Mechanical alloy;ng can be performed in a vibratory mijj (122) such

a, the one illustrated Jrl Flg.lO, or a high speed shaker mill (]23) but an atlrJtor,

• which js essentJillly a high energy balJ mill, is most commonly employed presu-

mably because of il;s amenilbiJity for large scale, prodUC1JOn~orlellted uSe as

nlcally alloyerl ODS nickel base SlJperaJloys (j2~). Attntor;s originally a commJ_

Flg.l 1 shows

Perry's Chemical Engmeering

•witnesseu by the JrlstajjatJon of industrial size attr;tors for production of mecha-

In chemjcal ;ndustries like paints and inks.

nut10n/blending equipment, patented by Szcgvari (125) and ;s commonly user!

Hanc'book (126) describes it as a non-rotary stirred ball mill.

••



•

3.8.2 The Process

properties in Fig.2.

Benjamin

Another example of a

••

A recent example of such newer applications '5 a report

Table 1 (78) lists SOme of the important ODS alloys produced
•titanium, etc.

by mechanIC,,1 alJo,ing alongwitr. the names of therr pro<iucers.

ODS alloys alone.

(j 19) aha hints at the extraordinary potent;,-d of mechanlc::d alloying for the

devE'iopmerlt of nco"" and exotic c"mbrn~tions of metal, and materials, othe~'th,,-n

Mecharllcal alloymg consists of blending elemental and master alloy

hard, fine rutr.enlum particles embedded m a copper matrix by means of mechani_

(120) of the development of Cu-15Ru composite for electrical contacts wherein

cal alloYing has been llsed and is still being used to produce a variety of ODS

alloys based not onI}" on " nickel matrix but otr.crs like Iron, aluminium, cobc,Jr,

strengthening mechanisms as demo",tratcd in tocr"" of Its ImpreSSIve creep

Ever since its first "pplicatlon for producing an ODSsuperalloy, mech2ni-

cal alloying provide the required heat reSistant electrical conductivity whjl('

the seVere problems of fabricating pure ruthenium.

the copper matrix enSures the electrical contjrlllity. The technique overcomes

dijf('rent application of mechanical aHoymg )s the possiblity of generating

extended solid solubility, as ob~erved in a study (121) of mechartjcal alloying

of Iron in copper wherein extended solubility of Iran "pta about 3% was observed

against the eqUlljbrium solid solubility of kss than l% Fe at S000C.

POwder constituents of the matrix With the dispersoid oxide powder in a high



prOVided the solution.

of ODS nickel base superalJoy must also contain titanium and ';]uminium.

This deficiency wa;

around O.8T ) has poor strength at ;rlterrnedi2Iem
as high as about t200'C

temperatures (O.3-0.5T m) arid poor oxidation resistance.

overcome to some extent by the development of TDN,Cr (.3). \\'hile TDNiCr

oxidation of these solutes. 5iml1ar diffIcultIes and other limitations as described •

In Section 3.7 are present In mech,mical mixing too. The necessitv therefore

NeJlhcr the chemical methods (lrke that employed in TDNickel preparat;or,)

of reactive eJemenls like tita'lJllm and ilJumiCllum to the nickel mauix withol.!:

y precipitalJOrl-hardel1ing can effectively provide. Th,s Jlnplies that the matrix

O.S Tm where creep strcngtherting du~ to "I' precipitates (Ni
3
(Ti,AJ)) j" COnven-

tional supcralloys become,; IneffectIve. This goal has been realised only p"ni_

all)' wJlh TO Nickel whiCh despite its exceJlent cre';;p strength at tempcralu'Es

cd as to how to bring in the required intermediate temperature strength which

had the reqUired oxidation and hOI corrosion rCStSI•.lrlCc, the problem still remain-

nor theo oxidatIon methods (jjkeo that employed for SAP) can handle the addition

ilrO,e 10 find a better mnh"d lor thi, purpose. 1>\echilnical i1lJoying eventLJ~Ji::

II.kchanica! alloying developed by Benjamin in Ihe early seventies

(7,116,117) is an elegant-route for prodUCIng ODS alloys with reaCTive solUTes •

and remain, llnsurpassed in its versatilIty. •Over the years. the technique h25

acqu'red commercial viability WIth some compositions of ODS superalloys alreadv

in the market (liS) for engineering applic"tions. The fj'-st grade of such G

'UperalJo)' 10 be m"de by mechanIcal alloying IS 1]\'-853 prev'ousl\- referre.:

to in Section 2.1 and Its composition ensures the 2v2J!ability of multIple

•



3.7 MECHANICAL MIXING

oXide, sub,"quc:ntly by molten ilJkalj or alkaline earth metal; may be flltile

because of the .~x(e,sjve growth of the dlsperso;d and the necessity to remove

the r('action product oxides arid carr",r .agents (usually salts) (7).

••

•

• •

h.jECHANIC-\L ALLOYING

•

Background

The originai development of TD ,\iicke! in the sixlies {lO.5} provided

an oppOrtunity to push the operating temperatures of superalloys to "bout

It ;s possible to obtain dj'persiorl of oxide, in metals by ,imply mixi"g

the oxide and meud powders in a baJJ mill (J12) or a blender (llJ). Fo~\exam-

pie, meehan'cal mtxing has been tried with sam" success for obtai";"g A1203
dIspersion in nickel (Jlli). A basic limitation however is lhat extremely fine

meta! po•••..ders "re requIred: Cremens (115) shows, from topological cOl1sidera-

lions th"t the met,,-I powder size should be ;" the range of 0.5 to 0.05 f' for

a uniform dispersion of 0.1 to O.OO.5t' size oXJde. It is also generally recognized

that simple mcch~ni<::al mixing in conventional mlxers or blenders does

no! <easily yield the desired uniformity and fmeness of disperSion (87). Further-

more, the finer tbo matrix metal powders. greater is their specific surface

"rea, rendering t~.e", highly reactive or pyrophoric and [hereby ,uscept;ble

to contaminalion. This leads to handling problems and oxidatlon of reactive

solutes if "ny.'

3.8
3.8. 1-



for Nj-ThOZ' Here, nic.kel and thorium nItrate solutions in meth,mo! were mIxed,
~:','
.' dried and pulverized. The powders were heated in dry hydrogen or inert atmos-,(

pherc r.onvertjng the thorium salt to its Irreducible oXide while nickel oxide

3.6 ELECTROl)EPOSJT10N AND VAPOUR PLATING

Electro-deposition technique was employed to produce AI20} dispersed

in nickel (110). Subm'cron sIze AI20} particles Were mamtained in agglomera:-

tion-frce suspension in an elec.tropJating bath of nickel. Under proper conditions,

The process resulted m fine nickel powderwas reduced to metallIC ,tate.

r.oat('d With tharla particles.

~.

"~.,<'.>

in nIckel. Vapour plating In fluidized bed (Ill) was t"ied for dispersions of

AI20) and Th02 in gold, 'n which All(CO)CI vapours were decomposed in a

heated, fluidIzed bed of the oxide partides resultmg in a coating of gold on

~ the o~ide.

All the above chemical methods suffer from one serious limitation

•
Or the othc:r. Many arc: restrIcted to a few systems. and are elaborate. Most

of them produce inherently very fine powders which therefore tend to be react-
•

Ive or pyrophoric ,md prone to contamination. The selective reduction prinCiple

common to many of these methods cannot be appl'ed to ODS alloys requJrlng

reactive solute elements lIke titanium and aluminium in the matrix bE'cause

SUch element, form extremely stable oxides; any attempt to reduce these

.'•
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hydrogen reductiort or nIckel alfl<r10n;Um carbortate aqueous 50lutiorJ In ",hie,"

~n aqucsol oj thoria has bee" i"'::orpor~le{L

J50"C.

Th" reduction ), done at "bout

, ..
,

A chemical method 01 selective reduction of oxide mixture was applied

to produce Ni-Cr-Thoz' Co-Cr-W-Th02 etc. as described by TrjfflerTliln (07).

'-, "". For example, for, ",';-Cr- TI102 alloy the startmg ingredjems In thl, method are

~,::'.' nickel, chromic aCid, thor;LJm nitrate sollJtion which are mixed into a hornage-.

There

,. .:' "
(L ~;:'
; .";. ,,-'

.,~., -. .'j ,-c~
,.';. >:

~:':.,,- ,

.;~.:\
..d'o, i.,

•

• ,
':-, n,
• •

f

••

•

neous solution and thermally dccornposcd to gel a mIxture oj oxides and ba.,ic

salts. RedlJctJOn is carr jed out in two stage" fIrst with cr<lckcd ammonia or

"iltural gas, and then with cracked ammonIa or hydrogen and lamp black.

The resultant powder Is mixcd with graphite, prcssed and vacllum-sintered to

obtain Ni-Cr- Th02 with acceptable, low levels of carbon and oxyg'm.

h"ve "Iso been other methods To have chromium in solid solutio" in the matrl>..

ror inSlancc, Ni-Th02 powder was mixed with chromium powder (108) and

homogen,sed into a solid ;oltJTIon 01 chromIum in nickel by high temperalurc

diffusion in very dry hydrogen a,mosphere; il wa, subsequently cantacled with

an orgal1ic solvenl to leave Some carbon that Serve, to reduce Cr 203 formed

during mixing.

•
3.5 IGNITIOr'< .sURFACE COATING

Fine metal powders can be coaled w'th a th'n lilm of a reactive metal

oxjd~, by ignition suriace coalmg method. de'G,bed by Murphy and Crant (J~'i)



10 f"c.I!H:Jle faster diffusion ot oxygen and to rrllnHm,e coarserllllg

-_...- -_.._._--_.,- ••

,

of the d,spcrsoid thin would OCUJr 'is j"terrlill oXidation progresse, from surface
,

to corc. Thus 0])5 super alloys containing reactive Y forming solutes in the'

m,nrix. viz., titanilJm and aiumrnium, would be extremely dJfficuh 10 produce

by either of the oxidation method" because the oxygen potential Cilnnot be

raised above the extremely low values required To oxidize the reactive solute5,

and the oxidation rate of tCie desired dispersoid-formll1g elements would be

prohioitivel,. slow.

SELECTIVE REDUCTION !v\ETHODS

These methods essentially consist of coprecipitating an intimate mixture

of the salt of the matrix meta! and dispersojd metal. then decomposing to ..

a mixture of the ox;des, and subsequently redllcmg the OXldc of the matrix,

melal sekctJ\""Jy such that it leaves the d;sper;o;d oXJde in an unreduced stilte

because of Its greatcr thcrmodYrJamJc stability under the applied cOrJditions

of reductJorJ. This IS rhe basJS of the commerCJal process for DlJ Pont Company's

nickel ,,;traIe is mixed with a thoria sol and ammonium hydroxide arJd "mmorJium

carbonate solut;om. Thoria particles are thereby coated WJth nickel hydroxide

N;-2Tr,02 knowrJ as TDNickel (105). In tlus process. an aql1eou~ ,01ut;011 of

carbOrJale. •
The drIed arJd mJll<cd prCCJpitatc lS therJ reduced in dry hydrogen

at about 6000e to obtain reduced nickel dispersed With lirJ" Th02 particles.

Similar steps apply to TO Cobalt. %erritt Cordon Mines Limited cie.•..elop"

-
(06) tr,eir version of J\',-3.5 Th02 called OS Nickel by a process of high r'

,



J•••• • • • • •• • ."" ..
i ,,~•

.. C-!".,
f ~,
;\ '.'~,,

c;,re was taken to a\'oid the undesirable forrnatJOn of Cr20
3

In the process.

3.3 INTER,\'AL OXIDAnON

Inlerna I o"idatJon i, based on the preferential oxida;ion of il ceaClh'e

solute eJemern in a diJute solJd solutIon aHoy taken either as powder or wrought

that the oxide of the 'olUle must have a greater negative heat of formalion

controlled partial pressure suitable for oxidising onJy the solute and not

In a variation of thJ5 technique, appropriate quantity of the oxide of

•

Further, the rale of oxygen dJifuslon into the matrix

very IJne powders Or ultra-thin strips or ",-
",

•

The severe IJmlt~tions of internal oxidiltion are: (J) th" necessity

than the OXide of the matrix metal, which enabl,"S diffusion of oxygen at a

the matrIx element.

shape preferably ilS a th", strip or wire. It 'S a prerequisite In this technique

must be greater lhan the outward diffusion rale of the solute. Cu-AI
2
0
3

has

been produced in this maImer from prealJoyed powders {l02}.

during which the oxygen for intern,l! oxidation of the reactive solute in the

the matrix met,,1 JS mixed with the pr<;aJloyed powder, pressed and sintered,

prealJoyed powder,s provided by the matrix oxide as it gets reduced to a metal-

lie StatE. Thi, way Lew;s et al (103) produced Ni-AI20y A somewhat similar

method is <iescribed in the patent of Nadkarni and Klar (104) to produce

gOod soljd soJubllity of the dispersoid metal in mauix metal, and (ij) the

m~nt of starting with
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3.2 SURFACE OXJDi\TIOr--'

Thc ,tOloJe oXide film on a reactive metal powder suriace jorm, a disper_

sion when the powder is compiKted and SlntE'red, Ciot pressed, Or hot extruded.

The prouuetJOrl oj SAP (SmtE'red AJufllmium Powder) is a c!a,sic examplE' of

this technique (95). In thi, method, the compaction process breaks "p the stable

OXide film around tCi" particles 2nd allows cold weJding to t"ke place between

particles, tCiu, trappmg tCie ox,de 2' a dISpersion. SAP i, reported to have

50-10C'A" thick, 500-15001\" diameter, disc-shaped AI203 particles (95), although
,

Some workers (96) found AI203 in SAP as "n almOSI continuous skeletaJ"network.

Surface oxiuiltion method \Va, used to produce some otCier ODS 'lIJoys aJso

such as Mg-MgO (97). However 2ttempts to produce Ti-Ti02 In this manner

(98) resulted in a h'ghJ} embrtttled alloy pre,umably oec2use of the eXlertsive

501id50Jubilny of oxygen in titi!nium.

In a sJight 'ar'atJon based on the same principle. flake aluminium powder

\Vas b'lJJ milled wllh a surjactant and a miJJing ,'chicle to yieJd a much more

unJforrn disperSion of AJl03 lh,m in SAP (99). AnotCier variation is that a

reactive eJemem in soJid soJutJon in the flake powder Js allowed to undergo

preferentiaJ oxidatioOl durirtg the course of miJJmg. In this manner_ Schilling

and Crant (00) weI-milled prealJoyed Cu-AJ powder In a hJgh energy ball mill

("ttritor) to produce su~mjcron thick (O.J - O.3f at edges) flake powder with

a 5\1rfac" area Jarge enough 10 promote room temperature oXJdation of the

alurnimum. SchlJ]mg (jOt) ::tttritor milled Irt air prC'alJoyed powders of Fe-

Cr-AJ_Y to obtain fJake powders of lhe alloy t:--at contaJrled AI20] dnd Y20];



CHAPTER 1IJ

I\'lETf-IODS OF PREPARATION

3.J INTRODUCTION

,
Powder metallurgy techniques are most commonly employed to produce

fifle, stable dlsper,iom III melal/ailoy matrlce,. Conventional melttng and caSl-

iflg teclmiques "'ofl nol be applied to ODS aJloys smce fifle "nd uniform dJsper-

SiOflof oxide particles GllflOt be obtained bv such methods. Althollgh a very

recent concept of 'mix-alloYing' (94) is urlder>tood to be a po,,,bjJity for produc_

illg ODS aJloys from il liquid Slate, no definile results of aflY laboratory attemplS

of it arc known. All lhe aVililabJe methods carl be broildly classified as follows:

O~idalioll Methoc's: 5urfuce oxidatiorl of powders

Jnterrlal oxidatJofl of powders, thil1 strips or W'res

Chemical Methods: Selective reductlOn 0; chemically produced oxide
mJxtur"s

Ignition surf"ce cOiltmg

-EJeetrodep051tjOfljvapour depositIon

•

Mechanical Methods: Mechemkal rnixirlg of constituents
<v\echilrlicaJalloying

These methods arc reviewed briefly Jrl this ch"pter wnh an CmphilS;,

on mC'chanical alloying.
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of meChMh;ll11y alloyed Ni-20Cr containing My 01 the di~poer~oids of ThO
Z
'

y 20)' laZO) etc. Om" such result is illustrated in Fig.le. Under oxidationl

corrosion conditions where Tf)NiCr docs degrade, the degradati,;m ,~ allributed

to lhe loss of the protective CrZO) to CrO) gaseou~ phase above IIOO'C ('3Z).

It IS generally believed that dispersion of an oxide phase in nickel-

chromium alloys has the following major eHeels On oxidation behaviour (J 10),,

j) selective oxidation of chromium to form a continuous, protective

interface (anionic oxidation) in contrast to the oxide-oxygen interface

scale of Cr ZO) i~ promoted:

scale-forming reaction appell'5 to occur prelerentialJy at oxide-metal

(~;'\tion;<; oxidation) III which it occur~ in dispersoid.free al1o~'s:

growth rale of CrZOJ is subdued in comparison "'il!! dispersion_free

alloys and adhesion of CrZOJ to the substrate is improved.

, ,

"

ii)

"

{
iii)

ODS superallo}'s are remarkable in yet another aspect. i,e .•their superior

hot corrosion resistance, an important criterion for llpplicll:ions in the gas

turbine hardw;'\re such :ucombustors and turbine vanes. C~,romium again is

the dominant eleme1l1 responsible for hot corrosion re.istance of svperaJloys,
f Ilnd the oxide dispersion enhances it. For example, hot corrosion tests showed

('3J) that while a non-ODS, high strength nickel base superaJlo)', 1:-:-100, suffered

allack of - 7(,001" in cru<;ible test and about JJOOp in rig leSt, MA 755 E,

II )'tt,;a dispersed nickel base superlllJoy, .uffered only JOOf attack in <;rucible

test and 76!-J. atta<;k in rig te'l. This ilhJSlrates the <;lear superiority of 005

superalJoys against hot corrosion.
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to less than 50% and the meller',,] the" ,e'ponded to p"rtoal recrystallizalJon

upon iHlIleajjng "t 120(J'C. However, Dobk.& Qujgg(7~) showed that longitudinal

rolling of as-extruded TDNJckel bar produced a strong t 123J < 142> texture

that rendered the materia! highly resiSlilnt 10 rccrystalJi;;atjon whereas trans-

ven;c rolling gave {lOa} < 0)0 ) texture whid-l made it rec:rystallJzc easil)'.

They concluded thai a highly recrystallization reSistant structure has ~ sharp

texture, which tends 10 equ"IJse the differences j" the SchmJdt {"clars between

grains thereby elimJn~tLng gradients of stored energy which are known to pro-

mOle nucleatioCl of recrystalljzalJDn.

2.7 OXIDATION AC'D CORROSJON RESISTANCE

OXide dlsp",rs;on jn a metal or aHoy matrix confers not only stengthen-

'ng blll also increa,ed reSistance to environmental attack like oXldatlO;] and

hot corrosion, which is vital for material, of gas turbine hardware such a,

combustors, turbine ,'anes etc. TDNie;kel (l\'i-2Th02) developed as a highly creep

reSIstant superalloy w~s however found to be inadequate In oxidation rcsistance

for gas turbine appllccilJons 0). Thi~ was remedied by alloying the ma1rJx

w;lh chromium, usually upto 20% as in TDNjCr (N;-20Cr-2Th0
2
) (1J). The

weight gain for TD~iCr after 120 hr, under <:yelle; oxidation at about 1J!6"C
•

was reponed (E7) to be about onc-flfth of TDL"lckel and about one-half of,non-ODS nlch-l ba,e superalloy. Giggjm 'co Pettn (8E). as' well " Ol!-:e~
InvestIgators (E9), confirm improved oxidation rcsistance oj r-,'i_20Cr alloy m
'h, presene," of 2 VjO T1102, ,cd " also WiTh y 20] and CeOZ in NI-Cr alloys

(90). Mitchell, OJ) reported Improved ls.othermal and cyclic o,,,datlon reSJ5t2nce

•-
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annealing below J506 K of lin extruded, yllria dispcncd nickel base supcralloy

did not bring about any grain growth, whereas annealing above 1506 K resulted

abruptly in elongated grain growth (8l). The coarse, elongated grain struCture.

with its high grain aspect ralio required lor high I•.•m~raturc creep strength

of ODS alloys, are often produced by massive gral:! coarsening tre~l.1mcn15.

This Clln be achieved by moving a hoI 7.one, with a Sleep thermal gradient,

along the length of the material. Such moving zone treatment, invented 0';-

!\inally by Andrade (82) is the basis lor lhe ZAP (Zone ,']jgned PolycrYSH1ls)

tectmiGuc employed by Allen (83) for directional rccrrslaJlizlllion 01 TDNiCr.

C/lirns el al (84) lind Benjamin 'ct aJ (85) describe similar teChniques. in their

patents for producing high GAR in mechanically alloyed ODS sll?"'ralloys.

2.6.~ TexlUre EUeclS

Preferred orientation In ODS alloys generally has a marked influexe

on properties. Killpalrj,;k and Young (86) found that the 1100.C yield and

,

•

tensile strengths of a TONiCr sheet were signilJcantly influenced by the orienta-

tion ",'ith respect to rolling direction. The material exhibited a Slrong {IOO}001)

cube texture which is the reason allributed for the observed a:liSOlropy in proper-

{ ties. Fabrication processes employed for producing ODS alloys in useful sha:Jes
•

Impart deformation leXlUres whereas the annealing lreatmen:s produce cer:ain

recrystallization textures. Wilcox et al (38) found Ihal as~xtruded TONic!lel

bar which resiSts recryslallization had II strong (100 > COmJOn~nt and a """,ak

< Ill> COmponent of the dual < 100> < Ill> fibre texture. By wire drawing

to he,,,"y r('ducuon. the < 100 ) texture component decreased It)



phase "l1oy, between whIch abnormal gram growth c."n OCCur provIded there

ISat 1""5t one large gr"in.

Grain lTIobdJtv antsotropv

Gilman (7S) proposed that the elongated grain structure in ODS alia,s

)s a case of abnormal grain growth mduced by an oriefJ,talion-dependefJ' differ-

ence m the gram boundary migration rates. ThIs orientat'on dep,"nciem:e may

be such that a faster, unidirectional growth of a few, large grains Is facdit"ted.

Anlsotropv of dlspersoid distribution

Gessingcr (7') drew upon the doped tungsten model of aligned ga, bubbles

(75) to explain the elongated gram formatJOn In recryslaJlized, mechanically

alloyed ODS alloys. Cairns et al (SO) however suggested that th" mechanically

alloyed ODS superalloy thE':' ,-Investigated could be containing arrays of carbo-

nitride p:lrlicles, resulting from the c"rbonltride films on the prior particle

boundaries, which would re5train lateral grilln growth while permitting unI_

directional growth.

•

2.6.3 Tech'llques of recrvslaJJizatiol1

Gener"lly. recrystallization to elongated grain structure ;n ODS alloy

tends to OCCursuddel1ly al1d only at relativel~ high lemperatures. For instance,
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reduction in the same direction; however, 100% recrystallization was obtained

altcr an annealing lreiltrncnt at only GiW'C for J hr whell the bilr was cold

rolled 87% in a direction transverse to the bar a.\JS. These results helve been

explained HI terms of the el£ect of texture, to be dIscussed Jrl Sc:ctiorl 2.G.~.

2.6.2 Elongated grain structure Hl recrvstallizat'on

•

When recryst<ljjJz~tjon does oeem in ODS ,,1101'S, It usually results ;n

an elongated gr"", structure. The highly elortgated grain structure of doped

tu"g~ten filaments, that js responsible for their non-silg prooert;es, 'S considered

to be a consequence of the restraint to later,,] gram growth by stringer-like

alignment of potassium bubbles (75). The situation wjth regard to recrystallI-

zation of ODS alloys J~ not as straightforward becausc the djspersold particles

are distributed faJrI}' uniformly in the matrix rather than In an aligned fashion .

Some Important mechanism5 proposed for an elongated gram growth in the

rccrystallization of ODS Cllloy' arf' brieiIy de'cribed below.

SeCondary recrystallization theory

Bascd on a ,tudy of recrystallization In TO Nickel, Petrovic and Eben

(76) proposed that the observed elongated grain strllcture IS m fact a result

of seco[]d<lry recrvstallization. precccc:d by a deveJoprnem of sub-optical

( '" 1jJ.) grain size whIch must be the primary recrystallization step. Hillert

(77) proposcd lo\\er and upper bound limits for the irut!"l grain size in a two

:Ai.i1--.~._
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a mDdel where'" the second ph",,, particles exert on a migriltlng bOlJnduy

a drag force which irlCrca,cs with decreasing particle size and the !;rowlh j,

illhibited at a cri[jcai grain diarnetcor at which the driyjng force for migratiOrl

01 the boundary is bal'lnccd by the drag lorce. In cornras!, Doherty and Mart;"

(70) Jrl a study of AI-Cu Cillo)' containing il dispersion oj ClJA1
2

p"rt'cles show

t~at both []~Jcleatjon rale and growth rate of new grains are strongly affecteG

by interparticle spacing. Nucleation of new grains may be retarded Or acceicr,,_

ted i_by p"rticles dependir1g on whether they arc relatively fme or coarse.

Hombogen and Koste'( (7]) suggested that very fine pilrtlcles would ret",-j

recrystal1Jzation at all interparticle sP?clngs, and relatively coarse p'lrtic]es

do '0 only at smaller interparticle splacings (see fig.9); the critic'll si;;e fe;

nucl"ation enhancement IS however directly related to the degree of prlo'

SHain in the material.

As indicated by Jones and H,m,en (72), the inhibitmg effect of a fim~

dispersion of partlc]es on recr~stajjlzation can be linked to the fact that such

panicles homogenize slip and distrlbllte dislocations more uniformly thus rendec-

ing subgrain formati@ diffJcult. When subgrains do form, they are stabilize';

by the particles retilrding the nucleation of recrystajli;;ation.

The eaSe of recrYS"lal1lzation in ODS alloys seems to be'"dependen:

not only 0[1 ,he amount of. deformation but also on the mode of deformation.

Doble et ill (73,7~) found that no r(>crystallization occllrcd by annca]mg a,

about J3J:j'C for one hour an as-extruded TDNickel bar that w~s cold rollee

87% in a direction parallel "lO the bar aXIS, or when it was swaged wiTh 9Y"

•
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fig. 8. EFFECT OF TEMPERATURE ON THE TENSilE DUCTILITY
OF TO NICKEL BAR. {Ref: 671
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of the matrjA, (II) occurrence of short rilnge order and (iil) a p05,ible lowering

oj the volume self-ddfusivllY of the rnatri". It") a stlJdy of dlffcrerlt cornpoOl_

tiollS 01 commercia] ODS [)Jckcl b"'e 5uperalJoys, O!::twummi /\)illa <:t al (67)

conclude lh"t -the appl'ed stress sensi[jvJty to intermediate tcrnperatlJrc

(T ~ 760'C), steady state creep rate decreases with iClcrcas;ng solid solution

Slreng lhen)ng.

2.5 DUCTILITY A",'D FRACTUj,E

The three stages, namely, void nucleatIOn, vOld growth and void coale-

sceneE' that cOnstJllne total pJastJC strain lcadmg to fracture jn a ductile metal

are also applicable to dispersion strengthened materials. These aspects of
ductile fr"cturc in two-phase alloys arc reviewed by RosenfieJd (63).

The marked drop Jrl tensile duetJlity of TD Nickel at elevated tempera_

{lire, abo\e O.3Tm (67), as illurstated in Flg.S. ;s a charaCTer;,,;,; fearure of

This transJt;on is assoc;ated witet a cetange In
m2ny other ODS "ljoys too.

fracture mode from transgranular to intergranulLlr which is explained by the

dominance of grain boundarj sliding with increasing temperature leading to

gr2in boundary CaVJlilI'on.

•

2.6 RECRYSTALU: ..\TlO,\' MoJOTEXTURES

2.6. I Resls:ance 10 recrystalJrzatlon •

Zener (69) first proposed

Tete unique fe"ture of OD') aHoys is rheir resisrance to recrystaIIization

UPto a fairl) h;gh fract;on of their melting pOint.

-
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BIt"t and Arunachalam ((,3) "llrihule (ile hji;h n and high Q
c

value,

In ODS alloy' to an athermal barner offered by the particles to dj,locatiorl

motiOrl. They ,ugge,t that incorporaTtorl of a tempE'rature~dependent bQc.k

,tress Jrl tile power law creep equation in the followi"g rn""fler brings Ol" th"

true values of actjY"I;On cnergy and stress expol1€rl1'

dG
dT

where "t b is the back stress.

.,
Inconel

Th" modJf'cat,on brought down the l{ and fl values of TO Nickel ::tr1d

MA753 close to l10rmal valuc$of "ingle phase ma!erj,l1s.

The back stress may be looked upon as a tCireshoJd sue" beclow wilk.h

creep does not occur. A threshold stress for crE'ep has been observed, for

example, by Wilitle"berger (6~.65);11 th,C1 TONICr she,,! artd IS gerterally associ-

aled with diffuslortaJ creep (6~). Lurtd and Nix (59) ,uggest that the thrcshold

Stress could be th<> Orowan particle bypass stress and show that the creep stress

of sirtgJe crystilJ TI)NiCr Cart simply be described by the additive ruJe of the

,um of the creep stress of particle-free matrix and thc Orowan strcss.
•

•
AlJoyirtg of pure melal matrix in ODS systems to form a matrix oj

solid solutjort further decreases the high ternperLiture steady Slate creep r"te.

lVilcox and Clauer (66) altnbUle this to ()) a decrease In the stakmg fault energy
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Q and" are v,JrJously reported dnd gellerillly very high. For Jrlstancc, dlffere,,!,
workers reported (55,56) crc"p an;vat;on energy values betw<:cn 150 to 1100

Kcal/mole for SAP dliol", wherea, Oe is "bout J~KcaJjmolc for pure alumin'ulll

which IS nearly the aClivation energy for seH-d,f/uSJOfl (QSD) oj aluminium.

Wilcox aCIdCbu"r (JII) determined an activation energy of 190 Kcalfmole for

TO J\';ekel against ~D of aboul 65 KC'lJjrnoie for pur" IllckeJ. In corltrast,

J[1 another study, Wilcox and Clau<:r (57) found arl activation energy of only",
64 Kc:aJ/moJe for Tn Nickel. Similarly, stress cxportcnts ranging from 6 to

40 w"," d"t~rmjn",d lor TO Nickel (34,5&). Lllnd and Nix (59) observed the

.,

creep stress exponent to vary widely in the rallge of 9 to 75 for NI-20Cr-2Th02

tested at temperatures rarlgmg from 0.55 - 0.95 Tm.

Wilcox and Clauer (GO) "nalysed these variously reported values of

Qc arid rI for different ODS nIckel alloys. They suggest the generalized Herld

that Qc ~ QSD and n::::'- 6 t(} 7 whcn the grams are cquiaxed, but Qc 2nd n

progre"ivcly become high as I:le GAR irlcreases, as illustrated in Fig.? (67).

Lund and NJ~ (6]) suggest that incorporation of temperaturc \'"nation of shear

mociullJ\ In the power law creep equation brings down the apparently high Gc

(Qapp) close to QSD' and "pply thJS ide2 successfully to TD Nickel, bringing

down Qapp of 190 Kcal to about 60 Kcal/molc. Malu and Tien (62) ~how Ihat

i application of this procedure did not work well for the lower temperature creep

regime in l"conel ~\."'753,an ODS, iron-b2,e superalloy.
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For the milrked drop in the work-hardening ralE' in ons alloy,; at high

temperatures, Gould, Hlrseh and Humphreys (53) proposed thilt the Orowan

loops disappear by climb over the particles through dlslocatlan pipe diffusion

of vacancies thus diminishing the chances of formation of both OrowLin loops

and prismatic loops.

2.4.2 Creep

Th" gener"lly "'penor cr"ep strength eVen a"[ t<'lnperalures close to

advanced englnee"ng applic;atJons.

OX1"
m IS one of the most Important propertJ"S of ODS allov,. eweciaJly f(lr

ilt 1000"F
For example, Tf) Nickel~ supports a stress

<

"

of 19 KSI for 1000 hr rupture lile ilgainst a stress of 1 KSI far the same life

In lhe case 01 pure nickel. treep of ODS aJJoys can be best described by the

empirical equal ion (54);

= A , "m
,

where A = il pre-exponential factor

1$ steady slilte creep stram rate

Qc = c:reep activation energy

T = creep temperature (Kelvin)
11= stress exponent •

High 'Q ' and high '11' In ODS aJloysc _ _

Compared 10 most other ,Irlgle phase metill> and alloys, the high tempera-

ture creep beh~viQur af ODS alio,s is rather unusuill in that the value; of



as one of suppres,ing boundary slJding at CiighGAR where mO,1 oj the bou"darles

This relalJOfl cO'Jld explain tCie different r~sullS at tCie Same :emper;;-

This sho\\'~ ,hill the

Fraser and Evans (52) attribute the <;trpngth

where L is the grain Ic"gth and L is t:-.'"

,
y = I

RallO.

-4 _I
oflOCir.

= Gram Aspec;;
grai" width

wher,e le = flow stress whcn

'K = GAR codfic'""t,,

out of their vary'ng C..o.R, as Illustrated in Fig.6 (5]).

variously reported values oj II0DoC Yield strength as well a, 100 hr c,ecp rlJp-

ture strength Imearly increased, witCiin a scatter band, as a fu[)uic:l oj GAR

(Fig.6a & 6b); sJr;lilar trend lS also seen (Fig.6c) 10 be valid for the suc" TO

ture of 1100"C: of N;-T,,02' Ni-Cr- H02, ,"i_Cr_IJi_Th02 as a differec_ce arising

Aspcct 1~,--,1l0(GAR) in tr.e followmg form:

f]JCT;ng rC.,ults by prope,ing a modified 1.lall-Peteh relation ba.,cd on ~-.£" Gr"in

le+k(-r--1)

ekeI were analysed by -~"tkox <lnd Cliluer ('il), who then ral'oncllis"c ,,-,,, co,,-

Wilcox and Clauer (51) also interpret the effect of high GAR In tJDS ilJlO}'S

of TD Nickel at l-1Jghtemper~turcs (above 0.5 Tm) to the de\'elopme"t of fibrous

grain structure and the consequent Il1hibllion oj grain boundary slicing which

they cOl1sJder to be the dominant mechanism of yielding al high temperature.

gJve creep strain rate

Solved she"r stres, on the boundaries and thus mil1imislng tCie overall amount

are oriented parallel to the stress aXIS, resullmg, on an average. in a low re-

01 Slidil1g.

••••
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distribution of image particles and i, considered (48) to be a lmear funcl'on

for th" sLmilarity of th•• third stage with the matrix beha,iour.

may be Ihought of as arising from 'H] externe.l

The unique feature commonly observed In ODS alloys is tile reterLtlOr.

DEFORMATJO,,' BEHAVIOUR AT ELEVATED TEMPERATURES

Yield Stress

surface. The image stress

The validity a: the Hall-petch relation for grain and cell Size strengthen-

of the ,Ciear strain. The image stress being small compared 10 the back sIre,s

Brown arld 5tobbs (43) attribute the tiliru stage to arl Im~ge ,;tress wCiich 's

that is responsible for the in'tlal linear hardening stage. may be the reason

locali,ed necking and shows lower work-hardening rate theln in the "ecorld stage.

a unifrom shear Sire.,s 'n the malerlal that' maintains a stress-free external

This stage begins with the trarlsitlon Jrom uniform pla.,tIC strairl 10

2.4.1

tn tCie high tempera;ure range IS generally attributed (~~,50) 10 the climb of

2.~

of a large fraction (almost half) of their ambient temperature. yield strengl~

ev"n al: temperatures close to melting point. TCieeventual fall In yield strength

dISlOcations around the particles.

lng In TI) NI,kel a\ room temperature (37) could not be extended 10 high

temperatures (around )lOO"C) when Ihe results oj different workers on TO"i-

,: .,,
i,,,
{
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Cocks (47) argued that reasonable agreeillent of

Ashby (43) gave for the second stage the followmg parabolJc

f is the volume fraction of the disper,oids. When "iiG~ reaches a crill-
"

To ,the flow stres, increment, Tn will not increase further. lc

to be Ihe critical SIre,s for partJcJe shear and estJmated 10 be

The second stage is characterised by a plastic: relaxaTion ohMc back

Second stage

through punching out of the prismatiC dislocation loops at the particJe-

'0. J G.

relation:

Prtsm"tic loops Were observed in worked eu-Si02 by different workers

Hllmphreys and Hirsch (~6rproposed that the second stage harder1;"g

is primarily due 10 prismatic loops by cross slip, w;th negligible cor1tribution

from the Drowan loops; they found support for this model in expcnmelHs on

disperSPon hardened capper.

his experimerttal results on deformed CU-SJOZwas possJble only when the theoroc-

tical eStimaTes of Ashby's (43) and Humphreys and Hirsch's (46) models Were

added, which suggests that both the mechanism, could be operating.

,



,
•

"
These Sl.1lgcsafc:

• ;) an initial linear stage where strength increases linearly with plMlic

strain liS a result of build-up of dislocation loops around pMlieres:

Ii) 11 second, parilboli<; siage where prismatic loops formed by cross slip

of Orowan loops Or punching from particle-matrix interface cause hardl.'n-

ing through ;nlerllction with glide dislocations resulling in tanglC$ and

loresls;
•

iii) an cuenliO'lJj)' linear, third slage leading to failure. whiCh Js controlled

by matrix !clIlures.

,
These three sieges have been observed, for instance, in Cu-5j02(~O).

Several .•..o,k ••,5 proposed a variety of mechanisms to account for Ihe

work hardening behaviour of ODS alloys, whiCh have been reviewed well by

Kothar; (~I). The main rnel:hnnisms and models will now be briefly described.

1
" 2.).1 First stage

t
The model proposed by Fisher, Hart and Pry (~2) is often cited and

is one of the carliest references On the theory of work hardening of o;spersion

,

•
~,.
•••

•
•

nrengthened alloys. They P,05!ulllted that the residual Orowlln loops around

the panicle excrt a back stress on the dislocation sources nC'<;cssitating a strain_

induced incrcment 10 thc !Jaw Slress and the back stress is givcn by:

._--======== ._--,.,_.•,.,.,•.•..•.•< .,.'., ••• ' •••••••, 44 F'='C= .. _



'"
SHess, to fully account lor the flow strCS5 oj cold rolled N;-Cr- Th0

2
" 1hey

have also eSlabl;,ncd that the trtreshold stress below which the strall1 rate Sen-

S;lIvity 01 recryslaIlJzed N;-J.j4 Th02 Is zero corresponds to the OrOWilJl51res,.

In .another ~tudy OS) of Irtermomechanical processing, It was found that

the decreasing cell size of dJslocalJOrt substructure obtained through increasing

wire drilwing reductions on TO Nickel and TONier bars followed the Hall-Petch

type relation for ,he yield slrerlgth of these alloys at room temperature. Ras-

mussen an"d Grant (39) attributed the observed strengthening in cold worked ODS

alloys to a decrease in the apparent irnerpartic:le spacing by Orowan loops surrQund_

ing the particles.

2.3 WORK-H."'RDENING

\X'hen an ODS alloy is progressively deformed beyond the yield stress,

work hardening OCCLJrswhich LS primariJy related to the ;ncreasing number of

Orowan Joops a'-ound the particles with increaSing deformation. The average

number of loops

These

per partICle, n, IS given by ~Y,'i where "'oJ is the plaqic shear
- b

dislocations, known as the geometrically necessilry dJslocatiolls,

Me req,uirecJ to m"intaln the compatJbdJty of the macro_>cop;cally homogeneous

deformation of t\\o-phase alloys. As n ;ncreases with dcforrnatJon, different

relaxation mechani,ms. occur leading to the well-known, three stages of ..'work
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For """,npie, Raymond anel Neumann (J5) found that the sub'lrUClure was fe-larned

Particles anchor

, ..

in a N,-20Cr-2Th02 alloy even altcr exposure, lIplO J510K.

the dislm:atjons and stabilize the 5ubstructure which influences the deforrnillJOn

behaviour. Because particles are not directly responSible h"rc. the ,rrcngthenlilg

is said to result from indirect p"rticJe-di,lociltion mteractiollo•

Viewed from thts background, ODS alloys JI1 the fabricated form are

aT room as w"ll as elevated temperatures and they allribute thiS difference TO

•

thoriat"d nick,,1 and nickel-chromIum aHoy, suggest th,n e,;Ontrrbulion from

already substructure-strengthened. Depending on the applIcation ::md the material,

Arunachalam and Lipsitt (}7) Ir1 a sIudy of stress relaXaTion mea<;Uj'ements

they are used in this as-received condition Itself or after a rccrystCilliz<lt;on

trca!merll. Wilc:ox and Jaffee (29) fauna that the yield strength of an as-extruded

TO l"icke.1 alloy is substantially higher tCiarl that of the recrystallIzed TO Nickel

a contribution from the stored erwrgy of deformation:

thus n is stated that (29),

where T,~= shear strength cor1tributiorl from swred energy of deformation. Preston

and Grant (}6) "lso proposed an empirical rclationsCiip between y,eld strer,gth

~nd stored energy of working.

•
~,
- ""'I:';

" \.. .

l
Sllbstructure strerlglhening i, nc,",,,-,say, beSides the matrix flow stress and Orowan



1 ,

• bowmg mecllallJ"" than with pCl.rtlcle shear mechanism of Ansell. So al,o, WIlcox

arld J"fJec (29), who ,tudicd the> yield 51rCS5 of recrystallized Tn Nickel over

a wide rang" of t<:mperalures, found agreement With Orowan bowing model than

with particle shear model. Similar disagrccmenI wilh par:'cle shear rllechani.,m

was recorded by SasHY and Vasu Do) In Ni-Zr02,

Cross 51Jp

Ashby Dil CiS well as some others (J2) proposed tha, ;:1(' Screw compo[l~nts

of the partJcle-bowed dislocations may bypilss the partKles ::>ycroSs slip. Cross

slip has be!:n suggested to account for low temperature (T <: 0.5T ) tensile and
m

In any case, since eros, slip is rel"ted

/

creep deformation of I~j-TI10
2
(JJ,J~).

to the stack Lng fault energy whld, gerwraJly decreases On 211oYtn~, a dispersion

hardened matrix that is solid solution strengthened is less jikely to SetOWcross

slIp tetan a pure metal matrix.

2.2.2 irldirect p"nicle-dlslociltiorl lrlteractions

Fabrication of oxide dispersion stnmgthened alloys l.sJally lrlvolves exten-

•slve hot/warm working SUCetas extrusion or rolling as well iiS cold working With

intermittent anneals. These processes lead to cOrlsoiidaticl of tete powder to

teteoretical densitIes and also produce some deformatiOIl-;~.duced substrUCiures

wetlch arc stable UDto very etigh temperatures, thereby increasing the resistance

to deformation not only at ambierJt temperatures but aho at e!e,ated ternperature5.
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it Jorm~ ••. semicircle of diameter approximately given by). . As thc dislocalion

scgml'na en opposite sides of the particle mav(' towards cao:;h other and annihilate,

a dislocation loop (commo"l}' known as Orow:!n lOOp) is lclt around the particle.

"t1 • the !low stress (nn I~n be expressed as a sum of r",. the matrix flow

d T h hI' lb' . b 2r( .stress, an . ~ ' I e a1 erma, partoe c ypassmg stress g'ven '! b"1. •. P , unlike

l'",. is not significantly influenced by temperature):

<

using eqn.!)lwe can express eqn.~ ;nlhc \I.'ell-known form

• Gb+ .,

••
Kelly and Nicholson (l}), and Ashby (26) refined the expression for O,o"'an stress

increment by laking into accourlt the contributions from edge and sere"" disJocll-

liOns 10 the line temion lind the dislocation dipole effects. It may be mentioned

that Ashby (26) takes). , the effective intNparlic!e spacing. as

"

..
'j-

•,

where

rs : mean planar particle radius

1..5:mean, planar centre-to-cenire parlicle spaCing.
•.

•..

Chaturvedi et al (27) 10und agreement 01 110,," stress beha,.iour ",ith

Orowan bowing mechanism 'n a study of Co-Ni_Cr.Ti superalJoy which comained
•.

OVeraged particles of y (Ni3Ti). They also observed. through electron micros-

copy. only Orowan loops around these particles. AshalJ and Evans (2S) observed

much beller agreement of the yield stress results of '\'i-ThC'2 wilh Orowan



•
3.9 AREAS OF QUESTION AND SCOP[ or THE PRESENT \\'ORK

ror mechanical alloying to be facijitilted jrt the aforesaJd marmer,

it ;s generally necessary that one of the COrtstltuents iL\the starting blend must

be ductile enough to act ilS a 'cement' binding others during the process (l16).

fragments ilre vJrtually abserll. The

probably are fragments of simililrly

Th<: elcmerltill flake-like particles

anti the elernerllal powder

finer, compoSIte panIcles

structured coarser powders.

have mostly be"n captured by welding to other partJcles.

JV) a random wcldirlg orierltation i, then generated wherein the weld

seams of all the powder fractIOns become convoluted, a<; eqUJax-

ed ~owder5 cold weld together without any partlcular preference

to the welding orientation.

v) the final stage of the mechanJCal alloying occurs when a steady

'tate JS reached for the particle si;oe dJstribut;ort. The irttemal

structure of the compo,ite patlJcles 'S rdirted to a sub-optical

level. A saturatLon level of hardness of the particles arld a narrow

partJcle size di,tribu,ion are the characteristic features in the

firtal stage.

While mechanical "lloying has been explnjted for producing a varJety

of novel compositic cs of lIliltenals, there have beert few investJgatlon" onto

the understand'ng of the process itself, Several questIons relating !o the process



•

clearly

Bertjam,n

•,mnot 'pelt

.-

response'

OJ

'magnelic

•

This hCl, beCf) exammed in the present work uSing

results ofBc~jarllin's

••

er mecilartical alloying leads to homogeneous, Hue solid 50IlJl;orl';.

\Vasscl et al (J3t) on the same question conc1ude that there is only a limited

homoger>eity of aJJoYLf)g.

alloyed nickel and chromium powders had the same Jow level of 'magnetic

was observed to be only an intJmate mechanical mixture of the two elements.

on NbJSn compound formation by mechanical alloying, ••••.herein they found that....

1although the individual phases could not be optJCally resolved, the milled powder;'
%

have reached a sornewhat diHerent conclusion in the" X ray diffraction study

cale, the formation of true solid solution rather than of a finely ;Iltcrdispersed

mechanical mixture. This conc1u'JOn has b"en questioned by Wassel et a] (130t

as beIng based on inadequate eVIdence. furthermore, White and Nix (131)

,
According to Berljam[fl, the latter observation of low magnetic response ind,-

respome' as wrought nickel-chromium alloy produced by mijjmg and working.

seen J[] the optical mJCr05COpc, at which point, he observes. the mechartic<!lly

thcrciorc [('rnair> 10 be answereu satisfactorily. An imp0rlam qlleS1Jorl is whetlo-

be complete when the Ifld'l'idu"l I'HIlcllae of the alloying elements arc no longer

(J 19) <ioes conSIder til,s aspect and takes the view thilt alloying" deemed to

a variety of 'lflaJytical techn'quE'S inc1udmg eJectmn probe microana]ysJS and

Scanning Auger ,\,jicroprobe analysis.

meaSurement, have been m2de On attritor milled powders and correlaled wJlh

in "is paper (119). The magnetic transformation ill the alloy of our sludy here

makE'S it amenable for a systematic irlVestlgatlon of this property In re!alion

to mechanical alJcying. Acordingly, in our irwestJgatlons, magnell<: coerclvlty
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therefore rematn to be 2.:--"''''e'-,,"-,,.o~-:;sfactorill'. An Important question I, wileth-

er mechanical alloying !,;3c,-~ :L...•;nogeneous, true' solId' solution,.

(J19) doe, consider thl, "'-o~'..::: --"':--,::takes the vlcw that alloying I; d"emed to

be eo,nplete when the J~,c"','::L:"'---'::='''',=Ilaeoj the alloying elements are no longer

scen rn the opt;eal miec"s::-::~",_ .::=.::: v"hieh paint, he observcs, thc meChanlGllIy

alloyed nickel and chrc.,-,j,_7;'; :::-":''',,--oershad the Same low level of 'magnetic

response' as 'wrought n:~~'=~-~;-:-':---:O;_<;nalloy produced by miJ];ng and workrng.

According to Benjilm;n, ~,-",-~=~-,-",bservalJon of low magnetiC response Ind,-

cates the formatIon of r-~c~--:-_:;,-3...-,JuIJOnrather than of a f'nely ;nterdlspersed

mechanical mixture. Ir,J" C:.~C--,,:::..-~has been questioned by Was,el oct aJ (DO)

tiS being based on inac'e--::,=~", ~-.. ',::"''lce, Furthermore, White and Nix (Dl)

haye reached a somewhc.: .:::":~~:-,,=-:-:::~onclusJOn in their X ray d,firact;on stlJdy

on Nb;35n compound forrr;2.-::':~ ~-7~hanJCal alloy;ng, wherein they fOLJndthat

although the rndivldual pr-",-,r.'"_-"'_'::C 7'ot be optically resolved, the miJled powder

was observed to be Olll\- = '.":'::-=:= mechanical mixture of the two elements.

IVassel et aJ (lJ]) on t~,e ~,"."::" :-_=~JOn conclude that thcre is only a llm;ted

homogeneity of alJoylng. :-:--:i~ .=...c: ':'een examJned In the presel11 work using

a variety of an"Jyt;cal :'='=--.:- .•c:-_~ "'elLJdlng electron probe microanalysis and

ScannIng ALJgerMicroprobe ~.a-,-:'~~'_

Benjamin's re5ult~ response' not soelt •
00' clearly

In '>is paper (]19). The ,,",2.~.e~.":- -=-"",sformatIOrl in the alloy of our study here

rn"kes It amc:nable Jor G o''-''~''':-~- investigation oj thIS property ;n relation

to mechanical alJoylrog. .':'.c :',:;C' ----.- :n our Investlg~tions, magnetic coerclvJty

measurements have beer, "",:~ =_-:-:,-itormiIled powders and correlated with

.•.•--- - ---- n _ -



n.echanical ,,]loyinl', w.th meaningful Jnterpretation,.

Inadequate homogene.ty of alloymg observed by Wassel et al (130) or

White and Nix (131) may pos"bly be the result of a choice of incorrect opera-

tion.>l parameters used for the mechanical alloying process, This takes us

to a more general que5tion of practlCal importance WillChhas apparently rece-

ived little scicntLIJC attenIlO[)' "re there any optimum values for the operational

parameters to be applied j(}r successful mechanical alloYJllg? What attritor

speed, for example, should be USCGfor attritor mJ[ling of ODS alloys and for

how long shollid the millirtg be dorte? What size of grindmg balls -are best

for the purpose? Are there arty threshold values for them? This dissertat.on

considers these questions irt detail by a systematic study irtvolvmg variations

m milling parameters using a specially designed "ttntor and a 'performance

index' that quantifies the effectivenesS of al\oy"'g.

If mechanical alloymg is true alloying of the solute, what atomic level

mechanISms <lre operative tQ bril1g about such a\IQyjl1g, <lod hQWdQ they relate

to the mechaoLCal energy "'put of the attrJtQr? The mechanism suggested

by Bel1jamin (In) which JS more a phenQmenological description of five stages

Ln the prQcess, occuring as a function of mJl\ing tiLne, does nQt p~ov;de much

in"ight into atom.C levef -mech"nisms that must be responsJble for the alloying

prm;ess, Surprisingly, there appears to be nQ other reported invest.gation

intQ thLs a'pect. The work earned out here thereiore includes an attempt

tQ l",derstand the mechaLl,,,n Qf alloyi"g from a microstrUctural perspective,

leadi"g to art enhaTlceci diflusiv.ty mcch<,.nism ilS well as an 'erterg,'-1JJ-Iance'

model' b2-sed 0[\ some oj the expCfllnen:,,1 ,e~\llts nbtailled.
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CHAPTER IV

•

EXPERIMENTAL

~.I DESIGN FEATURES OF THE EXPERIMENTAL ATTRlTOR

,
This research work is dir~t~d towards understandin?, lind optimising

mechanical alloying in an aUdlor mill with refcrence to one typical alloy

sy51em, namely 2 "olume 96 thoria dispersed in nick~I.20,*, chromium alloy.

It is thercfor~ essential that an audtor be specially designed to mect the plan-

~d research requirements, Based on the limitcd information lind clues available
•

,,

•,
•

•from Benjamin's (111),117) and Szeg\'ari's (In) patents ,and Chemical Engi-

neering standard design principles 01 mixing agitators 0)2), the author has

designed a laboratory model attritor for mechaniClll alloying,

Fig.Da sho'~'s the main design features with its list of pans as in Table 2

arnJ Figs.Db and Ix show the _design details of other main assembly pans.

This attritor hns the following features. A cylindriClll, 18/8 stainless steel

vessel was caSl and machin~d to final dimensions of 170mm internal dia, }mm
•

wllll thickness, 2~Omm flange and JOmrn bottom radius all around inside and

180mm inside height. Such a !arge radius at the vessel bottom ensures that

POwder does not remain in pod<ea in the far-flung botlom corners as might

•
[king patents, full details of the ll11rilor design are not available.
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FIG 15 b DETAILS OF ATTRITOR SHAFT AND IMPELLERS
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oti,crwisr; h"rpcrt In a ve,~eJ with a sharp ran'lIS at th" bDttom. Copper tubing

of 6mm ;n!cmal diamel~r with I rnm w"ll tl1icknes,; JS brdzed to the vessel

m 2 spiral fa,h'orl to facilitate water cooling ("ttrltor milling in the ab,em:c

[If waler <:cooling" poss,ble but thee output or yield oj the "lloyed powder be-

comes too small b~calJsc of excessive welding of "llw powder on 10 the balls).

To {'-Ieilnale perIodic rcmoval 01 samples during milling, the yes,,,,1

,s provided with a JOmrn dJameter hole fIt the bottom offset from centre and

to the hole is welded a threaded ,ta;nles; ~t"el b,,,h Hlto ",hid, an '0' r"'l;_

se~lcd plug can be screwed to make it gils-llght. Thf vcsocl flange JS grooved

10 seal an '0' ring against which thE" 6mm tl1Jck lOp lid can be screwed \0

.

a gas-tight condition by eight perirnetrJC bolts. Welded to the top lid m its

••

central hole, " " water-cooled bush housing a ball bearmg a~sembly with a

set of Wilson seals which enSure gas tightness of the 30mm dia shalt passing

through the hOUSing. The Wilson ,eell arrangeme",: conS15ts 0' I< alternate layers

of thin, mild steel washers and neoprene gaskets huggmg the shaft with sliding

cleaC2nce. The seal assembly C2[] be tighte[]ed by mea[],; 01 a hexago[]al faced,

tnre"ded cap. The bottom ball bearing wlHch comes below thc top lid is seated

in a~ oil-seal to prOlect the bearing from getting clogged with flying powder

particles. The Wib)n seal assembly comes "bove the top lid and below the
•

top beelring. The sh"ft is thus supported above a[]d below the top lid with

two ball bearings, providl.lg greater rigidity "nd support to the rotaling shaft

which has to rcm"", freely hanging inside the vessel. The attritor shaft at

its lOp" connccted to the drive shaft by ffie:mS of a modi fLed universal coupling



the ba"c-jramc.

The length is there;ore maintair.ed such that the clearance between Jl and

The top lid

•scraper from the bottom

The bottom-most JmpelJer, which

The length of the impeller arm in

To the s<:uruy base-frel",e of the drilling machme, theto the <l.tullor shah.

lcr rod diameter JS ihus fixed a, J 2mm.

with such lengthy i;npeil"rs the ;:>ossible mlsaligmnents in shalt assembly and

be !i"ed ilnd c.h,mged with ease. The overall th'cknes, of the impeJler IS chose"

tl131 Cdn be quickly disconnected 1o, re,,,oving the top lid as a"d when reqUired.

ilttrltor is firmly bolted by me,,'lS of twu mild steel channel supports 0"

excessiye load, On the dri\'£ anc erosion of the ve"el wall dllring rotation.

eventual play of the shaft alld the bearings can result in the impellers causing

" ,

machme wilo,e drill chuck has bcoc;] removed to facilttate coupling of the spindle

ends of the imp"llccs. By thts "rrange,nent, differenl Typees of nnpellers c;an

the Jdeal case can go as lar as Ihe vessel diameter would permit. However,

The driVe' IS prov.derl from the vertical spindle oj a va""ble ~p""d <irilJlng

The !mpcllcrs arc fixed i11l0 the blmd holes of the shaft by threaded

to be In exce", oj t~_e maximum size of the balls that may be used. The JrnpcJ-

causing blockade of ,he motJOrl "f b"Jls.

the wall is ,nore tha~ two ball diacneters to permit free passage of balls without

mal' be caJJed as 's~raper', has a re-ctangular cross section and is welded to

•he bottom face oj ;he shaft. TOle distance of the

'0 that the balls are not blockec due to inadequate clearance.

h~s a Sid" hole- w;1h a bush welded to it whLch enables charging of the powder

"-rid Ihe b"lls; th" screw wp 01 th;s bu,h Can be closed gdS tight by means oj

of the "esse I i, such as to-allow G clearance of a Jittle oyer two ball diameters

an O-ring lDcated on ,he bush.



The' I-HI' AC induction motor dt IV'[lg the pulley syslem 01 the rtlilchine'

IS cO[lnected to tlw power supply vIa motor starter and a readjjy aV'lilable

)0 hours tilncr. rhe top lid has provision for gas inlet and g~s outlet. A ~a5

bubblcr with a sto>}-cock i, attilched to thc g"-.' outlet nipple of the top lid

of th" attritor. The bubbler indicates, ,,-, and when de,irl'd. the prcsence of

•

a positive pres>ure a! - argon wr.icr. J5 found to be desirable to avoid o:<idalion

of tr.c elemental chromium powder In the charge. Alter flushmg Oul air with

a~go" flow, the stop-cock IS closed to mamtain a positive pressure of argon

inside the vessel; ~ contInuous flow of ~rgo[l IS not rcgulrcd. A general view

of the apparatus is showrl in Fig.I6.

4.2 PREI-'ARATIO:-; OF (oi1-20Cr-2Th02

Pdl the mech"nical alloying experiments described JrJ thIS swdl' <lre

aimed at the noonmal comp0>Jtion of 20% chromium in solid ;ollJt;on i,--,nIckel

with a disper;JOI1 of 2% thoria of les, than :;oo,R "verage partICle ;)ze. For

thIS purpose cO~lmeccially a\"aJlablc nickel and chromium powdrrs we;e used

while thoria \Va, pre?ared in the laboratory from a ,ilorjllm saiL Thc details

of preparation oi thocia are given JrJ AppendiX 1.

•
4.2.1 Startir-.g ['~wder ch"racteristics

For m0;: d the experimerlts, nickel pow(kr. supplied by ,\\/s.lmern,,-

tional Nickc1 C('.. L.K. was u>ed. It has" purity Clf ~ 99.8%. Some Cl! tr.e



FIG 16 GENERAL VIEW OF THE ASSEMBLED ATTRITDR
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arc irreg\Jlar and blocky 'C

m Flg.17b. The 'mpurily

",e included m Table 3.

particle SIze "I nlck"l oed

i,npurity level, that could b<: deter,,,ined tn the laboratory are ,hown in Table 3.

Its aver"ge particle size as determined In a Fisher sub-sle"E' sizer is 8 microns.

The powder _is spongy a"d spherical in appearance a5 shown in the Scanrling

electron mlcrogrilph m Fig.17il. ChromJurn powdE'r was supplied by ~1!s. Good-

fellow Metals Corp., USA. It is 99.5% pure and -200 Me<;h. Its average partkle

size as determined by f'"her sub-sieve ~izer IS 45 microns. The powder p,,-rtlcle~

appearance a's, ~hown In sGmning electron micrograph

levels til"t could be det<:rmilled in the laboratory

I" the experiments involving variations In starting

chromium, powders of approximately ,imiJar purities

but of dIfferent average particle size werE' used, as described In detail JI1

Chapter V.

To determ'"e the mean particle size of thoria powder which would

be In tile submicrotl range, X-rilY diffracrion line broadening technique described

br Fergusson 033) was preferred to lransmissioll electron microscopy as in the

I"trer such fine particles milY show up as agglomerated polymorphs, masking

the" true particle size. Furthermore X-ray d,firacti,)[] IJrle broadening method

is a convenient technique rceOlnmended for ultrilfine particle Slze measurement

(13~). A sample of thr lhoria powder WilS subjected to X-ray ditffacrioll at

20 KY/JO ILl.'\ with Cu Kc\ radiation Jrl a Phillips X-ray diffractometer and

the (JII), (200). (220), (311) peaks Were recorded. The instrumental broadening

Wa, obt"inea by uSing ~ silicon st2m:!ard. The details of these results are tabu-

laled ", Table ~ from whIch jt IS see" that the average partIcle size of the
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thoria prep"rcd m"y be taken as 33011 •

11.7..2 Charge preparation

Unless otherwise stated, all experJrTlents were done with 3Q':',;m

charge (2.5l1gm Ni, 60 gm Cr, 6gm Th02) and Gmm dJameter ball-bearing qUe],:}'

steel balls (made out of SAE .52100 grade steel, and heat treated to a Rocc;-

welJ-C hardn<;S5 oj 60-65). Samples wne drawn at des')'ed points of mjllj"g

time through the sample discharge hole providcod at the bOllom of the attrl"c;

appropriate numb<:r of balls Were also removed along wIth powder sample ,a

maintam the balls-to-powder ratJO. In all the exp<:riments, the powder constJ1[;_

ents prior to cr.arglrlg into the attritor were pre-blended for One hour rn "

l"boratory blellder 10 obtain a wcoll-distributed 'rlixtucC' of nJckel, Chromium

and thoria. The r.omogeneity of mixture was found to be satisfactory as reve~'-

ed by the chemical analYSIS of three s"mples randomly dr2wn from djffere~ .•

ponions of a blended batch of the powder.

4.2.3 HIP consolJdation

A limited e.,?erim<enlation was done on consQlidatmg the po,,",ders o~':;

to facilitate prcpara~ion of 5amples for optical and eleclron micrOSCOpic stue:-

of the micro,uunure of the consol,daled powder. HIP consolJdated m1G2-

StrUcture (opHca)) re\ealed an unexpected feature whicr. was subseqllently fo,-,,,:;

to have a bearrng on 1:1e optLmisation of the milling process (sec Section 5.].9).

In this '-C"rleetJon the consolidatJDn lecr.njqlle used was hat isostatic pressi~_g



~.).I MAGNETIC COERCJVITY

The cap~ule \':a~ then loaded into the

lollows; the powde-r was filled on a vibra.
dia

cylindrical )5mm~stainle~~ Steel capsuJe,

Several in~lrumental techniques Were used in the present Work in order

In the ca~e of Ni-Cr sy~tcm, alloying can be monitored by following

(1I1PJ, a versa till' technique known lor il5 ability to produce 10090 densities

in powder compaCts 0)5). The HIP utilised for thi~ purpo~e ""(\S MicA model
QIH-)2 and the HIP prOCedure wa~ a~

tor)' platform into n one.end cJo~cd,-,
e':acuated to 10 torr and sealed oll.

pres~. IiIP wa~ carried OUt at II&O.C ~ 12.C lind 1.2 KiJobar argon ga~ pressure.

The HIP'ed cap~ule was then skinned off on a lathe to expo~e the lull)' compact.,
cd powder sample.

to lollow the ditlerenl IlSpects of mechanical aJloying. The degree of alloring

t.) TECHNJQUES USED TO CHARACTERISE MECHANICAL" ALLOYING

Obtained under diflerent milling condition~ was monitored by magnetic coercivit)'

m••.aSur••.ments and EleCtron' Probe Micro An""ysis (EPMA). X.ray diffraction

and Scanning Auger ElectrOn ~licroprobe (SAM) analysis were used 10 determine

whether mechanical alloying led to true solid solution of chromium in nickel.

Scanning Electron Microscopy {SEMJ, average panicle si:te measurement~ by

Fisher Sub. Sieve Si:ter and microhardness measuremenl5' were employed to

monitor the course of mechanical alloying. Conditions llrld meth~ emplored

in all these techniqu ••.s are briefly de~crlbed below.

the marked change in magnetic: behaviour: while pure nickel i~ ferromagnetic .

••
• C1ZW.' i ._ ._.



nickel "lloyed with 20% c.hromJum b""-orn,,, non-magnetic. f'>y following the

,,', '

change in magnetic coercivity, one can "rrIV" ill comparisons of the d<:grecs

oj alloYing with increasing attrllor milling time and varied cond;tlollS of attrilor

parameter,. While coercivity study can be very useful for qualrtatlve cOfrlparl_

,ons, it cannot furnish quantitative and subtJe distinctions of the degree of

alloying bnween sample to sample, not only because the non-magneti, transi_,~
tion in nickel-chromium system begins fr,om about 6% chromium in sobd solu-

tion, as can be Seen from the equilibrium' diagram in Fig.I.S (U6) bur also be-

came of the mherenl complications of coercivily variatiorlS with panicle size,

particle shape, <:old work effects, dJspersold effeCIS etc. (U7). Nevertheless,

since coelcivity measurements Can be readily and eaSily carried out directly

on powder ,ample, \vithout any sample preparation, it IS useful in a qualitative

characterisation of thE' .slate of alloymg JrJ m<cchanical alloymg of the 5y'lcm

under study. The cCE'rciviry meIer USf'C in the preSE'nt work is shown Jr1 F'g.19.

The procedure of rJleas\Jrlllg coercivity with this Instrument is briefly described

in Appendl~ 2.

Study of coerclvity variation With attrllor mijJing time in all the experi-

n'ems has rcvealed SOme general trends in the coercivity variation w,th pro-

gres,ive mechanical ~!Joying of nickel, chromium and thorla. It WIJ be seel1
•

in Chapter II that under conditions where alloying is reasonably rap,d and homo_

geneaus as evidenced by EMPA, coercivity rises initially to a peak \"alue and

drop, down to a low \"alue after which it tends to flatten out, a, schematically

depicted in Flg.20.

,



Fig; 18. E:O.UILIBRIUM DIAGRAM Of Cr-Ni SYSTEM, IRef: 1'3')
(BRACKETED NUMBERS REFERS TO WEIGHT PERmiT)

-



FIG 19 PRECISION COERCIVE FORCE METER

•
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@ A.,WiiWl!!

for 8

,
II}' counts for n'ckel sCille, 3 X

The Ime ,cans obtalrwd m aU the sdmples represcn, a

Mmu5 200 me,i, frdctlon of this powder was al1alvsed ilnd found TO

for aJJ the ,am pies.

Analyser un<ier j<ientLcal condltoons of

~Incc the jine scan height of an element " directly proporlJOnilJ to

beam voltege was ma'ntained al 20 KY ilnd beilfTl current at ;0 rnA throughout

,
count> for chromium scale, arid a line mFignification of 201}r"x. The eleclron

the,e ,ndicawr, c"n be ~_pproximal('ly quantified by Clectron ['robe M;uo-

analysi, (C['1I.1A) on the powder particle.< using the linE' sca" technIque. ThE'

powdl'r particks WE're bakelite-mowlted, rnetJII"graphlcaliy polished ilnd vacuum

50 f l,near diSTanCE' in the analysed pilrticle which in most of the cases Coyer>

the cmirc panicle.

The line scan EP1I.1A WilS cilrnE'd out ,n iI CA~'EBAX EIE'ctron Probe 1I.1icro

eoat,,<i with a flash of CFirbon to ensure eioctricli continuity of the ,,,mpk.

line scan ~rofJ1e f"ithfulh reflect the dcg'-ee of innonlOgenein of the dJstrJbu-

lion of the element as p;escnt in the matrix, an approximaTely quantitar;ve

the concentrat'Orl of the element In the 2110y, and s,nce any '"rlatlons in the

estJfTldc of 'elfectlvene" of alloying' of chromium 111nlckel has becn derJyed

powder sa'nple was prepared hy vacuum mductJon melting of I\I-Cr alloy (;lJrned

by iln~jYSjng the EPMAlll1e scan profiles Hl the following manner. A 'standard'

Powd"rs.

at 20% Cr In SGiUllon) and ,ubse,!uently argon atom ISing the Same to spheric"l

hrs. EP,\l.". linE' sca" was obtained on this annealed powder (FIg.22a), and Ihe

have 18.5% of chroJnJum which was then vacuum anneale" a; 970"C



_.

) "

lil,el Ii,," h"""-'f\('Jll'll]' "J tile 'slafldilrr.' po\\'(ic'r ""111'1" " b good as le. -i"

The lInc SCClm lor- all _'arnplC's

tha1 the scans were r~prcscnla[jy" of th" "ick,,1 ilrtd chro;-rlJurn d"tril;u, :>".

S'llce th" "-!I":ing under o"._'dy

Ih" "hfO""UlJ1 1i"C' oj ti,e pawdcor slarld"rd.

male< of the amOLJnr of chromium pjeke.d up III Ihc sarnp'e, tel" mearl hC:_~~l

of the ch'oml\'''' li"" should be known so tkn it C<.rt be c"~\'en"o to Cr% ~n

rcspeCi to the heighl of the ilornoge"eow chromium bne of O,E 'soarldani' "~c:-,>
".hose cnrorllJurn per<;crnLlgc- is kno\\'n.

oilEn \\'d"Y. the m("ilrl heigh, of the chromiu,n line was o:';ajned by rT1C"SL'C":g

\'Gknt 10 ,hp levc, of " line of Same CIS:', hCid it been hom::;e,1C'usil' dJstrib'_:,.j

c'nd is 12>:cn 10 reDeeS"n! the averat;e percentage 01 chrOCTIJt''': pJck-up "';~ ~.:'

•

/\ straight IJne see" 01 the e!ern<crr, III EPI,\i\ line Seart cepresertts eom::>!e,,,
horrlQgcllt'I\\ ,,! o;slrjDution of the elemerr: ,;, ;h,-. r""trJ~ "iioy, wnhJrl _',."
limits 01 re"'!,,;;o,, of the EPMA technique.
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b . WROUGHT ALLOY WITH 19 % (r

a 'STANDARD' POWOER WITH lB.5 % (r

22 EPMA LINE SCANS OF NICKEL AND CHROMIUM FOR' ,
STANDARD POWDER AND WROUGHT AllOY



j, th('1\ expre"ed ill !C'-'"S of pcrcem"ge of chromlUfrl level oj the ,tallu"rd

~owJer. /\" "ppr,,-,jmal<= measure of til", inl1ornose"Crly of dislrJbutiofl of cnru_

m;urn In nickel In the partIcles has been obtamed 'n term, of Cr% by cillcuJatlng

the scalar SUn, of positive and negative' rnCiln dCVJ2tlom of il "clVY lmc wj,h

rcoreel to jg O\\'n meilrl jine determrncd ilS descrjbed above and this tot,,]

mean deviation IS conVCI led to Cr% from the known Cr% of the height of

the chromium ,C2n of the Standilrd. The total mean deviation In chromIum

pcr<C"'nlilgf' represents the average inhurnQgeneJty of chromium di,tributjon

H' the s:Jmpl~: smaller the tQlill meiln deviation, Je" is the jrthOmogefleity.

A more detailed description of ;his method of line SCilrt anilly"s JS illl1strated

tn Ap;:>endix J. \I'e can now uetme maXimum effectiveness of alloyirtg as a

result Jrl which there '5 rTlax'mum chromium pick-up in lhe milled powder Con-

Comltilnt wIth the least possi!:Jle irthomogcneJty, a~ give" by EPMA Ime SCan

,.
[

•,', '

,malY';ls.

4.3.3 X-ral' diftrac,iQn

•..', X-ray dlffrauiort profile analysis is one of the techniCJu~s u,ed for

InVestigLi!ing "'hcther true solid solu[ion oj chromium m nickel is formed as

il re<;ult of mechanIcal alloyirtg. Oelails of the samples and the results obtained

over il rarlge af 20 covf'rmg the (III) reflect jan whie;, is the mOSl intense

•

Slow sC2.nnmg

The 2 e range wa, so chosen as to COver the talis

a'l 30kV ~nd 50m," was used Jor all the sanlples.

arc presented in 5eciort 6.2. PhiJlips X-rilY djffraclOmete,- wJlh fdlered COK",.

~t lis d~grf'e per nlJrlute and a cha" speed at lcrn p~r minute were employed

peJk for FCC cryst~lo.
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beam.

11.3.4 Scarming Auger Microprobe anaiy,j,

The following condition., of S.•\M were employed for fixed d<3f'lh analysis,

sputter

3kV

3j<A

1'< II

IOmA
20A"jmin.

Hc:re the sample which is irl pO••••.der

Primary beam voltage

Primary beam current

Etching glJn voltage

Etching Current

Et"hing rate

Auger ~'jcroprobe has been u;ed.

Another t{>chnlque empiDycd for Hlvestigatlng the ndure of solid solution

fornled by mechanical alloying j, the 5canJlJng Auger [lenrOrl L\\Jcroprobe A~la-

lysis (SI\i\j) of chromium and nick"l. A PhysiLill ElectronIcs Model 545-C $can-

nmg

01 11K>pCilk till they ('ven out with the: background. The powd<:r sdrJlplcs were

mOLJJ)lr<i wilh Can~dil baham gluo ". aluminiLJm holder;,

[orm Ca[]not be- placed )[l a mount of orgClnic chemical maleri,,1 such as bakclJte.

Therefore, a special mourning technique \\'''' employed: the powder p"-rticlcs

Were pressed 01110 il thick indium foil which was held in the sample holder.

Two type, of analYSIS were carrted oul: i) fixed depth analysis In w'1ich the

Auger analysis was done ill preselected depths of the surfilce by

etching the surface layers to tew desired depth with a beam of argo,", Ions ,

and (jJ) continuous depth p'ofile analysis Jrl which the analvSJS was continuously

obTained as the pilrtJcle surface was continuously 'putter etched with The ion



The 1oIlO\"i"f: conditIOn.' were employed lor cornintlous dCPlh pr.::Jie

; analy""
~"

•

4.~ MICROSCOPY AND ~ITCROHAR.DNESS

tion process of HIP cirried nUT Cit JJSO°c.

men, for TEM dlrectJy from the powder partlcies them;£jve;. It has there:'c'",

3kl'

3/".;
30kl'

30mA

~2u~1m",.

2~Omi

jl4m!

gj"C

90 i;m

Prlrlldry beam voltage

Primary beam Current

Etchi"g gun volt"ge

F.:tciling current

Etching rate

HNO}

H}PO}

FeCI}

Bath terlj,peratlJre

The 2mm thiCk di,cs were first chemically thinneci to "bOllt 0.5:7,:-'

Same HIPmg procedure as described prevIOusly In Section 4.2.3 "'=--S

lor thlS purpose, mostly at SO keV. It has not [wen possibl~ to prepare sFe::;-

Transrni"JOn Electron Microscopy (TI:i\1) wa, empioyed to co"'.c=----~

the thoria dlstrjbutions obtained in the milled NI-Cr-Th0
2

powders under di::~,-

ent "ttri,or milling conciitiorl'. Philjps E,\\ 300 electron microscope wa.s <.;e-:i

become Inevitable to) consolidate the powders by HIP and il IS reasonable :~

assume that thcma dJstribu,ion emd particle size do rIOt ait('r by the CQn501;':=.-

adopted 10 make sm"ll solid rods for the purpose Df TE~l study. The HIFe,j

machine.

and skinned rods were sliced into about 2rnm thick discs m Gil "bra.,;ve Cut-c::

thickness i" a solution of the lolJowmg compos;tion,

HCi 780 mi



jj!'.
I:' '

The di,cs \vCt" 'LJboegucntl}' haneJ-polishcd to aboLJt O.2.5'flm thickn~%. From

these- dis", 3mm diameter discs were punched out for ie; poJ"hing fo, TL~1.

Jet pol"hing w,,' done with il solution of the following Compo"tion and condi-

,Ions:

Methallol 78%

H2SO ~ 7%

He 2 ••.1
HI\'O 3%3
LaCIJt. Acid 10%
VoltiigC 12\1

Current 40mA

Temperature _20" to -40'C

Scanning Electron i\1jcroscopy was done Jfl a lSI - lOOA microscope

(w;-,ich has EDAX attachment) at abolll 20kY. £01\)( wa, used to an2Jyse

th" milled powder and powder welded to balls for reJative ilss"sSm"nt of Cr

<I::"" Content, a~ a raTIO of Cr/,'".

Optical mIcroscopy ",a., done in a Leitz microscope. Powder '2mpk,

were mounted Jll bakelite and polJshed through standard gri,s of Jncrea~ingly

fir.c emery paper and then wheel-polished on Syiv<;t clath

followed by wh"cl polJshing WJth

"'Jill coarse aJur.lina•
For obtaJnjng etched

mjcroSlrUCIure, the mounted scl;npJe, \\iere Jrnmer,ion etched for J5 to 6:; sc-

canas in a solution of:

,
" '



f'eCJ,
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5grlt
•

)0",1

100mi

,\\icrohardne,s Was mea,ufed uSJng a LeJt7 mkrohardness tester

"llh a VJCkcr; d'amond indentor.

Of at I Wigm.
The load was maintained either at 50gm

III case where the 50gm 10ild gave indentatJons too small to

!'

,

mea,ure "cc.lJratcly, the load was changed 10 100 gm. The load Wa~ mainlained

constMnt in all the sil~lplc.s wher" Compafj~on an long themselves was necessary.

•

---.- w •.
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carbon replicil' were madc IrDm lolled strips of the powder.

_ . __ '-'-L __ "- !'~'_'"'---"_ _.._----•.,. ------.L.- _ __-'-'--- _

The ,trip' were'

(lblaJrl~d by" process of d,e-cornpilctiorl. c[]cap'Ulat~d hot-rolling "nd 5u:'sequcnt

The bas,c JimitatlOn oJ a ball mill in terms of i:s failure to achieve the

cold rol1mg with JI11Crmlttcnt hydrogen arlrlealmg.

milled for only 6 hrs shows much better distrtbution of thoria with mucn fmer

Thr "ec.e,~ariJ)' low speeds of rot~_,ion Imply 10'_' kinetic energ" to [he

rnechanism (J32). beLorne, ineffective for mechanICal ,,11",ing.

of thoria wnil an average size of about 370A".

I 3~).

is the theoreTical speed limil at which the ce'llrifuga! force Of) a b"n i" cam:act

of thor;a particles irt the 90 hr ball-mjiled sample, whik .he sample, "ttritor

speed of a ball mill; 'critical' because It IS the upper jimi! beY0rld ",;.•ich the

desired alJo:'ing of the powder con~tltuents can be seen to lie in the low 'cri,icaj'

size. The 48 hr anrilOr milled ~arnpje (Fig.25) shows a ,a.isfactory ciisc,-jbutlon

graph, in Fig.24 show the non-unrformly d,strJbuted and agglomerated clusters

Iha! while ~Jhrs of ml]]jng Hl " b'lll mill fails to <lchieve even a 5emblance oj

Fig.23 compare' the line scan EPJVlAof nickel and chromium of 90 hr

baH-milled samples wilh 16 hr and 40 hr attritor milled samples. It can be Seen

sufliCJerlt 10 produce J"irly hom_ogeneous alJoying of Cr in Ni. Electron micro-

homogeneJly of either dlrOmJum or nickel. 40 hrs of mjjjjrtg ill all ,H'Critor JS

with the dr"", becomes equal aOJdOpposl,e to the force On it due to gra\ii~y (132.

b~lls Which. although suff'c'ent to cause cormnirlutJon by the 'cascade!cGlGract'

grirlding balls get centrifugally pirlned to the surface of the rotating drum. or.
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a SAMPLE BALL MILLED FOR 90 HRS

c SAMPLE ATTRITOR MILLED FOR 4a HRS

b SAMPLE ATTRITOR HILLED FOR 16 HRS

FIG 23 EPMA LINE SCANS OF NICKEL AND CHROMIU,~
OF BALL MILLED ANO A TTRITOR MILLED POWDERS



ELECTRON MICROGRAPHS SHOWING THORIA OISTRIBUTION
IN A TTRITOR MILLING AND BALL MILLING

d, b THORIA DISTRIBUTION IN ATTRJTOR MILLED SAMPLES
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ELECTRON MICROGRAPH SHOWING THORIA DISTRIBUTION
AFTER 48 HRS ATTRITOR MILLING, 30000 x
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The rancom billl "'otion

It is therefore pQssJble tc ['per,,].

'-c'HrJiugaJ and gr'w;tal;onill forces r>n the L2!Js in i

Thc hIgh speeds pmSlbJe in a.n a.t1rilQ~ impart "- nigh

\\'Ith ,In Jttrnor, whc:re th" vessel" stationary and the Lillis "',e k"

Thu;, in the cxpn;merus de~cril)[,<i here, whjje the b~1i rniJj cC'-.'id 110

Sim.e a.n ~T1ritor Can pnrTla. fa.cle Impart unlnnJ;ed kJr1e;lc en"rg' to

In colliding mOl ion "galrL~'1 (',oKh other by the rOli\1;ng impeJlers, there JS nc- depC'

dence on any 'calJrncliog' or 'C<l'Cadit)g' ",Heet 01 the bali; for Jchievillg cor"rnm

1;0" nr bJ<>ndillg.

atlr;1or act at right ilngles to ,each oth",.

the ilttritor aI RPM" Inucr. higher than an egw\'aJellt capacity ball mill -."ithm

encounteri"g Ih" d;s"dvuntag('s of centrifugal pinlling of the baIh to the vessc

wall.

be operated "I speed, mOre lha" 60 R['~1, the altrJtQr was rUrl a1 170 R?!\1 am

can in fact be oueraled at eve" higher speeds with better results.' V;~uJe if

" ball mdl the drum itself rot"tes 1;0 impart energy to lhe ba.l],. in the "c,rito[

the energy to the ba.[!s IS derived by the p"s'age of the rotating HT.p"JJcrs 'h,-ough

~_._----------_.._-

the ball eha.rge \\ith t:l" vessel remilinJrlg stationary.

induced by eontaCi With th" impellers and the ball-to_ca.jj cojjisions <lre re'''c;],ibJc

leve! of kinettc. energy to th" bal!s which brIng about tTlecI12,.ical allo:_ i"" of

for till" grinding aClJon.

the powder cOnStJTUenTS. A detailed account 01 mechanlScr; jor me:hanica! ",jJoy-.

ing in attn tor mil!i;]g is covered In Chapter VB.

5.2 VAR1Af',LES 1:-"ATTRJTOR MILLI"lG,

the balls by its abili,)' of bcillg operabJe ilt virtualJy ulll'mj'ed spe~,,;. the q'Je,,:iorl

arises whether there at all exists any optimum speed of operatle-, thilt C"" be'



increased raTes of mec:,an;caJ alloying when eilher lhe speed was increascd from

.-

•

In,'esti~a"o", on such IJr,es,
ilnd HUlLIn.;1

by lIas;el,{(130) who observed

rurthcrrnare, what are tnt> ather parameters

It (an e'lsi])' be yi'uaiised lhilt the features

irJtportilnt. Since the velocity of the bi'dIs and hence

Thcre have bee" hardly any systematiC

menlion can be rnade of the Jimlted stud}

set of other 0pCf2.1ing conditio",.

value., carl be chos~n for thern?

of the bCllls may ,,1'0 be

although

the kinetic energy oj lhe altrilor is derived by the rno,jon oj impeller5, the shap"

that can Jnllueno: ,r,e extern aCId homogeneity oj aIlojrng ilnd Whilt optimum

,d~ctcd lor a f,I\'con "et of COrl'tilU('1l1s to be mechankally alloyed und", a given

oj the grrnJing mec;". i,e the balb, Ciln have significanl infJucClcc such as the

10-po\Hlcr weight '''';0) and the diameter of the ball. Th" shape and maIer;;;],

total weight of buJis in reJatJOn (0 the weight of the powder to be mdJed (balIs-

150 tc 300 RPM, Cr "hen balls-to-powder ratio W"'S changed from .!L5:J to 17:1.

Detaded study of the influence of varYing lhe above menTlC"ed parameters 0"

rnechanical alloying - should lead to the optJmjsa,jon of the atlritor operational

For Ihe purpos~ of lhis stlJ<iy. the followjng pa'ameler, of attrlto, opera-

tion have been choscn:

~nd the number of vanes could also helve some irlflue'Ke on mechanical alJoying.

~n addJt;on. the ave'cge startjng partJclc ,ize of the constilutive powders Can

0'A.:tve a beilring on t~e effeuivenccss of mechanical ~llo,'lng ,iIlCC the atlritor
cf2,.

en~rgy IS mostly ex~~ndeci In panicle welding and de-weJdlng in ,he course of
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RPM of the allritor-

; j) The b~1I5-10-pow<icr weighT raTIo

jj i) Tile <flameler, shil[w "nd dCllsity of til" ball

The shaDe and number oj th[' Jrnpellcrs, and

~)Average slarting patticle size of nickel and chrOrllJurn

In arlier 10 ,>tudy the effect oj the abov!:, parameters on rneCnanJGl

~JJoying, tloe cor."itucnl powders of nJckeJ, chromium and thoria wer" mjjJc(

Since the ~;;rjtor JS drJven by a multi-speed dn]jing machrne drive. the

while ane paramEter was viirJen. other pilramcters were kept the S;;lnc. Unless

The balls-

In illl these experiments

Attrltor RP.\I 154

R,,115-\ O-POl' der weight rallO J 8/ 1
Ball diame,,,, Gmrn

['''pellcr '~"Je round

Number of impellers "Averilge panick siz{' "f nickeJ W
'i5}-' •Average panicle SJZe of chromium

in the atlrilor muer varying operatio",,1 conditions.

otherwise stated. :he vaiucs of the fixed pilramet~" common 10 aH the exper.-

ment, arc as foJJO'.\"S:

live speeds have bee" selected fur study: j54,260,~50.850 and J3W.

choice of Speed JS abitrariJy fixed by the 'peed, avaijable In the drJve. of whJch
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BesJdes giving confirmatJon

The ball diameter varj~tjon, studied arc; lim
m

The cHeel of varYIng these parameters on the degree and cli('ct
J
veneS5

In this seClJOn, the results of the experlmen1s of varying ,i,,~cho'en

lo-powdcr wright rntJO wa, varied in seven d'fferent P'OportJons by V'lrY)"g on

the powd"r qUiHHily so thilt the Tota! heJghl of the bed of the b,li!., r['malt

the ,arne In aU case, of the varlaT;on. The ratros studied are, 12/J, 18/1. 2
1

'/1
40/J, :';O/J, 100fi and 150/).

6rnm. 8m
m

and JOmm dIameter sleel balls. In addJtioll, 6mm dJ?meter lllngste,

carhide baJJs have also been tried In one 01 the experJments. Grnm x 6rnrn cyJ-

•

tlie aVcrilge starting partieJ", sj;~es of nickel 2nd chromjum havE' been varied

...

•;" four dJffere'l! combinations of coar.'e ::trtd fme sizE'S. whose dcolaih are included
in Section 5.J.S.

of mecha[]JCill alloying "'''S followed by magnetic Coerc;vity measurements and

EPiI.'IA, while 'hwia distribution was sllJdJed by TE,\I. DetiliJ, of ,hese analytical

tools hav(' aJready been described m Chapter lV.

of the qualJt<llive lrends of alloying shown by coerci"ily, EPMA provided a quan1i-

tJtJv<;, d"tinctJon between dJfferent degrees of alloying and thus a performance

index Could be O:ltaJned, as already explaJned jn Chapler JV.

5.J EFFECT) OF PARAMETRlC V'IlnATJONS Oi, J\1ECHANJCAL tI.LOYJNG

altr;tor mJiIJrlf ~.'.ramelers :lnd their effects 011 mechanical aJloying kjnetjcs
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are de,crlbed.

re'pee! 10 each oj the p""arTlele,, are covere<i III .)cctlon 5.11

5.3.1 Effect of ilttri(or spec<i

SE'en ilS RP,\\ LSi"creilscd from 2100to 450 and 850.

EP\L-\ lille sCam can'lcd Olll on sarnples drawn ilfIer 2~ hrs and 42 :lr5

for '~,e

ProgresSively faster rise '1I1d fast"r drop I" coerc;vlty ca,. be

The E~,\1.-\ result lhus confirms that il peilk-crossed drop In coer(i_

The eifeCl;veness of alloYing ;n terms of overage chrorc.'um pick-up ~nd

time of Jf he,.

Fig.26 shows the varlatJOn of coerc:lvjty with mue2>Jng milling :Jnle

lor four different altr;lor speeds namdy 154. 260. 450 "nd 85(' RP,\,I. Coerc;',lty

A si:nlLJr "c;ld IS ;cell for the higher RP,\ls (00 ",hcnll'" a pCilk-cro""d

In the 26G RP,\1 ru", therE' is a coerLivjty peak (150 0,,) at 12 h" milling ,;rne

<Joe, "0\ show any pcak-cros,ed drop in the 154 RP,\i rlJn up:o a milling :ime

of 60 hours although a tendency to pcak does begi" after 1!2-48 burs. "In com,:ost,

~nd this GrODS10 lOa o~ ~t 24 hrs decrea~jng further to ilbout cO De for mil!ing

01 milling lime In illi the four RPI,,1 runs are presemed In f;gs.2; and 2S reSD":l_

Ively.

5. It JS cle2~ from Table 5 til,,! the average Chromium pick-uF and the "0:7.0-

the Inhomogeneity. c:alculilled from EPM!', resufts of Figs.27 ,,-,d 28.

different RP~'.I rlJ'lS at the 2~th and 42nd hour miJjing time "C~ ,h~Wll in T,,-~Ie

genei,)' of hs dlsrclbLJTIOn In the' 260 RIo,\] run are "g"ifiGlrttl,' c,clIer tha~, In

15~ RP,\\.

V,t]' obsenf'c iQr the 260 RPM run (fig.26) represents il weJJ-~l1o)'cd stalE' 25

ness of illlo\jr.g IS seen (Flg.2S) tQ he compLlratively weak In tile eb,c:rved mil!n-."

ilgainst the c!;]>O.,l tlil1 co'CrCIYlty ,urve for 15~ rpm rUIl for ';,nJeh ~ffeet; .•e_



---~~~'~'.~,.'."-'.. --

..•. "i-,

•

.
"

•

,,

,

•

154 RPM

260 RPM

450 RPM

W'. _

~-;

fiG ZS EPMA LINE SCANS AfTER 42 HRS MILLING

~-'

,
;~':
,'c,
~J,





•

faster alloy'''!:_

•. .'

RPM ;"CreMes, but the impro\'cmem 01 1I.lJoying ;s

,s re1l.ched ilt about 800 RPM, w:.ereas for conSlllnt

alloying incrensc 115 the

ill par w;lh the 'standard' sample.

ami 8:;0 RPM ,un sample, and both 'eprcsl'm a well-alloyed condilion almosl

gible dillcrcm::c in the effectiveness of alloying between the 260 RPM fun sample

drop In (O('rc;iv;ly occurs and it OCCur~earlier a~ the speed is hil:hl'r ;ndieM,ng

mming times of 2~hours and 1,2 hours nrc graphically pJollcd as isochronal (urv(.>s

irl Fig.29 which shows as a hmctlon of RPM, the dfccti\'encs5 of alloying in

Data of Table:; of all the four different RPM samples for the COnstant

secn 10 become marginal al higher and higher speeds; thus. ',here is onl}' nl'gJj_

Tahle :; shows lhat chromium pick-up as well as the homogeneilY 01

terms of the two indicator~, namely, average chromiUm pick-up pt'rcentagc wilh

r~spcct to the chromium in th" '~tllndard' $ample, ilnd Ihe ,wernge inhomogeneity

in Cr'lf.. For a cOnstanl milling time of 2~ hr~ it is secn lhat Ihe 'maximum

el!ectiveness of

milling time of ~2 hrs, the maximum effectiveness' of allo)'ing is realised at

about )00 RPM itself,

A beaer dislirlction and compmison of the ~!ficacr of alloying 111 the

different sp""ds of illlritor millinG can be made by COmp!~ing ~mpl,.s drawn

•
As already defined in Seetion ~.).2

, '
I'
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6 were subjected 10 EPMA ilnd these line scans arc presented in Fig.30. Simllllr_

Jr. EPM,\ line scans 01 :I<lmph:s drawn al about &.2 " IO} revolutions for the

four difle'eM speeds designated as F, G. H ilrld J in Table 6 ilre shown in Fig.)!.

•

(underlined in Tllblc 6) at nearly identical number of r1'\"o!u\ions of about

3.6 x IO} for the lour diUercrll speeds, designated as II. B. C and 0 m Table

al about tlo" ~(l",c.tOlal number of rc"oJulion~ (given by the product of Ill''''

of m;Wng lime Jor the lour diflerenl speeds under sludy. The lour silmples

"

calculated for ~mples II, B. C, D. F. G. H llnd J arc presented in Tnbh:: 7.

For aboul Ihe ~ame number 01 revolution~ of either 3.6 x IOj or 6.2 x 10' the

From the EP.\\I\ linc !.CilrlS, the chromium pick-up lind inhomogeneilY

ilnd miltinr, lime). Table 6 sOOW5the number 01 revolulion5 ilt Ihe lKlmpll'd 1"0'''15

260 RPM ~ampk has higher level of chromium pick up although with ~lightly

more inhomogeneity th~n in the 4'0 sample, while the .\.8mple of the $tHl hi&hcr

RPM of X'O ha$ even le~.' Chromium pick-up 11nd more inhomogeneity Ihan that

oj eilher the 4}0 RPM or 2(,0 RP,\l $ampJe. A similar Irend i~ observed in coerci_

vilY variations whcn thcy are replotlr.d against number of rc\'olutions, as $hown

in Fig.J2; il can be seen hcre Ihat Ihe peak-crossed coerch'ity drop for Ihe

260 RPM run occurs carlier th1m for the higher spccds of ~}O and X'O HP.\!,

Thc P.ttrilor u~ed for this work is nOI de$igncd for ccntinuou$ operiltion~

,al speeds in exccss of approximatel}' 1000 RPM. Howc\'cr. a short run has becn

altempted 11.11880 Rr,\1 for whjch an 11ppropriate pulley drl.-e is a\'ail11Me in

,
.....••. '"
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•

baIlS-l0-powdrr ,alia, milling W<'IScarried Oul for J.j hours to /!l;llch approximate!)"

ilS number oj revolutions oj sample. A, E, C and D. The :;ample i. de.illnMed

The CQCrcivity variation wilh respect to atlritor miJJjng :ime is plollcd"

;n 1880 Rrlll is JOwer and aho ~Ja.smuch Jess homogeneit)" IhM e,ther the ~50.

t50 Or 8;10 RPM sample, although number of reVOlutions Ml:' essentially the same

in all. All the data of Table 7 are plolled in FJS.J~ M C\lr\'C~ of eflectJ'"ene~~

in comparl,or! with lhat 01 11silmple from ~jO RPM run at about the ~me number

of reVOlutions (Fig.JJal. The EPMA line SClIn lInaly.is 01 ~mpJc 15 included in

Tab,le 7. A cornparhon of the EPMA line scan analysis of Ihi. sample wilh all

ttlI.' other., as can be seen trom Table 7, rcveah that the 'X>chromium pick-up

as E in TabJ(" 6. The ErMA line .cans of Ihi. ~mpJc E arc sllo"'n III Fig.BtI

of alloying for constant number of revolutions. II revcal$ that for a conS1ant

number of revolution$ of - J.e; x 10.5 the elfec1ivenc$$ of alloying i~ maximum

at aoout 150 RPM: RPM$ !.'ither les$ or more lhan this value tcnd to produce

les$ elfectiv!.' alloying. Even Jor a higher number of _ 6.2 x 10.5 revolutions.

"'hill' the inhomogeneity i$ comparatively reduced over the en:ire RP,\\ range,

the maximum dfectivenc$$ of altoying .s $tH! sccn to occur at about the same

J.50RP/l.l (shown as shaded area$ in Fig.J~).

Th•• re5uJt$ on the effect 01 allritor speed de$cribed above arc di$cussed

." detail in Section .5.~.J.

5.12 Effect of balts-to-pmvder weight ratIo

~ the altri(or. U~ing ~ (harge of 300 grn with 6mrn di"ml.'tcr steel balls in IS/I••,..~.
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450 RPM SAMPLE. AT•.•.3.8 'x 105 REVElLUTIONS

b 18S0 RPM SAMPLE. AT ....4.l( 105 REVOLUTIONS

. ,

II EPMA LINE SCANS .OF SAMPLE FROM 1880 RPM RUN
COMPARED TO SAMPLE FROM 450 RPM RUN
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-.,
'" In FJf;.35 lor SJX djffer~nT biliis-to-powder weigh1 ratiO, (here"fter reier'-eJ to

and IS/I ratio run slowly tends towards a peak. cdl the other ruroshow pcak-cross-'

run shows neIther a p"ak nDr peak-crossed droy ;[] coe,covity within 48 hours

as billl ratiO', for convenience) ranglllg from 12/1 to 100/1. While the 12(1 ratio

•

•

TILe line 'cans are show"

drawn at the 42nd hour of mi[jing-

The results of average chromium pick-llP and

EPMA was ~bo done on the sample drawn at the: 42nd hour of millIng

Ime SCan allalyslS Of] samples 0: all the Six runs,

time.

time from the run conduCled wnh 150/1 baJJ ratio.

al1d Table 9 are presel1led the ErMA line scans and thc line sca" arlalysi, repecl-

,at the 2~th hour for all the 'cvel1 differel1t bail ratio rum. 111FIgs. 37a &: b

•
In Fig . .3Ga &: b and the line scan analySis in Table 8. Sampks were also urawn

Hl the 12/1 run wilde alloying to varYIng extenl, must be occurring in the runs

lvely of the ,amples drawn from 12/1, 18/J, ~O/l, 50/1, 100/1 al1d 150/1 rur"

ed drop in coercivity to different extents. This should m('all lack o'arly alloy;ng

at thc 21nh hour mJ1ling tlmc.

,
with, other ratiO,. The actual slate of allOYing was verJJj"c! by conducting El-'MA

il1homogcneJty (Tables 8 and 9) ilrc plotted ilS a function of bal] ratio Jr1 Fig.3S

reveal" in gen(n<ll, a progressivcly jmproving dfedlveness of alloying Wilh

<Isl~ochronill curves for 42 hour; <lnd 2~ hOllrs of con,lanl milling tIme. fjg.JS

•
In thc ErMA. thc Cr line 'cartS for 12/1 ratIO rUrl in Fig.J6a as wC]l as for

JS/I ratio rlln m FI~.J7a were recorded relatIve to Wit counts, inSTead of the'

Cornmonly usce' .3 x ]04 counrs scale, in order to boost the feeblc Cr signal

In thcse ,ample,. ThiS change IS taken j[1to account in lhe releva"t c;aiculaIjom
'n Tab(c 10.
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. FIG 3) a EPMA LINE SCANS AnER 24 HRS MILLING ICONIDI '
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by pC'aks of inhomogencity at certain b"lJ ratio~. There is also secn to b<- no

maXlITllJmeffect, veness of alloying about IOOfj ball rallO. the effec:tlve"e~_, of

..~
i,.t

~
/~. ,

aljoyin~

•

While both milling timn '-'ow --p

rat,os higher than thesc

Thi<; r-.umb~r becomes different :'~'r

whJc:h h~ve approximately the 5:0-;-,'0

/\lloyir-.g tenas to be less effeCTIve at jail

•

Were subjectea to EPhl.". lme scan ,,"o;oh;,,;

very hIgh ball ratIO of 1501 I, the efIccllveness of

N = RP/l.1of the "Hritor

w = ball~-to-powder weight ratio,

t = time oi milling m minutes

increasing ball ratio for con't"nt milling tIme,.

a ball ratio ::>fabout 401 j onw~rds.

further g2in in effectlvene" of alloying at ball

In fact, at the

seen to decrease.

alloying in the case of 42 hours milling may be taker-. "c. satisfacto'y even l~::>m

Let us no\\' consider a different method of comparIson of eflic"cv of
- . I

alloying with v"rying balls-to-powder weight ratio. Since RP~1 is the same :or .t.
all these experimf'm;. the number of revolutions at any g;ven milling time ['O,,-,:o'n

the same for all th~ ball ratios. However, with hJgher ball raTIOSobtained tr.rC"_sh

ratios les~ than the,e value,. Furthermore, the mhomogeneity curves arc m2.r.;ed

decre,3.smg the powder charge weight, the ;ntensity of collisions experienced ':>y

the powder particles wrll increase. We can thu,; think of a factor su(.h as ~':\\'

(number of performed revolutions x ball ratio). whcre

a, repre,enting the irnensity of ,;olllsJons.
•

A, j}, C, D &. E in Table 10

Nt\\' faClor of abOUT J.I X 107

different ratIos fo, tne same milling ,ime, as shown in To.ble 10.. ~amples m;or.~~d
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1.] x 10

The results are

Thi, l~dtCales a better degree of alloying for ball diilmCk, j of

Although the inhomogeneity is very Jow at the ball r<l't;Q of 100/1.

•

50/1 ralio.

mean ciJ'-orfiJum pi<;k-up and inhomogeneity: It ;, Seen that for both
- -

The coercivjt)' versus milling t"ne behaviour has beert ,tudied for four

A detailed dlscus,ion of these results of the effect of ball ratjo i~ presertt-

pick-up occurs at about 50/1 ratio but maximum' iJlhomogcncny "I,u occurs at

J, K, L, In Table 10 were analysed by ErMA with their line ,cans shown in figs.

lhe chromium pick-up 15 :e'C'n to diminish at 100/J ratiO. From the shaded areas•

whose rc~uJlS ilrc presented ;rl f'gs.39a and 39b and Table J 1. S"niliJ.rly samples

I I - I I I I" 10' I"' N'll- dId ,. G Hwhle 1 l~VC apprO~Jmat" y a va IH' 0 ., X u., an mar,,,, r. , ,

and 1.7 x 107 values 01 NtW, the maximLJm percentage of averLlgc chromium,

40a and I10b, and line scan "naly"s ", Table 12. The data of Tables j j and ]2

mJrked jl1 Fig.~l, it will be 110ticcd tklt a maximum In the chromium pick-up

are plotted in Flp..41 ilS ball ratio versus cffcCI;vencss of alloying In terms oj

COI1SiSlerltwith least inhomogeneity (i.e. maximum effectiveness of alJoytrtgl

occurs at the same ratio of about 35/ J for both the NtW CUrVe>.

5.3.3 Effect of ball diameter

diiferertt ball d,ameters namely, 4mm, 6mm, 8mm arld JOrnm.

~d drop in ("oerCIVJly withi" ~S hours of miJIJrtg time while the Smm ~.~d JOmrn

presented in Fig.42. The 4mm artrl 6mm baJJ experimertts do not show pOCik-CLOSS-

bali rurts do.
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EPMA LINE SCANS OF SAMPLES AT [ONSTAN,-
N~WOF~1.1 x 107
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40/1 BAlL RATIO
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18/1 BALL RATIO

24/1 BALL RATIO
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FIG 4~ a
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150/1 fiAll RATIO
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NtW OF~ 1.7 x 107

.FIG 40 b
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5.3.4 Effect of shape and mi'iterial of balls

milling lim" can be realised with the u,,' of 8mm diamet"r slee! c>"Il,.

6mm elia x 6mm height cylinders 0; s;~j_,le~s steel have

Th" resulTS of Table 12 '"'' pJot!<>d in Fig.!;!; a_, b~jj uiametcr versu,

This i"dicales that th" maXimum ef!ectjy"ness of alJo:/Jng in ~2 hours

'-' ,

run lS lowcl' thi'irl thc v"lur for JOmm ball rUrl. suggesting more effective alloying

trends.

The !:YLvll\ Ime sca"s and line sCan anaJysj~ of sarnples oraw" "fter ~2

effeuiveJ1ess of aJloying. While the chromium pick-up Cu~"e re;;ches a maximum

In addition to d stud,. of the ball size eff~cI, the alloying beha\'iour

chrornium in rliekel as the ball dJamcter '"creflses, vindJCiHing the eOE'reiYlty

8JTlmand IOrnm. lh" valu" of the pcak-crosscu drop m eo"rcivlty for 8,nrn balJ

hours mtlJirlg for the four ball diilmel{'f experiment, depleted i" Fig.~J 'It"\dTable

12 rrspeetJvely clearly bring out the g"neralJy inereasirlg degree of alJoying of

at 6nlrn ball <i,ameter and remains approximately at that le,,,J from the" onwards.

a minimum m the inhomogeneity curve can be seen to occur ,,; about 8m", dia-

meter.

with grinding media differing In shape ane material from Ire :la~dened steel

spheres woosexamined.

beel) chosen as a caSe of a ddferent shape. Thi, sh"pe has a ,;uc;ace area Jarger

thiln :hat of a 6mm diamet~r ball. The consliluent powders weee allrnor milled

with theseqlindrieal eJements in JSil baJI ratio al J5!; RP.'-I ;0' whid, ,he co-

ercivJty versus mdJing tJm<: eurve (Fig.!;2) shows no peak In ~8 :,ours 'ndir-dling
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ConfJgur2.1Jon 'A', where 8 round Jnlpe1Je,-" in SCIS of two impe!iers

To altempl art anw.'er to this qLJ"5tlon. two b~sic configuriltjOnS have

In a given length of shafL how many Impellers i1re reqUJred for mechartJcal

ment' were done in whic.h the iltnilOr wa, run US;"!; round, triangular and fla;

impellers (Fjg.~(,). AIr the three experiments Were done with 6Jllrn bellb In 18/1

r~tiQamI ill an atlriTor "peed of 15~ RPM.

alIril01" millilll; exp"rirnents w;lh a fc,,- varian:, of i'Tlp"IIl" shapes. Three cxperi-

are ploTted rn FJg,I.7 which show., the 2D,ence of an,. peak for £1'11 impellers

The coereivlly V"rJal;OIlS wI1h attritor mJilmg time for the three shupe,

a~d ct tendency Jor coercivjjy to peak but not IO a p"c.k-cro,sc<i drop for ,round

vanes, "nd a peak-crassed drc? tn cocrci,Jl} for triangular shape vanes wlthm

th~ [Ph],", line scan anall'sj, of s~mpjes dr"wn "I tile ~8:h hour milling lime:

the observed mljjing time frame of ilbollt 54 hours. Th~ EPMA Jrnc SGHHand

from the three e~pcrJments are presertted respectively Jrt Fig.!:S and Table 13.

These ""ults jndirale Ir.at the 'IrJilngulM impeller does brJrtg about higher level

of chrort,ium pjck-up and \\'Jth rnuch le% inhomogeneity thart ,:,e other two shapes

Con,idered here,

5,3.& Number of Impellers

OpPOsite each other are placed one ,et above the other, e"ch set bemg pJ;]ce<:'

90' 10 the neighbou,ing 5e1 as shown in FJg,~9. Another configu,,,-tion (Fig. 50)
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FIG. 4a EPMA LINE SCANS AFTER 42 HRS MILLING
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FIG 49 8 ~ IMPELLER CONFIGURATION OF A TTRITOR
SHAFT ASSEMBLY
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FIG 50 21 IMPEllER CONFIGURATION OF ATTRITOR
SHAFT ASSEMBLY
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'Although several variations of desisn

77

A question Ihal arises in this conte~t is nr.ether baffling of

The use 01 baffles in agitato, lanks is COmmon in chemica! engineering

To anS"'cr Ihis problem, slandard dcsign paramelers for bafflee agitalor

d'"Ilo\cd as 'IY h I••bricatcd wilh 2J round irnpdlers along the Icngth oj Ihe shall,

6mrn ball dinmetcr and 18f1 ball r~l1jo) in lWo suo:;ccss;vc runs oj 4S hours ,dlh

•

llrrangrd in a helical Ja~h;oJl; this '5 ii/mOst triple lhe number of '"anI'S in the

~m{' ll'ngth of the shalt as compared to the former COnfiguration. The c:onSl;lu_

ent powders were a:tritor mill<:-d under identical conditions (l;i4 RPM spct'd,

lhcsc 111:0dHlcrcnI impeller configurntions. The EPMA tine Kans and the line

scan analysis of the powder Silmplcs drawn .'II the 48th hour milling time for

both A lind B runs me shown in Fig.5J. The IOlal absence of Cr signlll in F;g.;lJb

reveals the poor state oJ alloying for '8' conJigur1l.lion.

}.).7 Balflcdallrilc,

praCllCe whereby a well.mi~ed condit jon 01 the constituents is ensured because

lhese b3H!o:s h!!Jp in eliminaling \'ortex fOrmal ion of the soJid-liquid/Jiquid_Jiqujd

blends. break up lhe eddies and thus bring a g'ealer degree of mixing of lhe

lhe atldtor i~ desirable for mechanical llJloying.

conStituents (lJ2).

tanks ha"e been applied to the Illt,ito,.

for different -lpflJicatio:l5 pre\'ail. il is gener-llJy prescribed in c!1emical engineer_

"'1gpraclice of design of baUled aGitalOrs that;

,,.~
: ' ,"

, "L,
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and baffles ,n lile al~ri«)r are discuss-:d i" some detail in Section 5.4.4.

equal to the ve"el diameler thus satisfying the fi"t requirement, ha5 been modi-

Diameter of the lilnk (OT)

1/3 DT

Diilmeter of impeller

HeJght of tilnk

The vessel wall oj the experimental

elfects of Impeller shape. nurnr.er of impellers

-rile attritor was then run with the same charge

The atHlwr mLIJed sample at the 48th hour was subjected

Theese resulls of the

v} Length of baffle

j) Hel~ht of liHlk (H-rl

ij) D'ilrneter of impeller

,ii) Height of ,mpellcr irom tank bOllom=

Iv) Width 0/ bilffJe

vj) t'-:umb",r0/ bilffle,

The attrilOr used in thi5 work, which already ha5 a ve%el he'ght almost

feature5 shown schematicallv JI1 Fig. 52.

fled 10 provide Jor t:.e impellers "nd baffle, according to th,: above standard

tor (fig.5Ib). ThiS clearly indicates that the baffled attrltor yielded a. veery poo,-

"nritor wa, lack-welded il151dewith four narrow strip> of stain!Css steel a, dla-

metrically opposIte positiom.

result "I terms of degree of ,lllo~mg.

of nickel. chrom'um and theria elt f54 RP.\\ usi"g 6rnrn diameter balls in l8/1

to EP.MA line searl whose result )s sl1o••••.1<in fig. 53 which call be compared WIth

weJght proportion.

a Jlne 5ca" of a simiJarJy atuitor milled powder silrnple irom an untl"fflcd attri_
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FIG 53 EPMA LINE SCANS AFTER 48 HRS MILLING
WITH BAfFLES IN THE A TTRITOR
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E/lcC! oj starti"g pQrl;c:k 5JL:e

'jince attrltor milling for mecl1a"ic;:,i ililoying involve, p"rticle cornrn;I1U_

and particle welding, 0"'" would exp,"Cl the alloYing kinetics to he influenC;C'G

"

by the starting dvcrage panKIe SIZes of nkkel "nd chromium powders. rour

denotes !he average partJcJe size of chromium powder).

The: above combinations of nJckel .:tnd chromium were atlrIlor miJied

In the laboratory. Table -' ref lens a scheme of combrning the avajJabJe COUSe

•rum 8/12,

•

Sam," trcnes of aJJoying arc confirmed in EPMA :00 (Figs.55a a"d

Samples dril\\"n at the 4~th l'IOur were wbjectC'd to line sC..lrl EP~\A.

in Fig.55b. Their line ,can analysis is presented in Tahle 16.

J5 were tried OLlt ;" oreier to stud}' the influence of p~rtjclp SJZ[, On mec.harllC<l!

,
alloying. The powder-s,zes selected are arbitrary, as per tile;r re"dy avaJiabijity

denote, the average particic ~Jze of nickel powder and the subscquern number

and j;l1e powder; of nickel and cr.rOmJUJTIin four conlbinat'OIlS which arE' dcsignat-

difkrcnt size combini'.tIOflS of "iekel dna chromium powGers as g,ycn Jrl Table

ed as S/~5. Bill, 25/~5 and 25/12;(ir, each ?f lhe'e designalions, thc IJr,t numbc,-

hour. The coercJvjty-versus_miJIJrLg time plots for these experlme~,:s ,He presented

for about 54 haurs except for rUrl ))/12 ",hJch had to be terminated at the 48t;-.

in Fig.54,

The EP~\,A line 'cam of ~/45 "S/12ruflS are shown In Flg.55a and of 25/~) .\, 25/12

25/12 ~nd 25/4; while' lhere i, only a te:ndency towards pe:ak m merei"ily for

It Js seen from [""g.54 that peak cro;scd drop rn cocrCI\'ity occurs for

the 8/45 run within the cOmmon milling time of 48 hours. These trends inGJc<lte

~ffectlVE Jlloyjng for the former thre," combinations anG poor alJoying lor th('

: latter one.
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FIG 55 a EPMA LINE SCANS AFTER 4B HRS
MILLING WITH DIFFERENT STARTING
PARTICLE SIZES .lCDNTO)
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Jmportartce of rniljing p:ocedurcs.

•

Fortunately. it could

TIl"_'e experJlrlents thu, re'.'cal lhd

80

55b and jn,,, 'Can i!llaiy,i, in Tilble 16).

be solved by a mCld,f;carron in the al1ritor milling procedure mdIC;:;:ing the

An important problem not Ked m the - optical rnir.rostructurE'S of the

5.J.9 E/feet oi segu~;lCcoof "!loving addltJOns

_'-'---"---'-JL.<.!' •.IIO!.--.-._ ~ ~ • _

more effective alloying is po"ible j" combinations where f,,,co chromi~", powdec

;5 lJ5cd, whe,eas coarse IlJck,,1 "ppei.Jrs to be mOre eJieClive In all,,;_ 'flg th""

The HIP-consolJdeled c.cmpacts of Ni-2DCr-2Th0
2

attritor mJlI,,:' undcr

HIP co",olidated ,'\1-2SCr-2Th02 alloy i, discussed here.

fine nick,,1 powder ou; of the two r!Jekel powdec Sizes that have bE'~" tried.

D;SClJssJon on these results IS presented in Section 5.4.5.

variOUS mJJling conditions desCribed previously have revealed" peculiar 'eQture

in their mIUOSI'rlJCture, Q rypic~J example of ",hirh is ,hown In [oig.56a. As

f,!-shlon, whereas the e~li,,~J microstructure should reve21 a single-ph25~ solie

rnagnifica:iorl, the Jlgh, "'ching phase "1 the HIred rllJUOSlrlJClure ce\'ea!s

solution of Ni-20Cr, tb,ia particles b"ing in the sub-(}p:icaJ range. Ai: higher

recrystaJJised llpe of e~t:iaxed. jine grain SUuc!ure (Fig.5Gb). 5e,eraI ql;o.nlita_

tive mea'urements 01 ;hi, phase jn EPMA have shown 1h21 Jt contains :oearly

80% nick~1 and 20% c~'-cmi"m while the dark-etching marri;.. containecd thc

aimed Composition of a.:~roA"naTeJy 20% chromium and n% nickel.



a b

FIG 56a NETWORK OF LIGHT ETCHING PHASE IN HIP CONSOLIDATED POWDER, 100X
•

fiG 56b RECRYSTALLIZED GRAIN STRUCTURE IN THE LIGHT ETCHING PHASE, SOOX

fiG 56[ L1GflT ETCHING PHASE IN PRESSED AND SINTERED POWDERS. 100X

, FIG 56d THORIA~FREE REGION, SOOOOX, , , ------TT._-- • >-
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CDrtICrll in the light and dark-etching pha,e, could 110t be analysed", Ef'!l.1A

due to it, low concemrat;on in the alloy_

In order 10 'nve'tigatC' this furtlte'r, same batch of th" altrJtor-miljed

powders were slnlcred in hydrogen at 1100'C for 1; hours to produce porous

•The I,'pical mlcro'trUClLJre obtamed On the sintercd cQmpacts IS

shown in Fig.56c. Recause oj the incomplete dcnsiiication, the original powder

it wJJI also be noticed that while the ;nte_

'JOr of the particles etched dark. the partjcl~ boundaries are see" to Contain

light-etching phase SJmdar to that seen In thE' HIred mlcrostruc;ture. It

,.,
,

• _:.0-

C2n therefore be ,urmj,,,d that HIP consolidation has led to a network of this

I;~nt-etch;ng phase delineating the prior partJcle boundarJes. A simdar featur~

of a Jight etcilmg phase with enriehtnent of chcomium in it wa., observed in

Fe-Cr-AI-YZ03 alloy by Wjlsorl et al (lI/O) who however dJd not i"dicate arly

a:tempt of eJJmlllatmg It.

What could be the reaSon for this Icature 1n the microstrUClure?

Since the nickel <lnG chromium contents in the Vght-etchmg phase as arl"Jys"d

b} EP~lA are tall)'ing approximatel)' to 100% in contrast to the nea"rl)' ~8%

taU)' in the d"rk-eIching phase. it IS reasonable to think that the light-etching

phase IS thoria-free. This lS also sup?orted by the observation that recrystallised

grains are see" In this phase at high rnagt1ificatJOn (Fig.56b), because thoria .

if presem in these rq~JOns, would ha,e made the mat,.,x resistant to recrystaJlisa_

tJGn. F~r1hcr conf'rmation could be obtained by TIc.\l of the HIP compacts
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of ,horj;o IS rather sm"ll. most of what has been added would get 'f1xed' ,rt

any thori" in them.'

firten"ss artd urtlformity 15 oupjJo~ed to be a result of wdd-frauure cycles

"

Since Ih'5 feature IS

SLrtce the volume percertt

Uno,--r the 'kneading' act,on of cold

In the process of composite particle formatiort

The dispersoid partJcle di,t,ibutlOn to the desired

The attritor mill'rtg i, done by prc-blendirtg the entire

Even Ihough the thoriil dlstribut;on would have become un<Jorm, the

got d'spersed JrJ their irtteriors with almost all the thoria. This cxpl"Jns a. rela-

livC'ly thoria.-free N1-Cr matcrial in the outer layers of the composite particles.

welc-fracturc cycle, co:nirtlle and thlS mig"t leild to a coating of only "Jckel

(j 29).

and chromium on the periphery of the composite parl;c!es which have alre"dy

welding and fracturing, the composite particle, undergo continuous refinement

of Iheir internal structurc.

th~ irt;ti,d composite- particle formatiort.

are embeC!ded in the nickel particle agglomerates.

The exact process by which this odd phenomenon " occurJJlg could

irt the early stages of mij];rtg. thoria particJe5 (as also the chrom'um particle,)

is made as follows.

powder charge of rtiekel. c:hrorTllumand thoria artd then loadi"g inlo the attri-

rtot be established wilh cenal"'y in this study. However, a logical cortjecture

tor for mechanical alloying.

the Olllermost l~yer' "f the altritor-milkd particles arc ertding up without

originating jrom the sites of particle-boundaries, it would imply that somehow

and the,,, nlight correspond 10 the light-etching areas.

oj till' row,;er which re-vealed (f-'ig.56dl 'island,' whiLl, are relalivcly thoria-free
'.',
,

I"'



FIG 57a HIP CONSOLIDATEDPOWDERMADE WITH lATE ADDiTION OF THDRIA, 100 x
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FIG 57 b THORIA I'ltSTRIBUTION IN THE SAMPLE DESCRIBED ABOVE.. 6JOOO x
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If ihi, cxpJallution IS correct, tile" the olnl;,ion of tllDr;" particles

in th" i"iriai blend and its addition at <J I"ter stage should cl"n'natc tile jjght-

etcil;ng, tr.Qna-ire" ph"-,e. Till, in fact J~ the case as Seen in the experiment,

with late thor;a add'!Jon. FJg.57a is the HIP-consolida,ed microstructure of

•

an RttrJlor-mjjJed batch where thorla is added at about h2if-time interval (tCtat

IS, around 20th hour of mijjing time out of the 40-50 haurs of total mjjjing

time. typical for <l normal run) and it shows elimination of th" light-etching

philse. It Ill"Y also be pOinted out that nickel and chromium powders altr;tor

milled without any tho,-i" 2150 result In the e!imHlJtJOn 01 Ihe jight-etching

phase. The moddied procedure of late ad<:J'liorl of thoria does riot hInder "ttairt-

mg a salJsi"ctory dispersoid distribution as may be ,een irom The transmission

electron micrograph 'n Fig.57b.

5.11 OPTTI\.1JSATION OF OPERATIONAL PARAMETERS

5.~. 1 Attritor RPM

II was seen in Section 5.3.1. that the attrllor RP.\\ has" remarkable

influence on the stale of alloying: higher the RPM, fasler IS the cornpletiorl

of alloYing. However, as seE"n from f-'igs.13 0:. 34 a ,ninimum speed seems 10

necessary

exist (at about 100 RP\\) ior the given set of <J.llritor operational condltlorls.

above which only mechanical alloying is realisable in practical time perJods.

At less than this minimum 'peed. either alloYing is not !ea"bie or very prolonged

rnilll"~ cxtendmg presumably to several hundreds of hours ~~corne-,
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Jncrcoasing RP,\Oj Inddmitel)' bcy"nri a certai"

l,

be no further ~alll in t~e chromIum pick-up CIS ""II ilS homogeneity both of

which have reached the" m<Jx;mum ,-alue" for a given number of hours of

milJing.
However. with an increa,E'd level of miJling time, the upper Jimit

of RPM lor maximum effectiveness o( alloying shlft5 to a lower value as Can

be Seen in FJg.).S.
Althcugh not verif'ed E'xp~rlmcnlaIJy, the trends observ~d

here can be expected to apply even for milling times ,horter than 2'1 hours

_rnJlI';lg timco period., of 12 end lOa hours a~ the predicted trends.

curves for both 3.6 x 105 and 6.2 x 105 revolutions reach a maximum tit about

i

f
(.

The chramJum pJck-up

Since the maxJmum chr~Jlu_

correspondJrlg to ctljJ higher p' would

ror speeds higher than tllJs, the chromJum

•R. curves

•R, at a COCiSlant RPM.

•J~crcases for a con'tant valuc of R, whde it increa~es

. .
ler revolulJons denoted as R, as illustrated Jr1 FJg.3~.

I\n optimum valUe for RPM becomes mOre strongly eVIdent when we

and Jonger than 42 hours: thIS IS i)Justrat"d in fig.::l;3 ;lsclf for two arbitrary

compare trte effectiveness Jf alloying versus RPM at constant number of impeJ_

the 'ame speed of 350 PP.'.;. The inhomogeneity curves also show a minimu'n

at ac,out lhe Same RI','.'! c; 350.

for hJgher values of constan,

U'll pick_up cannot be marc th,;n 100% of the ajmed composition, it is !ogical

10 pred'ct from the trend cf the cur\'esof chromiLJm pick-up and inhonlOgeneity

lor th" lWO values of COIlS,ant

COntinUe to show the mQxi~um chromium pick-up and also rnJrlJmurn In in homo_

)- Pick-up decreilses as II.PM
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geneity i.Jl about the s,"ne RPlv\ of }5u, However. beyond th" s:ced ~he chromi-

um DH:k-up w()uld as bel(lr" tend to decrcil"e with irlCreasJr'o RI'\I. so abo
"•t the ,nhomogeneity would te",J to incrca'c with increasmg RF',', l'. must

effectiveness of alloying as follows:

•

~'-'S " illustrated

At very low RPMs (lower ,.--=--, til,' optimum),

. .
slower at hJghcr R vallles.

, .
Lrl chromium pick-up is also a func.:~ of il.. mcreas-

•
The posHio" of this minimum IS ::,:oepen-iern of R.

,
R curve.

,
Lng with increasing R, although thiS dependC'nc~ s """ller than

dcpcndence of the minimum in 'nhomogeneily on 7-.

The maXlTTlUm

Th" rnJrlJmum mhoTTlo~en"ity

occurs.

. .
a given R.

LV)

coin,;;ides wilh the [{Plvl at which maximum c-c;:>m,,,m pock-up

II) The RPM value at which a mi"imuTTl occurs In ~-~ in~','mogeneity

The abovc ch,:lt;tCl~riotoc features of Fig.)!; can be e,,:.~mcd '" follows.

We can therefore surnmarise the JOInt mlluence of Fe?',! an,' rz on the

iii)

iJ There IS a mJrlJrnum ;rl the mhomogenelty vC'rsu, "p,', curve for

lh~ millm:; Hrnes "re prolonged with decreasing RPM.

III Fig.34 lor ,m arbitrary choice of 101 revolutions as pred::~~d I:ends. At

crease Jrl inhornogcrlcity lor RPMs beyond the optimwf1 JS 1,,5ter.

the lower levels of R: th" progressive deerea,e in chromLurr ?;ck-UP ilnd Jrl-

al,o br mentioned that Ihis rate of decrease oj chromium pic~'-J:> ",'d the rate

of increase of inhomogeneity tire
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J5 )-'oor becau,,, of ,nadr-quatt' kindle cnc-rgy HlPUl leading to InsuiJi,-icnt ]Dcalis-

);, cd "Itrillon heil! for alloying. For speed5 gre"tcr than the opl;,num, dfecti",,-

ness of alloying JS ag"in Il1creasmgly poorer probablv beCiHJ'" 01 the progre-

pectlvely}.

The experJrnental results also sugge"T the pos51bdity that th;re I~ a

;upp!i"d, the timr available lor dJffusloll and cln opt;mum level 01 'cor1\"cc;r;\'e'

(The energy

The .alue of

The OplHTlUm ]I.PM ma~ therefQr~

tile diminl5h'ng 'convectJvc' ball currents at v(>ry hJgh speeds.

are described Jrl more delar) In Chapter Vll.

nickel ,md chromium po\\'der~ of S <:",d 45 microns average p"rt",le size re,-

350 RPM. IT may be pointed out thaT thts value of the RPM is optimum only

the opt)mum speed for the anrltor size a, used here IS seen TO be approximateh'

'S1ve dcu['ase in the time "\,,,llable ior difflJ,ion of alloying "lcmCnlS. ilnd

be seen as il speed which provides the best comhJrliltion ohhe kinetJc energ:

lequirements and the 'convective' CUt-rCr1t5of agitation Jrl m<'cl1aniCi:t1alloYing

ball currems - leading to milximum effectiveness u[ illloying.

"lining time for maximum effectiveness of alloving

minimum attrJtor millIng tim.:: for aTTaining JlJ"ximum eifectlveness of alJcy'~,?

'n conjuncTton '\inh the other atui\or parameter~ remaining Silme as appliej

{i.e •• 6mm diameter bill!; I" 12/1 halls-to-powder weigh, ratiO. round Impclle~s.

'It Clny g,,€n RPill. In actual experiment the mInimum aj]o~Jrlg tIme hcs ,bee"

determined for [ollr ~peeds fli'imely, 154. 260. 450 and S50 RPM by fOlJO:\\'ing

the EP~lA line scans ,rom the ~amples at different rniJJ;"p; Iime~ until ;he



TI"'se neilrly hornogen,"olJs line SCilrJS are illustraTed in Pig. 58 for thc

llnc SCilns showc:d nearly rnaxirnum chromium pick-up and lIear-7<?ro Jnhornoge_

four clJfkre"t spee,h with the corrc:sponding milling times whJeh approximately

rcprc"eflt the mJnimUfIl limes for max,mum effectivene" of ,,!luying. The

emE'rge.

tlmc at ver, high RP,\\s beyond thE' minimUFll 1I1 the curve ;5 based On the

verlficatioll of the actual values of thE' very higet speed, a: whicet inCrE'cl'"

Specod

This doe, not mea" tll"t

At thiS JunC['Jr~. il m~y be

This cO"lcocturc of <I slow increase in the reqlJJred rrnnimUFn millJllg
RPM.

obs<:'rv['d tendency of slowly increils'ng Inhomogcneity and slo\iJy decreilsing

,
tetC constant R curves (fig.JII).<;hromJum pick-up at very high RP,\\s in

be ob<;erv['d beyond the cxpcrJ!nerltaJ point, ",hjeh are avaJlac,le only lIpto 851)

For thE' observed optimum speed of 350 RP,\1. Pig. 59 m<iicates thaI

The dotted portlOFl of the curve shows the predicted trend thdt i> JJkcly to

plot of this n;inilJ1LJm milling ti,nco as a function of II.PM '''OWn jn Pig.59

Jnclicate; that, upto certain ,'alue of the ~pee<i, the milling time decreases.

and d"sjgh limitations oj the <lvaJiable attrjtor ha5 prec:ludcG any experimenlill

in minImum millmg timE' (do!t(>d line of the CU"'e In Pjg.59) would begin to

'I mJiling tJme of approximately 32 hour., would gJve maximum effE',.ctivene;s

oj alloying, wherea5. the lowest pomt ;n mJiljng tJm~ as secr] from pJg.59 corre,-

Ponds to RPM value in Ihe nCJghbourhood of 21;00.

'JIenl'1Jly observed optJmum 11.1',\1 Irom Fig.3!;.

241)0 RPM. merely because It rE'qu;res thE' Jr:a,t miJlmg time, JS the optimum

R.PM, SJl1C~ the corresponding value of total nU~ilber of revolmions, R; rCQUJrcd

~t thi~ speed works out to be larger than that of 350 J<P\-1 which J, the e"pE'ri-
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FIG 59 MINIMUM MILLING TIME WITH A TTRITOR RPM
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Y'dd and prodllctlOrt ccortornics.

from a design DOrnt of vJew, aErllcrs

1l.derrJn~ to FJg.38, it IS seen that the mirlJln~m DJll ratiO rtccessac)

rnstance, in the 850 RP,\~ run it w"'s found that as much as 3.0% Fe w"s =>ickcd

of shorter rni!lirtg time. other practical disarivam'-lge5 do,ninat(' at high RP.\:s

of the points oj In",imum milling time in Ftg.59 v"ries with the {orres",Orlri'.1g

RPM. V"lues of this number cilkulated from the experimental points of FJg.59

H1SlrlJCl'Ve [0 ~ee how the total number 0/ revolut,om assouilteri WJ!h c;iCh

such as the irort cOnlilmmatiort from the b",Jls into ,'Ie milled p(}\vd"r. for

Jre plot1ed in ["g.W ~~ a function of the correspond"'g values of RP,\\. Flg.EO

revcilh that the toto.l number of rcvolU1Jort5 for m2X'mVrH cffeetjvertess of

tile nUlnber of revoluTiol1S is associated with 335 RP~d. This result "indicates

seriou~ drawback with high RP.~1 runs JS that the yield of the alloyed ;:;owder

alloying initJally decreases "nd subsequently incre'-lsc.<. The lowest vclue 0;

the ilt1ritor speed previously oplJmised at about 350 RP,\~. Despite the :,enefn

to the balls. An ilddi"onal pro;,lern is the premature ,,-ear 0/ the seal, i" the

decreilscs with hJgher RP,\l because of the irtcreasing tendency of powder w,elding

shaft reqlHrlng freq~ertt repJilcemenl.

i\~d expcns,ve. Thus. the uSe of an optimum RP,vl is cesirable not onl:' fron-,

requirrng to be opcrned at high 'peeds are liablc to become morc cornp!;ca:cci

th~ viewpoint of opt;misrng the dfJC3Cy of mechanical alloYing but ",15(' fret:',

the vicwpoJlH of prae;'cilJ CortSlderalions of (:orttamin,,:iQn, equipment c'esi~n.

5.4.2 Dilils-to-!)()wder weight ratio

_liP in 2~ ho~r5, compared to 0.4% Fe In the 260 RP,\\ iar 42 hours. ,k.:lotr.ec
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scs. bUT the chromium pick-up level, plurnmd to low v<Jluc$ at a bajj rilck'

at 15~ RPM wI1h 6mm balls. On the other hand, if the aim is to obtain zero

, I

-------------~.

!

I

It is therefore reasonable

----------

Similarly, the jnhomogeneity curves for t~e

Fig.3S "Iso depicts the predJcted trends of chromium pich.-up

--_._--------_.

of about 12/!.

the "ppli"d mJ1jjng conditJons.

homogeneity of alloying "pto hall ralios of 12/1.

constant milling tlllle$ (mcJuding the predicted cur,es) suggest poor levels of

inhOrllogel1€;ty level with a maximum i" chromium pick-up tn relattvely short

10 conch,de that ball ratios upto J2/1 are ineffective for mechanical aJJoyirJg

and JOO hours mlllmg, ball ratios upto 12/1 are likely to be jm;!fective unGer

of .50 hour, and 100 hours and these trends also SUggc5t that even with 50 hOlirs

"S a function of baJJ ratio for two arbJtrarily chosen COrLstarn milling time,

nliJlirJg times, a ball ratio of JOO!] appears to be necessary(see fig. JS). Ho\\'_

,for alt"inj"g "'i.l~,murn chromluH' pick up deu'case, as the milling tJllle mcr,'ii_

ever, for a m;llirJg time of ~2 hours, a lower ball ratio 0; ~O/l is able to bring

about "early maximum chromium pick-up leveJ concomitant wJtIl a level of

inhomogeneity "hich is dose to Zero. The predicted trerJG for 50 hours constarn

millirJ)?, time suggests lhat all ball ral;OS ranging from 40/1 to lOG/I can brillg

abolJt maximlJm effecti\'erJess of allOYing.

•

For mJiimg periods of 2~ and 42 hours, the minimum ball rano for

attaining least irJhomogcrJeJty terJds 10 b" mare tharJ 1he mJnJrnum baJJ ratio

for attaining ma,XJmum Chromium pick-up (,ee Ftg.JS). h CarJ thus be mf",rred

that at a g,ven RPL\I and for reJativ{'ly small milling limes, elimination of

IrJhornog"rJ€Jty rcqUJre., a higher ball ratIo than that reqUired to a!la'il the
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g"neity peaks, as can be Seen for the 42 hr isochronal curves.

Curve, '" comparism, wilh the 24 hours milling curvE'. ".

ThiS interpretation IS further Strengthened when ()n~

Increasing the b~11 r~tio seems to iron Ola such rnnomo_

Bv Increasing the iniJjjng time to Jonger periods, say 50 o~

Such Jmprovement IS already e,ident in the 42 hrs mdling time

of chromIum in nickel.

for 24 h", i, J; also <i.sSocialed with" much low"r Jevel of chromium pick-oc"

examilles th~ apparcmly conflicting re~ult of a Jow<,r level of irthomogene
1
ly

maximllll] III clLron"urn pick-up. Sharp pC'ilb '-lre thus not;cC'ci in th" mhOrlw,?,,_

In Fig.38 a noticeable trend that is evident,s a decreasing ef:(ective-

for the Shorter mjjllng tJme of 2!J hours than th~t observed iDr the IDnger time

corre&ponding 10 these ple<lks i[] InhOmogeneity aho rises sharply and f\Jrt~,8C

j, abo ~ecn th,ll a, the inho,nogen"ity level rj,cs to peak, chromium pick-\:D

with a corresponding trend of approach towards rtcar-Zf'ro level "1 irlilomogcneity.

me in chromium pick-up is only gradual. appro<lching the maximum v"lue'.

The peaks ;[] ;nhorrlOgeneity therefore Imply a sudden increase in chram;"rr,

pick-lip at the,e ball ratios wiThout havIng the rwcessar~ time for homogemsatjoi1

neit)' ('"rv", Jr1 rcsp~Cl of 42 hOllrs anu 24 hour, con51~nt milling time,. IT

of 42 hours, at a ball ratio of lS/I. Here, aJthough the inhomogeneity is lower

than the level of chromium pick-uP' in the 42 hr i,ochrollal CUrve at the Same

13/! ball ratio line.

ness of alJoYJng both In terms of chromium pick-up and inhDmogenelty as th~

•ball ratio is increased frorn 100/J to 15011 for the 24 hours artd 42 hours '~o-
chronaJ curvE''..

100 hour,. il should be pOSSible to improve lilJS decrease Irl the effectiveness

01 alloYJrlg.
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•

At any other ball- ratio, either th':

The significant difference between Fig.}S

Thus two different ball rat LOShaving same Nt\1i. ansmg from an

Although this factor may not have a physical meilning as direct '"

number of revolutions (given by Nt), J1 Serves to make a distinetio,\

conclude thaI a ball ratiO of about 35/1 )5 the 0pIlmum value for

Since th" que,tion 01 an optimum ball ratio is tied up with the allrJ10r

it and IS consistent with the leilst value of jnhomogenejty and is therefor<'

be taken as the most effective ratio.

milling tune as disc:u>sed above, is there a way of 'normilli,ing' the ball ratio-

~arJier.

NtW value.

appropriate difference in the milIing times may be taken to be different In

.' ....••,'
maximum \alue 01 chromium p'ck-up, here, should be taken to mean

approximately 105% of the 'standard' chromium lme at which it equals !!"1~
209(, chromium aimed I~,"he comp05it;on.

in the effectiveness oj one baJl ratio from another when they belong 10 same-

their effectiveness lor mechanical alIoying. The-p!ot5 of effectiYene55 ,?f alIoj.

mg-versus -ball ratio for two value5 of constant Nt\\', namely, J.l x 107 Or

1.7 X 10' il1 Fig.4J. follow il somewhat simIlar pattern as that of the plor,

of conSlant milling lime (Fig,38).

ness of alloying at both the N1\1ivalue5, For either of the NtW cur,-es, i1lthougr.

the chromium pick-up al 35/f ratiO is not the absolute maXimum", it is clost:

&. Fig.lil however is that the constant NtW plots reveal an approximate co-

-,incidence ~t the same ball ratio of about 35ft which gives maximum effectJve-

'-inhOmogeneity IS too high or th" chromium pick-up is too low. Thus jt is reaSCll1-

;. milling time combination? Such a normalised l:lctor could be the 'NtW' describe,:
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I• :maximum e!lecl;vefle;s 01 allOYing. It IS also Seen that although mOre or Jess

dialc bajj ratios between 35/1 aCId 100/1 call aho brirtg abom maximum effectlve-

maximum value and the minimum in j"homogeneJly is lower, as the f\'tW mcreas-

inhomogeneity, the value of the chromium pick-up IS closer to the absolute

It ;s likely that at

At N1W of 1.7 x 107, a baJJ ratio of 100/17J.7xlO.f_mll_ln7.~r~ • ~ u Cv

ci.5also seen to gIve maXimum effectiveness of alloying.

'the sarne ball fill;O is villid for maXlmlJm chromium pick-up wIth m;"imum

-a stijJ hIgher value of NtW, the already subdued Inhomogeneity at 50/1 ball

ratio in the 1.7 x 107 Nt\\' curve may be fully eliminated, and even interrlle-

,
.J,
-

f
!
I

ness 01 alloying. follo'Wmg these observations. the predicted CUrves of chro-

¥,ium pick-up and inhomogeneity for a still h'gher value of constant NtW (arbi-

trarily chosen a~ lOS) are ir1cJuded in dotted lines in Fig.~l. Thus, just as

"the optJmum b"lI ratio for maximum effectivenes> of alloying can vary over

a considerable span of ball ratios for longer milling times (Fig.JS), the optimum

ball ratJO can aga'n spread Over a. range of ratios for large values of Nt'l'

(F"lg.41).

Fig.38. one Can expect the mmlJnum milJing time required for maximum effect-

As mentioned bcf(}re (in th,s sectJOn). for a gIven RPM, the minimum

mijJmg time for maximum effectiveness of alJoymg cart be reduced by mcreasmg

the bali ratio, but rt(}t mdefmJtely. •Gy extrapolating t~e observed trends in

'veness 01 aJloymg w mcrease at low ball ranas as weI! as at very high ball

ratio~. Based on the EPM/\. line scans pertai"ing to IS/I, 40(1, 50/1, 100!1,

150/1 rati(}s, the approprla[e milJing times that nearly maXimised the efiective-

ne~s of alloy'ng _ as deduced from the nearly straight Jme scans i" EPMA



arld the associated mij)jf)g tmw

These NtW values are plotted as a

time and baJj ratio. A rapid deu~,-'"e

USJrlg these data, ,a plot shown in Pig.(,)

These features are Somewhat similar to the kil-

mJ!Jing times 01 the5e sample, are fairly cJo',c- to

a!Joyirlg.

ratio of aboul; 35/J determined frDm constaf)t )\Iil'(-,
•

deemed to be the optlmum baJJ ratio and it agrC'(s

foJJowed by ar1 increase if) the mijjif)g time beY0rld

time upto about 1<0/] ratio foJJowed by a gradu,'ll dc-

minimum milling tJmes, the correspondirtg NtW value,

The lirle scan analysis of these S<:lmplesare shown in T"hle

6mm diameter 'tee] balJs. wnh 8rand 45 f- average'

nickel and chrornJum respectiveJy.

SIf)ce it is as.'oCiated with the least value of NtW, a baJi

as the rnirlJmurn mjj]'rlS ,t,mes. These line scans are already i"cJ"'1c>d

be remembered that this optimisation ;~

the mJJjif)g-'condltions adopted in this study, namely, 154 RP~'

,
'If the ball ratio in FJg.62 which shows initiaJJy a sJight decrea", .11I
foJJowed by an Jncrease. The lowest value of NtW IS seen to COLon'"~.

J baJJ ratio of approxJmat~;y 32/J
I

observed in the plot of minimum miIling t,me with mcreasJng. RP~""1(Fig.

Fig.61 JlldJCates that the' least milJif)g tJme for maximum effectivcnc.<_

a,sociated with a baJJ ratio of about 90/1. From the experimeIHa!
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The effect 0/ varying the bajJ diameler on the degree of ,,-Hoying lS ~

crea,e in chromium pick-up levc1s over a range of b~Jl diameters by increasing -Ill,

• •For instance, lor 100 hours millins m a run of 6mm diameter balls in 18/!

ba[j ratJo. trw EPM,"I line sC:i'l In Fig.60a shows inhomogeneity ["vel etose

zero alongside a maximum In chromium pick-up

-
...._.,..

For baJJ diameters lower than

of the powder charge for the same

• •with ver~ prolonged milling, it is predictable

It brirtgs out arl optJmum value for a ball diameter of

of tbe attrilor.

IVhde b~IJ ratios higher them tCie optJmum may appear to be advantagc-

Ball characteristics

becaUse of reduced millmg tim('s. the desJred d,strjblJtion of the dJspersoid

not have been attained In the reduced [J)jjjmg times. Furthermore, h'gher

r~tjos call for bJgger c"pacity attritors for processing the Same batch

of the powder or reduced quantity

reflected in Fig.44.

As evident from Fig.~~, for ball diameters Jarger than 8mm, while there is

approximately 8mm at which the observed degree of alloying is more eifeCl;ve

than "11th the other ball dJilme,ers studied.

In general, one can expect a lowering of the inhomogeneity Je,els and an In-

8mm, the drop ill chromium pick-up and increase in inhomogeneity are dras,ic.

no signli)cant diffcrence in chromium pick-up level, the inhomogcneity increases.

the milling time from the 42 hours mJl1Jng which is the basis for l"'ig.44. AJ-

though nor verified experimentally,

that the op,imum ball diameter is likely to spre"d over a small range of values

Centred around 8mm. Stnce there can be 110 alloying with ;:ero ball diameter
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regurdless of mJiling time,. it j, reasonable to """sine a minimum value f,'r

ball diameter above which only there can be dfeetive alloying for all milllE,,;

limes. It i" difficult to assigr1 a fixed v"luc for it, because what OCCurs ~,

a singk value at relatively small milllr1g times. spread., out 10 " rartge of bo'.

I
diameters for prolonged mijjing times. ThIS ~jluat;Qn IS depicted in the k"

of schematic trend, of chromium pick-up and mhomogcneity CUrVeSfor r-,_,

arbitrary choices of a prolortged (100 hours) and a short 02 hours) mdling tlrne-

shown jr1 FJg.~4 itself.

baJJ diameter upto a certain optimum value may be understood as <In -elk.

The observed trend of increaSing effectiveness of alloyirtg with incrc" 1'-

•

The reaSon for the decreasing ef!ectlven""

VJ-'ual obscrvatlon does indIcate the same: there w;:~

The same reaSon as above may be valid for the very poor alloyi,,:.;

of increasing inten,ity of attrition and collision events,resulting from an Jrlcre~ "

In the surface area of the baJJ.

ever, it JS very likely that with too Jarge a ball diameter the weight of

of aJJoyillg beyond the optimum value of ball diameter is not very clear; h,.',

ball increases to a pam, where the effective agitational velocities of the byl~'

for a given P,PM of the ilttritor may begm ,0 decrease.

observed with tungsten carbide ba1Js whose density makes the baJj more th".l

twice as heavy as the steeJ ball. A pomt to be noted jn the case of tung,ter

Carbide balls is that they are much harder ( '-0 1800 VPN) than the harden<'(

make it morc dJfficult for powder to weld to Jl thus retarding the proc' ..'

Steel balls ( '-0 sao VPN). The hardened surface of a tungsten carbide baJJ ,houi,]

of mechanical allOYing.



5.~.~ Effect of impellers and baffles

gnnding elements for mechanical alloymg.

This results in retarding the intensity of

poSSibiljty of greater number of attrition events resulting from the greater

the collislOns as well a, agilationaJ velocities, which is the likely reaSOn for

TrJangle-shaped impellers have been fOl.Jnd to be better than round
•

or flat shapes in bringing about a greener degree of alloying. The reaSOIl for

thi, could not be cle"rly establLshed but it )s presumed to arise Ol.Jt of the

the observed poor alloying of ,he constituent powders. This experimental result

'convective' ball Cl.Jrrellts that triangular shape impellers are lIkely to generate

among the balls. A detaJled descriptlOn of 'convective' currents IS included

in Chapler VIl dealing WJth the mechilr.;,m of mechanIcal "lloying.

;, a pointer to a generalised concluSlOn that sphere LSthe be,t shape of the

in contrast to the smooth surface of sphere. makes relative motion between -»

for aJJoying despite the surface area associated with a cylmdrical shape being

the cylindrical element, diffIcult.

larger than that of a sphere. The sharp angularirie, of a cylinder at_ its edges,

steel bc.lls alter mJlUng arc alw",ys visible to the l1aked eye. This may bE' all

In the experiments on the effect of VarJatlon of shape of the ,balls

(Sectiol1-5.3.3.). it was shown that cylindrical grinding elements were ineffectIve

tungsten carbIde balls, whereas 'projections' of welded powder particles to

hardly any powder Seen welded to the balls at the end of attritor milling with

additional reaSOI1for the poor alloying with we balls.



5.4.5 Initial particle SJze of powder

•

, "-~-"-""---'---~-~~.

The poor alloytng observed with 22 impellers

The presence of baffles in the vessel wall must bL

ArM! from the shape of the impellers, the results also rcveil! til,,:

•

energy for mechanical aJloying.

to the effect of baffles in the anritor which have led to poor alJoymg cornpar,-c!

to the lJnb~ffJed ilttr;tor.

vicinity, although it might be helpful m eliminating a vortex formation. Th"

be counter-productive becaLJ,e they milY actually te"d to reduce the irldivicilJaj

average velocities of the balls In agitation and therefore reduce the kinetl'_'

In the attritar (Flg.51) exemplifies this ""Hcel. 1\ slmjJar rcasonirlg mil]' appl,

causing a significant reduction in the velocities of the balls in their immedial('

small <l n'}'nDCr of the impellers carmot be effective because that,s likely

Results of experJments on effect of starting particle size of N, and

the number of Hllp"IJers also have a Dearmg on the <'ffic:acy of alloying. ToC!

to leave sever,,] layers of the biliis in"nive.

redUction Jr1 ball velOCities means reductien in kinetic energy for promotmg

mechanical alloying and hence the resulr of poor alloyjng (Fig. 53).

Cr on the efficacy of alloying have brought Ollt the strong trend that, for any

given average particle SlZe of nickel powder, the use of fine chromillm gives

better allOYing than coarse chromium powder in terms of chromium pick-~p

." well as inhomogeneity. The greater effectiveness of alloying with fLne chro_

mium pOwder may be explamed in the lIght 01 the five ~ta:~es of mer.hanieal

~Jloying (SectiDn 3.8.4). During the COUrSeoj mech'lnlca! allDyrng, deforrn<ltlon



•

5.5 THE COERCIVJTY PROFILE

On the other hand, when we tum Our atterllion to the effect of var;-

distinguishing between
•

Thus part of the mccha-

the fact that with coarse nickel

powder a greater fraction of the energy inputWith fmc chromium

very clear, a possible explanation may be

itself.

lead to ddfu';lon of chromium mlo the nickel matrix.

CoerCJvity as a means of studying the effects of different operating

input to be more effectively utilised in aJ10ymg of chromium into nickel.

welding among nICkel particles and thereby erlablirlg the mechanical energy

powder the chromium particles may readily be embedded with Jess need for

Having seen tetat the miJJing time dependent progression of the consti-

tuent powders of rHckel, chromium (and thoria) to a state of homogeneous

parameters in attritor milling on mechanical alloying kinetiCS in respect of

ation In tile "verage particle size of nickel, the results described 1r1Section

IS thus bkcly to be avaiJilble fur alloying per Se.

Ni-Cr- Th02 eta, proved to be useful in qualitatively

a poorly alloyed condition and a well-aJJoyed condition.

nicaJ energy input of the attritor )5 consumed i" the fragmentation process

5.3.8 suggest that the coar,e nJekeJ powder (25 ,... ) is mOre effeClive In alloy'ng

than the fine "ickel powder (8 fJ..). Although the reason for this tr,';'''d is not

alloying 'S generally predictable fr<lr" the observatIon of an initial rise In cocrc;-

-----------------__________ -:...=::'7'-'- ""_"'_~"im _'_ ~_~ __ ".".~_.~,:<', -



essentJaIly a manifestation of the hJndrance offered by the internal

TIlJS is

The coerciYity

A high Coercive

phase panicles (137)

--IIIII~. - -

,

A somewhat similar observation

99

Coerciyity of particles can Jf1creasc by

CUrie temperature of nickel to room temperatl(rc, thus

Spyra and Schmidt (141) who measured changes in mag-

matrIX nonmagnetic.

work by attritor milling pre-alloyed nickel-18.5% chro-

At tile same time it was Seen that the coerCIYlty also

four ani,otropy factors, namely, crystal anisotropy, strain

magnetic domains.

alloying OCClJrs because a!Joying wllh chromium from about 6%

upto 70 hours which induced seVere cold work in the powder

evidenced by' the increase in lhe'r average m;erohardness from

shape anisotropy and exchange anisotropy (13~}

of the material 10 domain boundary motion towards random'ization

a peak, followed by a drop in <;oercivity, One Can Jmagine that cocrciyJty

In the present investigations,_ there IS still -a need to understand the

for tete ;nitJ"I rise In coerciYity to a peak positJon.

after mjjjmg, and attributed it to alloying of chromium in nickel. How-

other solutes also. They found a rapid decrease Hl the magnetIc susceptl_

Another possible reaSOn could be the effect of second pha,e particles

elc susceptibility in attritor mdJed powder of nickel and chromium along with

...--

Coercrv1ty. DispersJOn hardening in a magnetic material is known 10 Jrlcrease

of nickel has been shown to Jncrease wilen it I, cold worked (131).

-ro'e from about )0 Oe to aho(Jt 110 Oe.

coerCJvlty as demonstrat['d J[] Fe-Mo system "',Ih



-~.
them_

There

c',', " ,<" , ..•,~ . -".~ .• ; •.:"-'~.:;,..:.£..

It is, rlevertheless, reasoi-lable to conclude

their fragmentation to. finer sizes and thereby

par.ticle, - act as a kind of dlspersoi~ in n;cckel

coerClv;ty value at the end of mechanical alloy'ng

..,'..~' ..

to the ini,ial rise in coercivlty.

)m~Co system' having Sm20J phase at, gram boundarle> (J42).

earlier part 'of milling, chromium particles

carl be interpreted as a <;(1nsequence of the actua] reajisation of

degrees of mfluence On .the property of coercivlty, may affect the

of chromium m Cllckel, while, the subsequent drop iCl coercivlty to

'..shape anisotropy, dl5persol~ effects, annealing eHects by the loccal .

attributed to the effects of cold work, other factors like particle size,

,Thm, although the in~tial riSe in coerc;v;ty to a peak value can be

temperature by attrition,' the 'onset of alloY'ng etc. which" can have

of aJJ the chromium.

In the prevIous sections,' the various attri[Or miIlirlg paramE'lers have

<lot exactly correspond to a,fully non-magnetic conditIon Or to the coerci-

of a NJ-20Cr. alloy powder.

the rise in coercivity to a peak signifies an early approach to solid solution

optimised O[] the vaSiS of the criterion of homogeneous alloymg of cilro-

THOR!.-\ DlSTRlBUnON-

..., ,}{,

~eak value as well as the Subsequent drop in coercivJly. Becau~e of the complex."
:I~



parameters remaining as J[l Sample A.

as the starting average particle sizes of nickel and chromJum

,

A undorm distribution of very

.cycles of the constituent metaUJC particles.

,
finer particles as milling contmues.

Because of their extremely fine sIze, the oxide particles tend to occur

a,; aggregates_ of relatively coarse clllster particles (F'g.24) which bredk

'"'

diameter steel balls in IS,1 ratio and which has 8 r' and 45f'

For the purpose of stuyding the thoria distribution, a few ijJustratJve

the oxide particle, attain uniform distribution dllring the c:ourSe of the

in nic:kel. [n the process of mechanical ailoy;n!';, as described In Section

Sample A, A sample of powder milled for 48 hours at 15~ RPM using 6mm

is desirable to enSure the expected mechanical properties. It IS

_~herefore appropriate to examine whether In the present J[]veHigatiorts the

!~oria particles attained the desired distribution, simultaneolls with the homo-

alloying of chromium 111nICkel when optimum milling parameters are

respectively.

ii) Sample B, A sample of powder milled for 42 hours at 260 RPM, other

of attritor milling of N;-Cr- Th02 have been selected out of the

'several that have been conducted in optimlzmg the mJllJng parameters (described

,in Section 5.1 to 5.~) and these are listed below,



as the starting average particle sizes of nickel and chromium

••

, the correponding EPMA line

102

18,J ratio, other parameler, remaining as in SampleA.

ThJS i, illustrated by comparing Sample A which is a case

steel baJjs 'n

respectively, other parameters rernaming 35 in Sample A.

have beel1 prepared, as described m Sec:tiOrlS~.2.J and 4.4. The

,
The samples have beerl HIPed to full density and specImens for 'TEM

Sample C, A, sample of powder milled for ~2. hOllrs 'using 8mm diameter

Sample 0, A sample of powder mdJed for 48 hours u,ing S f" a~d 12/'-'

alloying of chromium in nickel IS poor, the [horia particle size remains

graphs are shown Jr1 Table J8

We may therefore conclude from these result'; Ihat satisfactory oxide

fJgs.63a to 63d. The average, thor;" part;,;!e size calculated from these micHl-

It Can be Lnferred from Table 1& that under mijJing cOrlditiorls where

relatively coarse.

of comparatively poor alloymg (as indicated in Fig.28 for 42 hours milling time),

with samples B, C, and 0 wherein the chosen attritor milling parameters were

in nickel; thoria particle size is Seen to be finer In Sample B (a case of higher

RPM), in Sample C (higher -baJJ dia'meter) and Sample D (finer chromium).

such that they were effective in bringing about better alloying of chromium

,
'.tYP'ca! eletron micrographs obtained_from these samples are illustrated in..

ace optimised with "'spect to alloying of the SQIUIEs.

d,strJbution will generally be obtained when the attritor mil1irlg parametErs

,scan "nalys;, of chromium line of the samples,4,B,<IZl ~v~on ,;.,-SJ~'''':'.l.~,~,,,,43!<
"', ~"'br",,!,~<-.,-,,,,.I~.
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Il SAMPLE 'a' (HIGH RPM), 50000 x:
,

a SAMPLE 'A' (LOW RPM), 50000 x

, ,
c SAMPLE ( (HIGHER BALL DiAl, 68100 x '

.' d SA'MPLE '0' (FINER CHR'OMIUMl, ' 411000 i ,

•
FIG 63 THDRIA DISTRIBUTION IN DIFFERENT ATTRITDR

MILLED SAMPLES ,,
"...-'c¥"'-,,',. >_
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CHAPTER VI

IS MECHANICAL ALLOYING TRUE ALLOYING?

INTRODUCTION

In Chapter V, we have Seen extenslve\use of EPMA of attrltor milled

particles to characterise the- degree and homogeneity of alloY'ng of

This technique proved to be valuable In arriving at a quanti-

the optimum conditions of milling for mechanjcal. __alloying.

Whereas EPMA provides evidence for homogeneity on micron scale, its resolution

is not adeqaute to confrrm homogeneity on atomiC scale, for, the electron

in EPMA analyses an irradiated sample volume of about 2,.,. diameter.

may not thus reveal submicron segregatron of the alloying elements.

An important question therefore remains: does mechanical al1oY'ng

le~d to true alloying of the solute elements in the matrix? A well-established

technique for resolving this question. is x-ray diffraction. However, Interpre-

tatiOll of diffraction lme profiles is inenricably compljcated by several factors

Such as the effects of cold work In mechanically alloyed powders, as will be

explamed In Section 6.2.

It IS seen in the literature that this problem received only limited atten-

tion. Horn et al (J~I) usmg magnetIc susceptibility conc:Iude t;'"J.t nearly lrue



the solid solution formation in the isomorphous C[-Mo system at

composition whJch has its (110) reflection between the Br'agg peaks ~_

inhomogeneous.

•

n"'_

They have

.= •

-

White and Nix (J3J) have examined

Another betor IS related to the

IO~

alloying of the elemental mXJture. Their investlga_

Sn compound formation by mechanical alloY'ng of the
,

-_ .. _-.-_ ..

From x~ray di/fractJon results, they concluded that the milled

that dealt with this question 15 that carrJed out by Wassel
,

used x~ray difiraction analysi~ to determine whether'

an intimate mecilarucal mixture of the two elements. A detail_

formed in mechanical alloying of N,-Cr-Mo_ Th0
2

but their COrtcJus_

the molybdenum side. Suc;h a large peak shift c;an be- unambi_

-alloying leads to tile formation of true solid SOlutions.

Mo with a peak shift of nearly)" (in 2 e ) both from the chromillm

The observed lack of homogerleous solid solution formatiorl irl th,s study

possibinty of Nb
J

does rIOt appear to be unambiguous.

lead to the conclUSion that Cr and Mo do get interdispersed on atomic

but they found the resulting solid soJutions to be structurally arld chemka_

guously determIned, the authors argue, if true soijd soiution of 50 Cr,50 Mo

Cr-.~10alloy is most probably a combined result of some factors of the design

of their exp<oriments. _One. VIsible factor- is that both chromiu'n and molybdenum

degree of cold welding <lmong the particles.

~re =mparatively limited irl ductility, while, In attritor mJiIIng for mec;hankal

allOYing, it is deSJrabJe that a ductile componerlt be present to enSure a good



---- ----~.~~1111

of alJqymg Cr-Mo.

..Chap-

These results are

ball-TO-powder ratio could have elimmated the observed

~.

mdling parameters; in the'r investigations, Wassel and Himmel were

that partjcipated In the Ewald sphere of diffraction. X-ray line pro-

broadened Clot only due to chemical Jrlhomogene;ry but also dlle to

ThiS chapter describes these ;nvest;gatlons.

carried out On mechankally alloyed- powder samples ..

Precision lattice parameter determined by x-ray diffraction or line

To examine the exact nature of alloying in the 'subject alloy system

milled powders .. Th,s-a1so makes the determination of lattice parameter

analysis of the dJffractJOn lines of an alloy powder sample could give

because of excessive x-ray lme broadening dlle to cold work in the

possible th,,! with a dlOJCe of a somewhat higher RPM, or alternatively,

It is also' seen th"t 4mm diameter balls in 17/1 ratio were used for .\"niliing.

RPM milling was inadequate to cause any signjf'cant alloying of Cr and

Information regarding the chemical inhomogeneity of the sample. Both

techniques Gmnot' lio-wever be readily applied to mechanicaIiy alloyed

X-RAY DIFFRACTION ANAL YS1S

obliged to c:hange the <lttritor RPM from .150 to 300 RPM when they found

uppl"mented by the results of EPMA "and coerCJvity already described In

of Ni-Cr, x-ray diffraction and ScanningAuger Microprobe (SAM} analy_si,have. .

Fllrther, the measured lattice parameter itself may

be merely the ilveraged value of several layers of inlernaJJy ;nhomogeneolls

la!t'
, ICCStrams "nd the 'particle 'lze' e£fect (143).



thiS annealed powder

-," - ", /;;'..".

x-ray diffraction liCJe profiles.

The 'standard' powder of -200 mesh

•S hours , and

(Ill)

I 0(,

-~i._""-'

found to be optimum in arlnealing the powder without

givert in Section ~.3.2.

was

which are mamtained "to be same for all the sample5 di5cussed

Same compo5ition attrltor mijJed for about the same time as the

blend sample. The method of preparation of the 'standard' powder

Eliminating cold work by anne"ljng treatment IS jjk"ly to "l'mirldle

Despite- the complications of line broadening described above, a quaJita-

sues, reJie_v.ing temperatures are very high and cold work ;s not easily

We therefore re,orted to Ni-Cr composition for mechanical aJloying

Judgement of the state of alloying in the powder is still possible through

inhomogeneities as well. In the case of oxide dispersion strengthened alloys,

recordi"g Wa5 done accordmg to the exprimental cond,tion5 described in

subjected to 5low-scan recording of

'., ,_.>t.

~.experjments rather than Ni-Cr-Th02, as our primary interest here IS to j,westi_

the nature of alloying of chromium in nickel,

'and chromium powders, and a prealloyed, homogeneou_, '5tandard' powder of

.x-ray diffraction by makJrlg comparisons between the attritor-mjJleo', nickel

The 'standard' powder was then attrJtor milled for 72 hours. The average

microhardness of this powder was found to Jncr"ase from 260 HV in the annealed

Standard 'peCI men.

Condition to 700 HV after attrltor milling due to cold work induced In it.

OIl) Ime profilE'S were recorded on -200 mesh fraction of the attritor milled

agglomeration.

,
This treatment

"size was Vacuum annealed at 9S0"C for



107

To get

Its EPMA line scan shows well-alloyed condition (F;g.64). X-ray

Integral lme-breadthS of the recorded peaks of (] I J) were analy-

was similarly recorded on -200 mesh fraction of this powder a5

"mechanically aIlCll'ed Ni.Cr powder having an average mic:rohardness-

RPM for 72 hours with 6mm balls in .24/1 balls-to-powder weight ratio

Ni and, Cr powders "1 80,20 weight proportion Were attritor milled

sample (designated as C), the 980°c/s hr annealed sample of the 72

(designated as B), tr.e 72 hour attritor milled, mec:harllcalli alloyed

The (11J) profile re,cordings ()f \ the 980"C/8 hr annealed,. 'standard'

sample (designated as A), the 72 hour altritor milled 'standard' powder ._-

A sample of- thLS powder was then vaCUum annealed at 980"C/Shr and
'~',\

recorded.' }-h;s 980.C/8 hr annealJ[jg treatment reduced

-- ..

The results ~how Chat the iine broadenmg of the me<;hanicaJJy aJioyed

of the attr,tor-mdlcd 'standard' powder With its somewhat iower hardness

powder, even with its higher hardness of SOO_HV; is rtearly the same

us)ng a procedure given by Anantharaman and Christian (J44).

integral breadths, the areas under the peaks Were measured with a pJani-,
Results of thIS anaiysis are shown in Table 19. As these resuits are

"e hardness to 33a HV.

hr attr;tor mjjled, mech"-f1Jcally alloyed powder (designated as D ) are shown

of comparative nature, the instrumental broaderting correCTion has

been omitted.



FIG 64 EPMA LINE SCAN OF SAMPLE OF NICKEL AND
CHROMIUMATTRITDR MILLED FOR 72 HRS
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24 hrs

72 hrs

16hrs

o hr.

--l_- _
90'

Ni (220)
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•

10000C ANNEALED

Samples: Ni-20Cr
Attrited Powder

,
•

20(Co K"J
FIG 69 EXTINC110N OF CHROMIUM LINE WITH PROGRESSIVl

ATTRITOR MILLING



itself.

any.

This leads to the conclusion that attritor m,1Jed powder of Nj and Cr

This however does

line broadening from

powder is somewrtat

-

'standard' powder. This result,
in the' mechanically a!Joyed

'standard'worked

The ,;harp peak of the annealed ,ample in Fig.69 is

The (jIO) reflections of chromium along with the (Ill)

This result suggests that the Contribution of

the line breadth of the armeaJed, mechanically alloyed powder is some _

Another set of X-ray dJffraction experiments were conducted on

the right condltjons of mdling is at least as well-alloyed as pre-alloyed ,.--

I
~(/ooHV).
:--!
'-c"iiemical ir1homogeneJty to the cold., --,'-

'mbre than that'ol the attrllnr mdled nic:keJ-chromium elemental blend. FUrther_

'.;w-hat less than the line breadth of the annealed

jn &0:20 proportion.

<

"5uggesTs that the scale of segregatiOrl, Jf any,

refleCtions ,of Ni-Cr alloy peak have been recorded as shown in Fig.69. The

diffraction profile of IODO"C/2hr annealed sample of the 72 hr attrJtor milled

samples drawn at 0, 16, 2~ and 72 hours of attritor mJ1ling of NI and Cr powders

~'''pr.esenl~ in the standard powder that. has been produced from atomised liquid
-',. -,

pOwder JS also included In Fig.69. The progressively diminishing peak of chroml_

urn and its near-total absence at 72 hours rnillmg time is an indication of the

, ,
i'iNi-Cr may be eve" less than the segregation _ to !he extent that may be. .

not confirm the homogeneity of the dissolved chromium m view o~ the com pllca-

absence of free chromium m- the attritor mijjed sample.

merely an indication of the elimination at cold work and inhomogeneity if



-
6.3 THE SCANNING AUGER MICROPIWBE ANAL YSIS

The Sc:anrling Auger Microprobe (SAM) IS a powerful tool for surface

chemical "nalys;, which can be confined to a surface depth as small 25 a

few atomiC Jayers. By bombardment with argon lOns. the surface of a sample

can be etched away virtually atomic layer by at(}mic layer and, as' etching

contirlUes, rhe exp?sed ,urf.,.ce call be continuously analysed for the cho,en

elements (Depth Profile Analysis). The unique advantage of Auger Electron

Spectroscopy is that while it provides the analysis of as smaJ1 a depth as a

lew atomic layers of the sample, the technique _ bemg a process of chemica!

IS not In any way influenced by the cold worked condition of the

sample. This rechnJque rhus becomes suitable Ior detecting homogeneit~ of

very nearly in the iltomlC scale.

Rartdomly selected. four particles of a sample ill a well alloyed condition

as Irldicatcd by Ime scan EPMA were subjected to depth profile analysis

In SAM. They WE're sputter-etched contlrluously to a depth of about lOOOA",

SJmultarlE'oLJsly anilly,lng for NI and Cr. In addition, the Auger spectr;:! of

NI al1d Co ill a depth of l35A" and subsequerltly at a depth of 950A" were

also recorded for all the four particles of the sample, and these are shown

In Fig.70 and FJg.71 respectively. The ratio of peak-la-peak amplitudes of

Nj to Cr for the Iour different partlcles of sample at the sputter etch depths

of 135A' artd 950A" were computed f,.om Flgs.70 arld 71 and preserlted m Table

20. The peak-To_pe"k amplJtude, of the Auger electron energy derJ\atlve

of nickel and chromium, which :,," dJreCIly proportional 10 the concernra.



FIG 70 AUGER SPECTRUM OF Ni AND [r OF FOUR ,
ME[HANICALl Y ALLOYED PARTICLES AT 135 A DEPTH
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powders suggests the formation of " sol,d solution of •.,j-Cr

..•

leads ,0al1ovill". 0

11 0

From the EPMA results described in

peak-to-peak amplJttJde of dN which remains essen-
dE "

of the particle awl 950)( depth of the Same panicle.

mechanical alloymg.

fro,m particle- to particle among the four particles analysed.

As Seen Jrl Chapter V, magnetic coerc;vlty behaviour of mechanic2..lly

sputter etched depth. This record is presented In ,Fig. 72.

of the rqpcctive elemerlls, were cOrltinuou,iy recorded as 'd' Jun(lIO"

CONCLUDING REMARKS

gerteous alloying of the solute art a firte scale. X-ray diffracrion line bre2~;:h

'(Table 20) of 1ii ratio of
Cl

-,t,ally same at 1J5f( . depth

ler V, It can be ,nferred that mechanical alloy'ng cart give chemica]ly ho>T.o-

hmilogeneiry on atomic'scale as: 'well, which ;s "t'least comparable ro .,.c.2t

IS OblaJrlE'd in pre-alloyed powder. Scanrt'ng Auger ~jtcroprobe analysis pro\"c~s

analysis presented here strongly suggests that mechanical

to conclude that mechanical 'alloy,ng b~ attr'tor 'TlJII;ng tS '-"pable of prod,-,c:~g

a more direct eVidence of atomic scale hOlTIogen"il}'. It is therefore r"2S0rt2~je

F'g.72 which '5 the cont'nOU$ depth profile analysis-oaf Ni and Cr cJe~rly
:;",-
','Suggests a d.emicaJly homogel1eOU5 stale of chromium-'n I1lckeJ in the a;<r;wr-

.,""",r;,jIled powder, "jndicat"d by the unJform levels of nickel ilnd chromJum thro~gh_
',~, ,,'r

rout the sputter etched depth In the partJcle "fter the superficial oxygen-rich
" "",;'
"-':Jayer (uplO ~ 300i\. ) is removed. Til,s is further rCJl1forced by the resul,
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a ilOmogeneou,ly a!Joyed stalc that cannot be d"tJngUlshed from that of a true

soljd solution provided thaI optimum mi[J'og conditions are chosen for maXJmum

effectiveness of alloying._
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7.2 EXPERlMENTAL RESULTS

Whli" mechanical alloying is essentially a process for incorporating oxide

particles in uniform dIspersion, It also €r1ables alloying of solute addJtJorts into

the matrix. How does thi, alloying take place in an attritor? What is the

underlYing mechanism responsIble for causing th" observed degree of alloying

of the con't<tuerlIS in relatIvely ~hort pCrJods? How is the aiJoyJflg jnfluenced

by the preser1Ce of the OXIde dispersoJd which is the principal ingrejJerH of

the composition to be produced by the prace,,? How Can we reJate the mech2.n;-

cal energy mput of the a\trllor to the physical process of alloying 01 the consti-

tuents? ThiS chapter ;5 addressed to these questions. Some speclul experimems

have been carried out With a VIew to gain some clues to the mechanIsm of

alloyrng in the atTn tor. These experiments and results are described here and,

In (he Jigh( of -the,e a[ld other experimental observations, a 1Jkely mechanism

ts proposed. ThIS is followed by presentatIon of an energy-based model which

IS ~bje to predIct SOme of the milling par"meters for mechanical alloying.

7.2. J

•

CHAPTER VII

A MODEL FOR MECHANICAL ALLOYING

INTRODUCTTON

Sludies on the ball motion

An atTempt hilS been made to observe the motion of the balls in the

~...•'-



I I 3

these figures.

POSltJO'lSwere again traced; this was dO'le for the cy!i'ldrJca! surface as welJ

____,

The outerrnosr layer of "balls was

The positJons of the ba.!k 'frozen' i"

The wax assembly of balls was carefully detadled from the

The i'lcreased ra'ldomi5atlort and the e'llarged gaps between the

The arrival of the balls to the top was studJed at different a,~rltor

A vortex format;"n was noticed which became deeper at higher RPMs.,heel.

as soon as the wax started solidifying.

balls in motion.

surface Were marked onto a tracing paper.

in FJg.7~. The baJJ positJOns of the Olltermost layer of balls i'l the cylindrical

impellers. The outward appeararlce of the wax-frozen ball assembly IS shown

in Fig.7J. With the balls slili In motion, molten wa•. was pomed into tr..e anritor

The appearance of the balls in motion ils photographed from the top is show"

removed carefully from the assembly exposing the seco'ld layer whose b"ll

A'lother experJme'lt was cO'lducted wherem rhe bottom-most laye,- of

vessel through a hole in the transparent sheet. The a[\rltor wa, switched off

aHrltor by replacing the top jid of the a!trilar vessel with a tra"'parent acrylic

the soiidif;ed wai( should Clearly correspond to instantaneous positiorls of the

as the bottom surface. A third layer of only the cylindrical surface was simllar-

ly exposed arld marked. The b"JJ traces of the three layers of the cylindrical

respectively.

surface and two layers of the boltom surface are shown in FigJ5 a'ld fig.76

balls as Orte proceeds from The outerm05! to the thJrd layer carl be seen in

were filled with 6rnm diameter balls umi! all the impellers were weli-embedded

the attrnor was filled with Smm diameter balls whde the rest of the levers

m balis.

speeds (t5~, 26G <:md450 RPM). It was observed that the 3mm b~_lls froC;] the
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FIG 74 WAX- FROZEN SEGMENT OF BALLS
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In mechanical alloying will be discussed in Section 7.4.3.

7.2.3 Attritor milling of Ihorlated nickel and chrorTlJum

2% thorJa-disper,ed nICkel powder was prepared by the melhod of chemi-

Fig.78 shows the EPMA line scans

I 14

Microhardness values are recorded in T",ole 11.

bottom Came up to the top layer ;individually and al random intervals of time.

This observatIon Indicates that the balls from bottom layers COme up at random

to the !Op-layers and go down again. These vertical motions of th<::balls Can

be taken as evidence for the presence of 'convective' currents whose significance

were attrJtor milled at 154 and 260 RPM upto 48 and 24 hours respectivel,..

to be compared with similarly milled powder with 1% thoria. EPMA was carned

,
7.2.1. Thoria-free attritor milling

Nickel and chromIum powders in 8Q,20 weight ratio without any thorla

OUI on Ihe mdJed powders.

Fig.77 shows the EPMA line SCans of the thona-free sample milled for 48 hours

at 154 RP.~l, rn comparison with a thorla-containrng sampl", attritor miJJed

of the thor;a-free sample milled for 24 hour, at 260 RPM ;n comparison With

similarly for 48 hours at the same RPM.

the I;PMA scan of the thor la-containing sample milled for 24 hours at the

s"me RPM. The anoJ.lysls of these EPMA lrne scans are pre~erlted in Table 22.

The,e results clearly indicate a better degree of alloying when thorla is absent.

cal c(}preciprtatlorl and seJective reduction (see i\poendix 1 for detail, oj the
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WITH THORIA

WITH THORIA
PRE - DISPERSED IN NICKEL

\

FIG 77 EPMA LINE SCANS OF SAMPLES MILLED FOR
S4 fiRS AT 1'4 RPM



a WITHOUT THO RIA

11 WITH THoRIA

FIG 78 EPMA LINE SCANS OF SAMPLES HILLED
fOR 24 HOURS AT 260 RPM
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at the higher RPM.

7.2.) Cooling water temperature

,D

..- ..

Attritor milling of nickel powder7.2.~

method used). The powder wa, found to have an average thona partocle SLze

of about 1000/\" as measured from tran,mLSSLOn electron micrographs 01 the

HIP-consolidated sample, Illustrated in Flg.79. The thorlated nie:kel' powder

'0 produced was attritor milled at J.5~ RPM for 54 hours with chromium powder

using 6m,h balls 'n lS/1 ball ratio. The milled powder was subjected to EPMA.

The line scans and line 5can analysis are included in Fig.77 and Table 22 which

clearly reveal a very poor alloying of chromium In thoriated nickel.

Pure n.ckel powder was attrltor mJlJed at 260 RPM for42 hours. Coere:i-

vlty variation of this runs as a function of milling ttme is shown Hl Fig.80.

Pure nickel powder was also attrLtor nulled at 154 RPM and ITS coercJvl(Y

variatJOn ,s included In Fig.SQ. Mlcrohardness measurements of these runs

are presented in Table 21. It is 5een that coercivity does not significantly

ch"-nge WI[h milling time for pure nie:kel and its average microhardness is lower

The artritor IS water-cooled externally to enable e:Orltl!1UOUS.operatjon

of lhe attritor for many hours "nd lor prodUCLng optimum yield OI ~he mIlled

powder.
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FIG 79 THORIA DISTRIBUTION IN CHEMICALLY PREPARED
Ni - 2 Th02)' 30000 x
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7.3 CHARACTERISATION OF MILLED POWDERS

alure is Joe for 154 RPM and 5"e for 260 RPM.

18/1•

Fig.S2 show, the variatio[] of aver~g"

Following feature, "re seen irl the 154 RPM

Fisher particle SlZe analysis

As growth i[1 particle Size and its comminution play an Important role

a charge of 20% chrom'um, 2% tharla and rest "iekel, uSIng 6rnm balls m

,

7. J. 1

The outlet cooling water temperature as a functIon of miljjr>g tune is ploned

weight proportion; the cooling water flow was main tamed at I lItre per minute.

in Fig,,81 The steady state rise in te"'perature with respect (Q the ,n.!et temper-

The rIse in cooling wali'r~mpcraturl" from,.iillet to outlet ;, a meaSure

'"

of tile heat gener"ted in the attrltor as a result of the agitation and motion

of the balls during the COurSe of milling of the powders. With thts In VJ"W,

meastJrements were made of the i[]lc[ and outlet water temperature, in TWQ

"experiments of attritor run, One at 15~ and the other,(260 RPM each time with

In the mechanical al!oymg, a study has beer! made of the average particle size

nJrL: the particle size increases very slowly ilnd also decreases very slowly

particle size ",th millirlg time.

at 154 RPL\l il[]d the oth"r at 260 RPM (i[] both cases, 6mm dIameter balls

m two experlmerns of attritor milling of nickel, chromium arid thorla _ c"e

as giver! by FJ5hcr Sub-sLeve Sizer on samples dra"n ilt differerlt time mtervals

I[] 18/1 weight proportion were used).

and there is only OrlCsuch cycle of p"rtic!e growth arid commirlutlOn In a mil!i"g
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time of 100 hr,; the maximum parttcle size is only about 2-3 time, the mitial

are seen m a 48 hr milling timc; furthermore, the maximum particle size is

IS seen as coarse lamella.e (Fig.83a). With increasing miWng time they become

Initially chromium

The'imer-particle welciing

In contrast, in the 260 RPM rUrl, there is a more rapid rise and

Average thickness of these lamellae at 12. 18, 24, 30 and 36 hrs

elongated and thinner a.nd also convolu•.ted In random orientations (Fig.83b).

Scannmg electron microscopy (SEM) waS carried out Ort the attritor

milling times were examined In the optical microscope.

decrease m the particle ~ize and two such cycles of growth and com<minution

7.3.2 Microstructurc and morphology of milled .particle,'

about 5-6 times the initial_average size.,

The samples of attritor mJiled powder drawn at progressively .mcreaslng

These obvservations are essentially ,imilar to those reported by Benjamin and

Volin (123).

resulting values of diffus)V[tles are also included in Table 23.

are given in Table 23. These thickness values are used in an order-of-magnitude

milled panicles. While Fig.S4 a ,haws a SEM view of fracture of a compo,"",

average Size.

calculation of the average. diffusion coeffiCient of chromium in nickel and the

and layer-wise build-up of the composJte par,icle.

ele<.tron micrograph of a composite particle revealing the intcrpartkle-welding

panicle dLJrmg the course of mec.hanical alloying. Flg.84b show, the scanning
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FIG 83 a COARSE CHROMIUM PART!CLES IN NJ[KEL MATRIX IN THE
EARLY STAGES OF MECHANICAL ALLOYING. 100 x

FIG 83 b ELONGATED ANO CONVOLUTED CHROMIUM LAMELLAE IN
COMPOSITE PARTICLES TOWARDS THE END OF MECHANICAL
ALLOYING, 500 x



FIG 84 a

'j

iii

,,

3000 x

2000 x

ISEM)

FRACTURE OF A COMPOSITE PARTICLE (SEM)

WELDED LAYERS IN A COMPOSITE PARTICLE

)
//FIG 84 b
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IIg

FJg.S6 as a fllnctJOn of mJilrng time.

new mechanism of mech2nJcai alloymg (Sectio", 7.5 and 7.6).

-" .-

The values Were averaged for

IVhconmechanical alloying is complete, the ball, arejng to f!ec1 off a ball.

~Iicr:>hardness me"suresmenIS were made On several powder particles

,
build-up m the particles as a functJon of milling times; both [he loose powder

the balls (Fig.85a), each peak apparently a result of the multiple collision events

AlI the experimental results detailed above are llsed i,., SectJon 7.4 to

'copy) attachment of SEM was used to analyse the chromium cOncentration

during attrJtor miJjing. The EDAX (Energy Dispersive Analysis by X-ray, Speclro-

eDdted with alloyed particJ~s of chromium, nickel and thoria, arid such a coat-

and' build-up [If the composite particle OCCur on the ball surfaces at the:»te

Jng in faet_ appears as severa! 'peaks' of the compo,;te particles welded to

15 a scanning electron micrograph of a welded composite panicle layer bcginn-

of their collisions. FJg.35a, b, c reveal the welded particle agglomerates on,,a ball. surface as seen .through SEM at Jr1creasing magnification, and FJg.S5d

sample and the powder welded to balls were analysed by EDAX m the form

of Cr ratio of concentrations and the averaged results are gJven in Table 24.
Ni

These results of chromium pick-up m the composJte particles are plotted in

explain the phenomenology of mechanical alioymg and also in developing a

of sampks c'rawn at different millJng times from attritor mdljng eXperJillents

curled out at three different attn tor speeds.

each of t:,c _,ampies and plotted as a function of milling time In Fig.S 7
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FIG 88 MICROSTRUCTURE OF ATTRITOR MILLED
PURE NICKEL PARTICLE
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narrow Size dJStrlbutJon.

Weldirlg of the alloying

Thjs dynamic balance between

As millmg continues, the events of

commJr1ulion of the parti>:!es provides
. ~

POwders caught in the frictIon between the coJJJding balJs

the' One in dark etc:hed area ,i, ha~der (270 VPN). This microstructure suggesls

thaI the jight etched, softer region could be a large grain resulting from "..•

localised proce~s of recrystaJjization and grai" growth.

the basis for mechanical alloying in an attritor. A prerequisite for mechat")ical

of weldmg between the particles «nd

to promote cold weld'ng among the metal particles.

alloying IS that a major constituent of the powders must be suificiently ductIle

7.4.] Cold work in particle,

COClstituents to the base meta! powder partjcle~ results ;n the fDrmation of

•

According to Benjamin (Y, 117, 12) the COrLtJnuous and repetjtJve process

7.~ THE DYNAMICS OF MECHANICAL ALLOYING]N ATTRITOR

composite partIcles whDse progressive refmement m the course of the five

Stages of mechanical alloYJrlg (Fig.14) leads to the production of uniformly

aJloyed particles.

undergo cOJ1lpressJve deformation to the extent of their inherent ductility.,
Deforma,ion strajns thus budd up within the COmpo5Jle particles to a point

at which fracture becomes Inevitable.

welding and fracturing reach a steady state.

weldmg and fracture is indjcated by productJOn of composite particles of a
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In steady state situation'there will also be no further nSe j'l the mean

hardrtess of p"rtJcJes ir1dicating saturation in cold work. During these events

of welding. de/ormation and fracture of the metal -partlcles, the d'spersoid

particles are trapped along the weld seams aCId distributed unjformly In the

matrJX '(Fig. LJ).

Experimental observatJons In the present investJgatJo[]s corroborate

the concepts of Benj.amjrl's mechanism ;:md the basic description of the process

of mechanJcal alloying. Figs.S4a & b provide good evidence of partkle welding

and fracture in attritor milling of Ni-Cr-Th02" Referring to Flg.82 it may

be seer! that in the 260 RPM rUrl, there is an !,,;tJal increase In average particle

size corresportding to weldJng of particles, whkh JS quickly followed by a reduc-

tiorJ of particle size correspondmg to fracture of partIcles. Th" cycle is repeat_

ed OrJce more WIth an irJcrease irJ millirJg time upto ti8 hours. Furthermore,

for the same 260 RPM run, the average microhardness was fourJd to rise subs!"-J]_

tJally a"d shows a saturation fairly early in the milling time (Fig.S7l, EP.\IA

for the same run has shown homogeneous alloymg in 42 hrs of m,jjing (Fig.lE).

OrJ the other harJd. for-the 15ti RPM run the average particle SIZe shows only

a marginal and slow increase followed by a slow decrease (Pig.S2) indicati'lg

comparatively poor welding amcmg partIcles. For the same run, the hardness

rISe JS slow arJd small, and tends towards saturatJOrJ much later irJ the milEng

tune. C~rrcsPJIlJi~l)' thIS fUrJ gives poor alloymg as eVlderJced by EPM.'\

(Fig.2S). In a SImilar fashion a mdling experimerJt Wilh still higher atur;:or



_.

been completed.

h"rdness Can be produced 'n relatively short millIng tImes.

.-is nearly complete in the

WJth miJJing conci;rions that

It has already been seen that the alloYJflg

speed of 850 RPM shows attainment of saturatlon hardness even earlier

(FJg.87) than in 260 RPM and the level of this saturiltJOn hardness JS also much

higher.

850 RPM as early as in 12 hr, millJrlg time (Fjg.29). These re<;ults thus highlight
,

an important aspect of the mechanism of mechanical alloying: for homogeneous

alloying to Occur, attritor rnjiJing parameters should be suffk""nt to induce

ext"-nsive cold weJdrng among partJcles and also a reJat'vely high degree cold

work as indicated by a high saturation hilrdness.

induce only Jow saturation hardness levels, alloying Js too slow and poor. AlJay_

]ng 15 rapJd and effective under mjJJjng cortdltlo,,-, wherem high saturation

As described m Section 3.8,4 Bertjamjn and Volirt (123) observe five

7.4.2 Progress of alloymg

stages In mechankal alloying during which a progressLve refJnement of the

lamalJae of the aJJoying elements takes place within the composite particles.

In the context of the present investigation, the lumps of chromium (Fig,SJa)

m the composite part,cles of rtjckel, chromium and thor, a bre."k up as milJlrtg

proceeds and the chromium lamellae Tend to get elongated and evert convoluted

under the Compressive stresses of allrltlOn (Flg.8Jb). A Pam! is soon reached

when individual chromium panicles within the composiw particles cannot be

resolved ;n "n opticaJ microscope and mechanIcal alloying IS deemed to have



the free powder.

7.4.3 Agitdtion veJocitJes

mOre difficult than fracture.. The progress in <tJloymg of the layers welded

Powder

ball undergoes,

Fig.36 also reveal, that

12)

When all the composite pilrtJcles are cold worked to

During mijjjng the balls collide and rub ag"jnSl each other.

partJcles trapped in the c:oJji,ion sites get welded to tk contacting balls.

This welded layer builds up in IhickrlcSS (Fig.85c) as the same

multiple ccollision events, but there wijj be such other_collisions too that cause

the welded and strain-hardened layer to peel or break off from the ball <IS

jllustrated in Fig.85d.

saturation hardness levels, weIdmg of trte layers to balls becomes progressJvely

as verified by the EDAX analysis '11 SEM (Fig.S6).

that around mid-time of milling, the chromltlm ConcentratJon goes to a peak

alloymg occurs at the ball col1l5ior'l sites. A poir'lt to be noticed In FJg.36 is

The essence of attrJtor milling lies In the action of balls which are

to balls closely fojjows that 01 the deweJded, loose powder in the ~ttrjtor,

before it levels out to a unJform COrlcernration, both in the case of powder

welded to the baJJ and In the case of the loose powder. This suggests that

Cr" pick-up m the composJte particles occurs more rapidly than the rate at

which it Can be homogenised into the matrix. Furthermore, the rate of aJloying

of loose powder is seen to slJghtly lag behind that of the welded layer in the

ball in the intermedJate millmg time, indJcatmg that the loose powder JS from

earlier baJI collJsions. -Towards the end of m,]jing. these differences vanJsh

and the state of alloying of the welded layer of the baH is same as that of

made 10 ccJ;Jde and rub agaJrl.'t each other by the JlTlpellers. The wax-frozen



As in the mixing of fluids in agitators, the convective currents irl the

Yents, in addition to their revolutions around the axis of the attr;tor. A sche-

would then have IJltie chance of being subjected to colliSions between b"lls,

lVe hav"

Without them, only t~e bottom layer ball,

We believe that' these convective currents in the attritor

there IS all average velocity vector at each point in the agitator, as well,

,
(Figs.?:>, 76jball traces clearly suggest that the ball motion m 'he attrjtor

" randomized. The rando rTl izat;on however " seen '" he more m 'he Yicmity -of 'he Impeller-ends. The randamiscd motion of balls Implies turbulent {10\\!,

flow,

leading to homogen'S<lt;on of the compOSition of the flUId mixture.

already Seen in Section 7.2.1 that the balls from tete bottom li:lye[~ tend to

which causes an interchange of the ,fluid between dlffere."t pilrts of the vessel,

which JS generally considered to be a necessary condition for producing a 'wel]-

mixed' COrtditjon in agitators and for mixing of fluids (132). Irl turbLJlern f]uj'd

as a random fluctuation of Ihe values of this vector about theIr mean values,,

come up individually to the topmos, layer and go dowrl again, Thus the balls

pedorm a' vertical loop motion producing SOme kind of 'convective' loop Cur-

matlC dlustration of the convective Currents 15 shown m Fig,S9.

tangential motion.

will also have components in the other two directions. producing radial arld

atnitor are a result of the vertical comporlerlts of the velocity vectors wh;ch

are vital for effective alJoymg.

WljJ be participating in rhe alloying action and the top layers will remam in

idle rotatio,,; most of the powder whICh alw,,-ys tends to settle at the bottom
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the balls ha.' been observed in the attritor (see Section 7.2.l). Vortex formation

•

I

bel)"een

., .

The balls in motion In

For instance, vortex formation by

Apparernly, the baffles m the "ttntor have

The result thus pomt, to a generalized conclusion that

In contrast, the use of baffled attritor has been shown In

At this juncture, It 'S mtere,ting to Clote some 'differerlCe

<. <- ;;..-:.125 ~, r 'I,,( 1';.'. f • 1'-. '~ .'. ••
~ . , 4;-' f ',:

• . .•
7.4.4 • Mixmg verSuS mechanical alloymg

the present work to retard mechanical alloy'ng (Fig. 53) Ln comparJ50n with

convectIve current,.

though,__even unbaf£led agitator ..•have sometimes been used WJth good results

of ma5S transfer).

IS generally cot"\5idered to be u[]ciesi,able in achtev'ng good rnn:mg of fluids

m agitators and baffles are generaJJy'used to elimmate vortex formation (al-

turn dJmmJshes the energy involved in the attritive collisions between the balls

the above mentioned basic similarities between agitators as used for rnlxmg

mechanical alloying occur;ng if) an attritor and mixing in -an agitator, despite

.-...._....._..__..

that is necessary for mechanical alloymg. The baffles also subdue the vertical

a!tr;tors closely simulate flow of fluids.

~illjng in an unbaffled attrJtor.

only served to diminish the kmetJc energy of the baJJs in motion, and this in

and attritors which arc a 'peciai type of agilators.

not all factors that are u5eful for good mn,ing are neces5arily useful for mechani-

cal alloying despite the simiiarJtles involved. One of tr.e main rea,CnS for ,i,

this difference could be the - fact That m mixing applications, the impellers

in rhe agJtators directly drive the fluids to be mixed without "ny intermeuLate

medium, whereas for mechanical al1(}ying the "ttrit(}rs use grInding balls without

whiCh alloying of the powders is not feasible.

• I •• '_



mate rclalJOn:

[hese questions.

'"

Can we incorporate

Many questJoris now ar"e:

ObVIOusly the frJction aCId collisions durJng attr;tlon

From the microstructures of the miIled particles at 6, 12, 18

for' olloying In attritor.

Carl cause local arid momerllary temperature rises.

Fi"t let us cOrJsider the average extent of diffl1>Jon of chromJum irJ

the observed alloying? How Can orte account for the very poor or very slow

what kind of average temperature rise must be occur;ng that can account ior

the 'various operational parameter, Into One unifYing equation for mechar1kal

It was shown in Chapter VI that there wJlJ be Hue alloyIng ~fchrom,um

ailoring under another set of operational parameters?

aIJoying observed unaer one sel of conditJOns of attritJon as against (he excellent

7.5 ESTIMATlO;'-J OF MEAN, LOCAL TEMPEfZATUP.E RISE

reqUJrf' dJffllSI0r;> of the species, and since diffusJon is predorn;nently a tempera-

In ",eke! attritor milling under th(' right operational conditions. Since alloying

lure depcnd<"nt pherlQrnenon, One can [lot but postulate local rJSe in temperature

during the attrition of the powder-trapped between two collJding balls to actount

alloying? In this section we propose a model for mechanical alJoring to anSwer

nickel that OCCUrs 'n a known t,me interval Jr1 a trplCa! mechi\nical aUoY'rlg

experiment.

and 2~ hours of rnillir1g rime, several me"'urernents of the thicknesses of chro-

mlUm lameIlae have been made and (he;r avera!;ed v~.lues are given irJ Tcble 23
coeffLcient'

",hich abo shows the corr,"spondIng ddlusiofL< .- based on the 'Try approxJ-



It carl be Jt1Ierred Irom Table IG that the average rat,. of diffusJon of chromIum ,,-

-' .it+.B

•

,_ ..

heif
... '-' ai

Search of literature has

.,--

-lJ 2'.1..x 10 Cm Isec.

,.--

Activation energy for diffusion

distance x

Cr lamellae,

Pre-exponentjal frequency factor

D = Average diffus;ort coeffJcient for the diffusion of chromium by

t = I'me of millJng involved

---

Qc -
0 -c

where x = D,stance of ddfysion, which, here i5 the reduction of ;thlckness of

in nickel works out to be abOUl

revealed that Ih" diffusivity data of Cr in NJ arc available only ;n the range

6f 950-1200"C which are given to be (lli5),

""- 54.7 kcal/mole

0 - _037 cm2/5ec0

These are '0 bc used Jt1the ArrherlJus relatio",

D ~ Do exp ( -QJRT)

Where 0: ~ DJf!uslvity at temperature, T(KeJvirl)

Assuming thcse values to be applicable for our e~limated value of D. il is

calcuL:tted that a D value of"9 X lO-13cm2/sec J5 applicable for a temperature

of about 30C'C.

•• •



"-'nere:

(e'L'~- ',5 )

)Jnce local temperaturc rJse OCCUr> In

rne.,sured volume flow rilte of the cooj;ng water

density oj coolin& water

speCific heill c~paCI ty of water

o. 0,
,

0
"

Cp 0

"

by meCC1anic::l! al10YHlg of Cr In Ni.

ture during attrition should be of the order of sao°c for the ob,erved diffusion

An oreier of magnitude calcuJaTion Can now be done to estimate lhe

"a">lem Spurts during attritive collision events. the individual thermal spJkes

The abo,e calcu1:ltion thcreiole suggest, th'lI t"e rnean, effective tC'rnpera_

would be of hJgher magnitude. However, no notJceable mJcro,tructlJral change

was seen In the perlJTletriC edge of the 2rt"}tor miJ1ed steel balls to aCCOurlt

for such a high temperature rise. although the temperuture rise jn the, steel

bellh Can be expected to be lower than that Ln the particles in "ic,," of tne

formation of a coating af the NJ-Cr allay on the ball surface. -If, therefore,

One presumes cOflservarively that such high temperatures of the ordet' of 3aDoc

Qre not generated In mechanical alloying. then there must be SOme other mean,>

by which such fa5t d,fflJslvities may be attained.

overall mean temper"ture in the attritor as a whole, by balancing the heat

by the attritor during mechanic-al aJloying. This may be expressed as:

quantJty 2b50rbed by the cooling water with the hea, that may be tr"nsferred



3 \("
to Jouleslgll-l'/"C

total rn"" of the attrit(}r plus powder and ball charge

specific heat Glp"city of the attrltor as a whole wf1;ch

time In mmutes during whtch st""dy state 1
2

has been

attaJrwd

water Iemprature at outlet

Overall, m<,an temperilturc rise jnside the attr;tor that

500 cc/rnin

129

water temperature ar inlet

gm!cc

II x .60 mjrtutc, (Fig.&2 shows steady tenlperature 0:' 29'C

!3 kl; (:JJoul 7 kg for the atrritor "-nd "bour 6 kg Icc the

'5 ("ken to be equJvaIcnr to a typical value of steel, since the

vessel and the ball> are all made of steel

Can account for the heat jiberated to the cooling wale,

!ure of 2.5"C).

attairled in about 4 hours of milling ,;me from an initial ter.lpera-

h"JJs and powde,-)

11'1

,

L
Pw

T T,- 1

M

"",

From tr.e cooling water temperature meaSurements described in ':ienio[) 7.2.5,

we nav", for the case of the well-alloyed, attritQr run a1 260 RP:V1:



DC

Dc

Apparently attrJtor mijjing involves

Possihle causes of enhanced diffUSion of chrorllJum in nickel in anrlwr

If we assume the bulk ddJusian data avajjable only for 950-1200'C range for

If One now considers that the rne"n temperature ,i,e In atleltor milling

higher than thIs value.

at these temperatures would. be JnadeqlJatc to C"use homogerteous alloYing.

an approximate estimate of the overall temprature "se Jrl5Jde the atlrii:or.

chromium in nickel to be valid even at about JOO°C, then D, tCie dJffusion co-

lOI5c:m2/sec.

lies In tete v'clC\ily of JOO"C, the normal dLffusion rates (of Cr i" Ni) applicable

These data, mtrQd\lced mlo eqr-., 15 give a value oj 330°C lor b. T as

The local, meall temperature rlSe at colitsion.SJles will 01 course be 50mewhat

effJcient works out to be in the Qrder of magnitude of

the other Cland. the rni"imum valuE of 0 that may be applicable for the observed

rate of alloYJrlg ilS already shown previously in this 5f'ction works om to be

." I - -I) 2{Jrl t"e order (} magnitude of 10 em sec.

SOrrle proce,,(esj ,hat enhance(s) the diffusJvities by some two orders of magrtitude.

7.6 MECHANISMS OF ENHANCED f)JFFUS1VITY

7.6. 1 The possibLiitie,

nlijj)ng will now be examl;leu. It is seen from the mlcro,nar<iness "nd cClercivl"



I. by an increase in vacancy COrlCerltratlon

II. by causing pipe diffusion I.e. diffu510n along dj,locatlon lines

•

lt JS during the: ~a{urati()n

It appears therefore thaI

preCur50r for homogencous

followIng ways:

For in5T<'Ince, thc microh""dnc=ss exhibits <'In ;n<;rease WiIh time<;old - work.

ultimately leading to a satura'tJon level (Flg.g7).

stage tha't alloying tends to bccome homogeneous.

heavy cold work of the partJcles 's a necessary

alloy;ng. Cold work can enharlce diffusivltles in the

The latter possibility appeilrs attractive SinCe very h'l~h d;slocatlon densitj_

ties are generated in a mechanIcally alloyed particle due to Severe cold work.

Furthermore, pipe dIffusion needs a lower activation energy than bulk-diffusion

thereby resulting in er1hanced ddiu,ivitjes even at 5uch low temperatures as

300"C. (Pipe diffusion has t""en md1c:a,ed a, a possible creep mechani,m ,n

metals 2t not (00 hIgh a temperature (511)).

measurement, that the mit'al pcrioJ of milling '5 chMaClerJ~ed by mcre<'lSI[lg

,.', _.

There is yet another possibility for enhancement of diffusion in mechani-

cal aJ1oyirlg, and that ;s, recrY5laHization of the cold worked part;c1es. The

mearl temperature ri,f' ;rls;de the attrltor, c"lculated to be around 300"C,

may be enough to induce recrystallizatIon of severely cold worked metal sir1ce

;t IS knowCl th<lt rold 'Jjorked -metals gener"lly recrysl"llize at about 0.3 to

O.~ T arld fUrlher {hat the renystallJlC2tion ternper2ture decreases wiIh 'n-m

creasl[lg ,",old work. IT hilS been 5howr1 (146) tnat dJffu$ivJTle, Me enh~nceJ





recrystallization right from the begJrln;ng of milling with chromium.

;~, •. .,-... !, •'" ....-- "" ,.---.

•

Apparently the hIgher RPM generated hlg~er local temperatures

. ~. _.. ' _ ".. -=--.,••.m=

to the mlll',!g of nickel and chromium alone (Flgs.77, 78 and Table'i-22). It,
IS also Seen that the deg,7".-e oj aIJoy'ng of chromium Irl nlckel"is comparat;vely'

with nJckeJ. ThIs result reinforces the Case for a recrystallizatiort mechanIsm

In the irtJtlal stage of mijjlng. U';orla wherl addedII, the following manner.

iJJ) Another support fOI the recrystallization model comes from the

hInder alloying as much J.s when Th02 is predlspersed in nickel whereIn it resists•

better whert thor;a Is added Ind;vidu<llly than when It is added as pre-alloyed

of nickel. chromIum artd thoria wherelrt tho(la Is added separately as compared

analrls the desired dispersiOrl onJy progressIvely with milJing. Thus Th0
2

does

riot in;tlally offer resIstance to recrystalllzat;on of nickel and hence 'does not -'r--

separately is not initJ<llly dispersed 'as fine particles In the nickel matrix but

ii) Relatively weak alloying IS observed for (ile case of cittritor milling

results of attritor mJlling of pure nickel. It was seen that pure n;ckel milled

500 VPN.

at 260 RPM induced an average hardness of 350 VPN in the particles, and when

milled at 15~ RPM the average hardness ;n the milled particles was abour

of attr;t;Dn which can cause iDcalised recryst"-lJizatiDo and therefore a lowering

Df the average hardness.. Admittedly, the average partkle hardness of 350

VPN is hIgher than the normal nlue of annealed nlc;kel (about 200 VPN). The

reasorl for tf-tis difference. xould be the varJety 01 ('ollJslons in the anr;tor.

All collisions do not have the ,arne kinetIc er1ergy. CollLSJons rlear the upper

reg;OrlS or near the ShilJt have lo',er c:nerg)' liMn collisIons near the periphery



."
to tall

Thus there "

It IS most likely

halh atter"['1

lower e"erg,'.

Art example of a coarsenpd gram

take place when

and henc"

while

)ornco '-011'';'0'" "CCU. clo,e IO the IlTll'cll':rs by direct

Se\"ecill m;crohard",,,s mcasurcrtVonts were-" carrwd Ollt

'pace, i?v.grilvii:Y"PCrt

have

Such soil spot; were Seen m "u;;,e,'ou, particle,.

all d

ir.w .the

hi t

"ithi" the panicles.

that such soft r"gwflS "re rcc.rY'lilJI12"d.

Tram the foregu;ng dJsclJssicn it '-, not unrea;onablc to f>[)S1uI"t", til""

sj[)n, may be ",dllCl"SrE"ccl'.,raIilZ'-',J()[l wr.ile mc.IlY othe,-s merely serve to indLJce,

on i"divJdual particles (at the end of milling) and, as shO\~" underlrned Hl T2.ble

a wirle d;stribut;[)n of energy of

alloymg " completed. could he an indication "f local;sed tecryslalllZ"-tloll 2re~,

Iv) Presence of 'sof,' sputs in Indiv;dLJ,,1 partJc!es, even <'fler rllech~[llcaJ

only '-old work.

25, Some of thcsp values with;" each of the partJcles are far lQwe~ t~,a.n the

others.

shawirtg " lowf'r hardness. apparently a re,u!t of recry,tailJzaIl(m and gram

•growth;, gJven lr' thp pho,omlcrograpll in Fig.X8 .

lhe mea" local tempe,-aturf" rise ciurin:,; attritor mijJing for eifecting mecilan;cal

allaying need no, be h'gh,r than tr.f" recrystilJIJzatia:] tNtlperalure of the matrix

,
D,fflC."tJes of etchJng the' '5evelei" cold w[)rked particles "borTed ell" se"cral

.n;enlpt, Qf oDLi"'ng " mOrc cJc?r-c\Fl e'ljjellc" lor le<:rystallJz~.tJon '" ;:he

pa"ic!cs. S"mplc preparatroCl fcr TE,\i or i"dlvlduaJ Da.tJcle, (to UelJne2te
re,;()s;~.III~cd Ltrf"",) ji,; n01 p:O\'C 10 be succe"fui....;<-
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-< --

can be expressed in ter"" of the "verage

ConsJder a unit volume ot the b"l1 chArge of tlw

------- --- ..-

clement 'n cold "'o.-ked state, alihough re,'y<;UIiJ2dtIOfl mAy not solely be'

135

Alloying, ~nd to COrllp"re ;t with an expreSSion for mc<:hanicill c"ergy input

Wl;h this background, an Attempt wIll now be madc [0 derivc an occk,-

of-rnagfljtu(k exp,es,;iofl for th~ mi"i[]lurTl heat energy re'll"rcd for mecil'Hl]cAI

r"'port5ible lor the enham:ed dJffusivity.

of an iHtriror.

5JO" JS facili'ated in :m aI,rJtor Jf the local tcmp"rMure [)5C in (he attrLtlve

Let us ">sum,, Th2;i all the powder IS uniformly di"r ibuted throughout th" ball

7.7 HII:' t'NERGY D.'\LANCF.. MODEL

We have sc<;n 1.1 the pre,.ious ,ect;on t""t mc,hanical "lIoyirtg by dljfu-

<:oIlJ~jons IS ,ufilcie", to c~use recry~trallJzinion of the CQld worked powder.

we may c~1I the heat energy dens)t}'

charge inside the 2ttntor.

"ttr;tor ".hc(~in mechanJ'-al alloying 15 laking plac<,. The mInimum heat energ}'

dev"loped in the power contAined- In a u"lt volume of thc attr;(or _ which

hea: c~pac'ty of the powder matcrE;;,1 as folkn>.s:

~ <.

i'/, .
,



where

approximately taken to be the volume occupied by ball charge only

ambient temperature (Kelvin)

total weight of balls
tot'll weight of powder

In terms of knowrt parameIers.

x packing factor x denSity of bell material

(Kelvin)

lor mechanical alloying in unit volume of the attritor

weight of the powder participatmg in unJt volume 01 the

total weight of the powder
total weJght of balls

attritor

__ •. 1 .•

specific heat capaC1ty of the powder

recrystajJizat,on temperature of the cold worked. matrix

total weight of the powder m the attritor <-
total volume occup'ed by ball-powder charge

balls-to-powder weight ratio =

= total weI ht of the owder
Total volume of baJJs packing factor of balls

= total weIght of the powder X packing factor of balls
IOtaJ.weJgh_, ol_ballsjdertsity of ball materIal

,

H~ heat energy density, or the m'nlmum heat energy required"

lVe shaJJ now find an expression for

w
,

By definltJon,

By definitlO",



We can therefore assume

In Section 7.2.1, Cias been examined in different portions and

packing factor of balls of a uniform dl"meter

~b densIty of the ba.1I material

Thus

where

Therefore,

TCieheat energy density for alloying, as gIven above must be supplied

In an attritor will of cour,e -be less tCian tCi,s value. The wax-frozen ball aSSem-

Spheres of uniform dJameter In den,est, static packJr1g have a packing

The attr'i("r con,i,ts of an encrgetlc medium of balls communicating

faCtor of abouT 0.7. - The packing factor in reality in the Case of balls mOVing

bly, described

the average packing density of the balls has becn calculated which also works

out to be approximately 0.6 of the ball density.

7.7.2 The kinetic energy densitv

an approxJmate value of 0.6 for 6.

by the mechanical energy Input given to the balls in motion. The mechanical

energy resp"nsJble for heat generation Jr1 the attrition milling IS a complex

function of the ,everal varf;bles inv"lved In the klnetlc:s of baU motion. ,,-e

manner.

can now trlterpret Jr1 simple terms, the kinetic energy density Jr, the followmg
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acros, the indJviduaj ball contact areas which are relatively very small in com_.

.-

The efjergy. density ~ which i, the

this average pressure JS-transmittedAt contact points,pressure.

This energy density Can .also be considered equivalent to average

pressures and the powder part'cle, trapped therein get deformed and alloyed.

with each other at points of COntact. Th" points of contact experience Jrltcnse

Th" energy of the ball medium JS primarily kinetic and J, derived by the passage

,
V = average jinear speed of the ball medium

.•...._- ..-.~

of the rotating impellers through them.

kinetic energy available in a unit volume of the medium _ can be written, ,
as ~ fb'l where

parison w,th the surface area of the ball, transmitting the average pressure

A ,imple force balance can be vJsualised through the following equation:

(see Fig.90). ThlS situation lead, to locally enhanced pressures at ball COntacts.

p
contact x Acontact 0 Paverage , A average

A ••", p
0 p , average

(~<Y". 18)contact average A('''"tact

where. P 0 local, contact pressureconract
,

0 area '" contact'""'contact ,
p

0 average ki"ematic pressure of ball mediumaver"-ge

A average area Over which ,he ~0average
P i, rransmlttedaver"ge

\
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(••.""".20)

which JS ,he loccal

A"V"fo.~e

A oOnl.o.ct

- , ,_ _ • -_--_-.-.-.-. •••• • ••••••••••• •• 'If • '" """"'" ••

average length of contact, which is here apprDxJmated to

the typJCal, average diameter of the COmposLte particle

undergomg alloyirtg at tr.e contact area

, ' ,P V :0, "

••

d

Aaverage d'
e

Acortract ,2

D' e ball diameter

,

the above equation as:

5lrtce

.'vlechanJGII alloYJng I, seert to be a gradual phenomenon, the degree

Since kinernatlc pressures are equivalent to energy densities, we may write

where .he LHS represems the local energy density arjslrtg from contact presswes.,

where

\

We may thus express tr.e average kmet;c energy densJty, KE
v

energy density of the ball medium as:

of allOYing progressively improving with mdling tJme. This is because of the

the right condition, to Cause alloying _) in addi{JDrt to the fact that diffusLon

statJsticcal rtalure oi 'iruitf-M' Collisions of balls (_ that IS, coliisLons having

JS tLme-depender1t. The kinetics of the ball motJon largely determines the

extertt of alloymg and the time required ior n. The Imear velocIty Imparted



a shaft RPM of N i5 given
~.

to a baJJ by the impeller of length 'L' rotating at

by 2 JT NL, 2 1i N being the angular velocity. All the balls do not receive the

same, velocity under the action of the rotating impellers because (i) the velocity

imparted tends to be mirlimum at the root of the Impeller (L=O) arld maximum

the directiorl of rotat,on from the balls located m immediate contact at the

at the tip of the impeller (L=L) arld (ii) the velocity diminishes as we go along,

If it is assumed for simplicity that all collision,; cause aJloying and

impeller to the balls located just behmd the next impeller. Furthermore, depend-

ing' Orl the loc.atron of the ball with respect to the perimeter 01 the impeller

eros, sec.tion the direc:tion of ve!oc.ity vanes, givirlg rise to 'c:onveC1.ive'motion

of the balls.

that tCie maximum I'near velocity of a ball is avaJJable to all the ball" and

Irl view of

then the average kinet,c erlergy derlsity of the ball medium is given by

From thiS, the loo:;al kinetiC energy derlslty intensified. by contact pressures,

gJverl in eqrl. 20 r:arl be eXpressed as follows:

\
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The energy crJterion for mechanical alloYJng

For alloYJng to occur,_'t JS logical to postulate that the 10c'll kinetlC

7.7. J

Ttl,s reduces to:

for alloying as givert by eqn. 17, and thus tl1is criterion may be written as:

energy dertSity given by eqn. 21 must excceed the minlrnum heat energy required

Eqn. 23 thus relates the mechartical energy JI1PLJt expressed in terms of the

operat'onal parameters of attr;IQr 'milling to the heat energy requirement for

alloying and can be used to predict the minimllm values of the parameters

of milJing for mechanJcal alloying.

The RHS of eqn. 2J assumes a fixed value sJnce C
p

and TRare const2nts

for a given system. For most metals C JS abOll! 0.1 cal/gm/K arid IRis approxi-
p ,

rnately 0.4 T where T ;s the meltjng point of the matrJx. For the systemm m
un<ier ;nvestigat;on, then, we ge,l-

•

,
,,,,,• i.
I
[,

390 K

"
•
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attritor parameters.

'"

,

We will now examine how

j5~ RPM

7cm (from the centre of attrJtor shaft)
emm

N 0

L 0

r5 0

on either side of eqn. 23, C (T
R

- T ,) has llnits
p "whJch is the correct units for heat eflergy density.

the RPM was varied keepmg other variables f]Xed.

Since it has beer! observed trtat J[] most of the cases of attr;tor mijJjng,

the alloying criteria" w;jJ be met from eqn. 23 for the same values of the

•TI1l1S the valLe of C
p

(T R - T A) will be :

The use of eqn. 21 in predicting attritor miJlmg parameters IS now exemplified

below for a few cases.

a) AttrJtor speed

0.1 x 390 x ~.2 x 107 = I.M x 109 ergs/gm

In Section 5.3.1 dealing with the question of optimum attritor speed,

the final average particle size at the end ofmechanJCal allOYing js in the neJgh-

However, C (TR-T oj is hereafter loosely referred to as the heat energy densityPo
for conven;ence. SJml1arly the LHS oj' eqn. 23 is referred to as the mechar1ical
e;,ergy dCr1slty.

bourhood of 50 f' , we can reasonably assume this value for d in eqn. 23. The

other parameters fixed In the experiments of RPM variation are:

K Because of ,he deletion of ?b

of ergs/gm instead of ergs/cc
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out experimerttally as seen in FJg.28.

the heat energy requirement, a condition favourable for alloyirtg. ThJS is borne

If we

densJ'ty at 154 RPM is barely adequate,,
It thus explairts the re5ult of EP,\\A

1.65 x 109 ergs/gm
,, '

~(£) (7<:OL)

It i5 thus seen that the kirtetic, energy

to meet tr.e heal ertergy requirement.

,
lrt Section 5.3. I artd other parameters remaining as above, we will get a value

of - 4.7 x 109 for the kirtetic: energy term, which i5 substantially higher than

now consider a r.Jgr.er RPM of 260 as was used irt the experlments de,cribed

It is "asily seen from the abov" kinetic energy value for 154 RPM that

artd required 100 Clour, of miping for satisfactory alJoymg (FJg.58al.

which 'showed poor alloyirtg at thIs RPM even upto 66 r.ours of milling (Fig.30)

Sub,tttutirtg the above values in eqll. 23 we get

the energy input will be even lower at a lower RPM artd will therfore be unable

to match the heat energy reqUJremertt. Similarly it Cart also be seen that higher

therefore cortc1ude that attritor speeds below about 150 RPM will not be ade-

for effective alloying. when 6 mm balls in 18:1 ratio are used.

quate for m"cilanical al1oyi~g and speeds above 150 RPM wil be necessary

We mayRPM, WJIl boost the kinetic energy above the heat ertergy values.•

,~:~.>
,I
"
~i
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erg,/gm

This IS irtdeed'tete case as

910 ergs/gm

By increasing the ball diameter

2.94 X

J.67 x

Obviously lesser ball dlamerers will

,
(:')

Applying tnlS value for Wand other parameters as before Jr1 eqn. 23, we get'

at arid above ~O;j are used m conjuncrion with the same speed ,,! 154 RPM.

We have observed (S,ectjo'l 5.3.2) effective alloying whel1 b<l1I ratlos

bJ Balls-la-powder weJght ratio

and therefore should lead to effec:rive alloying.

5e'~nin Fig.36b.

which JS 5ubstamially higher tha" the heat energy value of 1.64 x "109 ergs/gm

c) Bal] diameter

We can interpret the resulr JIIustrated in CaSe (a) whereJn we obtained

1.65 x ]09 ergs/gm for the mechanical energy at 154 RPM as also the mechani_

c:al energy Input valid for a 6mm ball diameter run. other parameters rem"inlng

same. As before, th;, is only barely matching with the heat energy requirement

and therefore not effective for alloying.

fail to meet the heat energy requirement.

to 8 mm, We get from eqn. ~3,

which well exceeds the heat energy requrrement, "md therefore snol.!!d lead
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The above example, illustrate the basic validity of cqn. 23 as an expres5-

than optimum values of the atu;tQr parameters can be predlcted. -Besides

.,
I.

whereIt is further seen that

th" rnechardeal alJoymg is experimentally found to be poor and where It consider-

the kmet;c energy term IS lower than or barely matches the heat energy value,

Jon of a criterion for mechanical alloying.

'"

parameters figure Jr1 this equation. Furthermore, only threshold values- _rather

and c:omparatlvely fast. [t must however be pointed out thatnQt all the anritor

ably exceeds the heat energy value, the alloying is jikewise found to be effective

to effective alloying as verified by EPMA in the actual experJrnerll (fig.43l.

--

II••I

such llmnatiolls. this "Il"rgy balance modd ignores the kirt"t;cs of the proc",s

and hence mijjillg tim" whJCh is alsc> art important variabl" cannot be pr"dic,,,d.

An addilional factor to be not"d here is that it is difficult to aSSlg" any precise

'valu" for 'd' ;rt th" eqn. 23. Thus the value of 50 fA is only a reasortable eni-

~.r

•
"

mate of a typ'cal sJze of the composite particles based art actual observa,iolls

made ;rt the presel1t investJgations.

,

!

•
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This thesis comprises detaded investigations On the process of mechant-

cal alloying in a typ'cal composition, Ni-20Cr-2ThOT Starting with powders

of nickel, chromium and thoria, meCrtan;cal alloymg experiments have beer>

conducted In a specially built laboratory attritor mil], The efficacy of mechanI-

cal allayirlg in an attrttor compared to a conventional ball mill hilS be"n demon-

strated usmg eJectron probe microanalysis. A performance index has been

formulated to quantify the degree 01 alloying. This ;rtdex IS expressed irl terms

of the average amount of chromium picked up in <I composite panicle at any

instant of milling and the average degree of inhomogeneity of distribution of

chromium In ,he particle as determined from the re5ults of elec:tron probe

mic:roanalysis. Magnetic coerCJvity charlge has also beerl used to moniwr the

degree of alloymg of chromium in nJckel. Distribution of the dispersoJd (thoria)

under differem conditlons of mill;ng has also been ,tudled by transm;'sion elec-

( UOn mJUOSCOpy. Using the above - mentioned performi'!nce mdic:ators. the

parameter< of attritor mltnrlg that c:ould be optimised for mi'!ximum effeC:live_

ness of alloying were ti,,, attrJtor speed, diameter of the grinding balls, b"lls-to-

powder we'ght ralJO, imoeJler geometry and startirlg particle sizes 0', rlickel

and chromium.

.w .- •• ..".- ..•. _ .•••. _ • .,.. •.• - •.•• ....-

8.1 SUMMARY

_ L m""'....... ...-.. . __ ...

•

CHAPTEI~ Vlll

SUMMARY AND CONCLUSIONS

•

• •
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An important a,pec! studied m the present work is the questIon whel-

her mechanIcal alloytn!; leads to thE" formation of true solid ,olutioCl of chrom,-

urn in nIckel. Beside, the eVIdence of EPMA, X-ray diffraction line breadth

analysIs has been combined with Scann'ng Auger Microprobe analysis of the

attrltor milled, powder to bring out the 5caJ" on whic;h the homogeneity of

alloying has occurred.

Rased .on the clues proVIded by some specially chosen experiments

", ;:-
iI.
"
,

",
1,

energy requJred for aIJo}ing based on a likely diffusion mechanism of mechar1i-

energy mput to the powders. A model has been attempted m which an expre-

5mce the essence of attrilor mdJil1g lies In Its high mechanical energy

•alloyi,,",:. .

This is set against an expression for the heat

mijj'ng ()f oJckel, chromium aCId thoria, the most likely mcchan;smSQf

In the I'ght of available literature have been discussed.

of attritor

input, the observed effects of variatlOn of milUng parameters On the effJcacy

of' mechanical allaying must be related in SOme manner to the mechanJcal

ssion for rhe mechanJcal erwrgy inpur resulting from the different operational

parameter5 has been derJved.

The model is able !a predict some of the threshold conditions

of attritor millmg for mechanical aHoying.

&.2 CONCLUSIONS

The results of [he,e studies lead t" the f"llowmg main conclusions:

,



dlstmuished lrom a true solid solution.

\

6. The attritor RPM. the ba1l5-to-powder weight ratIo. and the ball diameter

The mill'ng,

The millIng time

11:i5 also 5een that the least number of revolu-

time associated with the optimum RPM is about32 hours.

a-ssooated WI[h this optimum ratio is about 39 hour5.

diameter IS 6mm and the attrltor RPM is about 150.

cannot be indefinitely m<;rea5ed because values' of these parameters

tJOrtSto be performed for bring;rlg about maximum effectiverless of allo'y-

rurt at about 150 RPM a,.-,dwhen the balls-to-powder rano is IS/1.

the optimum by increasmg rhe balls-to-powder weight ratio.

,
powder weight ratio.

capable of producing a hmnogeneous state of alloying that cannOl be

irtg approximately corre5ponds to this optimum RPM value.

in~jde diameter i, found to be most effective when the attritor speed

is about 350 RPM m C:Ortjunction with 6mm steel balls in 18/1 baIl5-to-,

3. Mechanical aJJoying Can be made equally effective at speeds lower than

4. A balls-to-powder weight ratio of about 35/1 is optimum when the bajJ

l. Under optimum conditions of attrltor millHlg, mechanocal alloyirlg 15

5. A ball diameter of about 8mm is optlmum when the attritor has to be

2. Mechanical alloying of NJ-20Cr-2Th02 in an attritor of about 200mm
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beyond the Optimum are seen to produce Jess effectIve alloying. This

Can however be Improved in all these cases by IncreaSJng the rnJ]!rng time.

parameters are optimised with respect to alloying"of chromium In nickel.

7. SatISfactory thoria dIstributions are obtained when the a.ttrjtor milIing

(,..

:,
•
"._;;
•

aIJoying than round Or flat section impellers and, '8 impellers <lre ild,,_

quate for an anrilar height of ISO mm.

The average particle sizes of chromium and nickel have Considerable

Influence On the effectiveness of mechanical aJloying: finer chromjum

and/or Coarser nickel lead to better aJloyi(lg.

8. Triangular cross sectIon ifl)pe!Jers are more \effective for mechanical

9.

"•! '.

"•

.,,,',Magnetic coercjvity change can make dls!Jnctions between a case of

less degree of aJJoYJngand a case of greater degree of alloying in compo_

sltions where a magnetic change occurs WJth alloying in the C005t,tuents.

In the present investJgal;ions On NJ-20Cr-2Th02' Jt is found that "- peak_

crossed drop in CoercJvity is necessary in o,-der for Chromium to alloy

Into nickel in attritor _milling. Absence of a peak Indicates poor aJloylng.

The technique however canM6t quantify the extent of alloying and the

degree of homogeneity of alJoymg.

1O.

,
•
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II. The peilk "1 magn~t;c coerciyity " attClouted malnl]' to the <!tt"inrnent

of a 'saluraled' degree of cold work of the pat tlCks which the lrflposed

mdjj"g pMamcters have [0 generate durmg the course of mJllrng and

its subsequent drop IS a result of the predomtnance of dissOlution of

chromium.

12. II necessary condnion for mechanical alloying is that il high level of

'saturated' cold work must be mduced in the composJte particles. Alloy_

mg of the solu;e 'S a diffusion pmcess resulting from the Joc:alJsed rjse

In tempc;rature dUring the intense, attritive colli,ion, between the ball,.

It is estimated th~t tete mear!, local rise of temperature in ,he attrnor

under milling conditJons for effeCl;JVe alJoy'ng may be of the order of

JOO°c. Since such magnJludcs of temperature are to() low to account

fo(' the estimated rate of diffusJQn of chmmium 'n nickel. an enilanced

dlfiuslvlty mechanism IS expected to be operating for mechanical alloying

In an attritor.

l}. ~letal1ographic and EPMA results suggest ,hat Instantaneous recryst"lJiza_

tlon "f the cold worked m<\trJx by the Jocal rISe In tempE'rilture In high

Intensity cOllJsiom between the baJls m"y be the proce55 that provides

" powerful means - of, evenlr1g OUt cOr1centratlon gradients of chemlC,,1

inhomogeneity. even at such relatJvely Jow remperatures as 3000C.
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Wilh SOme simplifying assumptions, j l ;, shown that:

where KEv 15 the effective kmetic energy inplll: per unit volume of the

anritar, and HEy is' the minimum heat energy required to. Cause the

deSIred alloying in umt volume of the attrltor.

in the form of the following equations:

HE

I'!. The cCHeriDrt for mc;chanlcal alloying In an allrllor Cdn be expressed

As;uming TR to be ~ 690 K for nJCkel, the heat energy requJremerll

for mechanJCaJ alloying of nickd and chromium nas been calculated and

the threshold values ior the altritor mi]jing parameters are thereby esti-

ffi"ted. Such estimares h,,-ve been found to corroborate the experimental

, results On alloying of chromium In nickel.

8.3 SUGGE~TTONS FOR FUT~URC WORK

It is c,oped that th,s d'ssertatJOll !la, provided some answers to

questions thaI MISe when one looks at the process of mechanical alloying from



a theoretical as well as practical angle. 'However, there Is cons.derable sc;ope

for further research in this ilrea. It Is still arguable whether recrystallization

i, definItely the excI~sive or even predominant mechanism of enha'lced diffLJ,i-

vlty In mechanIcal alloYing. It would therefore be of value to probe into this

questiol1 further specially by an extensive use of tra'lsml5sion electro'l micros-

copy. While the results shown here dId help in making certam order-of-magn,_
,

tude estimate, of the mean, local rISe ;n temperature, mOre specific a'ld il1gel1l-

OUSexperJmel1ts and theoretical calculations arc desirable to provide firm esti-

mate, of this parameter.

The energy balance approach to the model need, ro be refil1ed further

to predIct not only the lower bound values for the attrltor parameters but

also the upper bound values above which aJioyi'lg IS seen to be of decreasing

E!iectlveness. Having established the optimisation of the main allritor mlJjmg

parameters, It would be of mterest to study th" mechanIcal propertIes of the

reswltarH material and h(}w these properties would be affected by subsequent

consolidation and thermo-mechamcal treatmer1ts.

A peculiar feature thar Came up Ln the present inve5tigatjon is

the appear"-nce of the lIght-etching phase In the con,oljdated powder of N,-

20Cr-2ThU2. Although -it c;ouJd be ellmmated by a prDcess modification, the

exact proces> by which Its formario'l is taking place needs t(} be fully established.
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MEClil\N1CAL!..Y ALLOYED ODS ALLOYS

,,,.

,, Alloy Composi ti on
Desiqnilt:ion Author &

Affiliiltion

(

,

MA_753

DS Fe_Cr

CQ

OS_<'i

Ni_20Cr, I. SAl, 2..51'i
1.3 vlo Y20)

Fe,l6cr, 2.6 Y203

'Co,2011i,18Cr,1 Y
2
0)

Ti,6Al,4V

B'Onja:nin

Klarstrom

''-,'ilco/':

Battelle

Cabot

Bai:JJ?lIe

1970

197<1

1974

1974

,
"

OS_Fe

00.'0-8_1900
Lawn

Ni.O.05C,8Cr,lOCQ,6MO, Glasgow
7Al,lTi,4Ta,O.IZr,O.OJB,
O.6Y203

Fulmer

Nf...SJ,

1975

1975

(

,

Ni-Cr_Al

Fe_Cr_I'll

~\A-956

\'iAZ_D

,
Ni

0.'0-1"_738

0\.'\_755A

'.1 . J '". _i-> '2"3

Uci.r;\ct 700
+2.5 Y203

',C«. f.""

Fe, 25Cr,61\1, 2Y,
5 vic A1203

Pe,20Cr,1.SAI20.STi0.SY20}

Ni,16.6',~, 7.3Al,4.328,
O.8Y

Hi_l.8 vic Th02

Ni-20Cr,O.3Al,0.5Ti,
0.6 vlo Y20)

Ni, 8. SCo,16Cr, 1. 75~lo,
2.6;-),1. 7STa. 3.4Ti,
3.4A1. 1.5 Y203
Ni, O.lC, 19Cr, 19Co, .1Mo
3Cb. 2. 9Ah "';Fe, 3]'i, Y20)

~1+2.4 via A1203

Klarstrom

';j i 1 sOn

Fischer

GL::tS;TOW

Arias

Benjamin

Gessinger

Shultz

Benjamin

Jangg

",'ulmer

n:co

N;"S,;:'

j,j.,SA

I,ICO

B"C

J ~lCO

I!1CO

197.5

1976

1976

El76

1976

1976

1976

1977

1977

1977

••• ,===••"'••"''''••'''••'''''''''''•••"iiii'''••••••••••,.='.~''''.":Ii'"""""",'""",, •••••.•••• 42._"""'.".*_u;~,••..•.,._ ""'D\"*"' .••• ". _ • .2?'e':'S':1I'l!1!j""""' F;M!IMo7'c", ",,=, _



TABL2 2

DESCHJPl'ION OF PA?'l'3 ,iliO'dN IN FIG.1Sa

DESCRIPTION

SCRAP2R

,PL;'.TE

CHANNEL

BOLT SQUARE
HEAD
"0" ?Ii"G

EY!,: BOLT

"0" KING

S.".LL BEARING

OIL SEAl,

BALL BEARING

seRE':1

"0" RING

MA'l'E,,-IAL

3.3.304

-00_

-60-

;.aLD
STC:CL

-00-
NEOPRENE

~lILD
STEEL
NEOPKENE

-do_

1
i,,
i,
j

NU'l' HEXAGO,,'AL 5.S.304
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T!IOHlh P,\J('l'ICU; 51,,:;; FRml IN'l'!-;:3J<I\L 8R;:;ADl'H AI"/\LYSIS

--'- ---~--~-"-----_.-
OF X_RAY DIFFRACTIQN l.In>;; PFOFILE

-------- -----
Silicon stand"rd b Th02--------- -

H,,[l"ction Area Inteqral I,,,fl'''ct.ion Area I"t<:O'lL-al ThoclauDcJer b~eMitCt under breCldt',_
):,'1'hO

pa~tlc18Op-grccce; pronk "'Si DcgJ:ees peak
~h02 5i2",- ,

(cm2)
2 (A 0 )EJ (em ) (r<ld)

0 (rae) (ra'd)"----_. ._--
111 14.2 11.4:' 0.00345 111 13.8 25.60 0.00777 0.00432 346.7~------'_ ..._--- --------

"0~OO" 16.0 " O.OO3~O* 200 16.5 8.10 '0.00742 0,00402 368.1 0---------
220 23.7 9.35 0.00327 220 23.0 25,95 0,00755 0.00428 331.9-
m 28.1 13.85 0.00423 m 27.2. 32.35 0.00873 O.OC4~9 305.1.•__ . ._-

4\<.
•

Diff::ilction conditions: Ni-filter, Cu Ko(. 20 Kv, 12mA

*bSi for(200)was not :,,-,coroed due to low intensity, hence

obtaim,d by inU,rpolation from b-vs_ e
l, i.s ubtc1im,'d by planirnot",r rnl!i'\slJremcnt

b i,; obtaiLl"'" 1>'1An,~nt\'ar.arni1n' s r,)e-thod 01 Int~grF.ll areMdt_'~ Ci'l1c:ul"'tlo;l
tr'3E.lt,11

\:; -"- - b..."h0
2

- -'1'hC
2

5i
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'TABLE 5

""''!:b,,'-L"-,D!N~C'-C,C,",,'N'-'A"N'A"L~Y~C"DC,,-,02!''-''"''"'''!''OL,,"~S'-"~'"O~'"'--,D"Dl'~'cCcR""C'NT'!-lR"CM"-£R"U,!!NC
AT 24th AND 42nd HOUR OF MILLING TIME

AVERAGE CHROMIUM % PICK_UP % IJ1HOMOGBNSITY**" Re1ativ8 Mean % Cc**"rlS p, " " ,. "'C' '" " " ~ , , " ~
" , " ~ " ! ~ ! ~ , , " " 00" , N '" " • "5 " 0

~
0

" 0 <1'0" ''0 •
0 0 ! " , 0 "ro • "0 , rl rl ~rl ;s .,.; ••• +-' ., eno " .r- <::: N"" "' 0-:< "'''-'Ill,.., ''-; +-'~ " "~ " +-' .L:cJo-:<C rl" • ,,~ rl '.0'011 •• 0 '0 II +-' (I) ~ " "! rl " rl o~ " "
rl "~ '. "' ~ Orl~ 6 o " 6 o " '''; r:: .•..• "rl "rl~ "' .•..•t~cQ)" rl " U

N ! ." • N ,
til "' >~ 01", >~ " ,, +-'> "'<':-.-; 4-< .r:

" 0 N" '-< +-' +-' -,.; ,-<+-,+-,-.-; gJl~ :&~~ 0Eju",+-,-.-;" C 0- ,~() co~ f« .r: Ul,.., '" .c !J1,.., oS~~8 ~N!J1,..,

24 250 2.6 1.9 10.0 5.3 1.0 6.3 4.5154
e42 1040 11 7.8 42.3 8.2 3.8 12.0 8.6 N
~

24 2390 25.2 17.9 96.9 2.6 1.6 4.2 3.0200
42 2720 28.6 20.3 110.0 1.0 0.6 1.6 1.1

24 2530 26.6 18.9 102.3 1.2 0.9 2.1 1.5450
42 ---- RUN TERMINATED AT 24th HOUR

24 2610 27.5 19.6 105.8 NTL NTL NDL NDLeso
24th HOUR42 ---- RUN TERMINA'fI::D A'j'

*I31ei,l~llrcd by planimeter
** As per method described in Chapter IV and Appendi~ 2 I; -<



154 -- 0.554 1.109 -- 1.663 2.218 2.772 3.326 31~~4.435 '-' Xl05m-

e260 0.922 1.843 2.765
3~~~6 4.608 5.53 6.451 7.373 XIOS m-- -- -- "lG)

NUMBER OF REVOLUTIONS WITH INCREASI~G MILLING TIMES FOR DIFFER8Ur RPM

"'"

1<,1

XIOS

Xl05

XIOS

66

-

-

48

-

42

'"'" _ "'L _"~ __ .•.... ", "'" ' /" - ""~' .,,'"~._.;c.'e.;'••.';t\'~;'"

"

--

00"

6.480
(H )

12.240

Attcitor Milling time in hours

>8

4.860

9.180

1<"

3.240 3.78
1CT

6.12
W'T

6

1.620

3.06
TOT

3(950
8 )

'"

TABlE' G

._-----_•._---_ •.".•._------------------~----~--... 'I :~. -, ,

460

ReM

850

1880

'--
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TABLE 7

BPMALINE SCANANALYSISOF SAl'lPL8S FROMDIFFERENT

RH1 RUNS AT AB01.Jl'3.6x 105 AND6.2x 10
5

REVOLUTIONS

~, AVERAGE CHROMIUM 10 PICK_UP % INHOi'tOGEHEITY" "
0
'00 Relative Mean % Cr**, ""_0 ~ " ,

_ ~.
• • o~ o~ """ , 00_ -""

~

° ," 0" , , " " 2 ~ :, " U"""~ "" """ " 'j) ~
~ 0-.-1

~ -g,~ •• ;;l: , c~ ...."e.
-0

_
, 0 "~"~"~ roQ~ro~

I"" IH'J B 0 0 "H C ,0 " """ 0 'O~ " . 0;0'0'

o " o '~ "u , ,. " " " 0 :8 '''; '" c en
Qi .rl £-< 0,," ""

"ow 000 '" H '0 .., '" ro...<
~ " 0

,,- N ,,_
'0 ", -" ..., .c ..c o C .••• Q; "" -" •...•ro .• +J II

• ,,~ '0 •• +.l II •• ,J II " " " , '" f1)'''5",Q)
0, "' <ll _ "~ '" ., '"

0 EO u OJ

_
~ f';"~ o- F, "' ~, " " ill '0 " "" " '0 "' 0• 0 I-lrl , 0 0 o 0 ~, 0' o , o ~ H 4-l ..-I

oJ .rl U) '0" Ol-J..,ro '" '"" •• 'I< '''; g~ ~~
0 ,~ 4-l ~ " 0 Z~4-'~ .';!B~

" 0
co- co- e~ £-< 4-00..-1

5 1040 11
154 A 42 3.9x105 '.8 42.3 8.2 3.8 12.0 8.6 rl

2430 25.6 18.2 98.5 6.6 10.9 '.9 0

15' , 66 6.1:<10 4.3 0

260
5 2390 25.2 17.9 96.9 2.6 1.6 3.0

8 24 3.7:>11°5
4.2

260 G 42 6.5xlO 2720 28.6 20.3 110.0 1.0 0.6 1.6 9.1

- - -

450
5 2160 22.7C 24 3.8x1°S

16.2 87.3 1.2 2.4 3.6 2.6

H 24 6.5:<10 2530 26.6 18.9 102.3 1.2 0.9 2• 1 1.5

5 2110 22 .2 85.4 3.2 2.3 5.5 3.9
850 D 6 3.1xl0S

15.8
J 12 6.1x10 2430 25.6 18.2 98.5 0.4 0.6 1. a o. ,

1880 6 3.5 4.0x105 2005 21.1 15.0 81.2 5.8 , .8 13 .6 9. ,

*Measllred by pl<;lDimct~r
•• As per method described in Chapter IV and Appendix 2

~ • i
0 --' ---- - ,----- -----"

"



*Measured by planimete"
~" As peT. met'1od clescribed in ChaptQI; TV ar.d llppandix 2

/\'vc:Pi'.GE Ci-lRor~IlJI'l % PICK_UP

D.1liJ; 'I. ..', ~ -...;,,-.,,_".•...:::_,~.~u_ ,----.-,.!- '~.;*" "_,.~~ p-r-'_"j,,,,~~.-~_ .. 'I~-:-''-':-H~''-''';j.,._~,-"."
, I

,- INI-,OHOOE"TSITY~ *,.

-0_ 0_ - "" ~ ,, , u,, 1; E ~"~ -~ o~ ,~ ~~0 .~::: "' , 0 , '000 " " , 0 e " •~ -r! ,,~ "~ ;;: ,., co " ro
~" ~" " ""'''''''<Or-<I~ , " " ~ , '"" "' •. o'C "'r< .CO< '" "~ ,~ e C q)"o, "' " , "" .reo:J:Ej ~2l ~~

O~H.v+J'rl~n'-W":::",rl

9.e 1.8 11. 6 e .3

3.2 2.1 5.3 3.8

6. e 2.2 8.8 6.3

1.5 0 L5 L1

Ll 0.5 1•e 1•2
-_.
NIL NIL NIL ,HL

(St:r:ai~line se"n)
1.3 0.5 1.8 1•3

Tr,BLS 8---

R(>lative~n % Cr""*.

<'.

EPMA LINe Be!.;.:] ;,O!!\LYSIS OF Sh",PL,S FROI'J DIFFERENT BALLS_

TO_PO,,'DiC? \-IIo:IGHT RA'l'IO RU;~S AT THE: 42nd HOUE ~,ILLING TIHE

2432150/1

",'D:< 0
D ~ "P,IJ " -, 'I -3 -o ;, 0 ,
" D'"'1) -c ,,
,..... '-~ D ,.~- ,"r~(jJ ~,::o , < c

- ----
12/1 160

18/1 2070

2'1/1 2410
-

40/1 2620
-

SO/I 2610
----

10C/1 2610



c,.

'"

TABU': 9

EPMA LrN~ SCAN ANALYSIS OF SAMPLES FROM DIFFERENT BALLS_
TO_POWDER ~EIGHT RATIO RUNS AT THE 24th HOUR MILLING TIME

••AV~RAGE CHROMIUM % PICK_UP % INHOMOGSNE ITY""

"" Relative Mean % Cr 1r* ~
e, ,~ ,~ ~ " •' 0 ,! ~~ ! ""
o ., " " ~'-' '~.r:'O"" " ~ • * ~~ ,- <::~ '"~' , " N " ! " ! " , , ,, ro,:;~rou'1o " , , ~ " • "" H " 0 H ~.s0'g~"' , , "'" ~ "00 " "0 H ,~ "~'" - .,~ "'''-'IIl.-< N •.•"'•..• ~" '0 " " -I-'Nnlrl
o. • " '0 ! •• 0 '0 II "0'011 "' " , ~ , 040:"""'11
~ ,. ro , ,~ , ," , , 0 .r! .rl ro~ "0 11l..-lI': "'d~'O '" , - 0 .,, 0 ." ro , "' " , -I-' :> 0 <: e,ro " " , ,,~ H ...., 4' ..-l H .•.••••. ,-l

~~ ~~ ~~
o ~ H 'l_•.• .; ~

00 , < , • 0 ~<.c"'rl ",.c"'.-l E-< '+<0 •..• ~

12/1 220 2.3 1.6 8.8 8.0 1.3 9.3 6.6

18/1 250 2.6 1.9 10.0 5.3 1.0 6.3 4.5

24/1 ---- Sample not drawn ______

40/1 2290 24.1 17.2 92.7 . 3.0 1.3 4.3 3•1

50/1 2570 27.1 19.3 104.2 6.9 4.2 11.1 7.9

100/1 - 2604 1B~8 101.6 -- straight line -- NIL

150/1 2210 23.3 16.6 89.6 201 1.1 3.2 U___ e
"Measured by planimeter

Ie** As per: lllethod describe~ in Chapter IV and Appenofx 2 ,
e



VALUES OF NtW* FOR DIFFERENT BALLS_TO~POWDER WEIGHT
RATIO RUNS WITH INCREASING MILLING TIME

B",11s_
to_
powder

Attritor Milling time in hoursweight
ratio
(RJ 6 12 18 24 30 36 42 48 66 72 100

18/1 0.998 1.996 2.994 3.992 4.99 5.988 6.985 7.983 10.977 -- 16.632 Xl06
{Al lFl

24/1 1.331 2.661 3.992 5.322 6.653 7.983 9.314 10.645 -- 15.967 -- Xl06tB} {G]

40/1 2.218 4.435 6.653 8.87 11.088 13.306 15,523 17.741 -- -- -- X106( C) ( H)

50/1 2.772 5.544 8.832 11.088 13.86 16.632 19.404 22.176 -- -- -- X106(D) (J]

100/1 5.544 11.088 16.632 22.176 27.72 33.264 38.808 44.352 -- -- -- Xl06I.E) (K)

150/1 -- 16.632 -- -- -- -- -- -- -- -- -- X106( L)

( * N = 154 Revolutions per minute, t= milling time in minutes, W= balls_to_powder weight ~atio)

~.<-.. ~ _A'll ••••••.•' ; , ,,;,].1':",
~'V

t"'~4t':.j! , ,~~~JjJ;f'",", ',>-fa &'W 1*to' .. ' ,,) ."",'"",,*GI\!'Nc'';'',;;:'-~,'~' ~ "",r--,~l,.t~.• :~;,.~ - ~ ,. '" 1""'-" __ .. t ••

TABLE; 10



-;'v

- ""'" -..."" " -" --A..,'- .. , .~~r .ltio!'lt t7t'.1-, ..••••'''( 'z;r- ~.JiIi~tliUllJo',A'J!, _ , ""W.,~

TABLE 11

EPMA LINE SCAN ANALYSIS OF SN1PL8S FROM DIFFERENT BALLS_TO_POWDER
WEIGHt' RATIO RUNS AT NtW OF ABOUT 1.1 x 107

AVERAGE CHROMIUM % PICK_UP ,INI-'OHOGENEITY" *,
" '0

Relative Mean % Cr**, ~
" 0 '0 ,~ ,~ ~ ~.' 0 0"' " ~, a , ""00 eo. , " ,,~ U"""" 01 0 , ~ ;;., ~ "~ "~ ,~ C~ •.•<!.' " " " " N

~ " , "5 , 0 " roC:S",en'" " H 0 , "~ " • " " " <1)0,,'0 ," , ,
" " "00 • "0 >0 '" "~ :t..-l\OCtD'" 00 " ~ " , "'''-'''' ....• "14-<"'..-< '0 " '0 " .j..l '" "' ••••"" 0" HO , " " •• 0 '0 II '.0'011 "' " " H" .-<('J"+JII

HO rI .'_ '0
~~ OH , ,, 6 00 .r< -rl 'H 00 "'.,.. E V) OJ

H '0 H " ,~ ~ 0 0 ." , • 0 , " , " " , ""'>0 <:
U ".-j '+, .c '" n H +' •.•....• •.• +' •.• "r< 6;6 ~~ ' " 00)"'''"-10' ;;;0- ~, <" " 0 '" -<: "' •.•.• rx. .c "' rl HO E-<0 4-< 0 •..•

18/1 66 A 2430 25.6 18.2 98.5 '.3 6.6 10.9 7.8-
24/1 48 8 2380 25.1 17.9 96.5 - 2.6 2.9 5.5 3.9

40/1 30 C 2410 25.4 18.1 97.7 2.5 1.9 4.' 3.1

50/1 24 D 2570 27.1 19.3 104.2 6.9 4.2 11.1 7.9

100/1 12 E 450 '.7 3.1 18.1 1.3 0.5 1.8 1.3

*MDesllr8d by planim8"l:er
** l\s per mothod desccibed in Chapter IV <lndl\ppendix 2

! i. ,i, •• ••



j'e,: 'P.? "lAt:t'S'bbM' 'IDN'''' "I~ 9(01.' f ~"MrJ!f1~_'i~~7~ '9l X~~ql!=lji~:W'W*W~~~~,
_,>V

TABLE ,-1 2

8PMA LINE SCAN ANALYSIS OF SAMPLESFRO~ DIFFE;:<Et.'TBALLS_TO_

POWDERWEIGH!,RATIO RUNS, AT Nt''''' VALUEOF ABOUT1.7xl07

AVERAGECHROMIL~% PICK_UP % INHOMOGENEITY**
Relative Me~n % Cr**

" "
~

, o~ ,
"" " • • • ,~ ,~ ~ U •

6~ '" " " " a a , "
.~ 'tl: , " "~ "" "" ~.c'O'" ,

~
~ -g,

~~~ ~~6 "~"~ ,~ e !..- l-J":f.
' . "rl 0 N , , ,, fOl::g-roEn
" "

~~
H,g , , .- " . 00 "0 , 0 Q)O'O.t" " u \Oem ill '0 ,.

"0 " '0 ;;:""\0<:0:>
,. ~ ", "rl N 'rl ." rl" " -I-J"'ro •..•

"" '00 rl" , • •• jJ II •• ..., 11 ". "' rl, ••.• ro •• -I-JII
rlm rl " . .•~~ 'rl ~ t/j ~ ' '" • '0 "0 "0 fO.,.f E " Q)

rl

rl '0 rl , ,~ , " , ,,
"' " , ..., > 0 0::

', '0 " " " '" "". ""rl g~ ~~ ~~ °81l-JII-<.,., ~

., "" ill" <U
" 0 "rl ",rl

f-t 11-<0 ••.• "18/1 100 F 2250 23.7 16.9 91.1 2.1 1.2 3.3 2.4'
24/1 72 G 2360 24.8 17.7 95.4 5.1 2.3 7.4 5.3
40/1 42 H 2620 27.6 19.6 106.2 0.9 0.6 1.5 1.1
50/1 36 J 2780 28.4 20.2 109.3 2.6 1.7 4.3 3.1

100/1 18 K - 26.5 18.9 101.9 -- straight line __ NIL
150/1 12 L 900 9.5 6.8 36.5 1.5 0 1.5 1.1
*Measured by planimeter•• As per method described in Chapter IV and Appendix 2



TABLE 13

EPMA LINE SCAN ANALYSIS OF SAMPLES FROM DIFFERENT

DALL DIAMETER RUNS AT ~2nd r~UR MILLING TIME

~'V

.'~td-•.~,,,,,',,••-H'.-:~"" .@ll-' _ ••• ' I r 'f; '?t"f~'~-.r:i@u~~,~~~.!)!~iin~!4jj'iJrr~'~~_"i

. I
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TA8L8 15_ .._--

-
COHSHIATICNS OF STARTING ?ARTICL£" 512<':3 O?

NICI'-'o:L AND C-:RCf'JIUl'i PO ,'D2"S

-- •• ------- 0 ---

Ave~aqe p~cticle size
of ch,~mium powd8r

(micro~s)

Ave~ag~particl~siz~
of nickel p01-1cler

(micron,,)

----------------- .._------------_._-----

Heir.
Icl.",ntif iea ~io:1

-----._._- -----

1
j
.1
1
1

1
l
.!

I
8/43 8 45

rlj12

25/45

25/12

"~
8 " ~

25 "
25 12

!

",'

.

:~-.....;..:::::..

\,, ,.,
"

I,
-

._._---~---~-
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TA81£ 16

, "
.c "'! "'C c
2ro.,.z
"' '0 0'"' <: 0
'" '0 '"""•• -'-' II
~ "' (1''" ," ~<'M

>" 0 rl

86.2

22.7

99.2

94.6

4.2

17.5

5.9

24. 6

060

RiClative ~\"an % Cr~

" c'-' +-'- .c'Ol)
Q) r::: r: '-'C~
'G IOf'" COel)
c ~ -rl_ E;'L:'
"<'J OJ (J) co c: (l)

2 .co: N(JJ,..,
~<1JE '," "+-'11

" '[> - c ,.., _ E U) <1'
([J -, moe
'-';1 "~r '-'4-<-.,

<CO ;so r"o",

2130 22.1 15.9
'---,

2450 25.8 18.4

2340

AV~RAGE CHROMIUM % PICK_UP

18

'"

",o~
"a' .cro-

-" v"~0,
g'~

'M to
~
~t GJ
~r

;,--; +-'

18

"s

"5

'5

n

"

co
S <:;
00
~"F. :.J,~
cor~
u

8

8

25

•,
_. 0~,"
,'~ U
:.J ,,'-., E:
~~-

25

c."PitA LINE: SCAN i\nALYSIS Of' SAi'1I'LC:S F_'WN RUNS OF DH'?E:R211'r STA:<TING

PARTICLE SIZes OF Ni AND Cr- AT 48th HOUR HILLrO:G TIME

Stact.in"] hV~J:age
coClrt-lele size
" (t'i ~',,~d

8/45

6
,~

"'",
,~

"
,~

",
""",

0/12

,,"

25/',2

25/45

*~.lec.sur£d '='y pli.Jnirneter

*'A[j ~er method desC'r;j.bcd in Ch"pter IV and Appcnciix 2

-------------- .-_.'-_..' ._.'_0_ .....1'. •.• "•••• _ ••••••••••• ' ,,--",",)'" "".'_ •• '.2'.'""'"•••••••••~."-- , ••••• t ••• T _. __ • -, __ , ••• • f .. \0, ~ .
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•

OF' ALLUYING FUll DIFFlcR£U:;: BALL Ri'.TIUS

,)).;'1'1, OF S;'.i-;PLES OJ<'!H~HMU.'j ~lILL1,,'G TIME FOE l'iAXIHU~_1* 2FFSCrrV2NESS'

"I'I'Ii,II
II
"I,,

"~o

,
\

1.66 x 107

Cor ce sponcJi ill}
['It'.; vcdLJ'=

1.55 >: 107

5.8 x lCJ

1.94 x 107

1.66 x 107

l8/1, .JO/1, 5<."/1
in this taole_
to be clo,,(. t:::>

o

u

1.1

1.2

1 •4

Inhomogenei ty
oercentage

.

,,

91. 1

Ch;:O'llium pick_up
as p<:>rcent<Jgce'
0.'; 'stanCard'

sample

106.2

99.0

109.3

1. 01. 9

02

"

lCO

18

"

't~j.[11mLJm '
milling
t ,im"

,
-::-_,:;=_~O',_

--------- --'---~--------

I

4 0/1

'.G/l

SOli

HJC/J

G.,,11 ,,- ~o-I!C,';d"'r
',i';,ight '2"';io

--.'- - -----------~------

i50/1

* ?~."e:;"f,,:ctiveness of alloying CQuid be ,improv"d £u;;"th"'r for bnll ra'.;:io
s

oS'
,2'"J 150/1 '"ith m,Lllinq times better: t:!lan corresponding milling times I)ho'~'n
f!'.):cv",c" 1;0, t!,,~m.ilJ,;n) times :;ilO,;n, tile) ("ff,,,c~,iven()5~ of alloying is s'Oent!x' rn,lx.imllrll levels,

-.__ . --



------------ ----_ .. _-_.__..-------_._._--------------------------------_.

-------------------------_ ... _-_ .._-----------------------------

\

~
ro
o

. ,I,,~•••..:

•

I,
••

790

""

m

6200

~ "L '1(:,

Average particle size

"

•.f.;i
• •

e

TABL8 18-_._-

154 "PM,6romballs,
18/1 ball ratio,
8 II Ni, 45 II Cr
48 hours milling

260 RPM,6mm balls,
18/1ball ratio
8 u ~i, 45 II Cr
42 hours In.i.lU.ng

Brief history of
attritor milling
condition"

154 RPN,8~.nlballs,
13/1 ball ratio,
S uNit 45 u Cr,
42 hours milling

154 RP~l, 6mm balls,
18/1 billl ratio,
S u Ni,12 L1Cr,
48 h'd'ui:esmilling """'\' '-:l'

MILLED AND HIP CO~lS0LIDA'l'CD 2A"lPLE:S

(Corresponding to Fig.63)

~

~'V

1\\i"Hl\GE P,.'\I<J.'ICL8 SIZE OF Tli01UA DIS'I'IHElU'l'ION IN ATTRI'.i'O?,.. --~~c~~ ~~~ __ ~~co~ __ ._.~_~ _

__ ~-.-c<

A

e

c

D

Sawple
Ielentif iCiJtion

j
---- ~-.,--~ --~......•..•.•..



"o
"

0.259

lrotegc-al line
breadth
b,28 )
(Degrees)

250

~V0rag~ microhardneS5
HV/IOOgm

S~mrle
H"LstOL-y

- 'rt,GU:: 19

Stilno<lL"d POHd.,r,
V<'CU"t,1annealed
at 980°C/2hr

X_RAY LINe: 3R.e:ADTH ANALYSIS OC' l'.TTfIlTOH HILlED FOdDERS-----

,;

Standard PO'..••dor,
after attJ:"itor

700 1.226millin<J for 72 hrs

- ---Ni and Cr powdersC at':ri~or milled
800

1.223for 72 hrs

.=amp1."
D""oi::""ti,o:J

--------. -'--'-'-- ------------'-------------c-- __

-------------

._------- ------ --------- -------- -------------- ---------

o SarLple'C' after
v,"cuum anne<lli.ng
at 980°C/81,r 380

0.202

=
,_ __n _ ~ -:5:_,~;;_~~;,~:.:::~='.~-<>-- ~ :-.,

--- --..-...-.. .-
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TABLE 2C

?,~TIO OF PO:AK":TO_PEAKHE1G~r 0;" ~ OF Ni A~,m Cl:' AF:i'2R SPUTTER E'l'CHI"G

[,'OUR PAHTICLE:S O~' t-l<:CH'!\~IlCALLY ALLOYED Ni-Cr-T~(l2 PO'iiDER

,.
;

,

I

G-~ptc,of et.chin']

13SA"

950A"

P"'cticle 1\

2.<

2. 2

Particle G

2 •2

2.0

Particle C

2.6

2•5

Particle D

2.0

2•3

~
m••

Iii,I
I

II~,
;i~



.- TABL':;; n
l,vO:Rf\C,E tHC,:"CI!M,j)NESS Vi,-LU;~S Of? SOl!;':: .;'L'TRITCR j>HLL:.W PO,,'D:::R SAi-JFL2S----------------------------------------

,
---------------------- " ...------- --------

::3(~.1iL'LS llIS:rCHY

Lo"d
q~

hV2RAG~ MICRO~ARDNLSS
(Avcra~:c of abO'..lt 10 rea6in:jS)

H"

--------------_ .._---- -------------

----------------------------

--------------------

910

m

m

440

790

3"48

~, ,.-

10e

100

10e

100

'5

25

•
-",-._-..,.

-- ---,-=..----",-' "'-""'--'---------" -, ,

tTl (, Cr; at'c.,itor milled
'It 1')1. r<.l?~,for 42 hours
(vll,,-hout thorial

""i, C:- and tllori<l dt"':;J;"itor
milled at 15". J<PNfor
48 hours

Tli & Cr a'.:t,itor milled
at 260 ~PM for 21 hours
(',-.'ithout thoria)

Ni,Cr a~d tharia attritor
mill",,:::' a!; 260 RH1 for
2" hours

Only Hi powder attritor
millcod CIt 154 HH1 fOr
25 hours

Only Ni pO'.'ldcr attritor
",iHed at 260 RPM for
25 ~ollrs

"'---,---
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nisLE 22

_EH'A LD)S SCAN AUALYSIS O~' SAHPL2S .'IITH AOJD,',HTHOl:'.r THO,,-IA

---------------- ----"'------------------------------------
AVERAGE CHROI'1IUM % "ICK_UP

Relative Me~n %Cr**
;.( It\'HOHCG'sNSI'IY **Sampl",

Hls::ory

~
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"<

OJ UJ,>-<
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+-' "'-'", tl' U) .c,
-rl <;'ric

""-~Z"
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"~,, -.• 'J'"<:J :> ~
'" "" "~" ,

"-00
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u.c: c-~,~
"1) 4 [::::0
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"0'011
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, "E "0
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DH'?USIVITY Ot CHi-W~IIUt',IN NICKSL FR(;'~ CHIWI~WH LAlELLAE THICKN:':SS--
----------,------,-----'---------

x',D ~

Corresponding- DiEfcsion
Coefficient for Cr in tTi
based on

t-1icJ:'ons

Approximate reduction
in thid,ness of Cr;
lame11!).8 (Average of
10 reAc1;LngsJ

-

:.;~lling time interval
of t:'e '>"'''\pic

x Cr thic~nessreductic~
t '" milling ti,ne in seconds

e
o~

f',o:n 6th hr to 18th hr 1.0 -13 2/2.3 x 10 C[;'l S,'OC.

["co," 12th hr to 2t.th hr 0.9 -13 2/1.9', x 10 em sec.

?ron\ 2c>t:!1hl; to 30th he 0.5 -13 21.2 x 10 ern /~ec.

lIvorilCJ8 cliEI'usivity'"' -13 22 X 10 C:n-/S0C.
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APPENDIX

."'.. [,REPAI~AT10N OF TrIORIA

Thor;" Jrl Irlle, particulate form JS generally prep:lred by the de-

composItIon of th"rlum hydroxJde. The method followed JIl this wurk for obtain_

irlg thorium hydrOXIde 1"25 t" preCJpltate it by addIng ammonium hrdroxide

to thorium nitrate. One liue of 0.41\1 solutIon of ammonIum hrdroxld" was ac!d-

ed to one litre of a mechanLcally slirred solutIon O.IM thotlum IlJt<:,ate solution

at 90'C. Thorium hydroxIde Jrl a 8,,1 like form wa, preclpir<lted as per the

following ,",O<lctJOn:

It was filtered, waseled thoroughly with hot waler and dried al 100°C. It was,
subsequently decompo,ed at 600"C to get Th0

2
. It was then crushed In a I"bora-

tory grmder. The average particle SIZe [If the thor-J", as "led,ured b) X-ray

ulffr<\Cljon was found to be 330Ao.

(. B. l-'REPARA nON OF Ni-2 fh0
2

., -
Co-preUpJlall[ln and 5eJecrJVe reGuctlon meth"d was u,ed to p,epa'-e

powder of "'ckel containing a unJform G"perslon of fIne lho, Ja partlclf'S. The

<lim wa~ to prepdrc ["ekel carltalnJng 2 '.'olum" % (2.-'% by weigelt) af ,haria.

-- - --------- -



•,
To O.j5M nickel "i:rCitc SOI\'I;OI1, approprratc qU.'lJltJty of th"rium

[]Jlrate \',a, add~rl to make 3 jitres SOlulian, wnrchwasnroughl to " pH of 6

WJ':l ,iN NH40H solution.
The re<;ulling solutIon \Va, hc"tecJ to about 90"C

- 2nd 2 litres of " hot SOlution of 1M oxalic acid WilS added to it, whIle ,t

is being rnechilnlCcdly ~tirred. Stirring WilS cmltirllled for about J hours. The

prec;ipilalc Is an intimate mIxture of nickel and rhorium oxalatcs. The precJ-

•• p"atlOn re"C1JOns "rc:

,,

The preCJp'taIe was fJitered and washed severi'll limes wjlll hot

form.tl1o{la in a fmely dispersed

While thorium oxide rernaJned linreduced, nickel

The oxide mJxtllre was reduced i" flOWing, dry hydrogen at about

"" Intimate mIxture of nickel arid thorium oxides was thus obtaine<i.

\Va,,,r "nd dried at about lO[}"C. The dried oxalate mIxture \Va, then heille<i

slowly 1[1 air to about 60WC and iTlaint"ined at thiS ternpe,ilture for about

3 hours.

930"C for about 2 hOllrs.

oxide w"-s redllced to nickel. It contdlCls the

The decomposirion a"d tedur:tion teilctJOnS are:I

'.-•
'.

Th02 T le0
2

- lCO



1hort" dJ,;trJbution If] the resTJIHlrll powder 'Was checked by tr"",m,-

,,,on electron rr"cro,c(}py. The average; particle size of thorj" In the Ni.

,
•

2 Th02 "'CIS found to be auout IOOOA".

,
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APPENDIX 2

COEflC1V!TY MEASUREMENT

ThIs Ar~endJx l:>rjelly describes the rmncip!e of c;oercivJty rneaS'Jre_

menl with the Preciso" Coercive Force Meter Type 1.094 of IrtstiTut Dr. Poster,
- - neutjing (FIg. I7).

reqUJred to brin;;Hc
Co('rCJve force " Ihe opposing fIeld 'trength

the rnagnf'ljzatiQ[] Jntensity J or the ;nductio[l e '0 7ero Jrl a materia! folJow_

Jng vev,ou, ,aturaIJo[] magnetil<itJOrt. Physical rnatcrJa] cioarclcreristic;s 'ur:h

a, 5Zlurat'on, remanence, cOfldlJctJVlty, density, etc., may vary' through val..,,,s

of, ~t the most, I\',o orders of magnitude, wilj[e coercive forc(> 2nd perme2_

bJllt,. values may vilry by f've arde,"s of rTlagnitudc. I-!owcve,-, while permeabJ_

jJt~ measuremelllS arE sensitive to the physJcal shape of the ,ample, c:oerCJviry

is e;serltiaJly-indepcndellt On the geomelly of the silmple.

t\ magnetic fJela w!l.",

rhe fip.Jd strength required lG cause the magneli7alJon- J 'to

For Hc measurement, the :;ample JS magr-.etizcJ. 10 5ilturalion,

Opposile poJar'll' i~ then ilppliec' to the sample and lrlCre2;ed urtt;llhe magnetizi\_

t'on J J, 7ero.

g" I,) zero" th" coe'ci\'ity, H
c
.

,
l ,h"", the saluratiort field ;lrertgth JS reduced t" zero.
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,! ,, ,
I J 0 lvlagnetizatlorl Inten,J ty

" " Saturation M"gnetlz'-ltion0

~ R 0 Remanence Point
",

S 0 Saturation Point

H 0 SaturalJOn Field Strength,
H 0 Coerc;v;tys

For determJr1atiOrl oj H

"
JS necessary thai the devIce which

The PreCISion Coercive Force [I,'!eter JS consIrl'cted

ind'CHe, the m"gnetlzation J do"s not also indicate the oppo,;ng field required

for the H meaSuremerH.
S

to meet this requirement. The Hc value on the panel meter JS the facror H
c

expres,<ed In Oersteds.

Thee pr incJple 01 operation of the H1struments LSbriefly as fOllOws:

an A.C. voltage from a vat ,able control transformec is rectified. filtered. and

then as a D.C. voltage IS ilpplied through a polarity revers,,1 switch to the

field cod or to the electromcgnet;c yoke which produces th" saturation field

,

strength. The sample may be silturated In both the COil or the magnetization

, yoke If the necessary saluratlC'n inductIOn i, attained.,
,

When measuring sam"les with coercive force v"lues mOre than

1-2 Oe, It 1$ noT necessary to compensate The ,nagne,ir; earth field, it is only

n~cusar\, I" "ri"nl the longJIlldl,lal axi, of tile leS1 coil 'n [">I-\Vest direction.

\



~.._---- --

", ~";

193

APPENDIX 3

Ai'ML YS1;, OF !:PMA UNE SC/\NS

irm pJck-up calculatJon

.,
"il
i,

I
I I
If::.,

,
I'

II '
~

I'
II

CH'<:~OMIUML1NE SCAN, ,
" , ,

"
,

I
I
II I. gO """ , ,I

FiG. B

Th,s Appendix deoCfJhes the method used in cil!cu!ating (il % average

Fte,. A

'm,urrl !lick-up. ;:[[lei (JJ) % average inilQrHogeneity from the phO!ographic

-rds of Jjne 5Cil.m of chromium Jr1 flecron Probe> Micr-o An21ys" (EPMA).

Fig.A JS the- chrom;u,n lin~ SeQn of the hOrllof,e,~jsecf 'standi'lrd'

'yed pOlVd", of N;-Cr containing IS.5%Cr (by chemical al1<111',j,). Th"

.'1l 26 mm irorn the ba,c line and tillJS "rty straighI line se2n, obr2incd

!

\



u"der ,arne: condition", dppearml; at 26 m," he:i!;hl reprC5ent, 18.5% chromium

in the sample. in other •••..ords, 100% of thco 'standard'. A straight chromi"m

1mI' at any ocher height can thereforco be converted to actuill percentage of

chromiurn or expressed '-I' a pc:rcentagc: of 'the chromium content of the "tand-

"rd' line arLd this accordingly gives the 'average chrorTlJLJm pick-LJp' in either

% chromium Ilself or % of stand",d s'-Imple's chromium coment.

Since the line scarL' of the anual samples Me often wavy due

to inhomog"neily of di,tribution of the chromium In the matriX. the wilvy line

SGm must first be 'converted' to a representative straight line whose height

from the ba:;e level can then bE' u5ed to get the average chrorTlJu'm pick-up.

As the' ,canned dlstaclce in ,h" particlco given by the b",e ler~lh i5 kept COll5tant

at 50 '" all the Ca,es of analysIS, the area under a wavy curve IS notionally

,
"

eCl'"valent to the a\'er~ge of a rectangle whose length i$ the scanned dLst,lrlce

i" th" panicle and whose height IS tile representative mean h",~ht of the chromi-

urn lme scan had jt QE'en a 'tralght line. Thus when the me~sured ,,-rca encloscod

by the wavy line of an ErMA lme SCan photograph of chromlum JS divided

by the base line length of 90 mm, One gNS the mean height of the wavy line

which IS then convened to the % average chromium pICk-up.

Inhomogeneltv calculilTJUn

The w"-, Inns 01 (he c:rM" line sca" weh as til" one sClown III

fig.B ;, a ,'e,ult of di,ulburion of the sc"nned
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lei 'valleys'. ",ch as poi,,,; f\ to K in fig.B i]fC mec._,urcd.
Thc d,ffercncc,

..I which each of th"se heLghls ;'; more or leS5 lhan the mcan height of the

pre"lQu,ly dnerrr1Jf,cd. ",c aver<'_gerl to ?,Jve positive "nd

the total me3" de,iatiOI1 of the lIne scan, whlch is converted "[Q % chrorllium

verage dev;"t,om from the mean heif,h\ lev~l. The sum of these twO aVf'rage$

The extent of ;)Ve,age inhmj)ogene'1:i - can thus hc 'expre-
eight = 1&.5% Cr).

Y USJrlg the calib,-"tc'd heIght of til,,- 'stan~,,,rd' c:'romillTn I;n" '(J.e., :1.6 mm
,

sed in terms of % chromium.
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