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5YNOPSIS

Oxide Dispersion Strengthened (ODS) alloys contain a small yolume fraction
of very fine oxide particles, typically of 100 - 100DA® mean particle size, in a
metal or alioy matrix. ODS alloys are noted for their superior mechanical proper-
ties at temperatures approaching the melting point at which strengthening by
precipitate particles becomas relatively weak. Most  of the rmethods developed
to produce ODS alloys suffer from a common Limitation of the severe difftculty
crli jincorporating into the matrix highly reactive solutes like chromium, titanium
and aluminium which are particularly needed in superalloysio confer solid solution
strengthening and precipitation hardening. A novel method, called mechanical
alloying, developed in recent years oOvercomes this lLimitation, as it 15 capable
of chnbin]ng the incorporation of an oxide dispersion with the incorporation of -
reactive solutes. The mechanica! alloying technique essentially consists of dry-
blending the constituent powders of the oxide, matrix metal and solutes in a high
energy comminuter mill such as an atiritor.
4
The overall cbjective of this dissertation is to provide some insight inl:o
the mechanical alloying process from a theoretical as well as practical stand
—point. A typical ODS superalloy, namely, NJ-ZDCr—EThDZ ts chosen for the subject
of investigations; the alloy should have all the chromium in selid solution and

thoria particles of a mean size of about 300A° should be uniformly dispersed in

the alloy matrix. A labaoratory model of an atiritor has been specially designed

and fabricated to carry out the mechamical alloying experiments.

L —



i

Successful mechanical alloying s primarily dependent on the mechanical
crergy input given to the attrl;mr which in turn is a complex function of several
variabies involved in the attritor milling operation. A detailed study has therelore
been undertaken to examine the effect of the milling parameters on the degree
of mechanica! alloying of chromium in nickel.  The milling parameters investi-
gated include, among others, the following: the attritor speed {RPM), ratio of
the weight of the grind]ng\ balls to the weight (IJf the powder char;e, diameter
of the grinding bails, impeller geometry and starting particle sizes of nickel and
chromium.  Employing Electron Probe Microanatysis (EPMA), the ‘effectiveness
ol alloying' has béen quantified in terms of the average chromium content picked

up in the milled, compaosite particles and the degree of inhomogeneity of distribu-

tion of chromivm within thermn.

Siudies on the infleence of milling parameters on the efficacy of mechanical
alloying yielded the following results. The rate of alloying, in general, increases
with increasing attritor speed, balls-to-powder weight ratto and ball diameter.
The results also supgest the existence of certamn threshold values for these three
parameters below which effectiveness of alloying would be so poor that extremely
long milling tmes would be required. Furthermere, an examination of the exper)-
mental data has enabiéd optimization of the milling parameters. Thus, for the
attritor design used, the optimum speed works out 10 be about 355RF‘M, cptimurm
balls-to-powder weight ‘ratio is 35/1 and the optimum ball diameter is 3mm.
A triangular shape geometry for the impellers of the atiritor appears to be much

3

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

of initial particle sizes show that the particle size of chromium has more predomi-

ﬂ =
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nant effect on the degree of alloying than of nickel; the finer the chromium parti-

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

1t 15 also noticed from transmission electron microscopic observations

that the distribution of thoria becormes optimum when the milling parameters

are optimised with respect te alloying of chromwm in nickel. A magnetic coer-

civity ndex hasi.been found to be useful in monitoring qualitatively, the degree
)

of mechanical alloying. A ‘peak-crossed drop’ in coercivity is found to be invar-

ably associated with samples which I';ave undergone satisfactary alloying. The

peak in coércivity is attributed mainly to the attainment of a relatively high

degree of cold work in the milled particles.

The gquestion of whether or not mechanical alloying is true alloying has
heen ecxamined In som= detail.  Using the results of x-ray diffraction, EFMA and
Scanming Auger Microprobe Analysis, it bas been possible to conclude that mechani-
cal alloying can lead to the farmation of a true, homogeneous solid solution of

chtamium in nickel.

An 'energy balance' model is proposed In the present work to relate mechani-
cal alloying with attritor milling parameters. Here the heat energy required to
cause alloying of the solute is balanced against a kipetic cnerg-y expression involv-
ing the three principal milling parameters (attritor sp eed, ball-to-powder weight

ratio and ball diameter). Based on the results of some mitling experiments with
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and without thoria, an enhanced diffusivity mechanism is proposed to explain
the relatively low temperature diffusion of chromium in nicke! observed in the
mechanical alloying process. The enhanced diffusivity is considered to be zrising
from the localised dynamic recrystallization of the cold worked matrix due 10
the local rise in temperature during ccgllisions 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 during atiritor mulling te the level of the
recrystallization temperature of the cold worked matrix metal.

Chapter [ introduces the reader to the various aspecis covered in this
thesis. Chapter Il is a concise review of the properties of oxide dispersion sireng-
thened alloys. The different methods of preparation of ODS alloys are described
in Chapt;r Il wherein special attention Js paid to the technique of mechznical
alloying. This chapter concludes with a note on the scope of the present work.
The experimental details on the arttritor design and the various techniques emploved
to moniter the mechanical alloying process are included in Chapter 1¥. Results
on the optimisation of attritor milling parameters are presented in Chapter V.
Chapter ¥I is devoted to a discussion on whether or not mechanical alloying is
true alloying. A model for mechanical alloying 1s presented and discussed in

Chapter ¥iL Chapter VIll summarises the work and lists the conclusions.
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CHAPTER. 1

[NTRODUCTION

Oxide dispersion strengthened {OD3) materials are known to possess remark-
able engtneering properties that include high yield strength, outstanding creep
resistance and excellent oxidation resistance.  These materials generally contain
a small velume fraction {about 0.0 to 0.03) of hard, second phase p:;rtic]es of
a stable oxide in an otherwise homogeneous matrix, The particles, which are
usually in the range of 100-10004  diameter with typical nterparticle spacing
In the range of 500-50004 ¢ are mcoherent with the matrix and remamn stable
upto very high homclogous temperatures. Even at the small volume fractions
of the dispersoid, the increase in tensile and creep strength s impressive and
persists upto temperatures clese to the melting point of the material where
strengthening by other mechanisms becomes weak. This class of matertals is not
news as early as 1910, Coolidge {1} used thoria dispersed tungsten for filaments.
Jeffries (2} also studied how thoriated tungsten could stand long hours of high

temperature exposure withour sagging.

Enginecring applications of dispersion hardened materials preceded an under-
standing of the mechamisms responsible for their unique properties.  Ever since

the advancement of the concepi of dislocations in solids, there have been numerous
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attempts to relate the deforination behaviour of these materials with varied forms
of dJSilCICEtiDn—d'IbPEFS{Jld Interaciions., Several theorctical moedels and a weaith
of leperimemai data are available in literature explaining the deformation and
oxidation behaviour of dispersion hardened materiabs.  Some meodels have heen
overtaken by newer experimental data; yet a quantitative understanding of deforma-
tien and oxidation mechanisms is still incomplete.  Thoria in nickel {3, alumin’
m aluminium (&), silica n copper {5), and thoria in nickel-chromtum alloy {8) are
some of the extensively investigated ecxamples of ODS alloys. Chapter Il presents

a brief review of the important enginccring properties of CD3 alloys and the

several theoretical models explaining these propertics.

Most of the engineering properties depend critically on a uniform distribu-
tion of the second phase particles in the matris. This 1s not &s easily achievable
in ODS systems as jn precipitation hardened systems wherein the second phase
is grown I situ  from a supersaturated matrix. A variety of powder metallurgy
techniques including some chemical methods have been developed to produce ODS5
alloy powders, and these are concisely surveyed in Chapter [I'.  Most of these
techniques however are not urversally applcable; alloys have to be tailored 1o
suit the technique. This limitation is especially felt if recaciive solutes are 1o
be the alloy constituents, Additions of reactive solutes to the matriX phase are
needed I advanced technology ODS superalloys tor precipitation hardening (e.g..

titanium and aluminium) or even for increased ductility {e.g., zirconium and boronl.
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A novel powder metallurgy method of introducing oxide particles and re-
act-jvc salutes uniformly In a mictal matrix was first pioncered by Benjpamin (7).
He introduced chromium, titapium and aluninium as well as zirconium and boron
into a nickel matrix along with  yttria by dry-milling all the constituents together
in a high energy balltsmill called ‘attritor'.  In this technique, which he ‘namead
"mechanical alloying', he was able to achieve uniform interdispersion of all the

)
alloying constituents and the oxide particles as well. The phenomenon of mechani-
cal alloying and attritor processing raise some questions and this dissertation
is primarily an attempt to provide answers to them in qualbitative and quantitatrive

. erms.

For following mechanical alloying, NJ—EE}Cr-ZThD; 5 chosen as & model
alloy in the present investigations, This alloy, which has been extensively investiga-
ted by Wilcex and his co-workers, represents a stmple combination of a reactive
solute and an oxide dispersaid.  To analyse the degree of alloying, several experi-
mental technigues [described in ChapterIV) have been used in this work, which
mainly include magnetic coercivity measurements and electron probe micraanalysis.
These toois have provided a clear p]cturel of the degree of alloying as influenced
by a variety of attritor milltng parameters.  The miling parametgrs could be

varied over a range of values in a specially built attritor described in ChapterlV,

*
Chromium 1s 20 wjo, thoria 1s 2 vfo and rest nickel in this composition. Hereafter

all percentages of oxide dispersoid refer to volume -percentages in this work,
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The results of the experiments on the effect of milling parameters on mechamical

alloying constitute Chapter Y.

A relevant guestion js whether mechanical alloying 15 true alloying of
the solutes. The, problem has been examined in this thesis in Chapter VI using
A-ray diffraction and Scanning Auger Microprobe analysis.  Alloying of any kind
must invalve diffusion of the species and slolit 15 desirable to know what kind
af diffusien mechanism may be operating that enables mechanical alleying to

take place Jn an attritor. Chapter VI! of this thesis discusses a possible diffusion

mechanism in the light of some experimental results,

Chapter VIl tzkes this study further leading to an 'energy balance' mode!
that relates mechanical alloying to process parameters such as attritor speed,
weight proportion of the grinding balls, and ball diameter. ‘M:ch some limitations,
the model is capable of predicting the main process parameters of attritor rnilling.
The results of the work are summarised In Chapter VIl wherein the main conclu-

slons are alse indicated alongwith suggestions for further work in the area.

‘R
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CHAPTER

PEOPERTIES OF OXIDE DISPERSION STRENGTHENED ALLOYS

2.1 INTRODUCTION

<

OD5 alloys are uscful at temperatures where coherent particles DT eCIT.—
tated from an alloved rmatrix coarsen and even dissolve.  Thermally stable meotadliz
oxide particles are commonly preferred as the dis;mrsc:-jds n ODS materizls o
ensure that degradation in properties doesnot occur as a result of growth cr
decomposition of the particles during high temperature service. The chojes

of the oxide is governed by same of the following main considerations:

i} the oxide must have a large negative heat of formation, and

preferably have no alletrapic maodifications URTo service temperatures,
ii} It must have negligible selubility in the matrix,

i) it must have negligible reaction with the reactive solute elemer-:

in the matrix.

A 1977 review {8} has compiled numerous case histories of dispersian
Strengthening of  as many as 21 metals with different oxides, describing the
resulting propertics and ¢haracteristics.  The development in the fifties of SAF

{Sintered Atuminium Powder) alioys {9), which have MEDB dispersian 1n the renge
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of 5 ta 12 volume % in an aluminium rnatrix, stirred greatcr inlerest in dispersion

strengthened  matersals for engineering  applications,  Because of its enhanced
heat-resistant properties, SAP was a candidate material for nuclear reactor cladd-
jngs and automotive engine piston compeonents {(10). NJ-EDCr—ZTth COMpPOsitian
'{desjgnated TDNIC, also called TDNICE) m sheet fCII‘:II‘l was developed {6} in the
early scventies as a successor to TD Nickel {Ni—ZTth} (3} for potential apphica-
tions In gas turbine combustors/vanes. Ewven prior to thus, some properties of
Nr-20Cr-2ThO, were investigated by Grepory and Goetze (11). Copper disper-
sion hardened with about | Vol.% H1203 which could retain the electncaf conducti-
vity at a useful tevel of about 85% [HCS* became commercially available (12)
for electrical contacts and similar applications. The typical magnitudes of im-
provement in yield strength, creep strength and oxidation resistance respectively

of some AI-ALLO, alloys (10, N]-Hsz alloys {8), and a N}—Cr—YzD alloy (13)

273

are jllustrated in Fig.l.

3

In modern times, the demands for advanced gas turbine materials capable
of withstanding higher turbine entry temperatures in high performance aircraft
engines have focussed the attention of retallurgists to produce complex ODS
superalloys that combine solid solution strengthening, precipiratton hardening

and oxide dispersion strengthening.  An exampie of such an ODS superalion s

*
Iniernational Annealed Copper Standard, taken as 100%.
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IN-8533 with the pommal compasition Ni—15‘.?Cr~ﬂ.EJ'M—2.3-Ti-[1.{II?Zr—G.DD?B—E.ZEYzDB
and its improved creep strength over a wide range of temperatures stretching
from about Gl.lme 10 about E}.ETm {Tm being the melting temperature of the
alloy) can he seen in Fig.2(14}). The ODS5 superalloys possess the additicnal advan-

tage of enhanced hot corresion resistance, as illustrated in Fig.ld for a recently

developed version designated as MA&000 (15} with the nominal compesition Ni-
v L

15Cr—£:‘W—El-ﬁo—&..‘iﬁ!—?.STi—ZTa—D.{JIE—D.I52r—l.1Y203 in comparison with an advan-

ced, non-QDS nickel base superalloy.

Although sncreasing the dispersoid content  increases the mechanical
strength, the tendency to brittleness and severe difficulties in Iabt;]cat]c-n 1o
useful shapes set an upper limit to the volume fraction loading of the oxide in
the matrix (16). With the availability of oxides as fine as 50-3008 in mean
particle size, even moderate volume fractions of the order of 6.01 to 0.03 are
as effective in strengthening as higher wvolume fractions of ceoarser parricles,
since it is the interparticle spacing rather than the dispersoid size that is of

predominant importance far strengthening.

The strengthening that the oxide dispersion provides 1z essentially a result

of the increased resistance to dislocation motion. This  chapter briefly deline-
L]

ates the Jmportant aspects of the underlying dislocation mechanisms that have

been identified by various workers to account for the ambient and elevated temp-

erature deformation oehaviour Including yielding, work-hardening, ductility and
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crecp. The peculiar {eatures of recrystallhization of OD% materials and  thejr

cilects on nechanical properties are discussed which js followed by a note on
the ductility behaviour of QDS alleys. A brief survey of the reported models

for improved oxdation resistance is also included,
2.2 DEFORMATION AT AMBIENT TEMPERATURES

Yielding in particle-hardened alloys occurs when the applied stress reaches
the stress required to cause measurable plastic deformation by the movement
of dislocatrons through the array of partiq_:les in the matrix. In the Eeneralised
rr;ude! for such alloys (17). the dislocation motion je hindered by the obstacles
and the breakaway of the dislocation from the obstacles is said to be rate-controll-
ing for flow: when the included angle between the bowed segments of a pinned
dislocation as shown in Fig.3 reaches a critical value, the dislocation tbreaks
away from the obstacle. At the critical point of equilibrium, the obstacle strength
F, is balanced by the opposing resultant of the dislocation hne tension forces

Efven by the relation:

F 2 20 cos & (egn-1)

Where T is the line tension of the dislecation. It can be shown that Ihe applied

Stress U, needed for the dislocation to break away is related to F ass

F = ThbX {eqn.-2)

[
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and T = 2= ::05%5 (egm. 3

where b is the burgers vector of the dislocation, A is the effective inter-particle
spacing and & is the shear modulus of the matrix.
i

For all valucs of ¢ >0 , the particles can be sheared by the glide disloca-
tion with a force equal to thDi pbstacle s{rength: this is typical in solid solutions
or precipitation hardened alloys. When ¢ = O, the particles behave as impenetra-
ble obstacles and this situation Ex:;‘mplifir_‘s dispersion hardening. The vital term
in Eqn.2 is » which is a measure of the strength of the obstacle: 5m-aller the
X, stronger is the obstacle. While the ahove analysis assumes a regular array
of particles, Foreman and Makin (18) derived, on the basis of computer simula-

tion, a more precise expression for the flow stress for a random array of particles

having the whole range of obstacle strengths (0§ % s7%),

Kocks (19} showed that the macroscopic effect of a randem array of
particles 15 to lower the flow stress by a factor of (.84 with respect to a regular
array of similar cobstacles. When particles tend to form clusters, the mechanical
propertics are further lowered. When particles are cut, the flow stress can Compri-
s¢ of contributions from several mechanisms like coherency harder:jn.g {such as
FMCM2 precipitates on aluminium alloys), modulus hardening {soft parrticle strength-
ening such as copper in iron), order hardenmg (such as ¥ n superalloys).  Such
mechanisms are absent in dispersion hardened alloys in which dislocation looping
governs the flow stress, A consequence of this 15 that for the same volume
fraction of particles, the strength of the material increases with inereasing parti-

cle diameter upto a critical drameter {curve A in Fig.4), when the particles are

wrinl oy e Eea———— T PETTEEEY T A T
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DECREASE, CURVE B, AS IN OROWAN BOWING MECHANISH
{DISPERSION HARDENING ), (Ref.20)
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deformable.  Beyond the critical size, the particles become non-deformable and
following the Orowan mechanism {described in Section 2.2.1) the yield strength
decreases with increasing particle diameter for the same volume fraction (curve
b in Fig-4}. For non-deformable particies 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 distribution). We will now briefls
examine somc of the important mechanisms of yielding and work hardening in

disperston hardened alloys,

2.2.] Durect parpcle strengthening

When the particles are directly responsible for strengthenirg, the increase
in flow stress Is the  stress required to make the dislocations overcome the parti-
cles by either dislocation bowing or cross-sbp. Particle shear by dislocations
in dispersion hardened alloys was proposed as the yielding mechanism by Arsell
and Lenel (21} and further supported by Ansell (22) but as will be seen shorzly,
many later investigations proved this mechanism to be inapphcable in dispersion

hardening, particularly in ODS allays,

Orowan Bowing .

The dislocation bowing mechanism for yielding proposes by Orowan (23.3%
is illustrated inFig.3.  Here the dislocation blocked by the particles bows betwesr

then: under increased applied stress, acting agamnst its own line tensionm, until
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THE FIVE 5TAGES IN MECHANICAL ALLOYING

Bermjamim and Yatin (123), by following the progress of mechamcal alloy-

Ing with "time in a high speed blender, arrived at the following generalised

division of ilve consecutive stages involved m-the mechanism of mechanical
alloving, as schematically lustrated o Fig.lé.” Theze are as follows:

1) an initial period wherein there is an increase in the number of

particles coarser and finer than present In tHe starting charge.

The coarser particles are composite plates formed by the flattening

af the different ingredients ol the charge; the fine particles are

mosily fragments of the more friable ingredients of the starting

= N v

I ER

o
i
Wik
IR

i) a penod of welding sets in afterwards wherein coarser powder
fraction increases while f'lm:-':r size - fraction remains approximately
constant. Coarser particles, here, have multilavered cornposiie
structure with lamellag running parallel to the ball surfaces or
the long axis of the flakes. These 'lr:dilvidual, elemental lamellae
are much smaller 1n volume than the initial elemental particles
and therefore must be the comminuted fragments of the injtial
elementa] powders.

11i}  This 15 followed by a period of equiaxed particle formaten wherein

“'1 i

the armeount of coarse plate-like particles sharply decrease and

u
A

A

mere equiased parlicles are developed,  The finer powder fract-

ion now displtavs parallel lamnellae simular te the coarser powder

Py
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FIG 13 OXIDE PARTICLES BEING DISTRIBUTED

IN THE COMPOSITE PARTICLES DURING
MECHANICAL ALLOYING (Rref.n)



STEEL BALL
STEEL BALL

TRAPPED IN COLLISION BETWEEN BALLS (ref-ue)

FIG 12 {OMPOSITE PARTICLE FORMATION IN POWDER
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need for high energy grinding mills ke attriters for mechamical alloying ol

ans allays with igh melting points.

The underlying phenomenon in mechanical alloying {129) is the repetitive
procc:-ss of particle welding and flaking off at tho ball surfaces as the powder
particles are trapped in the attritive collisions between the balls. During calli-
stons, parttcles are compressively deformed to an extent that causes rupture
of any ads-urkbed surface contamination and exposes atomucally clean mezal
surtaces. These surfaces are easily cold welded amaong  themselves Jeading
to the formation of compositc particles of the constitucnts {Fig.12).  With
time, the lamellar thickness within the composite particles is progressively
reduced in successive collisions, thus refining composite particles.  While some
particles are being welded, ok sk eyt e . S -
boemy mmimiesd, others which cannot take further deformation arc being fractured
feading 1o communution. A steady state processing is soon attained, characteri-
sed by a saturation in hardness and constant particle size distribution which
Is relatively coarse. The oxide dispersoid which s sub-optical in size, is beli-
eved {129} 1o be nitially entrapped along the cold weld interfaces: with milling
bme. the oxide concentration along the weld seams decreascs as the welds
move closer together {Fig.13). At a stage where the lamellae within the corpo-
Slte particles are a0 longer optically resolvable, the oxide parficle; alsa wouid
have attained optimumn interparticle spacing which s approximately the spacing
between the welds. Further milling s not necessary as the mechanical alloving

5 deemed to be complete at this stage.
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a schematic and actual view of an attritor, as used for mechanical alloying.

It consists of a stalionary, vertical, water-cooled vessel with a gastight lid
that subports a cantra'll}r mounted, motor-driven shaft with impetler arms on
it. The shaft is unsupported at its hottom end. The rotation of the impellers
apitates the bali charge to a high level of kinetic energy which 15 utilised

in the mechanical alloying of the powder constitucnts. .

383 PHENOMENOLOGY OF MECHANICAL ALLOYING
%
_ =
The key features of mechanical alloying are the high ENErgY  inpUt
made possible by the comparatively high speeds of operatrons of the mili and
the absence of surfactants or milling vehicles.  These features promote cold
welding between the particles which 15 a crucial aspect in the mecharism r;?f

¥
mechanical alloving.

Cold welding, a well known method of Jjoiming  metals, s capable of
producing truly metallurgical bonds (127). Cold welding however is generzliy
4 functton of the ratic of welding temperature to the melting point.  Thus
low temperature melting  metals like aluminium cold weld easily and do so
10 such an extent that ;ml]ing methods of producing Al—ﬁ!?O3 alloys - be 11
ball miling or attritor milling - require thc presence of surfactants/other
“rganic media to contral excessrve particle welding (39,128).  With higher melt-
Mg point metals like nickel or iren, cold welding s maore difficult, requiring

2 to 20 times energy input over that necded for aluminium or lead (7). Such

Mgh =nergy levels are not cbtainable in conventional ball mills and hence the
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encrgy grinding mull with a relatively high charge of hard, grinding balls which
are kept in a state of intense agitation. The milling 15 generally done dry
without the use of any liquid medium or surface-activating apent, in contrast
to ball mibng where surfactanis and wet-mtlling vehicles are commonly used.
In some cases, inert atmosphere such as argen is also used to prevent the oxida-
tion of allaying elements.

Reactive elements like titanium and aluminium cannot be added directiy
in elemental form even for the yiechanical alloying process, because of the
risk of their oxidation in the pre_:'-;ence of the sealed-in air in the mill. Recourse
Is therefore taken to use crushed and powdered master alloys ljkelxNj—Ti—M
{for adding utanium and aluminium) or Ni-Zr {for adding zirconium). in the
master alloy form the thermodynamic activity of the reactrive elemenis |s
reduced by several orders of magnitude thus greatly subduing their oxide-forming

tendency.

Mechanical alloyirg can be performed in a vibratory mill (122) such
a5 the one slhustrated m Fig. 10, or a high speed shaker mill {123} but an attestor,
which js essentially a high energy ball mill, is most commonly employed presu-
mably because of its amenability for larpe scale, production-criented use as
witnessed by the jnstatiation of industrial size attritors for productjon'of mecha-
fically alioyed ODS nickel base superalloys (124).  Attritor is originally a commi-
Nution/blending  equipment, patented by Szocgvari (125 and s commonly  used
N chemical industries ke paints and inks. Perry's Chemical Engineering

Mancbaok (126) describes it as a non-ratary stirred ball mill. Fig.11l shows

Tt

R
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strengthening  mechanisms as demonstrated in terins of Jis impressive creep

propertics in Fip.2.

Ever since its first application for producing an ODS superalloy, mechani-
cal alloying has been used and is still being used to produce a variety of QDS
alloys based not only on a nickel matrix but others lLike iron, aluminium, cobzlr,
mamum,1 etc. Table 1 (78) Lists same of the tmportant QDS alloys produced
by mechanical alloving alongwith the names of therr producers, Benjamin
(119} also hints at the extraordinary petential of mechanical alloying for the
development of new and exotic combinztians of metals and materials, othe:;'than
OD5 alloys alone. A recent example of such newer applications t51 a report
(120} of the development of Cu-15Ru compasite for electrical contacts wherein
hard, fine ruthenium particles embedded in a copper matrix by means of mechani-
cal alloying provide the required heat resistant electrical conductivity while
the copper matrix ensures the electrical continuity, The technigue overcomes
the scvere problems of fabricating pure rutheniumn.  Another example of a
diiferent application of mechanical alloying 1s the possiblity of generating
extended sobid solubility, as observed in a study (1Z1) of mechanical alloying
of Iron in copper wherein extended selubllity of Jron upto about 3% was observed

dgainst the equilibrium solid selubility of loss than 19% Fe at 300eC.

3.8.2 The Process
Mechamical alloying consists of blending elemental and rnaster allov

Powder constituents of the matrix with the dispersoid oxide powder in a high
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0.8 Tm where creep strengthening due to '\,JJ precipitates {NEBETi,ﬁJJ} in conven-
tional superalloys becomes neffective. This poal has been realised only parti-
ally wrth TD Nickel which despite its excelient cre?p strength at temperatures
as high as about [200°C (e, around D.ﬁTm} has poer strength at internediate
teImperatures E{J.E—D.ﬁTm] and poor oxidation resistance. This deficiency was
overcome 1o seme extent by the development of TDNICr (2 ). While TDONICr
had the rteqwred oxidation and hot corrosion reststance, the problem still remain-
ed as to how to bring In the required intérmediate temperature strength which
'rr precipitaton-hardening can effectively provide. This implies that the mairix
of OD3 nickel base superalloy must also contain titanium and aluminium.

Neither the chemical methods (like that emploved in TDNickel preparation)
nor the oxidation methods {like that employed for SAP) can handle the addition
of reactive elemenss like titarum and aluminium to the nickel mairix withous:
oxidation of these solutes. Similar difficulties and other limitations as described
In Section 3.7 are present in mechanical mixing too. The necessitv thereicre

arose 1o find a better method for this purpose. Aechanical alloying eventuais

pProvided the solution.

Mechanical alloying developed by Denjamin in the early seventies
(?,l]é,lf?]l 15 an clegant ‘route for producing ODS alleys with reactive solutes,
and remains unsurpassed i its versatilitv.,  Qver the years, tho Iec*hn]que has
Agured commercial viability with some compositians of ODS superallovs alreaoy
It the market {118) for engineering applications. The {first grade of such =z
sUperatloy o be (nade by mechanical alloying is [N-853 previously referred

0 in Section 2.1 and Its compesition ensures the availability of multiple

o
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gxides subsequently by molten alkali or alkaline carth metals may be {utile
because of the excessive growth of the dispersoid and the necessity to remove

the reaction product oxides and carrier agents (usually salts) (7).

5.7 MECHANICAL MIXING ' ,

It is possible to obtain dispersion ef oxides in metals by simply mixing
the oxide and metzl powders in a ball mill {112} or a blender (113). Fm'*ﬁexam-

ple, mechantcal mixing has becen tried with some success for obtaining H12D3

dispersion in nickel {(114). A basic Jimitation however is that extremely fine

metal powders are reguired: Cremens {i15) shows, from tnpologicafcnnsidera-

tions that the metzl powder size should be in the range of 0.5 to 0.054 for

a uniferm dispersion oi .1 to L0 m size oxide. It Js aiso generally recognized

that simple mechznical mixing in conventional mixers  or blenders does

not easily vield the desired uniformity and fineness of dispersion (87).  Further-

more, the finer the matrix metal powders. greater 15 their specific surface

area, rendering them highly reactive or pyrophoric and rthereby susceptible

to contaminavon. This leads to handling problems and oxidation of reactive
solutes if any.’

3.8 MECHANICAL ALLQYING ) ) -

& Barkground e -

The originzgi development of TD Nickel in the sixties {105 provided

a0 opportunity to push the operating temperatures of superalloys to about



for Ni—'I'th. Here, mickel and thorium nitrate solutions in methanol were mixed,
dried and pulverized,  The powders were heated in dry hydrogen or inert atmaos-
pherc converting the thorium salt to its irreducible oxide while nickel oxide
was reduced to metallic state. The process resulted in fine nickel powder

coated with thoria particies.

3.6 ELECTRODEPOSITION AND VAPOUR PLATING

Electro-deposition technique was employed 1o produce AlLO, dispersed
in pickel {11G). Submrtcron size A1203 particles were maintained in agglomera‘z
tion-free suspension in an electroplating bath of nickel. Under proper conditions,
ME‘O3 codeposited with nickel resulting in an optimum dispersion of fine A12D3
in nickei.  Vapour plating in fluidized bed (111) was tried for dispersions of
!—'\1203 and ThD2 in gold, in which AWCOICI vapours were decamposed in a

heated, fluidized bed of the oxide particles resulting in a coating of gald on

the oxide.

All the above chemical rethods suffer from one serigus limitation
or the other. Many arc restricted to a few systems. and are elaborate. Most
of them produce inkerently very fine powders which therefore tend to be react-

.
Ive or Pyrophoric and prone to contamination. The selective reduction principle
Comman 1y many of these methods cannot be applted to ODS alloys requiring

Meactive solute elements Like titanium  and aluminmom in the matrix because

SUeh elerments form extremely  stable oxides; any attempt to reduce thesec



hydrogen reduction of mickel armmmoniumn carbonate aqueocus solution in which

an aguesol of thoria has been incorporated.  The reduction rs done at about

FS0MCC,

A chemical method of selective reduction of oxide mixture was apphied
to producc N]—Cr—'l'hD.Z, Cu::.—tt:r-".‘ie'-'f'hD2 etc. as described by Triffleman {(107).
For example, fnrl Nj-Cr—Tth alloy the starting ingredients in this method are
nicke), chremic acid, thorium nitrate solution which are mixed into a homoge-
neous solution and thermally decomposed to et a rmixture ol oxides and basic
salts.  Reduction is carried out in two stages, first with cracked ammonia or
natural gas, and then with cracked ammonia or bydrogen and lamp black.
The resultant powder is mixcd with graphite, pressed and vacuum-sintered to
obtain J‘MI]—CrJl"JﬁCJ2 with acceptable, low levels of carbon and oxygen. There
have also been other methods to have chromium in solid solution in the matiia.
For instance, i"ij—ThC}2 powder was mixed with chromium powder {108) and
homogenised into a solid solution of chromeum in nickel by high temperaturc
diffusion in very dry hydrogen atmosphere; it was subsequently contacted with
an organic solvent to leave some carbon that serves to reguce Cr203 formed

durir‘lg mixing.

35 IGNITION SURFACE COATING

" Fine metal powders can be coated with a thim film of a reactive metal

Oxide, by ignition suriace coaling method. described by Murphy and Crant (199)
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0 faabtate faster diffusion ot oxygen and to ninimise coarsening
of the dispersoid that would ccrur as internal exidation progresses from surface
to core.  Thus OS5 superalloys containing reactive Y forming solutes in the
mairix. viz., Utaniem and aluminium, would be extremely difficult to produce
by elther of the oxidation methods, because the oxygen potential cannot be

raised above the extremely low values required to oxidize the reactive selutes,

g R R A

and the oxidation rate of the desired dispersoid-forming elements would be

prohibitively slow.

3.4 SELECTIVE REDUCTION METHODS -

I

JIEIESRIEE | S R e

These methods essentially consist of coprecipitating an intimate mixture

EaL]

of the salt of the matrix metal and dispersoid metal. then decomposing to-

a mixture oif the oxides, and subsequently reducing the oxide of the matrixr

L A B

metal selectively such that it leaves the disperzoid oxde in an unreduced state
; because of its greater thermodynamic stability under the applied conditions

of reduction. This 15 the basis of the commercial process for Du Pont Company's .

&

. Ni—ZThCﬁz known as TDMickel (105, In this process. an agueous solution of
: nickel nitrate is mrixed with & thoria sol and ammonium hydroxide and ammenium
!: carbonate solutions. Thoria particles are thereby coated with nickel hydroxide
.,;'} Carbonate, The drned and mulled precspitate 1s then reduced in dr}r.h}fdrngen
at about 6G0°C to obtain reduced nickel dispersed with finc ThD.2 particles.
Simstar steps apply to TD Cehait.  Sherritt CGordon Mines Limited develope

(106) their version of Ni-3.% Tth called D5 MNickei by a process of high




care was taken to avoid the undesirable formauon of Cr203 in  the process.

3.3 INTERNAL OXIDATION

Internal osidation is based on the preferential oxidation of a reactive
solute element in a dilute soltd solutran alloy taken eljther as powder or wrought
shape preferably as a thwn strip or wire. It 15 a prerequisite in this technigue
that the oxide of the solute must have a Ereater negative heat of formarion
than the owide of the matr)x mectal, which enables ditfusion of oxygen at a
controlled partral pressure suitable for oxidising only the solyte anql not -
the matrix element. Further, the rate of oxygen diffusion into the matrix

must be greater than the outward diffusion rate of the solute. C""MQD_'-; has

been produced in this manner fram prealloyed powders {102).

In a variation af ths technigue, appropriate quantity of the oxide of
the matrix metal 15 mixed with the prealloyed powder, pressed and sintered,
during which the oxygen for internal oxidation of the reactive solute in the
prealloyed powder is provided by the matrix oxide as it sets reduced to a metal-

lic state.  This way Lewis et al (103) produced Ni-Al,O.. A somewhat similar

Z
Method is described in the patent of Nadkarni and Klar {104) to produce

Cu-
u .*'-".1203.

The severe Limitations of internal oxidation are: {1 the necessity

800d solid solubility of the dispersoid metal in matrix metal, and (i} the

ment of starting with very fine powdcrs or ultra-thin strips or w’
i
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3.2 SURFACE OXIDATION

The stable oxide film on a reactive metal powder surface torms a disper-
sion when the powder Js compacted and sintered, hot pressed, or hot extruded.
The production of SAP (Sintered Aluminium Powder) is a classic example of
this technique (95). In this method, the compaction process breaks up the stable
oxide film around the particles and allows cold weléﬁng to take place between

particles, thus trapping the oxrde as a dispersion.  SAP s teported to have

S0-100A° thick, 500-1500A° diameter, disc-shaped H!203 particles {93), although !

some workers {98) found MZDB in SAP as an almost continuous skeletal netwaork.

Surface exidation method was used to produce some other ODS alloys also

such as Mg-MgO (97). However attempts to produce Ti—TiC‘2 th this manner

(92} resulted in a htghly embrittled alloy presumably because of the extensive )

solid solubilrty of oxygen in titanium.

In a slight vanation based on the same principle. flake aluminium powder
was ball milled with a surfactant and a milbng wehicle to vield a much more
uniferm dispersion of ALOy than in SAP (93} Another variation is that a
feactive element in solid solution in the {flake powder is allowed to undergo
Preferential oxidation during the course of milling.  In this manner, Schilling
and Grant (100) wel-rnilied prealloyed Cu-Al powder m a high encrgy ball mill
{attritor) to produce submicron thick (0.1 - 0.3p  at edges) {lake powder with
& surface area Jarge encugh 1o promote room temperature oxidation of the
aluminrgm. Schilbmg (101} attritor milled 10 air prealloved powders of Fe-

Cr-Al-Y to oblain flake powders of the alloy that contained AI_D

295 dand Y?_O

3?

-af



CHAPTER 11

METFIODRS OF PREPARATION
3.0 INTRODUCTION

Lowder metallurgy techniques are rmost commanly employed to produce
fine, stable dispersionsin metal/ailoy matrices.  Conventional melting and cast-
ing techrnigues can not be applied to ODS alloys smce {ine and uniform disper-
sion of oxide particles cannot be obtained by such methods. Although a very
recent concept of 'mix-alloying' (94) is understood to be a possibility for produc-
ing ODS alloys from a liguid state, no definite results of any laboratory attemprs

of it are known. Al the available methods can be broadly classified as follows:

Oxidation Methods: Surface oxidation of powders
Internal oxidation of powders, thin Strips or wires
Chemical Methods: Selective reduction of chemically produced oxide
muxtures
Ignitien surface coating
-Electrodeposition/vapour depositian
Mechanical Methods: Mechanical mixing of constituents
Mechanical alloving
These methods are revieweod briefly in this chapter with an emphasis

O mechanical alloying.

(_;:7 ife 57 757
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of mechanically alloyed Ni-20Cr containing any ol the dispersoids of Thﬂz.

T?D}. anl::':3 ete.  One such result is ilfustrated in Fig.le.  Under oxidationf
corrosion conditions where TRINICr does degrade, the degradation is atrributed

1o the Joss of the protective Crzﬂj 1o CrDa gascous phase sbove |100°C (92),

It is generally believed that dispersion of an oxide phase in nickel-
chromium alloys has the following major effects on oxidation behaviour (110):
)

i) selective oxidation of chromium to form a Continuous, protective

scale of C‘zﬂj is promoted;
it} scale-forming reactien appears 1o occur preferentially a1 oxide-mesal
interface (anionic oxidation) in contrast to the oxide-0xygaen interface
(zatienic oxidation) at which it occurs in disperseid-free  atiovs:
it}  growth rate of CrZ‘DJ is subdued in comparison with dispersion-frec

alloys and adhesion of ('.:rz'atl'e3 to the substrate is improved.

QDS superalloys are remarkable in yet another aspect. i.e.,their superior
hot corrosion resistance, an important criterion for applicztions in the gas
lurbine hardware such ascombustors and turbine vanes. Chromium again is
the dominant element responsible for hot corrosion resistance of superalloys
2nd the oxide dispersion enhances it. For example, hot cerrosion tests showed
(93} thay while a non-0ODS, high strength nicke! base superalloy. IN-100, suffered
atiack of - 760044 in crucible test and about HGDP in rig iest, MA 755 E,
8 ytiria dispersed nickel base superalley, sulfered only 3004 attack in crucible
test ang ?'5.0. attack in rig test. This iliustrates the clear superiority of ODS

“uperalloys against hot carrosion.
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to less than 30% and the nrlatcr:lal then responded to parval recrystallizauon
upen annealing at 1200°C.  However, Doblog Quigg(74} showed that longitudinal
rolling ef as-extruded TDNickel bar produced a strong {123} < T2 > textyrs
that rendered the material highly resistant 1o recrystallization whercas traps-
verse rolling gave { IDG'} ¢ Cl0 » texture which made jt recrystallize easity.
They concluded that a highly recrystallization resistant structure has a sharp
texture, which tends to equalise the differences in the Sechmodt lactors between
grains therchy eliminating gradients of sl_tored energy which are known to pro-

mate nucleation of recrystallization.
2.7 OXIDATION AND CORROS]ON RESISTANCE

Owide drspersion in a metal or alloy matrix confers nat only stengthen-
ing but also increased resistance to environmental attack like oxidation and
hot corrosion, which is vital for materials of gas turbine hardware such as
cembustors, turbine vanes etc. TDNjckel ENi—ZThDEJ developed as a highly creep
resrstant superalloy was however found to be Inadegquate tn oxidation resistance
for gas turbine applicauons (3, This was remedied by zlloying  the matrix
with chromium, usually wpto 20% as in TDNICr {Ni—EDCr—EThOz} (i1}. The
weight gain for TDNICE after 120 hrs under cyclic oxidation at about L3LenC
was reported {87) to be about onc-fifth of TDNickel and about one-hzlf of
4 non-0DS nicke] base superallay. Giggins and Pettir (82)., as' wel] as ather
Investigators (89), confirm Improved oxidation resistance of Ni-2GCr alley in

the presence of 2 Vi0 Tth, and 50 also with YZDE- and CeOZ in NI=Cr allovs

(3G} Mitchells (91) reported improved 1sothermal and cyclic oxidation res;stance
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anncaling below 1506 K of an extruded, ytiria dispersed nickel base superalloy
did net bring about any grain growth, whereas annealing above [306 K resuited
abruptly in clengated grain growth (81). The cearse, clongated grain structure,
with #ts high grain aspect ratio required for high temperaiure creep strength
of ODS5 alloys, are often produced by massive grain coarsening ireairments.
This can be achieved by moving a hot rone, with a steep thermal gradient,
atong the length of the material. Such moving zone trecatment, invented ori-
ginally by Andrade {82) is the basis for the ZAP {Zone Aligned Polycrystals)
technigue cmployed by Allen (83) for directiona! recrystallization of TBDNICr.
Cairns et al (8¢) and Benjamin ‘et al (85} describe similar techniques in their

patents for producing high GAR in mechanically alloyed OD5 superalloys.

2.6.% Texture Effecis

Preferred orientation in QDS alloys generally has 2 marked influence
on properties. Killpatrick and Young (86) found that thc i100°C yield and
tensile strengths of a TDNICr sheet were signriflicantly influenced by the orienta-
tian with respect to rolling direction.  The material exhibited 2 strong {mo] {200
cube texture which is the reason attributed for the observed anisotropy in proper-
ties. Fabrication processes employed for preducing OD5 allovs in useful shazes
‘mpar1 deformation textures whereas the annealing treatmen:s produce ceér:ain
recrysiallization tcxturcs.r Ll‘.*ilcax et al (33) found that as-exiruded TDNickel
bar which resists recrystallization had a strong < [00 > comaon=nt and a weak

C 1> component of the dual € 100> < 111>  fibre texture. By wire drawing

Lo heavy reducton, the ¢ 100 2 toxture companent decreased to



phase alloy, between which alnormal gram growth can occur provided there

15 at least ene large grain.

Grain mobi bty anisoteopy

Gilman (78} proposed that the elongated grain structure in QDS alloy s
15 a case of abmormal grain growth induced by an orichtation-dependeny differ-
cnce in the gram boundary migration rates. This orientation dependence may

be such that a faster, unidirectional growth of a few, large gramns is facilitated.

Anisatropy of dispersoid distribution

Gessinger (79} drew upon the doped tungsten model of aligned gas bubbles
{75) to explam the elongated grain formation in recrystallized, mechanicalty
alloyed ODS alleys. Cairns et al (80) however suggested that the mechanically
alloyed ODS superalloy they Jnvestigated could be containing arravs of carbo-
nitride particles, resulting from the carbonitride films on the prior particle
boundaries, which would restrain lateral grain growth while permitting uni-

directional growth.

2.6.3  Techniques of rocryvstallization

Generally, recrystallization to elongated grain structure in ODS alloy

tends to occur suddenly and only at relatively high temperatures. Faor instance,
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reduction In the same direction; howecver, 100% recrystallization was obtained
after an anncaling treatment at only 686°C for 1 hr when the bar was cold
rolled 87% in a dircction transverse to the bar axis.  These results have beaon

explained i terms of the effect of textures to be discussed n Scction 2.6.4.

2,6.2 Llongated grain structure in recrystallization

When recrystalhzéticn does occur in QDS alloys, 11 uswally results in
an elongated grain structure.  The  highly elongated grain structure of doped
tungsten likaments, that is responsible for their non-sag properties, 1s considered
to be a consequence of the restraint to lateral grain growth by EI‘II:E'J'FIEC["-]IRE
alignment of potassium  bubbles {75}, The situation with regard to recrystall-
zation of ODS alloys is not as straightforward because the dispersoid particles

are distributed fairly uwnlormly in the matrix rather than in an aligned fashion.

Some important mechanisms proposed for an elongated grain growth in the

recrystallization of ODS alloys are briefly described below.

Secondary recrystallization theory

- Based on a study of recrystallization in TD Nickel, Potrovic and Ebert
(76) proposed that the cbserved etongated grain structure 15 in fict a result

' of secondary recrvstallization. prececed by a development of sub-optical
el FT! grain size which roust be the primary recrystallization step. Hillert

(77} proposed lower and upper bound limits for the jrutial grain size in a two
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a model whercin the second phase particles exert on g migrating boundary

a drag force which increases with decreasing particle size and the prowth is
inhibited a1 a critical grain diameter at which the driving force for migration
of the boundary is balanced by the drag force. In contrast, Doherty and Martin

{70} in & study of Al-Cu alloy containing a dispersion al !‘;‘u.f"-.l2 partrcles show

that both aucleation rate and growth rate of ncw grains are strongly affected
by interparticle spacing. Nucleation of new grains may be retarded or accelers-
ted by particles depending on whether they are relatively fine or coarse,

Hornbogen and Kdstey (71) sugpested that very fimme particles would retard
recrystalbzation at all interparticle spacings, and relatively coarse particles
do so enly at smaller interparticle splacings (see Fig.9); the criticai size for
nucleation enhancement 15 however directly related to the degreé of prior

strain in the material.

ASs Jnoicated by Jones and Hansen (72), the inhibiting effect of a fine
dispersion of particles on recrystallization can be linked to the fact that such
parucles homogenize slip and distribute dislocations mare urtifermly thus render-
ing subgrain formation difficult.  When subgrains do form, -the}r are stabilized

by the particles retarding the nucleation of recrystallization.

The ease of recrystallization in QDS alloys seems to be*dependen:
not only on ihe amount of deformation but alse on the made of deformation.
Doble et al (73,74) found that no recrystallization occured by annealing ax
about 1313"C for one hour an as-extruded TDNickel bar that was cold roltec

7% in a direction parallel to the bar axis, or when it was swaged with 939
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of the matrin, (1) otcurrence of short range order and {ii)) a possibje lowering
ol the volumc sell-diffusivity of the matrix. In a study of diffcrent COMPpos -
ttons of commercial ODS nickel base superallovs, OClawummi Araja et al (67
conclude thit the applied stress sensitivity to intermediate temperature

(T & 760°Ch, steady stare crecp rate decrcases with increasing solid selution

strengthening.
2.3 DUCTILITY AND FRACTURE

The three stages, namely, void nucleation, void growth and void coale-
scence that constitute total plastic straip leading to fracturc in a ductile metal
are also applicable to dispersion  strengthened materals, These aspects of

ductile fracture in two-phase alloys arc reviewcd by Rosenfield (&8}

The marked drop in tensile ductility of TD Nickel at elevated tempera-
tures above D.BTm {67), as illurstated in Fig.8. is a characteristjc feature of
many other ODS allovs toa, This transition js associated with a change in
fracture node from iransgranular to intergranular which is explamed by the
dominance of grain boundar sliding with mncreasing temperature leading to

Brain bounda Uy cavitarion.

26  RECRYSTALLIZATION AND TEXTURES

2-6.1  Resistanee to_recrystalirzation

The unique {ezture of ODy alloys is their resistance to recrystallization

UPTo 3 fajrly high fraction of thejr meiting point.  Zener (69} firsy proposed
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Bhat and Arunachalam (63) attribute the high n  and high QL‘ vatucs
jn ODS alloys te an athermal barmer ofiered by the particles to dislocation
motion. They suggesi that incorporatton of a temperature-dependent back
stress in ihe power law creep cquation i the fellewing manner brings our the

true valucs of activation energy and stress exponent:

- T
Qeal 7 Qapparent R = — Fb (egm. 12}

where T b is the back stross.,

This mochfication brought down the Qc and n values of TD Nickel and

Inconel MA7YS53 close to normal valuesof single phase materials,

tg The back stress may be looked upon as a threshold stress below which
v:' crecp does not ooccur. A thresheld stress {or creep has been cobserved, for
example, by Whittenberger {6%.65) in thin TDNICr shect and 1s generally associ-
ated with diffusional creep {6#). Lund and Nix {39) suggest that the thresheld
Stress could be the Orowan particle bypass stress and show that the creep stress
- ef single crystal TDNICr can simply be described by the additive rule of the

sum of the creep stress of particle-free matrix and the Orowan stress.

S

Alloying of pure metal matrnix in QDS systems to form a matrix ot
$olid solution further decreases the high temperature steady state creep rate.

Wilcox and Clauer (66) attribute this to (1} a decrease in the staking fault energy

a B - SR . N N A. & oA & a v
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Q _ and n are variously reported and generally very high. For mstance, different
C

workers reported (55,56) creep activation energy values between 150 to %00
Kcal/male for SAP alloys, whereas Qc is about 3% Kcal/mole for pure alumintum
which 15 nearly the actvation energy for sell-diliusion (QSD} of aluminiuam.
Wilcox and Clauer (3%) determined an activation energy of 190 Kcal/mole ior
T Nickel against Q_SD of about 65 Kcal/mole for pure mickel.  In centrast,
in another study, Wikcox and Clauer (57) found an activation cnergy of only,
&4 Kcalfmole for TN Nickel. Similarly, stress cxponents ranging from 6 to
&0 were determined for TD MNickel (34,58} Lumd and Nix [59) gbserved the
Crecp SIress oXponcnt (o _vary widely in the range of 9 1o 73 for Ni-20Cr-2ThO

2

tested at temperatures ranging {rom 0.55 - 0.95 Tm'

Wilcox and Claver (60) analysed these wariously reported values of

QC and n for different ODS nickel alloys. They suggest the generalized trend
13 that Qc e QSD and n x> & to 7 when the grains arc eguiaxed, buot Qc znd n
i progressively became high as the GAR increases, as illustrated in Fig.7 (&7).
Lund and Nix {61) suggest that incorporation of temperature variation of shear
modulus i the power law creep equation brings down the apparently high Q.
-

{Qapp] close 1o QSD’ and apply thiz idea successfully to TD Nickel, bringing
down Qapp of 190 Kcal to about &0 Kcal/male.  Malu and Tien (62) Ehm\; that
bs application of this procedure did not work well for the lower temperature creep

fegime in Inconel MAZ33, an ODS, iron-base superalloy.
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For the marked drop in the work-hardening rate in ODS alleys at high

temperatures, Gould, Hirsch and Humphreys (53) proposed  that the Orowan

loops disappear by chmb over the particles through dislocation pipe diffusion

of vacancics thus dimimishing the chances of formation of both Orowan loops

and prisinatic loops.

Z.4.2  Creep

The generally superior creep strength even at temnperatures close to

L'J.E'l'm Is one of the most important propertics of ODS allovs, especially  faor

advanced engincering applications.

at | 000eF

For cxample, TD Nickel,supports a stress

of 19 K5I for 1600 hr rupture life against a stress of 1 KSI for the same [ife

in the case of pure nickel. Creep of ODS

empirical equation (54):

alloys can be best described by the

-8 n

1" = A e RT(%)

b

where A = a pre-exponential factor .

T, = steady siate creep strain rate
Qr: = creep activation energy

T = creep temperature (Kelvin)

n = stress exponent

High 'QC' and high 'n' 1n QDS alloys

_—

Comparcd 19 most other single phase

(egn. i1}

metads and alloys, the high termpera-

ture creep behaviour of ODS alleys is rather unusual in that the values of



1%

ckel were analysed by Wrcox and Claver {51), who then rauonalisec he con-
flcting resutts by propesing a modified Mall-Petch relation based on t=e Grain

Aspect Ratio {GAR) in the {ollowing form:

T = T, o+ K{% - i} (2o 10}

wherg Te = [low stress when -:;: = |
GAR coefficznt

Gram Aspect Rauo. where L is the grain length and L js 1=+
grain width -

=i '}'i

This relaton could explain the different results at the same :empera-

ture of 1100°C of Ni-ThO Ni—Cr—Tth, NirCr—".T«r"-'l'I"|CJ2 as a differerce arising

21
out of their varying GAR, as illustrated in Fig.s (51).  This shows ihat the
variously re[:.c:rted values ol 1100°C yield strength as well as 100 hr creep rup-
ture strength linearly increased, within a scatter band, as a functicn of GAR
(Fig.6a & 6bk srmilar trend is also seen (Fig.6c) to be valid for the stress to
glve creep strain rate of 107%™, Fraser and Evans (52) attribute the strengti
of TD Nickel at tugh temperatures {above 0.5 Tm]l 1o the develooment of fibrous
Brain structure and the consequent inhibition of grain boundary slhicing which
they consider to be the domipant mechanism of vielding at high temperature.
Wilcox and Clauer (51) also interpret the effect of high GAR 1w TDS alloys
45 one of suppressing boundary shiding at high GAR where most of the boundaries
are criented parallel to the stress axis, resulling, on an average. in a low re-

solved shear stress on the boundaries and thus minimismg the overall amount

of sliding.
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2.3.3  Third Stapc
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This stage begins with the transition {rom uniform plastic strain 1o
focalised necking and shows lower work-hardening rate than in the secend stage.

Brown and Stobbs (48) attributc the third stage to an image stress which s

kel
e

a unifrom shear siress in the matenal that maintains a stress-frece external
surface. The image stress may be thought of as arising from an externzi
distributicn of image particies and is considered (48) to be a linear funcuron
of the shear strain. The image stress being small compared to the back stress
that is responsible for the inmmal linear harde_ning stage. rnay be the reason

for the similarity of the third stage with the matrix behaviour. -

2.4 BEFORMATION BEHAVIOUR AT ELEVATED TEMPERATURLES

2481  Yield Stress

The unique feature commonly observed 1n ODS alloys is the retention
0f a large fraction (almost half) of their ambicnt temperature.yield strength
Ev¥en at temperatures close to melting point. The eventual fall 1n yield strength
tn the high temperature range 15 generally atteibuted (49,50} to the climb of
dislocations around the particles.

The wvalidity of the E-IaI]-petch relation for grain and cell size strengthen-
Mg n T Nickel at room temperature (37) could not be extended 1o high

lemperatures {around 1100°C) when the results of different workers on TN -
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X where, F is the volume fractien of the dispersoids. When "Eb reaches a criti-
' $

cal value T, . the flow stress increment, T), will not increase further. T

) was assumed to be the critical stress for particle shear and estimated io be

Fabout 0.1G.

- I

E
f 2.3.2  Second stage

The second stage is characterised by a plastic relaxation ofthe back
;i;: stress through punching out of the prismatic dislocation loops at the particle-

£ matrix interface, Ashby {43} pave for the second stage the followmg parabolic

E relation: <

- b
T, = o024 __21‘; {egn. 9)

Prismatic laops were observed in worked Cu—!’SiD2 by different workers
3 (64,4 5), Humphreys and Hirsch (46) proposed that the second stage hardening
s primarily due to prismatic Joops by cross slip, with negligible contribution
.I from the Orowan loops; they found support for this mode) in experiments on
L dispersion  hardened copper.  Cocks (47} argued that reasonable agreegient of
i his experimental results on deformed Cu—SLD2 was poessible only when the theore-

tical estimares of Ashby's (43} and Humphreys and Hirsch's {46) models were

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

k.
F
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if These stages are:

. i) an initial lincar stage where strength increascs lincarly with plastic

sirain as a result of build-up of dislocation loops around partictes:

ii) a sccond, parabolic stage where prismatic loops formed by cross slip
of Orowan loops or punching from particie-matrix interface cause harden-
tng through interaction with glide distocations resulting in tangles and

forests;

iii) an cssentially lincar, third stage lcading to failure, which is controlled

by matrix features.

These three stages have been observed, for instance, in Cu-5i0,(%0).
Several workers proposed a variety of mechanisms to account for the
work hardening behaviour of OD3 alloys, which have been reviewed well by

Kothari (¢1). The main mechanisms and models will now be briefly described.

2.3.1  First stage

The mode! proposed by Fisher, Hart and Pry (42} is often cited and
s onc of the carliest references on the theory of work hardening of dispersion
strengthened alloys.  They Postulated that the residual Orowan loops around
the particle exert a back stress on the dislocation sources necessitating a strain-

induced increment ta the flow stress and the back stress is given by:




14

stress, to fully account lor the flow stress ol cold rolled Ni—Cr-Tth. Thoy
have alsc established that the threshold stress below which the strain rate seon-

sittvity ol recrystallized Ni-l.14 Tth is zero corresponds to the Qrowan siress.

In another study (38) of thermamechanical processing, 1t was found that
the docreasing cell size of dislocaton substructure obtained through increasing
wire drawing reductions on TD Nickel and TDNICr bars fcl]owedl the Hall-Petch
type relation for the yield strength of these alloys at room temperature.  Ras-
mussen and Grant (39) attributed the observed strengthening in cold worked C;F_“JS

atloys to a decreasze in the apparent interparticle spacing by Orowan loops surround-

ing the particles.

[ 08 WEL

2.3 WORK-HARDENING

When an ©DS alloy is progressively deformed bevond the yigld stress,
work hardening occurs which 15 primarily related to the Increasing number of
Orowan Joops around the particles with increasing deformation, The average
number of loops per particle, T, 15 given by %‘E where 9 is the plastic shear
51Tain. Thesc dislocations, known as the geometrically necessary dislocations,
are required o maintain the compatibility of the macroscopically homogeneous
deformation of two-phase _ailcuya. As T increases with deformation, different

relaxation mechanisms eoccur leading to the well-known, three stages of-"waork

hardenlng.
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For cample, Raymond and Neumann (33} found that the substructure was retained
in a NI-—EUCI’—EThOZ alloy even atter exposures upto J510K.  Particles anchor
the dislocations and stabilize the substructure which influcnces the deformation
behaviour. Decause particles are not directly responsible here, the strengtheniing

is said to result [rom indirect particle-dislocation interactions.

Viewed {rom this background, ODS alloys in the fzbricated form are
already substructure-strengthencd. Depending on the apphication and the material,
they are used in this as-rcceived condition itsclf or alter a recrystallization
treatment.  Wilcox and Jaffee (29) found that the yield strength of an as-cxtruded
TD Nickel alloy is substantially higher than that of the recrystallized TD Nickel
at room as well as efevated termperatures and they attribute tius differcnce to

a contribution from the stored energy of deformation:

thus 1t is stated that (29),

T

i

Tm + TF + TEE {eqem. 7

where T,, = shear strength contribution from stored energy of deformation. Preston
and Grant (36} also proposed an empirical retationship between yield strength
and stored energy of working. -
Arunachalam and Lipsitt {37) n a study of stress relaxation measurements
I thariated nickel and nickel-chromium  alioys suggest that contrrbution from

substructyre strengthening is necessary, besides the matrix flow stress and Orowan
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Rowmg mechanism than with particle shear mechanism of Ansell.  So alse, Wilcox
and Jaffee {29}, who studied the yield stress of recrystallized TH Nickel aover
a wide range of temperatures, found agreement with Orowan bowing mode] than
with particle shear modcl.  Similar disagreement with parsicle shear mechanism

was recorded by Sastry and Vasu {30) in Nj-ZrDE.

+ Cross Ship

Ashby {31) as wel as some others (32) proposed that the screw campanents
of the particle-bowed dislocations may bypass the particles by cross si|p. Cross
slip has been suggested to account for low temperature [T < D.5Tm} tensile and
creep deformation of Nj-Tth (33,34), In any case, since cross slip is related
to the stacking fault energy which generally decreases on zlloving, a dispersion
hardened matrix that is solid solution strengthened is Jess likely to show cross

sbp than a pure metal matrix.

2,2.2  Indirect particle-dislacation interactions

Fabrication of oxide dispersion strengthened allovs wvsazlly mvelves exten-
sive hotfwarm working such as extrusion or rolling as well a5 cold \;'Grkfhg with
intermittent anneats. These processes lead to consclidaticn of the powder to
theoretical densities and also produce some deformation-;nduced substruciures

which are stable upto very high temperatures, thereby increzsing the resistance

to deformation net onky at ambient temperatures but also at eisyated lemperatures.
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it forins a semicir¢le of diameter approximately given by % . As the dislocation
sCEMents on opposite sides of the particle move towards each other and annihilate,
a dislocation loop {commonly known as Orowan loop) is left around the particle.

T; « the [low siress can then be expressed as a sum of T, the matrix {low

7
stress, and Tp , the athermal, particle bypassing stress given byg(rp » unlike

T,, . i$ not significantly influenced by temperature):

T £ T ¥ I'P (ﬂl}ﬁ-*}

) ”

{lﬁfl r‘ e L G b"
s

using eqn.l,zwe can express eqn.t inthe well-kndwn form

y = T, + 4t . {=qn-5)

P
Kelly and Nicholson {25), and Ashby {26) refined the expression for Orowan stress
increment by taking into account the contributions from edge and screw disloca-

ttons o the line tension and the dislecation dipole effects. It may be mentioned

that Ashby (26) takes X , the effective interparticle spacing. as

A= Ry -y (e47-6)

wherg

ro = mean planar particle radius

'Ll=rm:an, planar ccntre-to-centre particle spacing.

Chaturvedi et at {27) {ound agrcement of flow stress behaviour with
Orowan bowing mechanism in a study of Co-Ni-Cr-Ti superatloy which contained
Overaged particles of YJ {NiaTi}. They also observed, through cleciron micros-
Copy. only Crowan loops around these particles.  Ashall and Fvans (28} observed

Much better agreement of the yield stress resulis of i‘v.‘i-TIﬂ.l(Z*2 with Crowan




and the elermental powder fragments are virtually fabsent. The
finer, composite particles probably are fragments of similarly
structured coarser powders. The elemental flake-like particles
have mostly been captured by welding to ather particles.

w)  a random welding orientation is then generated wherein the weld
seams of all the powder {ractions become convoluted, as equiax-
ed Eowders cold weld together without any particular preference
to the welding arientation.

vl  the final stage of the mechamical alloying occurs when a steady
state 15 reached for the particle size distribution. Thc: internal
structure of the composite particles ts refined to a sub-optical
level. A saturation level of hardness of the particles and a narrow
particte size distribution are the characteristic jeatures in the

firal stage.

For mechanical alloving o be facilitated in the aforesaid marnner,

it is generally necessary that onc of the constituents luthe starting blend rust

Y be ductile enough to act as a 'cement' binding others during the process {116}
-'?I‘ } - )

s 3.2 AREAS OF QUESTION AND SCOPE OF THE PRESENT WORK

'I-: While mechanical alloying has been exploited for producing a variety
: of novel compositicss of materials, there have been few investigations into

. the understanding of the process itseli. Several questions relating 1o the process
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therefore remain 1o be answered satisfactordy. An important question is wheth-
er mechanical alloying leads to homogenecus, true solid solutions. Benjammn
(119} does consider thes aspect and takes the view that alloying is deemed to
be complete when the mdividual lamellae of the alloying elements are no longer
seen 10 the optical microscope, at which point, he observes, the mechanically
alloyed nickel and chromium powders had the samc Jow level of 'magnetic
response’ as wrought nickel-chromium alloy produced by milling and working.
According to Benjammn, the latter c:bservatEon of low magnetic response indi-
cates the formation of true solid solution rather than of a finely interdispersed
mechanical mixture. This conclusion has been questioned by Wassel et al (130)
as beming based on inadequate ewvidence. Furthcrmore, White and N]x {131)
have reached a somewhat different conclusion in therr X ray diffraction study
on ijsn cempound formation hy mechanical alloying, wherein they found that&

-
although the individual phases could not be coptically resolved, the milled powder:g
was observed to be only an intimate mechanical mixture of the two element5.1
Wassel et al (131} on the same question conclude that there is orly a limited
homogeneity of alloying.  This has been examuned in the present work using
a variety of analytical technigues including electron probe microanalysis and
Scanming Auger Microprobe analysis.

Benjamin's results of 'magnetic response' are not spelt Sur clearly
in his paper (L19), The magnetic transfarmation in the alloy of our study here
Makes it amenable {or a systernatic investigation of this property 1n relation
o mechanical alleying.  Acordingly, in our investigations, MAgNetc coercivity

Measurements have been made on attritor milled powders and correlated with

- — w4 " e L S ™ e v o BT Tpeaaic
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therefore rematn 10 be arewer=- ==Tisfactorily.  Anamportant guestion is wheth-
cr mechanical alloying lezc-s o wwhmogeneous, true solid® solutions. Benjamin

(119} does consider this =sm2cT =-~o takes the view that aMaying 15 deemed to
be conplete when the «ndiviciz. ==i2ljae of the alloying elements are no longer
seen In the optical micrassooes. == which point. he observes, the mechanically

alloved nickel and chremicm Truacers had the same low level of 'magnetic

response’ as wrought nicie —Irt=— m alley produced by milling and working.
According to Benjamin, = _2i1Te= shservation of lew magnetic response im:l\J—
cates the formatien of troe s = z=iution rather than of a finely interdisporsed
mechanical mixture.  Thif =222 2+ has been questioned by Wassel et al {130)
as being based on inadec.ztz = - cmapce, Furthermore, White and N:x (E31)
have reached a somewhar <"Zl:—an— rsonclusion in their X ray diffraction study
on Nb Sn cempound forma=cr . ==chamcal ailloying, wherein they found that
although the individual phass: ->_.-- =51 be aptically resolved, the milled powder
was obscrved to be only =m0 mm o—s mechanical mixture of the two elements.

)

Wassel et al (131) on the sam= “~=37ion conclude that there is only a lLimited
homogeneity of alloying. This == Seen examined in the present work using
a variety of analytical t=c—r.o_=- mecluding electron probe microanalysis and

Scanning Auger Microprobe e-a.w=.s.

Benjamin's resuliz ¢ TELelic response' are not spelt out Clearly
in his paper {11%). The mag=e- :- —=asformation in the alloy of our study here
Makes it amcnable for & =istz—=— - investigation of this property in relation
e mechanical alloving. Aoorcine Loin our investjgations, Magnetic coercivity

Measurements have been —Tzs =~ =—ritor milled powders and correlated with
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echanical alloying with meaningiul ipterpretations.

Inadequa_te homogenerty oi alloying abscrved by Wassel et al (130} or
white and Nix {131) may possibly be the result of a cheice of incorrect opera-
tional parameters used for the mechanical alloying Pprocess. This takes US
tg a more general question of pracucal importance which has apparently reccs
ived little scientific attention: arc there any optimum values {or the operational
parameters 1o be applied for successful mechanical alloying?  What attritor
speed, for example, should be uscd for attritor milling of oDS alleys and for
how long should the milling be done? Wwhat size of grinding balls arc best
for the purpose? are ihere any threshold values for therm? This dissertation
considers these questions in detall by & systematic study invalving variations
s mlling parameters using 4 specially designed atirntar and a ‘'performance

index' that quantifies the elfectiveness of alloying.

if mechanical alloving is true alloying of the solute, what atomic level
mechanisms are operative 1o bring about such alloying, and how do they relate
to the mechanical energy input of the attrator?  The mechanism  suggested
by Benjamin (123} which js more a phen:}menulogical description of five STAEEs
in the process, occuring as 2 function of milling time, does not peovide much
insight nto atomic leve] mechanisms that musi be responsible for the alloying
process, Surprisingly, there appears to be no nther reporied investigation
inte this aspect. The work carried out here theretore includes an attempt
to understand the mechanism of alloying frem a microstructural perspective,
- leading to an enhanced diffusivity mochanism as well as o an ’energy—balance'

model! based on some of 1he exporinental recults abtamed.
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CHAPTLER 1Y

EXPERIMENTAL

4.1 DESIGN FEATURES OF THE EXPERIMENTAL ATTRITOR

\
This research work is directed towards understanding and optimising

mechanical alloying in an attriter mill with reference to ene typical alloy
system, namely 2 volume % thoria dispersed in nickel-20% chromium alloy.
It is therefore essential that an atiritor be specially desipned to meet rthe pian-
ned research requirements. Based on the limited information and clues availabte
from Benjamin's (116,117} and Szegvari's {125) patems. , and Chemical Engi-
necring standard design principles of mixing agitators (132), the author has

designed & laboratory model attritor ior mechanical alloying.

Fig.13a shows the main design features with its list of parts as in Table 2
and Figs.13b and 135c show the design details of other main assembly parts.
This attritor has ihe following features. A cylindrical, 18/8 staintess steel
vessel was cast and machined to final dimensions of 170mm internal dia, »mm
wall thickness, 240mm flange and 30mm bottomn radius all around inside and

130mm inside heighi.  Such a Jarge radius at the vessel boitom ensures that

powder does not remain in pockets in the far-flung bottom corners as might

+
Being patents, full details of the attritor design are not available.
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otherwisc happen i a vessel with a sharp radius at the bottom.  Copper tubing
i of emm internal diameter with Tnm wall thickness 15 brazed to tho vesscl
g in 2 spiral fashion to facilitate water cooling (attriter milling in the absence
of water cooling is posstble but the output or yield of the alloyed powder be-

I comes toc small brcause of excessive welding of the powder on to the balls).

To {acibrate penodic removal of samples during milling, the vessel
is provided with a [0mm diameter hole at the boriom offset from centre and
to the hole 15 weided a threaded stainless stesl bush ante which an 'D' ring-

sezgled plug can be screwed to make it gas-tight. The vessel flange is grooved

to seat an 'O ring against which the 6mm thick top Lid can he screwed to
a gas-tight condition by eight perimetric bolts. Welded to the top hd in its
central hele, is a water-cooled bush heousing a ball bearing assembly with a -
set of Wilson scals which ensure gas vghtness of the 30mm  dia shaft passing
through the housing. The Wilsen seal arrangement consists of & alternate layers
of thin, mild steel washers and neoprene gaskets hugging the shaft with shiding

clearance. The sea! assembly can be tightened by means of a hexagonal faced,

tnreaded cap. The bottom ball bearing which comes below the top lid is seated
in an oil-seal to protect the bearing from getting clogged with {lying powder

i partictes, The Wilson seal assembly comes above the top Iid and below the

top bearing.  The shaft is thus supported above and below the top lid with
two ball bearings, providing greater rigidity and suppart to the ratating shaft
which has to remain freely hanging inside the wvessel.  The attritor shaft at

its 126 1. cannected to the drive shaft by means of a medified universal coupling

i

I
-
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that can be guickly disconnected for removing the tep hd as and when reguired.
The drive s provided from the vertical spindle of a varizble speed drilling
machine whose dill chuck has been removed to facilvtate coupling of the spindle
to the attritor shaft.  To the sturdy base-frame of the drilling machine, the
attritor is firmly kelted by mezns of twoe mild steel channel supports on

the base-frame.

The rmpellers are fixed into the blnd heles of the shal}t by threaded
ends of the impellers. By this arrangeinent, different types of smpellers can
be Dined and changed with easc. The overall thickness of the impeiler 15 chosen
1o be an excess of the maximum size of the balls that may be used. Tltl'ue impel-
ler rod diameter 3s thus fixed az JZmm. The length of the impeller arm in
the )deal case can go as far as 1he vessel diameter would permit. However,
with such lengthy impellers the possible misallgnments in shafr assembly and
cventual play of the shaft and the bearings can l"ES}JIT in the impellers causing
excessive loads on the drive anc erosion of the vessel wall during rotation.
The length is therelore maintained such that the clearance between tt and
the wall is nore than two ball diameters 1o permit free passage of balls without
Causing blockade of the motion of balls. The bottorn-most impeller, which
may be called as 'scraper', has z recctangular cross section and is welded to
the bottomn face of the shaft. The distance of the scraper from the bottom
ol the vessel Js such as to allow & clearance of a little aver two ball diameters
50 that the balls are not blockes duc to inadequate clearance. The top lid
has 3 side hole with a bush welded to it which enables charging ofthe powder
and the balls; the screw cap of this bush can be closed gas tight by means of

an O-ring lecated on she bush.

EF e (a1 Tl s K- r. el ks nmr —
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The 1-HP> AC inductien motor dioiving the pulley system of the machine

s connected 1o the power supply via motor starter and a readily available
30 hours timer.  the top lid has provision for gas inletl and gas outlet. A pas
bubbler with a stop-cock 1s attached to the gas outlet ﬁ]pple of the top lid
of the attritor.  The bubbler indicates, as and when desired. the presence of
a positive pressure of-argon which is found to be desirable to avoid oxidation
of the elemental chromium powder i the charge. After flushing out air with
argon flow, the stop-cock 1s closed to mantain a positive pressure of argon
inside the vessel; & continupus flow of argon ts not required. A general view

of the apparatus is shown in Fig.lé.
4.2 PREPARATION OF E\'r-ZDCr-ZTth

Al the mechanical alloying cxperiments described 1n this study are
almed at the naminal CI;JIUPDSI‘HDD of 20% chramium in sobid solution in mickel
with a dispersion of 2% thoria of less than 3008 zverage particle size. Fer
this purpose commercially available mickel and chremium powders were used
while thoria was prepared in the lzboratory from a therium salt. The details

of preparation o:i theria are given 1o Appendix 1.

4%.2.1 Starying powder characteristics

For meos: of ihe experiments, nickel powder. supplied by AM/s.Inierna-

tional Nickel Ce.. L.K. was used. 1t has a purity of « 99.8%. Some of the



FIG 16 GENERAL VIEW OF THE ASSEMBLED ATTRITOR
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impurity levels that could be determined m the laboratory are shown in Table 3.

Its average particle size as delermined i a Fisher sub-sicve sizer is 8 MtHCrons.
The powder .is spongy and spherical in appearance as shown in the Scanning
electron micrograph in Fig.174.  Chremium powder was supplied by M/s. Good-
fellow Metals Corp,, USA. It is 99.53% pure and —EDUI Mesh.  Its average particle
size as determined by Fisher sub-sieve sizer 1s 45 microns, The powder particles
arc irregular and blocky in appearance a'?s,. shown in scanning electron micrograph
in Fig.17b.  The tmpurity levels that could be determined in the faboratory
are inctuded in Table 3. In the experiments involving variations i starting
particle size of nickel and chromium, powders of approximately z.imijlér purities
but of different average particle size were used, as described Jn detail in

Chapter V.

To determtne the mean particle size of thoria powder which would
be in the submicron range, X-rayv diffraction line broadening technigue described
By Fergusson (133 was prefcrred to transmission electron microscopy as in the
latter such fine particles mav show up as agglomerated polymorphs, masking
their truc particle size. Furthermore X-ray diffraction line broadening method
Is a convenjent technique recoinmended for ulirafine particle size measurement
(134), & sample of the thoria powder was subjected to X-ray ditfraction at
23 KV/30 A with Cu Ky radiation in a Phillips X-ray diffractometer and
the (111}, {zo0) (z2O), (311 peaks were recorded. The instrumental broadening
Was obtained hy using z silcon standard- The details of these results are tabu-

lated 1 Table & from which it 1s seen that the avecrage particle size of the
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thoria preparcd may be talken as 3308 .

4.2.2  Charge preparation

Unless otherwise stated, ali expernments were done with 300egm
charge {Z54gm Ni, 60 gm Cr, &gm Th{ilz} and 6mm drameter ball-bearing quzlity
stecl balls (made out of SAE 52100 grade steel, and heat treated to a Roci.
well-C hardness of 60-65),  Samples were drawn at dosired points of milling
time through the sample discharge hele provided at t_he bottom of the attriier;
appropriate number of balls were also removed aleng with powder sample o
maintain the balls-to-powder ratio. In all the experiments, the powder constiioce
ents prior to chargmg: into the attritor were pre-blended for one hour in =
laboratery blender 10 obtain a well-distributed nixture ol nickel, Chromium
and thoria. The homogeneity of mixture was found to be satisfactory as revez!-
ed by the chemical analysis of three samples randomly drawn {rom different

Portions of a blended batch of the powder.

%.2,3  HIP consclidation

A limited experimentation was done on consolidating the powders aoniv
1o facihitate preparation of samples {or optical and electron MICrascaplc stuc
o1 the microstructure of the consolidated powder.  HIP consolidated micro-
Structure (opucal) revealed an unexpected feature which was subsequently found
%0 have 4 bearing on the optmisation ofthe milling process (see Section 5.7.90.

In this conmection the consolidation technigue used was hot isostatic pressirg



I'
J

(MiP), a versatjje techrique known for

‘ 1ts  ability 14 produce 10py, densities
} in powder compacts (]33), The HIp utilised fgy this Purpose wae ASEA modej
QIH-32 and the HIp Procedure was a5 follows; the powder was filled on j vibra-
: tory platform into g onc-cnd closed, Cylindricat 3§rnrndxiimrni'ess steel capsufe
&

cracuated g i'liii'j orr and sealed off, The

press, HIP was carried gut ag [1gg=c

Scanning Electron Microscopy (SEM), AVerage particle sjze measurem
Fisher Sub-Sicve Sizer

enis by
and  microhardness Measurcments' warea empioyed 10
Manitor the Course of mechanical atloying.

Conditions and methods employed

in al) these techniques are briefly described betow,

b MAGNETIC COERCIVITY

In the case of Ni-Cr S¥siem, alloying can be monitoreg by Io“owfng



‘nicke! alloyed with 20% chromium becarmes non-magnetic, Ry following  the
change in magnetic coercivity, one can arrive at comparisons of the degrecs
of alloying with increasing attritor milling time and varicd conditions of attritor
parameters.  While coercivity study can be very usefyl for quatttative compari-
sons, 1t cannot furnish quantitative and subtle distinctions of the degree of
alloying between samplelz to sample, not only because  the non-magnetic trangi-
tien in nckel-chromium systern begins fr:::m about 6% chromivm in sobrd solu-
tian, as can be seen from the equilibrivm’ diagram in Fig-18 (136) but also be-
cause of the inherent complications af coercivity variations with particle size,
particle shape, cold work effects, dispersoid effects etc. (137). Nz?vertheless,
since cocrcivity measurements can be readlly and easily carried ou: directly
on powder samples without any sample preparatron, it ts useful in a qualitative
characterisation of the state of alloying 1n mechanical alloying of the system
under study. The ceercivity meter used in the present work fs shown jn Fig.19,
The procedure of measuring coercivity with this instrument is briefly described

in Appendis 2.

Study of coercivity variation with at.tr:mr milling time in al} the experi-
ments has revealed some general trends in the cocrcivity variation with pro-
Bressive mechanical alfoying of nickel, chremium and thora, It wil be seen
in Chapter ¥ that under conditions where alloying is reasonably rapid and homao-
geneaus gs evidenced by EMPA, coercivity rises jnitially to a peak value and
drops down to a low value aiter which it tends to flatten out, as schematically

depicted in Frg.20.
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FIG 19 PRECISION COERCIVE FORCE -METER
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should show up as zere inhomogeneity {i.e. homogencous sohd selution).  Both
these  tndicators ¢an bo zpproximately guantifled by Electron Prabe  Micro-

analysis (CPKiA) on the powder particles using tho line scan techrique. The

E: powder particles were bakelite-mounted, metoallographically polished and vacuwem
coated with a flash of carbon to cnsurc electrical continwity of the sample.
~ g The Iine scan EPMA was carrred out in a CAMEBAX LClectron Praobe Micro
K Analyser under identical conditons of IE}M counts far mickel scale, 3 x i]ﬂ#
counts for  chromium sczle, and a ling magnification of 2005 x. The electron
beam voltzge was mammtained ar 20 KV and beam current at 29 mA throughout
for all the samples.” The linc scans ebtained in all the samples represent a

jElzu hnear distance in the analvsed particle which in most of the cases covers

oy the entire particle.

Since the line scan height of an element Is directly proporusnal to
the concentration of the element sn the zlloy, and since any ariations in the
line scan proiile faithiully reflect the degree of inhomogensity of the distribu-
ton of the element as present in the matrix, an approximately quantitative
estimate of 'effectiveness of alloying' of chromium in nickel has been derived
* ' by anzlysing the EPMAline scan profiles in the ID]lnwing-manner. A ‘'standard’
4 Eowder sample was preparcd by wvacoum anduction melting of Ni-Cr alloy {armed
-

a1t 20% Cr in solution} and subseguently argon atomising the same to spherical
Powders,  Minus 200 mesh fraction of this powder was analvzed and found to

have 18.5% of chromum which was then vacuwrm anneale- a: a70*C for R

hrs.  EPMA line scan was obtained on this anncaled powder (Fig.22a), and the

i, gl e i gl B 0 1l g . a8 o e i P e T e | e b g P e inh Cimarr, s [ g da gkt gy bt g e - -



chrameurn hineJevel me thes scane represents FS9% Croin ekl Homoa oy
coethe o varuam o anelted, homogenised. hot forped and enacaled solid g ke
of Ni-Ca allov havenp 19.0% Cr was prepared and its line scan (Fig.22b) = -
that 4l imrnc:gc-nr_':l}f+ ol the 'standard’ powder sanple is zs poad An oan -in
wronpht 'standard'. The bae scans {or afl samples were tzken after Coniirang
thal the scans were representative oi  the nickel and chromium  distrily- oy
Bvomajority ol the particles moa given sample. Thus the dine scans obiz —ie)
represent tyvoical trends of the bullk sample.  Since the alloymg under 2 gy

imothat oi cliromnun in mickel, only the chrofmwn Lnes we e compared .ot
e chromwn line of the powder standard,  Te .':lrtl-ve 3T & EDUroNIMaic £-7)-
mate of the armount of chromium picked up i the sarnpie, tne mean hee zan
0f the chremirn Bne should be known so that it can be converted to Cr% w 1n
respect 10 the height of the homogeneous chromium bne of <ne ‘standard’ samce
whase chromiumnm perceniapge s known.  Siace the expanimente] bne scans . oz-c
ofien wavy, the mean height of the chromiuin line was asiained by measur g
ihe area under the wavy line and dividing thre area by the scan-bread:h of
éﬁm:n lequivaiont 10594 in all the cases.  In eifect, such & roezn neight is e -
velent 1o the tevel of a line of same Cr%,  had it been hornczencusly distribe ==

@nd is taken 10 recresent the averape percentage of chromuwm pick-up wh o

-_—

’
A straight line scan of the element in EPMA line scan represents comniz-a
homegeneits of aistribution of the clement 1 the matrs 2lioy, within s
Nmits of ressiution of the BPMA techmgue.
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s then expressed in terins of percentage of chromiwn level of the standard
powder.  An approsimale measure of the inhomopenerty of distribution of chro-

L’ mium o nickel in the particles has been abtained thoterns of Cree by caleulating

the scatar s of positive and negative mean dewviztions of a wavy Line with
respect to its own mean line determuned as described above and this total
mean deviation 15 converted to Cr% from the known Cr3 of the height of
the chromium scanl of the standard_. The total mean deviation in chromrum
percentage  represents  the  averape Inhurmogeneity  of chromium  distribution
o the sample:  smaller the total mean deviation, less is the inhomogeneity.
A more detailed description of this method of line scan analysis 15 illustrated
- Appendix 3. We can now deiine maximum clfectiveness of alloying as a
result i which there s maximum chromiuem pick-up in the milled powder con-

comitant with the least possikble imhomagenerty, as given by EPMA line scan

analysis,

8,33 X-ray diffracrion

X-ray difiraction profite analysis is one of the technigues used for
Investipating whether true selid solution of chromium in nickel is formed as
2 result of mechanical alloying.  Details of the samples and the results obtained
are presented in Section 6.2 Phillips X-ray diffractometer with fr]tered Coky
fadiamon  al 30kY znd S0mMA was used for all the santples.  Slow scanning
3t 1/8 degree per munute and a chart speed of lom per minute were emploved

O¥er a range of 28 covering the (1)) reflection which is the most intense

beak for FCC crystals.  The Za range was so chosen as to cover the talls




of the peak till they even out with the background. The powder sdmples were

mounted with Canada balsam glue e alurmminom holders.

4.3.4%  Dbcanning Auger Microprobe analysis

Anothor techmque employed for investigating the nature of solid solution
forined by mechanical alloying is the Scanming Auger Eleciran Microprobe ﬁ.r}a—
lysis {SAM} of chromivm and nickel. A Physical Electronics Model 545-C Scan-
ning  Auger Microprobe has been used. Here the sample which s in powder
[orm cannet be placed in a maount of organic chemical material such as bakelite.
Therefore. a special mounting technique was employed: the powder partictes
were pressed onto a thick indium foil which was held in the sample hoider,
Two types of analysis were czarried out: 1) fixed depth analysis in which the
Auger analysis was done at prosclected depths of the surface by sputicr
ewching the surface layers to the desired depth with a beam of argon ions |,
and (i} continuous depth profile analysis in which the analvsis was continuous|y
obtained s the particle surface was continuously sputter etched with the jon

beamn.

Tne following conditions of SAM were employed for fixed depth analysis:

Primary beam voltage : kv

Primary beam current : JmA
Ltching gun veltage : ey
Etching current : 19m A
LCtching rate : 204°% min.
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The following conditions were employed for continuous depth preoinle

anilysia:

Peimary beam veollage : kv
Frimary beam current : 3!4.%
Etching gun valtage : 30V
Etching current : I0mA
Etching rate : 8208 Jrn.

.4 MICROSCOPY AND MICROHARDNESS

Transmission  Electron Microscopy {TEM) was  empioyed to comgzre
the thoria distributions obtained in the milled NJ-CI’—ThDZ powders under diiiz:-
ent attritor iilling conditions.  Phil.ips EM 300 clectron MICrOSCOpe Was  uisg
for this purpose, mostly ar 80 keV. It has not been possible 1o prepare speczi-
mens for TEM directly from the powder particles themselves. h has therefc-=
become rhevitable to consolidate the pawders by HIP anc it 1s reasonahle -2
assume that thoria distribution and particle size do not alter by the cansolizz-

tion process of HIP carried out at 1180°C.

Same HIPing procedure as described previously in Section £4.2.3 wzs
adopted to make small solid rods for the purpose of TEM study. The HIF=35
And skinned rods were slicod into about 2mm thick discs in zn abravive cut-c::
Machine. The 2mm thick discs were first chemicalty thinnes 1o about 0.5

thickness in a sofution of the following composition:

HC : 720 ml
HJ\.‘{'}3 : 200 ml
- i
H3PO3 : Flad ml
FEC.]3 : 20 pm

Bath tefperature : A5t



by

The discs were subseqguently hiand-polished

o about 0.25%mm thicknoss, Frorm

these discs 3mm diameter discs were punched out for jeg palshing for TEM.

Jet polishing was done with a solution of the following composition and candj-

LI0ONS:

fMethanoi

Hz.‘i(} 4

) HF
1
HI\CJ3
Lacuc Acid

EL]

[T

-

+

s

Voitage
Curreni :

Temperature :

/8%

-
G.r".‘.-

2%

3%

[G%

12y

40m A

=20° to -R0°C

Scanning Electron Microscopy was done in a ISI - 100A MiLroscope

(which has EDAX attachment) at about ZOkY. FEiAX was used 1o anzlyse

the milled powder and powder welded to balls for relative assessment of Cr

& N1 contents as a ratio of Crin.

Cptical microscopy was done in g

Leoitz microscope.  Pawder semples

were meounted in bakelite and polished through standard grivs of Incressingly

fire emery paper and then wheel-polished on Sylvet cloth wigh coarse alumina

fellowed by wheel pelishing with EJUL diamond paste.  Far obtaining eiched

micrestruciure, the mounted samples were

fonds in & sojution of:

lmmmersian etched for 15 1o Ba s0o-

— .
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&0

J"'::'CJ3 : MR
H| : S0ml

HEO : 100m)]

ticrohardness  was measired using a Lejty microhardness  tester

with a ¥ickers diamond indentar,  The [oad was maintained ejther at Stgm

or at 10%em, In case where the 50em load ave indentations too small to
2 E g

measure zccurately, the load was changed to 100 gm. The load was maintained

consiant o all the samples where Comparisan among themselves Was necessary,
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carbon replicas were  made from rolled strips of the powder.  The strips were
obtaincd by 2 process of de-compaction. encapsulated hot-rolling and subsequent

cold rolling with intermittent hydrogen annealing.

Fig.23 comparcs the line scan EPMA of nickel and chromium of 90 hr
ball-rnilted samples with |6 hr and 40 hr attritor milled samples. it czn be seen
that while 92 hrs of milling in @ ball mill fails to achieve even a semblance ot
homogenetty of either chremium or nickel, 40 hrs of milling in an atiritor Is
sufficient te produce fairly homogeneous alloying of Cr oin Ni.  Electron micro-
graphs in Fig.24% show the non-uniformly drstnbuted and agglomerated clusters
of thoria particles in the 90 br ball-milled samgple, while the samples atiritor
mitled for only 6 hrs shows much better distribution GI_thu:rria with much {iner
size.  The &8 hr artritor milled samole (Fig.25) shows a satisfactory distribution

ol thoria wrth an average size of about 370A°

The basic limitation ¢l a ball mill in terms of izs failure to achisve the
desired ailoving of the powder constituents can be seen to lie in the low 'crizical’
speed of a ball milly 'critical’ because )t 15 the upper limit bevond which the
grinding balls get centrifugally pinned to the surface of the rotating drum. or,
IS the theoretical speed limit at which the centrifugal force on a ball in contact
with the drum becomes equal and opposite o the force an it due to gravity (132,
]39];. The necessarily low specds of rotation imply Jow kinetic cncrgy ta the
balls which. although sufficeent to cauwse comminution by the 'cascade/cziaract'

Mechanism (132). becomes ineffective for mechanical alloying.

L] - = 2= 2=-_I _E S NN - N L e ——— .
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With an attrrtor, where the vossel g stationary and the bhalls zre ke
in colliding motian HEAINST cach other by the FOTatling impelers, there 153 ne depe
dence on any 'cataracting! or 'cascading' effect of the bals Tor achieving commin
tion or blending.  The centrifugal and gravitational forces on the balls n ¢
attritor act at right angles 10 cach other. It is therefore possible tc cocraw
the attritor at RPMs rnuch higher than an 2quivalent capacity hall mill withao
rencc:umr:r]ng the disadvantages of centrifugal pinning of the balls o the vesse
wall. Thus, in the Cxperiments describeod here, while the beli mill couidg o
be operated at speeds more than 6-[;' RD'M, the attritor was run al 170 RFEY ane
can in fact be cperated at even higher speeds  with better resylrs, Wrale ir
a ball mull the drom itself rotates ta impart energy 1o the balis, in the aTTritor
the energy to the balls 15 derived by the Fassapgc of the retating srpejlers inrough
the ball charge with the vessel remaining stationary.  The rancam hall mation
mduced by contact with the impellers and the ball-to-ball collisions are resnensible
tor the grinding zction.  The high speeds passible in an a1tritar impart & high
level of kinetie ENergy to the balls which bring abeut mechznical allayire of
the powder CONSUTUENTS, A detailed account of mechanism tor mechanical ziloy- .

Ing in attritor milling is covered 1n Chapter VIi.

-2 VARIABLES 1N ATTRITOR MILLING
l
Since an atiritor can Prima facie impart unhimited kinelic energy 1o
the hajls by its ability of bcing operable at virtually unhmized speeci. the c;r:es:.r'on

A0ses whether there at all exists any optimum speed of operatics that eczn be
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selected {or a piven set of constiluchils to be mechanically alleyed under g glven
set of other operating conditions. Furthermore, what are the other parameters

that can influence the extent and homogenciy of alloying and what cplimum

valuos can be chosen for themn? It can easily be visuaiised that the features
of the grinding media, i.e. the balls, can have significant influcnce such as the
! total weight of bulls in relation ta the weight of the powder to be nuiled {(balls-
m-p;{:wdcr welght ratiol and the diameter of the ball.  The shape and inarteria)
of the balls may alsa be important.  Since the velocity of the balls and hence
g the kinetic energy of the attritor is derived by the mation of impeliers, the shape
and the number of vanes couyld 2is0 have some influence on mechanica-f alloying,
‘=.":' &n addition. the average starting particle size of the constitutive powders can

i Mhave a bearing on the effectivenecss of mechanical alloying since the attritor
O

SNErgY is mostly expended n particle welding and de-welding in the course aof
alloying.  There have bean hardly any  systernatic investigauons on such lines,

and Hinunel

although mention can be tmade of the limited study by Wasseld130) whe obsarved
3 Ncreased rates of mechanical alleying when either the Speed was increascd fram
150 tc 300 RPM, or when balls-to-powder ratio was changed from &.5:1 to |7:0.
Detailed study of the influence of varying the abave menticned paranmeters anp

Mechanjcal alloyig - should iead to the optimisation of the attritor operational

Paramesers including mibitng time. "

For the purposc of this studv. the following parameters of atiritor opera-

Hon have beer chasen:

" TR ——
Mt I n il e gt T A umbesbin T Siri— s —
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1} RPPM of the attritor

Hy The balls-1o-powder weight ratio
Hi} The diamcrer, shape and density of the ball
v} The shape and number of the Impellers, and

vl Average starting patticle size of nickel and chromium

In order 1o study the effect of the above parameters on mechanica

alleying, the corstituent powders of rickel, chromium and ihoria were milio
in the atiritor vader varying opcrational conditions. i all these experiments

L]
while one parameter was varied. other parameters were kept the same. Unless

otherwise stated. “he values of the fixed parameters comman to all the experi-

ments are as follows:

Attritor RPM : 134

Balls-to-pownder weight ratio : 18/1

Ball diameter : Gt

irmpeller shzze : raund

Nurnberl of impellers : it

Average particle size of nicke] : g -

Average particle size of chromium : b i

Since the atiritor 1s driven by a multi-speed drilling machine drive. the
Choice of spoed 15 zrbitrarily fixed by the speeds available i the drive. of which

five speeds have been selecied for study: 154,260,450.350 and 1880. The balls.
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le-powder weipht a0 was varied in seveq diferent Eropartions by varying on
the powder quantity so that the Total height of 1he bed of the bialls reman
the =amc in gl “ases of the vararjon, The ratios Studied ares 271, 1ss1, 24/
40/1, 50/1, 10070 andg 130/1. The bal diarneter variations studied  are:
emm, £mm and 10mm diametor steel balls, Jp addition, &mm diameter timgster
carbide balls have also been tried in one of the expen\ments. Emm x Gmm Cyl-

inders have been tricd In another CXperiment.  The cffpcy of impeller shape has

the average starting particle sizes of Aicke! and chromium have been varjed

']
in four different combinations of Coarse and fing sizes, whose deratls ape included

it Section 3.G.E,

The effect of Varying these pParameters on the degrec and cifectiveness
of mechanica alloying was followed by Inagnetje Coercivity Mmeasurements and
EPMA, while thoria distribution was slired by TEAL Details of these analytical
tools haye already been described n Chapter 1y, Besides Eiving confirimation
of the qualitative trepds ol al]oying shown by coereivity, EPMA provided a Juanti -
Hltive distinction between different degrees of alfoving and thys a4 performance

-

inday, could be 0dtained, g3 atready explained in Chaprer 1v,

2.3 EFFECTS oF FPARAMETRIC VARIATIONS ORN MECHANIC AL ALLOYING

In this SeCuon, the results of the EXperiments of Yarying i chosen

Attrjtgy milling  carareters and their effects g Mmechanica) alloying kinetjcs

Y

- .
_L T g g e
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are described. A detailed discussion and interpretation of shese resulis  with

respect 1o each of the paramerters are covered in Section 5.4

531 Filect of attritor specd

Fig.26 shows the wvariation af coercivity  with Increasing milling <ime
tor four different attritor speeds narmecly 154, 260, 450 and 830 RP. Caercivity
goes [ot show any peak-crossed drop in the 154 RPN run upte a milling <ime
of &0 hours although a tendency ta peak does begin after £2-43 hours.  In CONIrest,
In the 260 RPM rum, there is 3 coercivity peak (156 Qe) at 17 hrg milling <ime
and this crops to 100 Oe at 2% hrs deéreaaing further 1o about 5 Oe ior mitling
time of 3¢ hrs. Progressively laster rise and faster drop in ceercivity ¢an be

seen as REM s ncreased from 260 1o 430 and &350,

EPMA line scans carricd out on samples drawn after 22 hrs and 42 nrs
O miiling time 1n all the four RPM tuns are presented in Figs.Zy and 23 Fesopelt-
vely.  The eifectiveness of alloying in terms of aVerage chrorium pick-up znd
the inhomegeneity. calculated from EPMA results of Figs.27 zd 78. {or -he
different RPA runs at the 24th and 42nd hour milling time are shewn in Tzole
> It s clezr frem Table 5 that the average chromium pick-uz and the ho~o-
Eeneity of its distribution in the 260 REM run are significantly borter thas in
[54 Rpp. the EPMA resutt thus confirms that a peak-crossed drop in coerci-
Ity observed ior the 260 RDM rup (Fig.26) represents a well-zlloved state os
4gainst the alinost flat cezrciyity curve for 15% rpm oron for which cifective-

less of atloving 15 seen (Fig.28) o he Compdratively weak in the chsorved mithrg

me. A simnar o end 15 seen for the higher RPAS too wherdr & prak-crosssd
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drap in cocreivity occurs and it occurs earlier as the speed s higher indicating

faster alloyinp.

Table 5 shows that chromiom pick-up as well as the homogeneity of
alloying increase as the  RPM increases, but the imprevement of alloying is
seen to become marginal at higher and higher speeds: thus. there is only negli-
gible diiference in the effectiveness of alleying between the 261‘5} RPM run sample
and 830 RPM run sample, and both represent  a well-atloved condition almost

at par with the 'standard' sample,

Data of Table 5 of all the four different RPM samplies for the cnnsta-nt
miking times of 2& hours and 42 hours are graphically plotted as isochronal curves
in Fig.29 which shows as a function of RPN, the effectivencss of alloying in
terms of the two indicators, namely, average chremium pick-up percentage with
Tespect to the chromium in the 'standard' sample, and the average inhomogeneity
in Cr%.  For a constant mifling time of 2t hrs it is secn that the 'maximum
effectiveness of all-:»;o,*im;'i s reached at about 800 RPA|, whereas for consiant
miling time of 42 hrs, the maximum effectiveness - of alloving is realised at

aboul 360 RPM itself.

A be:ter distinction and Comparison of the efficacy of alloying at the

different speeds of attritor milling can be made by comparing samptrs drawn

As already defined in Section &.3.2
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at about the same, total number of revolutions (given by the product of RPM
and milting time). Table & shows the number of revolutions at the sampled points
of milling time for the four different speeds under study.  The lour samples
{underlined in Table 6) &t nearly ident-ical mmmnber of revolutions of about

36 x 10° for the four different speeds, designated as A, B, € and D in Table
6 were subjected 10 EPMA  and these line scans are presented in Fig.30. Similar-
Iy, EPMA line scans of samples drawn at about 6.2 x tﬂj revolutions for the

four different specds designated as F, G, H and J in Table 6 are shown in Fig.3l.

From the EPMA line scams, the chromium pick-up and inhomogencity
calculated for samples A, B, C. D. F. G. H and J arc prescnied in Table 7.
For about the same number of revolutions of either 3.6 x lf.'.rj or 6.2 x 10° the
260 RPM samplc has higher level of chromium pick up although with slightly
more inhomogeneity than in the 450 sample, while the sample of the stil) higher
RPM of B30 has cven less chromium pick-up and more inhomogeneity than that
of either the 450 RPAL or 260 RPM sample. A similar trend is observed in coerci-
¥ity variations when they are replotied against number of revolutions, as shown
i Fig.32; it can be seen here that the peak-crossed coercivity drop for ithe
260 RPM run occurs carficr than for the hightr spceds of £50 and 850 RPAL

The attritor used for this work is not designed for centinuous operations
21 speeds in excess of approximately 1000 RPM. However, a short run has been

ttempred a1 1885 RPM for which an appropriate pulley drive is available in

- : I.,iL
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the attritor.  Using a charge of 300 R with émm diameter steel balls in 18/1
balls-to-powder ratio, milling was carried out for 3.3 hours o match approximately 4
s number of revolutions of samples A, B, C and D. The sample is designated
as E in Table 6 The EPMA line scans of this sample E are shown in Fip.33%
in comparison with that of a sample {rom 450 RPM run at abou! the same number
of revolutions (Fig.33a). The EPMA line scan analysis of sample is included in
Table 7. A comparison of the EPMA Jine scan analysis of this sample with afl
the others, as can be scen from Table 7, reveals that the % chromium pick-up
in 1880 RPM is lower and also has much Jess homogeneity than either the 250.
450 or 850 RPM sample, although number of revolutions are cssentially the same
in all. Al the data of Table 7 are plotted in Fig.34 as cyrves of effectveness
of alloving for constant number of revolutions it reveals that for a constant
mmber of revolutions of «— 3.6 x 167 the effectivencss of alloying is maximum
2t aboyt 350 RPM: RPMs either loss or more than this value tend to produce
less effective alloying. Ewen for a higher number of — 6.2 x 105 revolutions,
while the inhomogeneity is comparatively reduced over the entire RPM range,
the maximum effectiveness of altoying is still seen 10 occur at about the SEMe

350 RPA (shown as shaded areas in Fig.3u),

The results on the effect of atrriter speed described above are discussed

in detail in jection 5.4.1,

312 Effect of balls-to-powder weipht ratio

The cocrcivity variation with fespect to attritor milling time is plotted’
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m Fig.3% dor six different balls-ta-powder weight ratios {hereafter relerred to
as ball ratios, for convenence) ranging from 12/1 to 106/1. While the 12/] ratio

run shows neither & peak nor peak-crossed drop in coercivity within 48 hours

and F&/1 ratio run slowly tends towards g peak. all the other runs show prak-cross-

ed drop in coercivity to different extents. This should mean lack ofany alloying
in the 2/l run while alloying 1o varying extents niust be eccurring in the runs
witﬁ.nthet ratios.  The actual state of alloymg was veri[ied by conducting EPMA
bne scan analysis on samples of al] the six runs, drawn at the_#2nd hour of milling
time.  EPMA was also donc on the samnple drawn at the 42nd hour of miiling
time from the run conducied wrth 150/1 ball ratio., The Jine scans are shown
in Fig.BEa* & b and the line scan analysis in Table 8. Samples were also drawn
at the 24th hour for all the seven different bail ratio runs.  In Figs. 378 & b
and Table 9 are presented the EPMA line scans and the line scan analysis respect-
wely of the samples drawn from 12/1, L&}1, 40/1, 50/1, 100/! and 13941 runs
2l the 24th hour milling tune.  The results of average chremium pick-up and
iﬂhom::ugcne]ty (Tables & and 9) arc plotted as a function of bali ratio In Fig. 38
45 1sachronal curves for 42 hours and 26 hours of constant milting time.  Tig, 38

reveals, in gencral, a progressively hmproving effectiveness of alloying with

——

. -

In the EPMA. the Cr tine scans for 12/l ratio run in Fig.36a as well as for
. ; i . .

18/1 ratio run in Fig.37a were recorded refative to 16" counts, instead of the

Commonly used 3 x !'E.‘J'tlF tounts scale, in aorder to boost the feeble Cr signal

N these samples.  This change 1s taken into account in the relevant caiculations
n Tabf |q.
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increasmg ball ratio for constant mithng times.  While botl) miiling 1imes =aow

maximum effectriveness of alloying about 10071 ball ratio, the effectivenes: of
alloying in the case of 42 hours milling may be taken as satisfactor ¥ Even 1rom
a ball ratre of about 4G/) onwards. Alloying tends to be Jess effecrive ar Hall
ratios less than these values. Furthermore, the Inhamogeneity curves are marced
by praks of imhomogeneity at certain Lall ratios. There is also seen 1o e no
further gzin in effectiveness of alloying at ball ratros higher than thesc values:
in fact, at the wvery high ball ratio of 150/1, the eflcctiveness of allovins s

steh 1o decrease.

Let us now consider a differept method of comparison of eiflicacy of
alloying with varying balls-to-powder weight ratio.  Since REM s the same Zor
all these experiments. the number of revolutions at any given milling time remzin
the same for all the ball ratios. However, with tugher ball ratios obtained throozh
decreasing the powder charge weight, the intensity of collisions experienced oy
the powder particles will increase. We can thus think of a factor such as N-W
(number of performed revolutions x ball ratio), whore

N = RPM of the attritor

t = time of milling m minutes -

W = balls-to-powder weight ratio,

45 representing the intensity of collistons.  This nummber becomes different Zor
-

different ratios for the same milling time, as shown in Table |0. Samples marled

A, B, C, D & E in Table 10 *  ~— which have approximately the sz—=

NtW factor of abour L) x 107 — were subjected to EPMA lme scan anzh:.s
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whose results are presented in Frigs.39a and 3% and Table 11, Shmlarly samples
which have approsimately a valus of 1.7 x l{)? for NtW and marked F. G, H,
1, K: L, n 'i:able 1@ were analysed by EPMA with their [ine scans shown in Figs.
%0a and 40b. and linc scan amalysis in Table 12, The datz of Tahies if and IZ

are plotted in Fig-#] as ball ratio versus effoctivencss of alloving i terms of

mean chromium  pick-up and inhomogencity: 1t is seen that for both §] x ID?

and 1.7 x H:I? values of MW, the maximum percentage of average chromium

pick-up occurs at aboutr 5041 ratic but maxirmum rinhomogencrty also accurs at
56/1 ratio.  Although the inhomogeneity is very low at the ball ratio of 160/1,
the Ehramium pick-up 15 zeen to diminish at 100/ ratio. Ft:om the shaded areas
marked Jn Fig.41, it will be noticed that a maximum 1 the chromium pick-up
consistent with least inhomogeneity (i.c. maximum effectiveness of alloying)

occurs al the same ratio of about 35/1 for both the NtW curves.

A detailed drscussion of these resutts of the effect of ball ratio is present-

ed 0 Section 5.4.2.

23,3 Elfect of ball diameter

The coercivity versus milling time behaviour has been studied for four

different ball dramcters namely, 4mm, émm, 8mm and 10mm. The results are
-

Presented in Fig.42.  The tmm and émm ball experiments do not show prak-cioss-

®d drop in coercivity within 48 hours of milling time while the $mm and 10mim

ball runs do.  This indicates a better degree of alloving for ball diameiers of
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gmm and 1fmm.  The value of the prak-crosscd drop in coercivity for &mm bail
run s lower than the value for 10mm ball run, sugeesting more effcctjve alloying

in the former Caseo.

The LPMA lLine scans and line scan analysis of samples drawn after §2
hours mrlling for the four ball diameser experiments depicted in Fig.43 and Table
12 respectively {:Jeari‘}f bring ocut the gcnem[ly.fncreaﬁing degree of alloving of
chromium  in nickel as the ball diameter Micreases, vindicating  the coercivily
trends.  The results of Table 12 uarc plotted in Fjg‘.#ét 25 bell diameter versus
effectiveness of alloving, While the chromium Pick-up curve reaches a maximumy
at &émm ball diameter and remains approximately at that level from then anwards.,
& minimum i the inhomogeneity curve can be scen to occyr &t about Srlnm dia-

meter.  This indicates that the maximum effectiveness of alloying in %2 hours

milling time can be realised with the use of 8mm diametor stec balls.

3.4 Effect of shape and material of balls

In addition to a study of the ball sjze etfect, the gHoying behaviour
with grinding media differing in shape and materal from tre nardened steel
Spheres was examincd.  &mm dia x 6mm height cvlinders of siziiless steel have
beeiy chosen as a case of a different shape. This shape has a suriace area larger
than that of a 6mm dismeter ball The constituent powders wese artritor milled

With :hesecylindrical elements in 18/1 ball ratio at 154 RPM for which the co-

Croivity versus rmilbng tire  curve (Fig.42) shows no peak n LE sourg indirdating

L

-
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A attempt bas been made in gatng  this understanding by conducting
atritor milling cxperiments with a few variants of impeller shapes. Three experi-
ments were done in which the atiritor was run using round, triangular and {la:
impeilers (Fig.46). Al the three exporiments were dane with & halls 1n 18/1

ratio and at an attritor speed of 154 RPAL

The ceoercivity vanations with attritor milbing time for the three shapes
are plotted in Fig.47 which shows the absence of any peak for flat impellers
and a tendency for coercivity to peak but nol to a peak-crossed drop for round
¥ vanes, and a peak-crossed drop o coercivity for triangular shape vanes within
the observed milling tune frarme of aboutr 54 hours. The EPMA line scang and
the EPMA Jine scan analvsis of samples drawn at the 4&th hour milling time
from the three Experiments are presented respectively in Fig.t8 and Table 13,
These results jndicate that the triangular dmpeller does bring about higher level

of chromiurm pick-up and with much less inhomaogenarty than the other two shapes

- Conzidered here,

¥ 534 Number of nnpclters

E | In a given length of shaft, how many wmpelicrs are requrred for mechanical

'a““}“mg" To attempl an answer 1o this question. two basic configurations have

b : . . . ,
L UReN drjed, Configurztion 'A', where & round impellers in scts of two impeliers

 OpDog . .
; PPOsite each ather are placed one set above the other, ezch set bemng placec

i = } , , ) ) )
. b9ge L, the neighbouring set a5 shown in Fig.09. Another configuration (Fig.50)
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denoted as '8 s tabricated with 2] round impellers along the tength of the shait,
arranged in a helical fashion: this is almost triple the number of vanes in the
same dength of the shafi as compared 10 the former configuration. The constity-
cnt powders were aitritor milled under identical conditions {154 RPM speed,
émm ball diameter and 1871 bal ratio) in two successive tuns of %8 hours with
these two diffcrent impeller configurations.  The EPMA line Kans and the line
scan analysis of the powdcr samples drawn at the 48th hoyr milling time far
both A and B runs are shown in Fig.531. The total absence of Cr signat in Fig-3lb

reveals the poor state gof alloying far '8’ configuration.

337 Baiffled attritor

The use of baffles in agitator tanks is commen in chemical engincering
pracilce whereby a welt-mixed condition of the constituents is ensured because
these bafiles help in eliminating vortex formation of the solic-liquid/liquid-liquid
blends, break up the eddies and thus bring a greater degree of mixing of :he
Comstituents (132). A question that arises in thls context Is nhether baffling of
the attritar is desirable for mechanical alloying.

To answer this problem, standard design parameters for baffted agitator

Wnks have been applied 10 the atritor. ﬁhhnugh several variations of design

-:' - for different Applications prevail, it is Rererally prescribed in chemicai engineer-

ing Practice of design of baifled agitators that;
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i} Height of tank |{HT] = CHameter of 1the tank (DT}
i1} Drameter of impeller = 1/3 DT
i) Height of rmpeller §irom tank botiams= Diameter of impeller
iv) Width ol baffle = 1710 Dy
v} Length of baffic -. = Meight of tank
vi} MNumber ol baf{les I = k

The attritor used in this work, which already has a vessel heyght almost
equal o the vessel diameter thus satistying the first reguirement, has been modi-
fied to provide lor the Jinpellers and baffles according to the above standard
features shown schematically in Fig.532.  The wvessel wall of the experimental
aliritor was tack-welded inside with four narrow stoips of stainless stecl at dia-
metrically opposite positions,  The attritor was then run with the same charge
of nickel, chremium and thera at 154 RPM using 6mm diameter balls in }8/1
welght proportions The atinitor milled sample at the 48th hour was subjected
to EFPMA dine scan whose result rs shown in Fig.33  which can be compared with
a line scan of a similarly atwritor milled powder sarmple from an unbeffled attri-
tor {Fig.5tb). This clearly ndicates that the bafiled attritor yielded & _very poor

result n terms of degree of alloying.

These results of the effects of impeller shape, numker of impellers

and baffles o the attritor are discussed in some detail in Section 5.4.4.
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538 Lfect of starting particle size

Since attritor milling for mechanical alloying involves particle comming-

15 E- i ) . . :
£, ton and particle welding, one would expect the alloying kinetics to be influenced
' :
- by the starting average particle sizes of nickel angd chromivm powders,  [Four
.
T
® diffcrent size combinations of nickel and chromium powders as given In Table
f o,
s 3 13 were tried out iIn order to study the infivence of particle size on mechanical
.__‘E_.
0" ‘_-_ . ' . f A
ek alloying.  The powdar-sizes selected are arbitrary, as per their ready avarlability
y

El

g n the laboratory. Table 5 reflects a scheme af combining the available cozrse
: and fine powders of nickel and chramium in four combinabons which are designat-
ed as &/45. &/12, 25/45 and 25/12;(in each of these designations, the first number
denotes the average particle size of nickel powder and the subsequentllnumber

denotes the average particle size of chromium powdeor)

The above combinations of nickel and chromium were  atirrtor  rmilled
for about 5% hours except for run /12 which had to be terminated at the 48t
hour.  The coercivity-versus-milling time plots for thesec EXPCTIMEnIs are nresented
in Fig. 50, Samples drawn at the 48th hour were subjected to line scan EPMA.
The EPMA line scans of §/45 &8/12runs are shown In Fig-35a and of 25/4% & 73/12

in Fig.550. Their line scan analysis is presented in Table 6.

s seen from f12.3% that peak crossed drop In cocrcivity occurs for rons 8/12,
25/12 and 25/45 while 1here is only a tendency towards peak in coercivity for
the %165 run within the commen milling time of 48 hours. These trends indicate

®Hfectiye alloying for the former three combinations and pacr zlloying dor the

atter o,

Same trends of alloying arc confirmed in EPMA oo (Figs.3%a and
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25band Line scan analysis in Table ek These CxXperlinents thus reveal thar
more effective alloving is possible in combinations where fine chramium powder
15 used, whereas coarse nickel Zppedrs 1o be more efiective 1n alleamgz than
finc nickel powder oui of the two micke powder sizes that have be=n tricd.

Discussion on these results s presented in Section 5.4,5.

537 Effeci of sequence of alioving additions

Animportant problemn noticed the - optical microstructures of the
HIP consolidated Nl-EGCr-E'FhDE alloy is discussed here. Fortunately, it coulg
be selved by a modificaron in the atiritor milling procedure Indiczzing the

tmportance of milling procedurcs.

The HIP-consoligarad cempacts of l\li—EE%Cr-EThE}2 atiritor milles under
varieus muling conditions described previously have revealed a peculiar feature
in thejr mIcrestructure, z typical example of which is shown jn Fig.Zza, As
seen here, a bght-etching  phase (appearing white} is prescnt in a neswork
fashion, whereas the cstical microsiructure should revezl a single-phzsz salid
solution of Ni~20Cr, thoria particles being in the sub-oprical range. At higher
magni’fication, the lighs etching phase in the HIPad MICrosirucTure ;eveats
eCrystallised 1ype of ecuiaxed, {ine grzin structure (Fig.56b).  Several quantita-
tive Measurements of this phase in EPMA have shown that st contams nearly

Qs M . . - A . . .
80% nicke] and 20% crremium  while the dark-etching matris contained the

#med Composition of azpromimately 20% chromium and 7&8% mickel.  Thoria

A ¥ - v v WA L T ——
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FIG 560 RECRYSTALLIZED GRAIN STRUCTURE IN THE LIGHT ETCHING PHASE, 500X
FIG 56c LIGHT ETCHING PHASE IN PRESSED AND SINTERED POWDERS , 100X

FIG 56d THORIA-FREE REGION , S0000X
; 2 v

-

I — T



ey S

1
b
H
i

&1

conient in the hght and datk-etching phases could not be analysed m EPMA
due T0 its Jow concentration in the alley.

In order 1o tivestigate this further, same batch of the attritor-mifled
powders were sinlered in hydrogen at 1100°C for % hours to produce ]JDJ"{]LIS
compacts.  The typical microstructure obtaned on the sintered compacts s
shown in Fig.56c.  Because ot the incomplete densification, the original powder
paeriicle boundaries can be seen. it will alse be noticed that while the inte-
rior of the particles etchod dark. the particle houndaries are seen to contain
the light-etching p};asr_‘ similar to that seen Jn the HIPed microstructure. It
can therefore be surmised that HIP consolidation has led to & network of this
lignt-etching phase delineating the prior particle boundaries. A similar feature
of a light etchuing phasc with eprichiment of chromium in it was observed in
FE‘—Cr—AJvY203 alloy by Wilson et al (140) who however did not indicate any

~tempt of ehmimating 1

what could be the reason for this fecature in the microstructure?
Since the nickel and chromium contents in the light-etching phase as analysed
by EPMA are tallying approximately to 1G0% in canfrast to the nea'rly HE%
tally in the dark-ciching phase, jt 15 reasonable to think that the light-etching
Phase 1s thoria-free. This 15 also supported by the observation that recrystallised
Bfains are seen in this phase at high magnificatien (Fig.56b), because thoria,

't present in these regrans, would have made the matrix resistant to recrystallisa-

Uan.  Further confirmation could be obtained by TEM of the HIP COMpacts



&
of the powder winch revealed (Fig.56d} ‘islands' which are relatively thoria-free
and these might correspond to the light-etching areas.  Since this feature s
otiginating from the sites of particle-boundarics, it would imply that samehow
the ouicrmest lavers of the atteitor-milled particles are ending up without

any thoria in them. -

The exact process by which this odd phenomenon s occuring could
not be established with certainty in this study. However, a logical conjecture
is made as follows. The attritor milltng is done by pre-blending the entire
powder charge of nickel. chromium and thoria and then loading intc the attri-
tor for mechanical alloving. In tho process of composite particle formation
in the early stages of mitling. theria particles {as also the chromium particles)
are embedded in the nicke) particle agglomerates. 3ince the velume percent
of thariz 1s rather small. most of what has been added would get 'fixed' In
the jnjtial composite particle formation. Under the 'kneading' action of cold
welding and fracturing, the composite particles underge continuous refinement
of their internal structure.  The dispersoid particle distribution to the desired
fineness and umformity s suppesed 1o be a result of weld-fracture cycles
(129).  Even though thc thoria distribution would have become ungorm, the
weld-fracture cycles coatinue and this might Jead to a coating of only mickel
and chromium on the periphery of the composite particles which have already

Bot dispersed tn their interfors with almost all the thoriz. This explams & rela-

Uvely thoria-free Ni-Cr material in the outer layers of the compasite particles.
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If ihis explanation 1s correct, then the omission of thoria particles
in the initial blend and 15 addition at 4 later stage should elimmate the light-
etching, thona-free phase.  This in fact Js the case as seen in the experiments
with late thoria addivon.  Fig.57a is the HIP-consolidated microstruciure of
an attritar-milled batch where thoria is added at about hzb-time jntcrval {that
15, around 20th hour of milling time out of the &40-30 hours of total milling
time, typical for a normal run} and it shows elimination of the Light-etching
phase. It may alse be pomted out that nickel and chremium pmlvdcrs attritor
milled without any thoria 2lsa result in the elimmation of the light-etching
phase. The madified procedure of late addition of theria doss not hinder attain-
mg a sét;sfactor}f disperseid distribution as may be seen from the transmission

electron micregraph tn Fig. 57h.
34 OPTIMISATION OF OPERATIONAL PARAMETERS

Al Attritor REW

It was seen in Section 531, that the attritor RPM has a remarkable
influence on the state of alioying: higher the RDPM, faster 1s the comoletion
of alloying,  However, as scen from Figs.29 & 34 a minimum speed seems to
exist {at about 100 RP\} for the given set of attritor cperational conditions.
above which onIyl mechanical alloying Js realisable in pracrical time periods.

At less than this minimum speed, either alloying is not feasibie ar very prolonged

Milling extending presumably to several hundreds of hours Secomes necessary




to causc satisfactory alloying. InCreasing RIM Indefinttely beyend a certain
limit is of no bencfit cither, because. as can be seen from Filg. 33, there can
be no further gain in the chromium pick-up as well as homogeneity both of
which have reached their maximum values, for a given number of hours of
milling.  However, with an increased leve) of milling time, the upper limiy
of RPM for maximuom efiectivencss of allaving shifts to a lower value as can
be seen in Fig.28, Altheugh not veriflied Experrmentally, the trends gbserved
here can be explected 10 apply even far milling times shorter than 24 hours

and longer than 42 hours: thys s iHlustrated in Fig. 23 iwsell tor two arbitrary

_mulling time periods of 12 znd 100 hoyrs &s the predicted trends.

At optimum value for REM become: more strongly evident wihen we
Compare the effectiveness of aloying versus RPAM at constant number of impel-
let revolutions denoted as R’ as illustrated in Fig.3%. The chromium pick-up
Lurves for both 3.6 x 107 and 4.7 x 167 revolutions reach a maximum at about
the same speed of 350 RFM.  The inhomogeneity curves also show a minimuin

at about the same RPM c: 330.  Tor spreds higher than thus, the chromium

2 i, ' . -
E > Pick-up decreuses as RPM increases for a constant value of R, while jt increasecs

! - . N .
lor higher valuyes of constan: R, at a constant RPM. Since the maxirnum chrgmi-

U Prck-up cannot be more than 100% of the ajmed Camposition, it is logica)

19 predict from the trend cf the curvesof chromium pick-up and inhocmogeneiry
for the 1we values of constant R curves carresponding to =11l higher R wauld

Continue 10 show the maximum chromium pick-up and alse minimum In inhomo-

n e e e ae

T
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geneity al about the same RPM of 350, However, beyond this seed the chromi-
um prok-up would as befare tend to decrcase with increasirg Rpul. so also
the nbomopencity wouwld tend to ircrease with increasing RFSL 1. must
lso be mentioned that this rate of decrease of chramium pick-1o ard the rate
1. of increase of inhomogeneity are slower at higher R’ values. 7Toas is ilustrated
in Fig.3% for an arbitrary cheice of 107 revolutions as pred:zied ivends. AT
the lower levels of Ri the progressive decrcase in chromumr ;icli-'-l[a and in-
crease o inhomogeneity for RPMs beyond the gptimuin IS faster.
We can therefore summarise the joint anfluence of RFLL ans R on the
effectiveness of alloying as follows:
3 There 15 a minimum in the Jnhomogenesty versus IPM CUrve for
a given R, The position of this minimum is mependent ef R:
) The RPM wvalue at which a minimum 0CCurs in 7= mbwmogensity
coincides with the RPM at  which maximurh o oamuuin pick-up
QCCUrS,
1Y The mummum  Inhomopeneily  level increased wiis dereasing 2
1] The maximum 0 chromium pick-up is also a funcz.za of @, increas-
ing with increasing Rf, although this dependencs ‘s wnaller than

>

dependence of the minimum  in inhomogeneity on .

The =howve chardcteristie features of Fig.3% can bhe en-.uned as [ollows.

- - 4 '
Consider any comstant R curve, At very low RPMs {lower i7z5 the OP’EHT‘IUITL],

the millng Tirmes are prelonged with decreasing RPM.  Nevsiheless, alloying
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15 poor because of madeguate kmetic encrgy Jnput leading to insuliicient locakis-
ed attriven heat foe alloying.  For speeds greater than the uplimum, cffective-
ness of alloying 15 again increasingly poorer probably because ot the progre-
ssive decrease in the time avallable for diffusion of alloying elements. and
the diminishing 'convective’ ball currents at very high speeds.  (The energy

requirements and the ‘convective' currcnts of agitation in mechanical alloying

are described wn more detait in Chapter VI The opumum RPM may therefore
be seen as a speed which provides the best combination ofthe kinetic energy
supplied, the time available for diffusion and an optimum level of ‘convective!
ball currents - teading to maximum effectiveness of alloying. The walue of
the optimum speed for the attriter size as used here 1s seen 1o be approximately
350 RPM. It may be pointed out that this value of the RPM is opurmmum oniy
In conjunctran with the other attritor paramcters remaining same as applied
{i.c.. gmm diameter balls in 13f1 balls-to-powder weight ratio. round impetlers,
nickel and chromium powders of § and 45 microns average particle size re:-

pectivelyl

Milling time for maximum effectiveness of alloving

The cxperimental results also suggest the possibrlity that there s a
Minimum attriter milbng time for attaining maximum cifectiveness of zlleving
At any gisen RPM.  In actual experiment the minimuom alleying time has heen
determined for four speeds namely, 154, 26G. 450 and S50 RPM by fc-l!a:w]ng

the EPMA line scans from the sarmples at diffcrent milling times until the
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Iine scans showed ncarly masimum  chromtum Pick-up and near-zero Inhomoge-

ney. Thege nearly hoemogeneous  line sCans are tlustrated n Fig. 58 for the

four ciifcrent speeds with the corresponding milling times wheh approximately

represent  the  rmunieum times for maximum  effectiveness of allaying, The
pltot of this minimum milling time as a function of RPM shown in Fig.59

indicates thai,llupto ceriain value of the speed, the milhing time decreases,
The\:::fotted pertion ol the curve shows the predicted trend that s Itkely 1o
be observed beyond the Experiinental paints which are avajlable only upto 850
RPM.  This conjecture of a2 slow increase in the required minimuwm milling
thne at wvery high R[als boyond the minimum m the curve is based on the
obsorved tendency  of  slowly Increasing inhomogeneity  and slawly decreasing
chromium pick-up at very high RPMs in the constant [ curves (Fig.34).  Specd
and desigh limitations of the availlable attritor has precludeg any exporimental

verification of the actual valucs of the wvery high speeds a: which increase

N minimum miling time (dotted line of the curve In Fig.3%) would begin to

emerge,

For the observed optimum speed of 350 RPM, Fig. 52 indicates thar
A4 milling time of approximately 32 hours wouid give maxrmum effectiveness
1 alloying, whereas, the lowest point in milling hime as seen frem Fig. 59 corres-
Ponds to RPM value in the neighbourhood of 2400,  This does not mean that

405 RPM. merely because 1t requires the lcast milling time, 1s the optimum

RPM, since the corresponding value of total number of revolutions, R requred

St this speed works out 1o be larger than that of 350 RPW which 15 the experi-

"‘*Emai]}r cbserved optimum RPM fram Fig. 34 Atr this JUNCTUre. it may he

-
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INStrucTive Lo sce how the total number of revolutiens assocrated with cach
of the p.o'lnts of nmimum milling time in Fre.59 varies with the carrcsponding
RPM. Values of this number calculated from the experimentat pomts of Fig. 5%
arc plotted in Frg.60 as a function of the correspondmg values of RPAL. Fig.e0
reveals that the totzl number of revolutions for maximum cifectiveness of
alioying initially decreases and subsequently increascs. The lowest vziue of
the nuinber of revolutions is associaled with 335 RDPM.  This resylt vindicates
the atiritor speed préwuusl}' optimised at about 350 REAM. Despite the Senefit
of shorter milling time, other practical d]sat‘lva-r‘ltagr:s doiminate at high RPAls
such as the iron contamunation from the balls into the miiled powder.  For
Instance, in the 854 RPAM run it was found that as much az 3.0% Fe was oicked
_upoin 24 hours, compared to 0.4% Fe in the 260 RPM for 42 hours. Another
serigus drawback with high RPM runs is that the yield of the alloyed cowder
decreases with higher RPM because of the ncreasing terdency of powder welding
10 the balls. An additional problem is the premature wear of the seals 1'1 the
shait requiring frequent replacement.  From a design ooint of wview, atoriters
Fequirtng to be operzted at high wpeeds ate liable to become more complicazed
and expensive.  Thus, the use of an cptimum RPM is cesirable not onlv from
the viewpoint of optimising the cfficacy of mechanical alloying but also from

the viewpoini of pracitcal considerations of contaminz:ion, equipment cesign,

Yield and production economics.

3.4.2  Dalls-to-powder weight ratis

Referring 1o Fig.38, it 1s seen that the mimmuem ball ratie ncCessan
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CAer attaining maximum chromisn pick up decrcases as the milling time Jnerea-

ses. but the chromim pick-up levels plummet to low valucs at a ball ratie
of about 12/} Fig.3% also depicts the predicted trends of chromium pich-up
az a function of ball ratio for two arbitrarily chascn constant milling times
ol 50 hours and 1G0 hours and these trends also suggest that even with 50 hours
and 100 hours milling, ball ratios upto 12/1 are likely to be incifective L!n::'r:r
the applicd mulling conditions.  Similarly, the inhomogeneity curves for the
constant midbing times (ncluding the predicted curves) Suggest poor levels of
homogeneity of alloying upto ball ratios of 12/1. 1t is therefore reasonable
10 conclude that ball ratios upte 12/1 are incffective for mechanical alloying
at 134 RPM with 6mm balls. On the other hand, if the aim is to obtain zero
nhomogeneity level with a maximum in chromium pick-up m reilattvely short
ridling times, a ball ratio of 100/] appears to be necessary(see Fig.38). How-
ever, for a milling time of 42 hours, a lower ball ratio of &0/1 is able to Bring
about nearly maximum  chramiurm pick-up level concomitant with a level of
inhomogeneity which is closc to zero. The predicted trend for 530 hours constant

milling time suggests that all ball ratios ranging from 40/l to 100/1 can bring

about maximum effectiveness of alleying,

For milbng periods of 24 and %2 hours. the minnaum ball ratio for
altaining least inhomogenelty tonds to be more than the minimum bail ratig
for attaining maximum chromium pick-up {sce Fig.38). It can thus be nferred
that at a gwenl RPM and for redatively small milling umes, elimination of

Inhormogenety requires a higher ball ratio than that required to attamn  the




90

maximuns g chromium pick-up. Sharp peaks arc thus noeticed in the mhomoge-
neily curves in respect of 42 hours and 26 hours constant milling times. |t
i» also secn that as the inhotnogencity level rises 1o peak, chromrum pick-vn
corresponding to  these pleaks In mbomogencity also riscs sharply and further
pse in chromium  pick-up s anly  gradual, appreaching the maximum valu=,
with a corresponding trend of approach towards near-zers level in inhomogeneity.
The peaks m inhomogeneity  therefore imply a sudden increase in chromium
pick-up at these ball ratios without having the nccessary iime for hNomogentsation
of chrormium in nickel.  This Interpretation s further strengthened when ons
examines the apparcntly conflicting result of a Jower level of inhomogeneity
for the shorter milling time of 24 hours than that observed for the lenger time
of 42 haurs, at a balf ratio of 1%/}. Here, although the inhomogene ity is jower
for 24 hes it s also associated with » much lower level of chramium pick-uc
than the level of chromium pick-up “in the 42 hr isochronal curve at the same

18/I ball ratio line, Ir1creasing the ball ratio secms to jran out such inbomo-

Beneity peaks, as can be seen f{or the 42 hr isochronal curves.

In Fig.38 a noticeable trend that is evident is a decreasing effective-
ness of alloying both in terms of chromium pick-up and inhomogeneity as the
ball ratio is jncreaseg from [00/] to 150/1 for the 24 hours and 42 hours jsa-
chronal curves, By Jncreasing the miling time to longer periods, say 50 or
103 hours. it should be possible 1o improve this decrease n the effectiveness
of dlloying.  Such IMprovement is already evident in the 42 hes milling time

CUrve, m comparison with the 24 hours milling curve,

| R
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Smce the question of an optimum ball ratio is tied up with the attritor
milling trme as discussed above, is there a way of 'norrnalising' the ball ratio-
'-miliing tme combmation? Such a normalised factor could be the '"NtW' describe.
1 earlier-  Although this factor may not have a physical meaning as direct as
R’: the number of revolutions (grven by Nit}, 11 serves to make a distinction
in the effectiveness of one ball ratro from ancther when they belong to samc
value.  Thus two different ball ratwos having same NtW. arising from an
appropriate difference in the milling times may be taken to be different in
their cifectiveness for mechanical alloying. The plots of effectiveness of alloy -
ing-versus -ball ratio for two values of constant NtW, namely, 1.1 x 107 or
L7 x 107 in Fig.4l. iollow a somewhat simrar pattern as that of the plers
! of constant milling time (Fig.38).  The significant difference between Fig.34
; .’.‘: Fig.#l however is that the constant NtW plots reveal an approximate co-
:inmdence at the same ball ratio of about 35! which gives maximum effective-
4 ness of alloying at both the NtW wvalues. For either of the NtW curves, althoush
3 the chromium pick-up at 353f0 ratio is not the absolute mammum*, It s close
10 it and 15 consistent with the least value of inhomogeneity and is therefore

10 be taken as the most effective ratio. At any other ball- ratio, either the

g "homogeneity 1s too high or the chromium pick-up is too low. Thus it is reason-
] -

rahle 10 conclude that a ball ratio of about 35/t js the opumum value for

.
T -
.

—_———

]

Absolute maximurm alue of chromium prck-up, here, should be taken to mean
Pproximately 105% of the 'standard’ chromium line at which it equals the

o
20% chromjum aimed I \he composition.
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maximurn effectiveness of alloying. 1t 15 also seen that although more or less
the same ball ratio jz valid for maximum chromrum pick-up with minimum
jnphomogeneity, the value of the chromium pick-up is closer to the absolute
maximum value and the minimum in inhomogeneity is lower, as the NtW increas-
es from L1 x 107 1o L7 x 107, At NiW of 1.7 x 107, a ball ratio of 100/
s also seen to give maximum effectiveness of alloying. It js likely that at
a s;il! hugher value of NtW, the already subdued nhomogencity at 50/! bal
Iuratfn in the L7 x 107 Ntw curve may be {ully eliminated, and even interme-
_diate ball ratios between 35/1 and 100/l can also bring aboutr maximum effective-
Lpess ol alloying. Following these obscrvations. the predicted curves of tL:hror
mium pick-up and inhomogeneity for a still higher value of constant NtW {arbi-

trarily chosen as 10%) are included in dotted lines in Fig.#l.  Thus, just as

|
E.
i

‘the eptimum ball ratio for maximum efiectiveness of alloying can vary over
a considerable span of ball ratios for longer milling times (Fig.38), the optimum

,_I::aﬂ ratio can agan spread over a. range of ratios for large values of NtW

 {Fig.t1).

As mentioned before {in this section). for a given RIM, the minimum
milling time for maximum effectiveness of alloying can be reduced by jncreasing
the ball ralio, but not indefinitely. Dy extrapolating the observed trv;nds in
Fig.38, one r::an expect the minimum milling time required for maximum effect-
Iveness of alloying 1o rncrease at low ball ratras as well as at very high ball

- Faties.  PBased on the EPMA line scans pertaining te 18/1, 40fL, 50/f, 100/1,
150/1 ratios, the appropnate milling times that nearly maximised the effective-

Ness of alloying — as deduced from the ncarly straight hine scans in EFMA




-

rend
e
s«- ﬂa@f

F
g =

alted as the minimuorn mitltng times, These line scans are already Inchided

fj},;ua and &0b. The line scan analysis of these sampies are shown in Table

1 < ples are lairly close 1o

Using these data, a plot shown in F;

been made between minimum altloy
Jng.}."., . _
he mminimym ruiling time upto about 40/ ratio follow

2.0l

ing time and bali ratig. A rapid decreqse

ed by a gradual de-

-
i

increase in the milling time beyond
T

24100/1 are evident in Fig.61.  These features are somewhat similar 1o the -
AR _

iures observed in the plot
p oL ' r

of minimum milling time with Increasing, RPM

Fig.
Fig:61 indicates that the *least milling time for maximum effectivenoe.
o .

£ N

‘Et: alloying is associated with a ball ratie of
;:Emmts In Fig-é! of the minimum milling times, the correspending NtW valyer
A __ 3 :;'_ —n ' - -
fare computed and included in Table 7.
N " -
¥ | -
: -_iunctmn of the ball ratio
;‘. .\l@i. 1
rtithe NtW followed by an
B b

about 90/l From the experimental

These NtWw values are plotted as a

in Fig.62 which shows injtially a slight decrease i

fl

ncrease. . The [owest valye of NtW g S5CEN 10 Corres.
, [N s
‘I...: Pond to a ball ratio of dpproximately 32/]

gﬁ,

and the associated milling  time

"is about 49 hours.  Since it js associated with the least value of NtW, a ball

Tato of about 32/1 can be deemcd to be the optimum ball ratio and it agrees

well with the optimum ball ratio of aboutr 35/ determined from constant NG

. It must of course be

Curves {Fig.4]) remembered that ths ontimisation

valid onily for the mulling “conditions adopted

i
T

in this study, nemely, [5¢ RPMs

as the attritor Speed, 6mm diameter stecl balls, with &p  and h5 average

Particle size values for nickel and chromium respectively,

-
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White ball ratios higher than the optimure may appear to be advantage-

ous because of reduced milling times. the desired distribution of the dispersoid

® may not have been attained in the reduced milling times. Furthermore, higher

¥ pall ratios call for bigger capacity attritors for processing the same batch

., size of the powder or reduced quantity of the powder charge for the same

b capacity of the attritor.

:I 5.4.3 PBall characteristics

The effect ol varying the ball diameter on the degree of alloving is
"-": reflected in Fig-44. [t brings cut an cptimum wvalue for a ball diameter of
-'apprnximate]y gmm at which the observed degree of alloying is more effective
£ than with the other ball dramerters studied. For ball diameters lower than
.. { &mm, the drop in chromium pick-up and increase in inhomogeneity are drastic,
F  As evident from Fig.44, for ball diameters larger than &mm, while there is
ne sigmificant difference in chromium pick-up level. the inhomogeneity increases.
[n general, ore can expect a lowering of the inhomogeneity levels and an n-
trease in chromium pick-up levels over a range of ball diameters by increasing
the mJl-ling time from the 42 hours milling which is the basis for Fig.44. Al-
though not verified experimentally, with very prolonged milling, it is-pred]ctable*

that the oprimum ball diameter is likely to spread over a small range of values

Centred around &mm. Stnce there can be no alloying with zero ball diameter

—_—

+
For instance, for 100 hours milling m a run of émm diameter balls in 1&/!
ball ratio. the EPMA line scan in Fig.60a shows inhomogeneity level close

Zers aglongside a maximum in chromiwm pick-up

T S BRI N BN § DpEmm——
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~  regardless of milling time,. it is reasonable to hnagine a mimmumn value for

kall diameter abowve which only there can be effective alloying for all millie,:

times. It is difficult to assign a fixed value far it, because what occurs a:

a single value at relatively small milling times. spreads out to a range of ba'.

diameters for prolonged milling times.  This situation s depicted in the {4,

of schematic trends of chromium pick-up and inhomogeneity curves for 1.
'

arbitrary choices of a prolonged (t00 hours} and a short {i2 hours) rulling tirre

shown in Fig. &4 itself,

The observed trend of increasing effectiveness of alleying with incrers 1 -
ball diameter upte a certain optimum value may be understood as ap effe. *
of increasing intensity of attrition and coliision events,resulting from an nerez o
in the surface area of the ball. The reason for the decreasing elfectiventss
of alloying bevond the optimum value of ball diameter is not very clear; ho v
ever, Jt us very likely that with too large a ball diameter the weight of
ball increases to a point where the effective agitational velocities of the hay-
for a given RPM of the attritor may begin 1o decrease.

The same reason as above may be valid for the very poor alloyire;
observed with tungsten carbide balls whose density makes the ball more the
MWice as heavy as the steel ball. A point 1o be noted in the case .of turgstor
Carbide balls is that they are much harder { »» 1800 VPN) than the hardenece
Steel balls { ~ 800 VPN)Y The hardened surface of a tungsten carbide ball shouid
Mmake it more difficult for powder to weld to it thus retarding the proc..:

of mechanical alleyving. Visual gbservation does indicale the same: there WIS
) ¥YIng
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hardly any powder seen welded to the balls at the end of attritor milling with
tungsten  carbide balls, whereas 'projections' of welded powder particles to
steel balls after mulling are always visible to the naked eye. This may be an

additional reason for the poor alloying with WC balls.

n the experiments on the effect of varation of shape of the\balls
{(Section 5.3.3.). it was shown that cylindrical grinding elements were incffeétwe
for alloying despite the surface area associated with a cylindrical shape being
larger than that of a sphere.  The sharp angularities of a cylinder at__its cdges,
in contrast to the smooth surface of sphere. makes relative motion between
the eylindrical elements difficult.  This results in retarding the intensity of
the collisions as well as agitational velocities, which is the lkely reason for
the observed poor alloying of the constituent powders. This experimental result
s a pointer to a generalised conclusion that sphere 15 the best shape of the

gnnding elements for rmechanical alloying.

44 Effect of impellers and baffles

Triangle-shaped impellers have been found fo be better -than round
or flat shapes in bringing about a greater degree of alloying. The reason for
this could not be cleari}-‘ established but it 1s presumed to arise out of the
possibility of preater number of attrition events resulting from the greater
"Convertive' ball currents that triangular shape Impellers are hkely to generate

among the balls. A detailed description of ‘convective' currents is included

in Chapter VI dealing with the mechanism of mechamcal alloying.
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Apart {rom the shape of the impellers, the results aiso reveal the:
the number of impellers alsa have a bearing on the efficacy of ailoving. Too
small & number of the impellers cannot be effective beocause that is [ikea]y
1o leave several layers of the balls nmactive,  Too many 1mpcllers alse may
be counter-productive because they may actually tend to reduce the fnc}ividuaf
average vclocities of the balls in agitation and therefore reduce the kineti:
energy for mechanical alfoying. The poor alleymg observed with 22 impellers
in the attritor (Fig.5]) exemplifies this effcct. A similar reasoning may appl
to the effect of bafiles in the attritor which have led to poor alioying compared
to the unbaffled attritor. The presence of bafiles M the vessel wall must B
causing a significant reduction in the velocities of the balls in their immediate
vicinity, although jt might be helpful m eliminating a vortex formation. The
reduction 1n ball velocities means reducticn in kinetic energy for promoting

Mechanical alloying and hence the result of poor alloying {Fig.53)

345 Initial particle s1ze of powder

Results of expersments on effect of starting particle size of N/ and
Croon the efficacy of alloving have brought out the strong trend that, for any
BVen average particle size of nickel powder, the use of fine chmmiu;’. gives
better alloying  than coarse chremium powder in terms of chromium pick-up
95 well g inhomogeneity. The greater effectiveness of alloying with fine chro-
MM powder may be explained in the Lght of the five stages of mechanical

E'“D}fif‘lg {Section 3.8.4). During the course of mechanical alloeyrng, deformation

ang fragmentation of Coarse chromuum particles ;nio progressively {iner lamejles

D L i ar o L el o L
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Jead to diffusion of chromium to the nickel matrix. Thus part of the mecha-
nical energy input of the attritor 15 consumed in the fragmentation process
itseld- With fine chromium  powder a greater fraction of the energy input

15 thus bikely to be available {or alloying per se.

. On the other hand, when we turn cur attention to the effect of vari-
ation n the average particle size of nickel, the results described in Section
5.3.8 suggest that the coarse nickel powder (25 o } is more effective m alloying
than the fine nickel powder (2 J4 ). Although the reason for this trend s not
very clear, a possible explanation may be the fact that with coarse nickel
powder the chromium particles may readily be embedded with less need for

welding among nickel particles and thereby enabling the mechanical energy

input to be more effectively utilised in alloying of chromium intc nickel.
25 THE COERCI¥VITY PROFILE

Coercivity as a means of studying the effects of different operating
parameters in attritor milling on mechanical alleying kinetics in respect of

Ni—Cr—Th02 has proved to be useful in qualitatively distinguishing between

a poorly ailoyed condition and a well-alloyed condition.

-

Having secn that the milling time dependent progression of the consti-
tuent powders of mickel, chramium {and thoria) to a state of homopeneous

alloying 5 penerally predictable from the observation of an initial rise 1n coerci-
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w1y

t‘?m a peak, followed by 3 drop in COgrCivity,
. P5 down as alloying occurs because alloying with chromium from aboutr &%

ane can imagine that Coercivity

; wards decreases the Curie temperature of nickel to room temperature, thus

Endcrmg the alloyed rmatrix nonmagnetic. A somewhat similar observation

as recorded by Horn, Spyra and Schmidt

!

{lf.tl} who measured changes in mag-

eic susceptibi ity in attritor milled powder Df nickel and chromium along with
.i‘

e other solutes also, They fﬂund a rapid decrease in the magnetic suscepti-

‘;'1.. after milling, and attributed it to alloying of chromium in nickel. How-
l'k

Ever, in the present investigations, there 15 spl! -a need to understand the
T -

‘!
reason for the inipal clse in coercivity to a peak position. A high coercive

i orca
'u

tructure af the material

Is essentially a manfestation of the hindrance offered by the internal

o domain boundary motion towards randomization

-"the aligned, magnetic domains. Coercivity of particles can Increase by

contributions  from four anisotropy factors, namely, crystal anisotropy, strain

Iy

anisotropy, shape anisotropy and exchange anisotropy (13€). The coercivity

£01 nickel has been shown 10 increase when it 15 cold worked (13%). Ths is
énf]ed In the present work by attritor milling pre-alloyed nickel_| 4. 3% chra-

""Hum nowder up‘tcr 70 hours which induced severe cald work in the powder

Piarticfes as evidenced by the increase in the average microhardness from

?ﬁﬁ VPN to 700 VPN, At the same time it was seen that the coercivity aiso

‘mEE from about 30 Ce to about 110 Oe.

Another possible reason could be the effect of second phase particles

w0 coercrvity. Dispersion hardening in a magnetic material is known to increase

: Cﬂerc;wty as demonstrated n Fe-Mo Svstem with £ phase particies (137)
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203 phase at grain boundaries (147). There

chromium particles them-

.f ' '
Blves. — besides the thoria particles —
.*t.l'" -

act as a kind of dispersoid in nicke

1&,:1{.' -

rix during the course of their fragmentation to -finer sizes and thereby

ntribute to the initial rise in coercivity.
™

Thus although the imtial rrse in Coercivity to a peak value can be

i ) -
a?:'gely attributed to the effects of cold work, other factors like particle size,
Trp-’,‘:'

‘*-’"if arncle shape amsctmpy, dispersoid effects, annealing effectq by the local

nse in temperature by attr;tmn, whichf can have

:;ﬁ

the cnset of alloymng etc.

o aryqng degrees of mﬂuenca on - the property af coercivity, may affect the

quent drop in coercivity. Because of the complex

the coercivity value at the end of mechanical alluwng

_.d-:
need not exactly correspond to a fully non-magnetic condition or to the COBrCi-

'1t}f of a NiI-20Cr. alloy powder. It is, nevertheless, reasonable to conclode

itﬁat the rise in coercivity to a peak sigmifies an early dappreach to solid solution
i

alloying of chromium  in nickel, thIc, the subsequent drop in Coercivity 1o

_,lﬂw levels can he interpreted as a “onsequence of the actual realisation nf

ol
ﬁé!loylng of all the chromium.
2> THORIA DISTRIBUTION— - -

In the previous sections, the various attricor milting parameters have

'been Optimised on the basis of the criterion of homogeneaus alloying of chro-

-~

Y

r
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mium-in nickel.  [n the process of mechanical alloying, as described in Section

f3.2.3, the oxide particles attain uniform distribution during the course of the

1~.,Fﬁ.Ed-frau::‘cur& cycles of the constituent metallic particles.
il

Because of their extremely fine size, the oxide partictes tend to occur
binitially as aggregates of relatively coarse cluster particles (Fig.24} which break
Ub into finer particles as milling contlr:ues. A umform distribution of wvery
'ﬁne particles is desirable to ensure the expected mechanical praperties. [t s
Pzifzereiore appropriate to examine whether in the present investigations the

Emria particles attained the desired distribution, simultaneous with th:e homo-
éenen}us alloying of chromium in rmickel when optimum miiling PE.TEFI;ETEFS are
happlied- :

;I For the purpose of stuyding the thoria distribution, a few illustrative
"Pﬁrirfaents of attritor milling of NE-Cr—Tth have been selected out of the
ISE".reral that have been conducted in optimizing the miiling parameters (described
Un Section 3.1 to 5.4) and these are listad helow:

"i) Sample A: A sample 3f powder milied for 4% hours at 154 RPM using &mm
& diameter steel balls in [8:] ratio and which has 32 #oand 434
- as  the starting average particle sizes of nicke! and chromium
respectively.

} ii) Sample B: A sample of powder milled for 42 hours at 260 RPM, other

parameters remaining as i Sample A.
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Ji}} Sample C: A sample of powder milled for 4% hours ‘using &mm  drameter
gt v .

Sample D A sample of powder milled for 43 hours using 8 Mooand 12
a3 the starting average particle sizes of nickel and chromium

respectively, other parameters remaining as in Sample A.

3
The samples have been HiPed to full density and specimens for TEM

I','iexammatmn have been prepared, as described in Sections &.2.3  and 4.4, The
‘[t}rplcal eletron micrographs ohtained - from these samples are ilIustEated in
Figs.63a to 63d. The average thoria particle size calculated from thes;a micro-
1 graphs are shown in Table 128 "~ . afd=-. _ 3 the correponding EPMA line
scan analysis of chromium line of the samplesd, B, ¢2D ave 7 Ry.514,Fiy.18,Fy.e2k
 Fry 556 reghesTively.

It can be wnferred from Table 18 that under milling conditions whece
the alloying of chromium in nickel s poor, the thoria particle size remains
relatively coarse. Thus is illustrated by comparing Sample A which is a case
of comparatively poor alloying (as indicated in Fig.28 for 42 hours milling time),
with samples é;, C: and D wherein the chosen attritor milling parameters were
- such that they were effective in bringing about better alloving of chromium

N nickely thoria particle size is seen to be finer n Sample B (a case of higher

REM), in Sample C (higher ball diameter) and Sample D (fimer chromium).

We may therefore conclude from these results that satisfactory oxide
distribution will genecrally be ohtained when the attritor milling parameters

are optimised with respect to alloying of the solutes.

- steel balls in 18:1 ratio, other parameters remaining as in Sample A.



¢ SAMPLE '€" {HIGHER BALL OIA), 68100 x .

1

< 8 SAMPLE 'L (FINER CHROMUM), 40000 »

FIG 63 THORIA OISTRIBUTION IN DIFFERENT ATTRITOR ;
. MILLED SAMPLES .
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CHAPTER V1

- -

I3 MECHANICAL ALLOYING TRUE ALLOYING?

- - .

s -
r

L In Chapter V, we have seen extensive,use of EPMA of attritor milled

;:..:..ré;[er particles to characterise the. degree and homogeneity of alloying of

hmmitjm in nickel.  This technique proved to be valuable n arriving at a guanti-
Stative assessment of the optimum conditions of milling for mechanical-alloying.
Whereas EPMA provides evidence for hornogeneity on micron scale, its resolution

tis not adegaute to confrrm homogeneity on atomuc scale, for, the electron
.

ri:mbe in EFMA analyses an irradiated sample volume of about 2 o diameter.

k EPMA may not thus reveal submicron segregation of the alloying elements.

f any.

An impartant question therefore remains: does mechanical alloyng

i

5 lead 1o tr-ue alioying of the solute elements in the matrix? A well-established

technique for resalving this question. is x-ray diffraction. However, interpre-

.

tation of diffraction Lne profiles is inextricably complicated by several factors

such as the effects of cold work In mechanically alloyed powders, as will be

explained in Section 6.2

L
"

It 15 seen in the literature that this problem received only limited atten-

tion.  Horn et al (i%1) wsing magnetic susceptibility conclude tiat nearly true
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.;j selution formed in mechanical alloying of Ni—Cr—Mo~Th02 but their conclus-
does not appear to he unambiguous.  White and Nix {131} have examined

possibility of J'\.IJ::3 Sn campﬂund formatien by mechanical all-:rymg of the

elementa! blend. From x—rav d:ffractmn results, they concluded that the milled

[powder was orly an intimate mechanical mixture of the two elements. A detait-

investigation that dealt

with this question is that carried out by Wassel

- \
Himmel {130} who have usad X-ray diffraction analysis to determine whether '

mechamra! afloying leads to the formation of true solid solutjons. They have

exammed the solid su]ution formation in the isomorphous Cr-Mo system at

51}:59 W/o composition which has its (110) reflection between the

B ragg peals

{}f Cr and Mo with a peak shift of nearly 3% {in 2@ } both from the chromiom

SJEEE: and from the moiybdenurm side. Such a large peak shift can be- unambi-

b guous]y determined, the authors argue, It true solid solution of 50 Cri50 Mo

:Can be formed by mechanical alloying of the elemental mxsture. Their Investiga-

tlDrts lead to the conclusion that Cr and Mo do get interdispersed on atomic
' SCHJE but

they tound the resulting solid solutions to be structurally and chemica-

3 “3" Il‘ﬁomc-geneous

The observed lack of hemogeneous solid solution formation in this study

3 on Cr-Mo alloy is mast probably a combined result of some factors of the design

¥ of thejy experiments.  One visible factor-js that both chromium and molybdenum

are Cemparatively limited in ductility, while, 1n attritor m:ilmg for mechanical
Aloying, i1 s desirable that a ductie companent be present tr:- ENsure a good

3 degree of cold welding ameng  the particles.  Another facter s reiated to the

‘E Y " BN Y BE W - -
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*hotce of muliing parameters; in ther investigations, Wassel and Himmel were

Sbliged to change the attritor RPM from 150 to 300 RPM when they found

5[} RPt miliing was inadequate to cause any significant alloying of Cr and

Mo [t is also seen that 4mm diameter

It Is possible that with a cheice of a somewhat higher RDM,

balls in 17/1 ratic were used for miliing.

or alternatively,

higger balls in a higher ball-to-powder ratio could have eliminated the observed

'hﬂmugﬁneihes of alloying Cr-Mao.

To examine the exact nature of alloying in the subject alloy sysiem

f Ni-Cr, x-ray diffraction and Scannjng Auger Microprobe (SAM) analysm have

een carried gut on mr:chamcallg,r alloyed- powder samples. These results are

supplemented by the resutts of EPMA ‘and coercivity already described in Chap-

ter V. This chapter describes these mnvestigations.
X-RAY DIFFRACTION ANALYSIS

Precision lattice parameter determined by x-ray diffraction or line

breadth anaiys:s of the diffraction l:nes of an alloy powder sample could give

Sﬂme Jnformatmn regarding the chemical inhomogeneity of the sample. Bath

these technigues capnot’ however be readily applied to mechanically alloyed

Pjﬂ"r’-'der PDecause of excessive x-ray line broadening dus io cold work in the

j2ttritor milled powders.” This” also makes the determination of lattice parameter

dlfficuit and Inaccurate. Further, the measured lattice parameter itself mav

';;‘ Merely the averaged value of several layers of internally inhemogeneous

pa”lcles that participated in the Ewald sphere of diffraction.
flles are broadencd not ondy due to chemicaj

X-ray hine pro-

Inhomogeneity but ajso due 1o

Iatt“:f! strains and the 'particle size' effect {143},
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Eliminating cold work by annealing treatment s likely toc eliminate

¢

he inhocmogeneities as well. In the case of oxide dispersion strengthened alloys,

Eithe Stress relieving temperatures are very high and cold work is not easily

bl

gremoved.  We therefore resorted to Ni-Cr composition for mechanical alloying

xperiments rather than Ni—Cr—ThDE, as our primary interest here 15 to investi-

i

:gate only the nature of alloying of chromium in nickel

Despite” the complications of line broadening described above, a qualita-
; tlh.re judgement of the state of alloying in the powder is still possible thmu_g'n
.x—ra;uF diffraction by -FT-'I-HI:{JHE comparisons between the attritor-milled. nickel
'and chromiun? powders, and a prealloyed, homogeneous 'standard' powder of
about ;he same composition attritor milled for about the same time as the
) ::_élememal blend sample. The method of preparation of the 'standard' powder

} has already been given in Section #.3.2, The 'standard' powder of -200 mesh

:. " +
j'size was vacuum annealed at 980°C for 8 hours . and this annealed powder

"

h
LR

gt %35 subjected to slow-scan recording of {111} x-ray diffraction line profites
-I-Thf: fecording was done according to the exprimental conditions described in
b -

k. Section 4.3.3, which are maintained to be same for all the samples discussed
here.  The 'standard’ powder was then attritor milled for 72 hours. The average
Microhardness of this powder was found to increase from 260 HY in the annealed

COndition to 700 HY after attritor milling due to cold work induced In it

UL bne profites were recorded on -200 mesh fraction of the actritor milled

g, Slandard specimen.

This treatment was found to be optimum in annealing the powder without

4gzlomeration.
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r-':' . Niand, Cr powders in 80:20 weight proportion were attritor miiled

'15# RPM for 72 hours with émm balls in.24/1 balls-to-powder weight ratio
,_-u]ting n 'mec_hani-::ally alloyed Ni-Cr powder having an average micrbhardness -
of 800 HV. Hs EPMA [ine scan shows well-alloyed condition (Fig.-64). X-ray
e profile was similarly recorded on -200 mesh fraction of this powder as

well. A sample of- this powder was then vacuum annealed at 280°C/Shr and

-
b

““11} profile was also recorded.’ Thiz 9RO°CIE hr annealing treatment reduced

e hardness to 3% HY.

' The (111) profile re;nrdinés of *the 930°C/8 hr annealed, 'standard'
wder sample {designated as A), the 72 hour atiritor milled ‘standard® powder
mple (designated as B), the 72 h;:aur attritor milled, mechanically’ alloyed
wder sample (designated as ), the 980°C/8 hr annealed sample of the 72
; attritor milled, mechanically alloyed powder (designated as D ) are shown
?1 Figs.65-68. Integral line-breadths of the recorded peaks of (111} were analy-

i52d using a procedure given by Anantharaman and Christian {L4g). To get

fthe integral breadths, the areas under the peaks were measured with a plani-
\ :

Meter.  Results of this analysis are shown in Table !S. As these results are

i

fstrictly  of comparative _nature, the instrumental broadening correction has

 been omitted.

The results show that the line broadening of the mechanically alloyed

¥ Ni-Cr powder, even with its higher hardness of 800 HV, is nearly the same

v 35 that of the attriter-milied 'standard' powder with its somewhat lower hardness
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FIG 69 EXTINCTION OF CHROMIUM LINE WITH PROGRESSIVE
ATTRITOR MILLING
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ff'.n"iﬂﬂ H¥). This resuit suggests that the contribution of lire broadening from
= 4
b

4 - -
chemical inhomopeneity to the cold worked ‘standard' powder Js somewhat
] : .

3 mgre than that of the attritor mtlled nickel-chromium elemental blend. Further-

o

J-m?re? the line breadth of the annealed, mechanically alloyed powder is some -

B .what less than the line breadth of the apnealed 'standard’
- b - \

uggests that the scale of segregation, 1f any,

powder. This result

in the 'mechanically alloyed

?F_Ni-Cr may be even less than the segregation

— to the extent that may be

ﬂ.p?esent — In the standard powder that has been produced irom atomrsed liguid

alfoy This leads to the ccnclusmn that attritor milled powder of Ni and Cr -+

' under the right conditions of rm!ling Is at least as well-alloyed as pre-alfoyed -

-

¥ powder itself.

: Another set of X-ray diffraction experiments were conducted on
g Eﬁsamp!es drawn at 0, 16, 24 and 72 hours of attritor mulling of N and Cr powdears
in 30:20 propartion. The (110} reflections of chromium along with the (111}
reflections of Ni-Cr alloy peak have been recorded as shown in Fig.6%. The
dlffra{:tmn pmfjle of 1000°C/2he annealed sample of the 72 hr attritor milled 4
Powder s also included 1n Fig.6%.  The progressiveiy diminishing peak of chromi-
UM and its near-total absence at 72 hours milling time is al:l indication of the
@bsence of free chromium m- the attritor milled sample. This however does
Aot confirm the homogeneity of the disselved chromium in viewtnf\ the complica-

Bans in line broadening. The sharp peak of the annealed sample in Fig.69 is

Merely an indication of the climination of cojd work  and inhomogeneity if

any.,
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[ o3 THE SCANNING AUGER MICROPROBE ANALYSIS

The Scanning Auger Microprobe (SAM} 15 a powerful tool for surface

chemical analysis which can be confined to a surface depth as small 35 3

g, few atomic layers. By bombardment with argon Jons. the surface of a sample
: can be etched away wirtually atomic layer by atomic layer and, as ' etching
f- continues, the exposed surface can be continuously analysed for the chosen

1

B elements {Depth Profile Analysis)h.  The unique advantage of Auger Electron

' Spectroscopy is that while it provides the analysis of as smail a depth as a
few atamic layers of the sample, the technique — being a process of chemical
analysis — 1s not in any way influenced by the ¢old worked condition of the

- sample.  This techmque thus becomes sujtahle for detecting homogeneity of

i alloying very nearly in the atomic scale.

Randomly sclected. four particles of a sample in a well alleyed condition
t 35 Iindicated by Lne scan EPMA were subjected to @ depth profile analysis
n SAM. They were sputicr-etched continuously to a depth of about 10OBAS,
simultaneously  analysing for Ni and Cr.  In addition, the Auger spectra of
Ni and Cr at a depth of 135A° and subsequently at a depth of 950A° were
also recorded for all the four particles of the sample, and these are shown
¢ in Fig.70 and Fig.71 respectively.  The ratio of peak-to-peak amplitudes of
Ni to Cr for the four different particles of sample at the sputter etch depths
o 135A% and 950A° were computed {rom Figs.70 and 71 and presented in Table
20,

The peak-to-peak amplitudes of the Auger electron energy dernhative

qg:%:’ of pickel and chromium, which are directly proportional to the concentra-
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were continuously recorded as zv function

This record is presented in Fig.72.

Frg.72 ‘which is the continous depth profile analysis-of Ni and Cr clearly

{Jm the aputter etched depth  in the parthle after the superficial ox}fgen-rich
w :

£
"‘a."v
¥

% Jayer {upto w 3008 ) is removed. This is further reinforced by the resuls
‘Table 20} of Ni ratic of peak-to-peak ampl:tude of dN which remams essen-
Tr . dE

W:l;;wdl],r same at 1358 . depth oif the particle and 9508 depth of the same naruc[e

: “and also frc:m particle to partlc]e among the four particles analysed.

CONCLUDING REMARKS

As seen in Chapter V, magnetic caercivrjt}f bél—llawn_::ur iof mechanica‘nly:
ﬁal]u}red Ni—Cr—Tth powders suggests the farmation of 2 S?I;d soclution of Ni-Cr

alloy by mechanical allcymg from the EPMA results described in  Chep-
- ter ¥, 1t can be Inferred that mechanical alloymg can give chemically homo-

+ genecus alloying of the solute an a fine scale. X-ray ditfraction line brezacth
,

Fay

ﬁ;;;;' anajysjs presented here strongly suggesis that mechamical alloying leads o
o - : :
3 - homogeneity on atomic “scafe a3 well, which is at "least comparable to =zat

S
3
=t

's obtained in pre-alloyed powder. Scanning Auger Mtcroprobe analysis Drovicas

¢ more direct evidence of atomic scaie homogencity. [t is therefore rezsonzile

to conclude that mechanical -alloying by attritar imulling ts capable of or oducing

i
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solid solution provided that optimum miliing conditions are chosen far maximuem

. a homogeneously alloyed state that cannot be distinguished from that of a true
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CHAPTER Vil

A MODEL FOR MECHANICAL ALLOYING

27,1 INTRODUCTION - .

While mechanical alloying is essentially a process for incorporating oxide
particles in uniform dispersion, 1t also enables alloying of solute additions into
the matrix. How does.this alloying take place in an attritor? What is the
underlying mechanism responsible for causing the observed degree of alloving
of the constrtuents in relatively short periods? How is the alloying influenced
by the presence of the owmde dispersoid which is the principal ingrelient of
the composition to be produced by the process? How can we relate the mechani-
cal energy input of the attritor to the physical process of alloying of the consu-
tuents?  Ths chapftr_'r I3 addressed to these questions. Soeme special experiments
have been carried out with a view to gain some clues to the mechamsm of
alloying in the attritor.  These experiments and results are described here and, o
In the light of -these and other experimental observations, a lhkely mechanism
s proposed.  This is followed by presentation of an energy-based model which

15 zble to predict some of the milling parameters for mechanical allaving.

/.2  EXPERIMENTAL RESULTS

72,1 Eiudies on the ball mation R

An attempt has been made to observe the motion of the balls in the
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attritor by replacing the top lid of the attritor yessel with a iransparent acrylic
sheet. A vortex formation was noticed which became deeper at higher RPMs.
The apprarance of the balls in motion as ph-otographed from the top is shown
in Fig.73.  With the balls still in motion, molten wax was poured into the attritor
vessel through a hole in the transparent sheet. The artritor was sw]-tched off
as 500N as the wax started solidifying. The positions of the balds 'frozen' in
the solidifed wag should nearly correspond to instantaneoys positions of the
balls in motion. The wax assembly of balls was carefully detached ifrom the
impelle-rz. The outward appearance of the wax-frozen ball assembly 1s shown
in Fig.74,  The ball positions of the outermost layer of balls in the cylindrical
surface were marked onto a tracing paper.  The outermost layer of "balls was
removed carefully from the assembly exposing the second layer whose ball
positions were again traced; this was done for the cylindrical surface as weli
as the battom surface. A third layer of only the cylindrical surface was simifar-
ly exposed and marked. The ball traces of the three layers of the cylincrical
surface and twe layers of the bc:-t-t:m surface are shown in Fig75 and Fig. 75
respectively.  The increased randomisation and the enlarged gaps between the
balls as one proceeds from the outermost to the third layer can be seen in
these figures.

Another experiment was conducted whereimn the bottom-most laver of
the attritor was filled with Semm diameter balls while the rest of the lzyers
were filled with 6mm diameter balls until all the impellers were well-embedded

M balls.  The arrival of the balls to the top was studied at different atiritor

Sheeds (134, 260 and 450 RPM). It was observed that the Smm balls from the
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bottom came up to the top layeriindividually and at random intervals of time.
This observatron indicates that the balls from bottom layers come up at random
to the top layers and go down again. These vertical motions of the balls can
be taken as evidence for the presence of 'convective' currents whose significance

i mechanical alloying will be discussed in Section 7.4. 3.

|
7+2.2. Thoria-free attritor milling

Nickel and chramium powders in £9:20 welght ratio Wj‘th[}ut_‘ar'!}" thoria
were attritor milled at 154 and 260 RPM upte 48 and 24 hours respectively,
to be compared with similarly miiled powder with 2% thoria. EPMA was carried
out on the mtlled powders. Microhardness values are recorded in Table 21.
Fig.77 shows the EPMA linc scans of the thora-iree sarmmple milled for 48 hours
at 154 RPM, in comparison with a thoria-containing  sample attritor rnilled
similarly for %8 hours at the same RPM. Fig.78 shows the EPMA line scans
of the thoria-free sample milled for 24 hours at 260 RPM in comparison with
the EPMA scan of the thoria-containing sample milled for 2& hours at the
same RPM.  The analysis of these EPMA line scans are presented in Table 22,

These results  clearly indicate a berter degree of alloying when theria is absent.

7-2.3 _Attritor mulling of thoriated nickel and chromium

2% thoria~-dispersed nickel powder was prepared by the methed of chemi-

cal copreciprtation and selective reduction (sec Apoendix | for detaills of the
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method {Jsed}.h 'I:ile powder was [ound to have an average thoria particle size
of about 1000A® as measured from transmissiaon electron micrographs of the
HiP-consolidated sample, JHustrated in Fig.7%. The thoriated nicke!:pnwder
so produced was attritor milled at 154 RPM for 34 hours with chroipium powder
using 6rmun balls in 18/1 ball ratio. The milled powder was subjected 10 EPMA.
The line scans and line scan analysis are included in Fig.77 and Table 22 which
clearly reveal a very poor alloying of chromium in thoriated nickel.

7.2.6%  Attritor mitling of nickel powder

Pure nickel powder was attritor milled at 260 RPM fort? hours. Coerci-
vity variatran of this runs as a function of milling tme is shown in Fig.20.
Pure nickel powder was also attriter qulled at 154 RPM and its coercivity
variation is included 0 Fig.&8 Microhardness measurements of these runs
are prescnted in Table Z21. It is seen that coercivity does not significantly
change with milling time for pure nickel and its average microhardness is lower

at the tugher RI'M.

/. 2.5 Cooling water temperature

The artritor is water-cooted externally to enable continuous. gperation
of the attritor for many hours and for producing optimum yield o1 <he milled

powder.
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The rise in cooling wat®“%¥emperature from dnlet 1o outlet is a measure
of the heat generated in the attritor as a result of the agitation and motion
of the I:JalI; during the course of milling of the powders.  With this 10 view,
measurements were made of the inlet and outlet water temperature, in Two
experiments of a‘ttrimr tun, one at 14 and the Dtheriéﬁﬂ RPM each time with
a charpe of 20% chromium, 2% theria and rest nickel, using &rnm balls in 13,{&[
weight proportion; the cooling water flow was maintawmed at 1 hitre per minute.l
The cutlet cooling water temperature as a function of milling time js plotted

jn Fig..81 The steady state rise in temperature with respect to the nlet temper-

ature 1s 3?%C for 154 RPM and 5°C {for 260 BPM.
7.3 CHARACTERISATION OF MILLED POWDERS

7.3.1 _Fisher particle size analysis

As growth in particle size and its comminuiien play an important role
in the mechanical alloying, a study has been made of the average particle size
as given by Fisher Sub-sieve 3izer on samples drawn at different time mmtervals
in two experiments of attritor mulling of nicke!, chromium and thoria — cne
at L BRI and the other at 20 RF;M lin both cases, &mm diameter balls
in 1&f1 weight propﬁrti:m’-‘\ were used). Fig-82 shows the wariation of averzge
particle size with milling time. Following features zre ;een in the 15 RPM

run:  the particle size increases very slowly and also decreases very slowly

and there 35 only enc such cycle of particle growth and comminution in a milling
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time of 100 hrs; the maximum particle size is only about 2-3 times the inttial

average size. In contrast, in the 260 RPM run, there is a more rapid rise and

decrease in the particle size and two such cycles of growth and comiminution

are secn in a 48 hr miiling time; furthermere, the maximum particle size is

about 3-& times the initial average size.

L

7.3.2  Microstructure and morphology of milled .{.‘IELTtiC!EE\

The samples of attritor mulled powder drawn at progressively increasing

milling times were examined in the optical microscope. Initially chroemium

js seen as coarse lameltae (Fig.%a). With increasing milling time they become

elongated and thinner and also convolumted 1n random orientations (Fig.83b)

These obvservations are essentially similar to those reparted by Bepjamin  and

Voblin (123},  Average thickness of these lamellae at 12. 18, 24, 30 and 36 hrs

are given in Table 23. These thickness values are used in an order-cf-magnitude

calculation of the average. diffusion coefficient of chroemium in nickel and the

resulting values of diffusivities are also included in Table 23.

Scanmuing  electron microscopy (SEM) was carried out on the attritor

milled particles. While Fig.84 a2 shows a 5EM wview of fracture of a composite

particle during the course of mechanical alloying. Fig.84b shows the scanning

clectron micrograph of a composite particle revealing the intcrparticle-welding

and layer-wise build-up of the composite particle.

The “inter-particlte welding
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and’ build-up of the composite particle cut:l:u'rr‘ u:m- the ball surfaces at the:site
of t!';eir coilisions.  Fig.8%a, b, c reveal the welded particle agglomerates on
- 4
2 ball.surface as seen through SEM =at ncreasing magnifications and Frg.85d
is a scanning electron micrograph of a welded composite particlie layer beginn-
Ing to peel off a ball.  When mechanical alloying is complete, the halls are
coated with ;l]nyed particles of chromium, nickel and thoria, and such a coat-
Ing in fact- appears as sew‘feral ‘peaks’ of the composite particles welded 1o
the b‘a!l-s {Fig.85a), each peak apparently a result of the rmultiple collision events
during attritor milling. The EDAX (Energy Dispersive Analysis by X-ray. Spectro-
scopy) attachment of SEM was used to analyse the chromjum concentration
buila—up In the particles as a function of milling times; both the lopse powder
sample and the powder welded to balls were analysed by EDAX in the form
of Cr ratio of cencentrations and the averaged results are grven jn Table 24
Tht?:s]e results of chromium pick-up in the Composite particles are plotted in
Fig-86 as a function of milling time.

All the experimental results detailed above are used in Section 7.4 to
explain  the phenomennlgg}f of mechanical alloying and alse in developing a
new mechanism of mechanical alloying {Sections 7.5 and 7.5).

Microhardness measuresments were made on several powder particles
of samples Arawn ar different milling times from attritor mulling experiments

carried out at three different attritor speeds.  The values were averaged for

each of the samples and plotted as a function of milling time in Fig.87 it
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the' one in dark etched area is harder (270 YPN). This MICrostructure suggests |
that the iight etched, soiter region could be a large grain resutting from a_

localised process of recrystallization and grain growth.

w

o

7.4 THE DYNAMICS OF MECHANICAL ALLOYING IN ATTRITOR

1

7.4, _i:ﬂli:f work in particles

According te Benjamin {7, 117, 123) the tontinuous and repetitive process
of welding between the particles and comminution of the particles provides
_allt
the Basis for mechanical alleying in an arttritor. A prerequisite for mechanjcaf
alloying 13 that a major constituent of the powders must be sufficiently ductrie
o promote cold welding among the metal particles. Welding of 1I.‘he alioying
constituents to the hase metal powder particles residts in the formation of
Composite particles whgse progressive refinement in the course of the five
itages of mechanical aIlo}fmg (Fig.l#} leads to the production of untformly
alloyed particles.  Powders caught in the friction between the colliding balls
undergo c:::mpresaive deformation to the extent of  their inherent ductility.
Defcrmazioﬁ strains thus build up within the composite particles 1o a point
at which fracture be_cumes Inevitable. As milling continues, the events of
welding  and fracturing reach a steady state. This dynamic balance between

welding and  fraciture js indicated by production of Compoesite particles of 3

narrow size disteibution,
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In steady state situation there wiil also be no {urther rise in the rpean
hardness of particles ]ndicatir_wg saturation in cold work. During thcse events
ef welding. deformarion and {racture ot the metal -particles, the drspersoid
particles are trapped along the weld seams- and distributed uniformly in the

matrix ‘{Fjg. [ 3}

Exﬁérfmental observations - In the present investigations corroborate
the concepts of Denjamin's mechanism and the basic description of the process
of mechanical altoying. Figs.8%a & b provide good evidence of parti}:ie weiding
and fracture in attritor milling  of Ni—Cr-Tth. Referring to Fig.82 jt may .
be seen that in the 260 EPM run, there is an jnitial increase |n average particle
size corresponding 1o welding of particles, which 1s quickly followed by a reduc-
tion of pélrticle size corresponding to fracture of particles. This cycle s repeaizv
ed once more with an increase in milling time upto 48 hours. Furthermore,
for the same 250 RPM rlun,the average microhardness was found to rise substen-
tally and shows a saturation fairly early in the milling time {Fig.87), EPMA
for the same run has shown hom;:gEnenus alloymng in 42 hrs of mtlling {Fig.23).
On the other hand. for the |54 RPM run the average particle size shows only
d marginal and slow increase followed by a slow decrecase ([Fig.82) indicating
“omparatively poor welding ameng particles.  For the same run, the hardness
fse s slow and small, and tends towards saturation much Jater in the milkng

time. Corrcspondirgly  this run gives poor alloving as evidenced by EPMA

(Fig.-28). In a similar fashion s miiling experiment with still higher attrizor




‘ 122

speed of 830 R shows  attainment of saturation harcim:-ss even earlicr

l’FJg.IE.?} than in 260 RPM and the level of this satucation hardness is also much
higher. !’E has already been seen that the alloying is nearly complete in the
830 RPM as early as in 12 hrs milling time {Fig.29), These results ﬂwus highlight
an frﬁportant aspect of the me:_hamsm of mechanical alloying: for homogenecys
alloying 1o occur, atiritor miling parameters should pe sufficient to induce
extensive cold wedding amang particles and alsq a refatively high degree cold
work as Jndn:atecl by a high saturation hardness. ¥tk milling conditions that
indu::n_a- oniy low saturation hardness levels, alloying 15 too slow and poor.  Alloy-

mg' is rapid and effective under milling conditions wherein high saturation

[

hardness can be produced M relatively short milling times.

A

7.4.2  Progress of alloying

As described in Section 3.2.4 Benjamin and velin {123) chserve five
stages in mechanical alloying during which a Progressive refinement of the
lamaijae of the alloying elemernts takes place within the cormposite pariicles.
In the context of the present investigation, the lumps c-:rf chromium (Fig.$3a)
in the ’composne particles of nickel, chromium and thoria break up as milling
proceeds and the chromium lamellae tend to get elongated and even canvoluted
under the compressive stresses of attrivon (Fig.83b). A PGINt is soon reached

when individual chromium partcles within the COmposite particles cannot be

resclved in an optical microscope and mechanical alloying 15 deemed to have

been completedq,
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During milling the balis collide and rub aguinst each other. Powder
p.art_Jclles trapped in the coliision sites get welded ta the contacting  balls.

This welded layer bujlds up in thickness (Fig-25¢) as the same ball undergoes
multiple collision events, but there will be such other collisions too that cause
the Iwelded and strain-hardened layer to pee[ or break off from the ball as
ilustrated in Fig-85d.  When alj the composite particles are coid-wnrked to
saturatilﬂn hardnezs- [evels, wéldmg of the layers to balls becomes Progressively
more difficuit than fracture.., The progress in alloying of the fayers welded
to J}:aIIs closely follows that of ‘Fi'_\e dewelded, joose powder in the attritor,
as verified by thenEDHX anaiysis m SEM (Fig.86). Fig.86 also réveais that
allaying accurs at the hal collision sites. A point tg be noticed in Fig.86 is

, :

th-;a.t around mid-time of milling, the chromium concentration goes to a peak
before it levels cut to a uniform concentration, both in the case of powder
welded to the ball and in the case of the loose powder. This Suggests that
l:‘r"pick—up in the composite particles occurs maore rapidly than the rate at
which it can be homogenised into the matrix. Furthermore, the rate of alloying
of Im}se powder is seen to sbghtly lag behind that of the welded laver in the
ball in the intermediate milling time, indicating that the loose powder 1s from
earlier ball collisions. -Towards the end of miling, these differences vanigh
and the state of alloying of the welded laver of the baii is same as that of

the free powder. - .-

7403 Agitation velocities

The essence of attritor mibing lies in the action of balls which are

made to coliide and ryp against each other by the lmpellers.  The wax-frozen




L2y

=

ball traces (Figs.75, 76} clearly supgest that the ball motion i1 the attritor

is randomized.  The randomization however is seen to be more in the vicinity

of the impeller-ends, The randomised motion of balls wnplies turbulent flow,

L which s generally considered to be a necessary condition for producing a 'well-

mixed' condition in agitators and for mixing of fluids (132). In turbulent fluid

flow, there 15 an average velocity vector at each point in the agitator, as well
1)

ke as a random fluctuation of the values of this vector about their mean values,

2T

which causes an interchange of the . fluid between different parts of the vessel,

Ao

leading ta homogerisation of the composition of the fluid mixture. We have
already seen In Section 7.2.1 that the balls from the bottam aneq tend to
come up individually to the topmost layer and go down again. Thus the balls
perform a vertical loop maotion producing some kind of 'convective: loop cur-

vents. In addition to their revelutions around the axis of the attritor- A sche-

. matic J[lustration of the convective currents 1s shown in Fig. 29,

As in the mixing of fluids in agitators, the convective currents in the
atrritor are a result of the vertical companents of the velecity vectors which
will alsé have components jn the other two directions. producing radial and
tangential motion. We believe that these convective currents in the attritor
are vital for eifective alloying.  Without them, only the bottom layer balls
will be participating in the alloying action and the top layers will remain in

idle rotation; most of the powder which always tends to sertle at the bottom

would then have lttle chance of being subjected to collisions between balls.
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Aht TMuoang versus mechanical alloymng

At Fhis jhnc;ure, It s Jnt_er&Sting to note some -difference between
mechanical alloying occuring _]n an attritor and mixing N an agitatar, dr_'-spite
the above mentioned basic similarities between agitators as used [or mixing

- 1!
and attritors which are a special type of apitaters- The balls im motion in
attritors closely simuolate flow of fluids For instance, vortex formation hy
the balls has been observed in the attritor {see Section 7.2.1). VYortex formatien
; is generally considered to be undesirable in achteving good mixing of fluids
in agitaltc:rs and bafiles are penerally ‘'used to eliminate vortex fcrma‘ti&n {al-
though,” even unbaffled agitators have sometimes been used with good results
of mass transfer). In contrast, the use of baffled attritor has been shown n
the present work to retard mechanical alloymg (Fig.53) wn comparison with
milting ir:| an unbaffled attritor. Apparently, the baffles in the attritor have
only served to dimirmsh the kinetic energy of the balls in motion, and this in

turn diminishes the energy involved in the attritive collisions between the Dalls

that is necessary Ior mechanical alloymg. The bafiles also subdue the vertical

convective currents. The result thus points to a generalized conclusion that
not all factors that are useful for good mixing are necessarily useful for mechani- X
cal alloying despite the similarities nvolved. One of the-main reasons for n
this difference could be the fact that in mixing applications, the impellers !
in the agitators directly drive the fluids to be mixed without any intermediate [

medium, whereas for mechanical alloying the attritors use grending balls without

which alloying of the powders is not feasible.
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£.5 ESTIMATION OF MEAN, LOCAL TEMPERATURE RISE

I'I'

It was shown in Chapier VI that there will be true allaying Sf COromium
in nickel attriter milling under the right opetational conditions.  Since alloying
requires diffusion of the specie,f;, and since diffusion is predorninently a tempera-
ture dependent phenomenon, one can not but postulate local rise in temperature
during the attrition of the powder-trapped between two colirding balls to aceount
for alloying n attritor. Obviously the friction and collisions during attrition
can cause local and momentary Temperature rises.  Many questIons now arrse:
what kind of average temperature risc must be occuring that can account for
the observed alloying? How can one account for the very poor or very s!owl
alloying cbserved under one set of conditions of attrition as against the excellent
alfoying under another set of operational parameters?  Can we InCorporate
the ‘various operational parameters inte one unifying equation for mechanical
alloying? In this section we piopese a model for mechanical atloying to answer

these guestions,

-

First let us consider the average extent of diffusion of chromium jn
mickel that occurs in a known trme Interval In a typrcal mechanical alloying
experiment.  From the microstructures of the milled particles at 6, 12, 18
and 24 hours of milling time, several measurerments of the thicknesses of chro-
miwin lamellae  have been made and their averaged values are given in Table 23

coeflicients

which also shows the corresponding diftusion - - based on the very approxi-

mate relation:
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x = Jfot ':Eq’“lﬁlr
where x "= Distance of diffusion, which, here is the reduction of lthickness of
. Cr Jarnc!la; .
D = Average diffusion coefficient for the dfffuﬁrion of chromium by
| distance x
1 = ume of miJJ;ng J:J'-I-\':O!‘-‘Ed
It can be inferred from Table 14 that the average rate oi diffusion of chronmuum A
in nickel works out to be about T x 10712 em?ssec. Search of literature has
revealed that the diffusivity data c:f-Cr tn NI arc available only in the rangcr‘:ﬁ
of 350-1200°C whieh are give-h ti;n be {145}
Q. = 5347 kcal/mole
D, = -037 cmzfser:
These are to be used In the Archenius relation,
D =D, exp(-QJ/RT) {eqn. 1§}
Where D = Doifusivity at temperature, T(Kelvin)
i Q. = Activation ehergy for diffusion N
Dc} = Pre-exponential frequency factor
Assuming these values to be applicable for our estimated value of D. it is
CEIllCUlatEd that a D va"hlt- D;'--E' * lD_ljcrnzfsec 15 applicable for a temperature
of about 30C°C, -
-
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The above calculation therefore suggests that the fmean, effective tempera-
ture during attrition should be of the order of B00°C for the observed diffusion
by mechanica! alloying of Cr in Ni.  Since local temperature rjge OCCUrs N
transient spurts during attritive collision cvents, the individual thermal spikes
would be of higher magnitude.  However, no noticeable microstructural change
was seen in the perimetric F;dge of the attrirtor mijled steel balls to account
for such a high temperature risc, although t;ve temperature rise in the. steel
palls can be expected to be lower than that n the particles in view of the
formation of 3 coating of the MN-Cr alloy on the ball surface. 1i, thereiore,
Une presumes conservatively that such high temperatures of the order of 000

1re not generated in mechanical alloying. then there must be some other means

by which such fast diffusivities may be atizined.

AD order of magnhitude calculation can now be done to estimate the
overall mean temperature in the attritor as a whole, by balancing the heat
quantity absorhed by the cooling water with the heart that may be transferred

by the attritor during mechanjcal alloying. This may be expressed as:

— T - a
TP, CP (T,-Ty) = ™ CP Fal {eqn. 15 )
W A
where;
% = measurcd volwne flow rate of the cooling water
'.:'w = density of cooling water )

{:p = specific heat capacity of water
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T1 _ = water temperature at Jnlet
T, = water temprature at outlet .
t = ume in minutes during which steady state 12 has been
attained .
i v - = total mass of the attritor plus powder and ball charge 3
C_. = specific heat capacity of the attritor as a whale which
;?"‘ frl ‘ D’E"' :
5%‘:;::# 15 taken to be equivalent 1o a typical value of steel, since the
APl .
:’?'.‘?fi vessel and the balls are all made of sieel
panul = Overall, mean temperature rise jnside the attritor that

can account for the heat liberated to the cooling warter

From the cooling water temperature measurements deseribed in Section 7.2.3,

we nave, for the case of the well-atloyed, attritor run at 260 RPM:

Y = 500 ec/min

iy = 1 gm/ec

t = & x-60 minutes (Fig.82 shows steady temperature af 23°C
cattained in about 4 hours of nilling time irem an initial tempera-
ture of 25°Ch g

T2 - Tl = Lo

C ~ 82 x 10° Joulesf;._;i:;}f"(: for warter

Py
hE | = 13 kg fabout 7 kg for the atrri‘r;;r and about & kg [or the

balls and powder)



£30 ' +

L

- = w7 10" jouiesfg!éaf"c for stesl ‘

These data, introduced into egne 15 give a value of 330°C for AT as
an approximate estimate of the overall temprature rise inside the attrizor.
The locat, mean temperature rise at collision.sites will of course be somewhat

higher than this value.

If one now considers that the rmean temperature rise Jn attritor mtiling
lies in the vicinity of 300°C, the normal diffusion rates {of Cr in Ni) applicable
at these temperatures would. be Jnadequate to cause hamogeneous alloymng.
f we assume the bulk diffusion data available only for 950-1200°C rangs far
chromium in nickel to be valid even at about 30°C, then D, the diffusion co-

efficient works out to be in the order of magnitude of llf_J-tj

2
o™ fsec. Cn
the other hand. the minimum value of D that may be applicable {for the observed
rate of alloying as already shown previously in this section works out to be

3

in the order of magnitude of 1[21_i cmz,fsec. Apparently attritor milling involves

some processies) that enhance(s) the diffusivities by some twao orders of magnitude.
.6 MECHANISMS OF ENHANCED DIFFUSIVITY

f.6. 1 The possibilities

Passible causes of enhanced diffusion of chroemium in nickel in attriter

milling will now be examimed. It is seen from the micropardness and coercivity
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measurernents that the initral period of milling is charactenaen-j Dy increasing
Ct;ld'work. For instance, the micrchardness exhibits an increase sith time
ultimately leading to a saturation level (Fig.&87). [t 15 during the saturation
stage that alloying tends- to bocome homogencouws. 1t appears therefore thart
beawy Ilcofd work of the particles 15 a necessary precursor Jor homogensous
alloying.l Cold work can enhance diffusivities in the following ways:

. by an I\]nCrease In vacancy concentration

i b}-f causing pipe diffusion J.e. diffusion along dislecation lines

The latter possibility ap;pears atfractive since very high distocatj;:m densitl-
ties are generated in a mechanically alloyed particle due to severe cold wark.
Furthermore, pipe diffusion needs a lower activation energy than bulk-diffusicn
thereby resulting in enhanced diffusivities even at such low tcmperatures s

306°C. { Pipe diffusion has been indicared as a possible creep mechanism in

metals at not too high a temperature {541

There is yetr another possibility for enhancement of diffusion in mechani-
cal alleying, and that is, recrystallization of the cold worked particles.  The
mean  temperature rise inside the attritor, calculated to be around 3noec,
inay be enough to induce recrystallization of severely co-ld worked metal since
it 15 known that cold Wworked ‘metals generally recrystallize at about 0.3 to
htr Tm and further that the recrystallization temperature decreases with in-

creasing cold work, Tt has been shown (146} that diffusivities are cnhanced
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i} Relatively weak alloying 1s observed for (he case of attritor milling
of nickel, chromium and thoria wherein thoria s added separately as compared v

o the miling of nickel and chmm;um alone (Figs.77, 7% and Tab]e 27w

AR

is also seen that the degiee ot afloymg ef chromium in nicket-is comparatively
better when thoria is added individually than when it is added as pre-alloyed

with nickel.  This result reinlorces the case for a recrystallization mechanism

I the following manner. In the imutial stage of milling, thoria when  added

separately is not inftally dispersad ‘as fine particles in the nickel matrix but

attains the desired dispersion only progressively with miling. Thus ThO

P does

rnot imitially offer resistance to recrystallization of nickel and hence does not . e

hinder alloying as much as when Tth is predispersed in nickel wherein it resists
S -

recrystallization right from the beginning of mulling with chromiurm.

i) Another support for the recrystallization model comss from the
results of attritor milling of pure nickel. 1t was seen that pure nicke! milled
at 260 RPM induced an average hardness of 350 VPN in the particles, and when
mitled at |54 RPM the average hardness in the milled particles was abour
0 VPN, Apparently the higher RPM generated higl']er local temperatures
of attrition which can cause localised recrystatlization and therefore a lowering ¥
of the average hardness.. . Admittedly, the average particle hardness of 350
VPN is higher than the normal value of annealed nickel {(about 200 VEN). The
reasen for this differcnce could be the varety of colhsions in the attritor,
4 All collisions do not have the same kipetic energy. Collisions near the upper

regions or near the shait have lower cnergy than collisions near the periphery
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and towards the bottom.  Some collisions vecur close o the wnpeliers by direct

hit and have high cneraoy  while  some lake place when balls attempi to fall

into the {I-;Jcn spaces by gravity and hence have lawer energy.  Thus there iy

a wide disiribution of energy of cellisions. . Oniy the -;:riti;_a], high cnergy cotli-

sions mayv be Inducing recrystalhzanon while many others merely serve to induce
]

oily cobd wark.
b

v} Presence of ‘soff sputs tnoindividual particles, even afier mechanical

alloving 15 completed, could he an indicalion of localised tecrystallization areas

within the particles.  Several rnicrohardness measurements were™ carried oot

an individual particles {at the end of miling) and, as shown underfined i Table

23, same of these values within each of the parvcles are far lowes than the

others.  Such soit spois were seen in nuwimcrons particles. It 15 most lkely
that such soft regions are recrystallized. An example of a coarsened gramn
shoowing 2 Jower hardness, dpoarently a result of recrystallizavion and grain
. - - B - * -
growti is given in the pRotomicrograph in Fig. 83 .
From the forcguing discussion jt js not unrcasenable 1o postulate that
the mean lecal temperature rise curing attritor milling for etfecting mechanical

alloymng need not be highar than the recrystallization temperature of the matx

Pna iy ‘
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hificotios of etching the’ severely cold worked particles aborted the several
ariefipts of obizining & more clear-cin evidence for tecrvstallization i the
parvicles.  Sample preparatron [or TEM ol individual pacricles {to delineste

recry siallized areas) did not prove 10 be successiyl.
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clement w cold worked state, althougl recrystallization mAy not solely be
responsible {or the enhanced diffusivity.

With this backpground, an atrempt will now be made to derive an orde: -
of-rnagnitude expression for the minimum heat energy requured for mecharucal
alloying, and 1o coumpare it with an expression for mechanical CNErEy  input

bl

al an attricor.

7.7 THE ENERGY DALANCE MODEL

7.7.1 The heat energy density

We have seen 1o the previous section that moechanical ulloving by ditfu-
sion 13 facilizated in an artiritor of Fhe local temperature risc in the attritive
collisions 15 sufficient to cause recrystrallization of the cold warked powder.
Let us assume that all the powder s uniformly distributed throughout the ball
charge inside the aitritor. Consider a unit velume oi the ball charge of the
atiritor wherein mecharucal alloying 15 taking place.  The minimum heat ZNErpy
develeped in the power contained in a unit volume of the attritor — which
we inay call the heat encrgy density — can beg expressed in terms of the average

bieas capacity of the powder matereal as follows:

iC
rm
1]

?,; CP {TR —TA:] ' r\l':'.‘ﬂp}’"l. 'IIS;I
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where

HE = heat energy density, or the minimum heat energy required

for mechanical zalloying in unit volume of the attritor

?!:: = weight of the powder participating in umit volume of the
) attritor \
Cp =  specific heat capacity of the powder ;
Tp = recrystallization temperature of the cold worked . matrix
{Kelvin}
T,nl = ambient temperature {Kelvin}

!
We shall now find an expression for ?b In terms of known paramerers.

By definitian,

?1; "= total weight of the powder in the attritor
total valume occupied by bali-powder charge

= total weight of the powder
Total volume of balls/packing factor of bails

tatal weight of the powder x packing facior of balls
total weight of balls/density of ball material

P

= total weight of the powder - .
2 !
total weight of bails * packing factor x density of b ,H materia

By definition,

total wetght of balls
total weight of powder

W = balls-to-powder weizht ratio =

approximately taken to be the valume occupied by ball charge only




0 b P,

Thus y = EwEl
where & = packing factor of balls of a uniform diamerer
f, = density of the ball material
Therefare,
HE = 6%y Co (T = Ta) (eqrn-17}
)

Spheres of uniform diameter in densest, static packing have a packing
factor of about 0.7.° The packing factor in reality in the C:-‘:ISE of balls moving
in an attritor will of course be less than thus value. The wax-frozen ball assem-
blf,:, described in Section 7.2.1, has been examined tn different portions and
the average packing density of the balls has been calculated which also works

out to be approxrmately & of the ball density. We can therefore assume

an approximate value of 0.6 for § .

7.7.2 _The kinetic energy density

The heat energy density for alloying, as given above must be supplied
by the mechanical energy input given to the balls in motion. The mechanical
energy respensible for heat generation n the attrition milling 15 a complex
function of the several varfables involved in the kinetics of ball motion. We

can now tnterpret o simple terms, the kinetic energy density in the following

mannear.

B The attritor consists of an energetic medium of balls Cammunicating
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with each other at points of contact. The ponts of contact experience intense
pressures and the powder partcles trapped therein get deformed and ailoved.
The energy of the ball medium s primarily kinetic and 15 derived by the passage
oi the rotating }mpeliér-s -thru::ugh them., The energy- density = which js the
kinetic energy available in a unit volume of the medium — can be written

1z
as L ? v where
2 b

| -

v = average linear speed of the bail medium

This energy density can also be comsidered equivaient to average

kinematic pressure. At contact peints, this average pressure 15 " transmitted

across the indrvidual ball contact areas which are relatively very small in com- .

parison with the surface area of the bails transmitting the average pressure
(see Fig.90). Thus situation leads to [ocally enhanced pressures at ball Contacts.

A simple force balance can be visualisad through the iollowing equation:

b = ¥
contact ~ chntact Paverage Jﬂ"‘awarag«e
Aavera e )
or = P X e STERE eqr. 18
! Fcnntact average A ' S
contact
where, P = local, contact pressure
conract
rEDntact .- = areg i conptact
= average kinematic pressure of ball medjum
avaerage
A = average area gver which the
average

P is transmitted
average

E
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Since kinematic pressures are eguivalent to energy densities, we may write

the above equation as:

J‘sﬁuve.'rﬂ-qﬁ

{ : ro_ ! 2
EPEU = (J:i ?bv) =,

Oveyoge A

(eqn-19)

contach

where the LHS represents the local energy density arising from contact pressures.
- \

b

Fa 2
Since average (B
- Jﬂ“ccmtac_:t i :
where D’ = ball diameter -
and d = average length of contact, which is here approximated to

4

the typical, average diameter of the composite particle

undergoing alloying at the contact area

We may thus express the average kinetic energy density, KE, + which s the local

energy density of the ball medium as:

e
/ i z
?: ‘U‘z = f".l {% Fb v ) (e.n.m-EG)

TN

guerage

Mechanical alloyving is seen to be a gradual phenornenon, the degree
of alloying progressively impreving with rmlling time.  This is because of the
staustical nature of 'Ir;.:i-tfuf’ collisions of balls {— that 15, collisions having
the right conditions to cause alloying =) in addition to the {fact that diffusion

Is time-dependent.  The kinetics of the bali motion largely determines the

extent of alloying and the time required for it.  The linear velocrty imparted

l‘ - A ey dF UEETITETSEN Y YR OOF L A AR, . 3 T W YIS ¥
- - B e e e - 2



4G

to a ball by the impeller of length ‘L rotating at a shait RPM of N is given
by 2 W NL, 2 ® N being the angular velocity. All the balls do mot receive the
same, ve!m;ity under the action of the rotating impellers because (i) the velocity
imparted tends to be minimum at the root of the Jrhpéller (L=0} and maximum
at théﬁ tip of the impeller (L=L} and (ii} the velocity diminishes as we go along
the direction of rotation from the balls located in immediate contact at the
impeller to the balls located just behind the next impeller, Furthermore, depend-
ing‘-or-1 the location of the ball with Fespect to the perimeter of the impeller

Cross section the direction of velocity varics, giving rise to ‘convective' motion

of the balls.

If it is assumed for simplicity that all collisions cause alloying and
that the maximum fnear velocity of a ball is avarlable to all the balls, and
In view of

b= &°¢

then the average kinetic enaergy density of the ball medium is given by

2T HL
15 (8 ?b} (a_a“

Fram this, the local kinetic energy density intensified. by contact pressures,

Blven in eqn. 20 can be expressed as follows:

,e

. 2 ’
ke, = (@) 4 BalEEs Ean.21)

b

_+_
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7.7.3 The energy criterion for mechanical alloying

For alloying to occur, It us dogical to postulate that the loca] kinetic
€nergy density given by eqn. 21 must exceed the minitmum heat energy required

for alloying ds given by eqn. 17, and thus this criterion may be written as:

(d 3? '](EIHL) > i:' (TR-.TA') ) (eqn.z1)

This reduces tao:

7 JELKEI':) nHLj > Cl:'r (—1— _ ) - {aqdrn.lij

Egn. 23 thus relates the mechanical energy Input expressed in terms of the
operational parameters of attritor 'milling to the heat energy requirement rfcr
alloying and can be wused to predict the minimum values of the parameters
of milling for mechanical alioying,

The RHS of eqn. 23 assumes a fixed value since CD and TR are constants
for a given systeml. For most metals Cp 18 about 0.1 caifgm,"l-_( and Tpis approxi-
mately 0.4 Tm where Trn is the melting point of the matrix. For the system

under investigation, then, we ger.~

T, -T, « 399 K



1%

i *
Thus the valee aof Cp IITR - Tﬁ,'l will be :

0.1 % 390 x &.2 x 1".3';F = 168 x 107 ergs{gm

The use af eqn. 21 in predicting attritor milling parameters i1s now exernplified

" below for a few cases,

a) _Attritor speed

In Section 53.] dealing with the question of optimurn attritor speed,
the RPM was varied keeping other variables fixed. We will now examine how

the alloying criterion will be met from eqn. 23 for the same values of the

attriter parameters.

Since it has been observed that in most of the cases of attritar milling,
the final average particle size at the end ofmechancal alloying is in the nesgh-
bourhood of 30 4 , we can reasonably assume this value for d in egn. 23. The

other parameters fixed in the experiments of REEM variation are:

N = 5t RrPM
L = 7cm (from the centre of attriter shaft)
Ef = Gmm

s

"Because of the deletion of ?I: on either side of eqn. 23, Cp[TR_T;’x} has  unjts
3 of ergs/gm instead of ergs/ce which is the correct units for heat energy density,
However, Cp(TR_TH} Js hereafter loosely referred to as the heat energy density

for convenience. Similarly the LHS of eqi. 23 is referred to as the mecharical

% energy density.
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Substituting the above values in eqn. 23 we get

1.65 x 10° ergs/gm
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[t is thus seen that the kinetic_ energy density at 154 RPM! 15 barely adequate
to meet the heat energy requiremant. [t thus explains tr:e result of EPMA
which 'showed poor alloying at this RPM even upto 66 hours of milling (F]g.}[]i
and required 100 hours of milling for sausfactery alloying (Fig.58al 1t we
now consider a hugher RPM of 260 as was used in the experiments describ-ed
in Section 5.3.1 and other parameters remaining as above, we will get a value
of =~ 4.7 x 11:1‘al for the kinetic energy term, which is substantially higﬁer than
the heat energy requirement, a condition favourable for alloying. This is borne

out experimentally as seen in Fig-28.

it is easily seen from the abeove kinetic energy value for (34 RPM that

the energy input will be even lower at a lower RPM and will therfore be umable

to match the heat energy requirement. Similarly if can also be seen that higher

RPMs will boost the kinetic energy above the heat energy values. We may
therefore conclude that attritor speeds below about 1530 RPM will not be ade-

quate for mechanical alloyifg and speeds above [30 RPM wil be necessary

for effective alloying, when 6 mm balls in 18} ratio are used.
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b) Bails-to-powder werzht ratio

We have observed (Section 5.3.2) eflective aloying when ball ratiog
at and abave 4(:] are ysed in Conjunction with the same speed of !534 RPM,

Applying this value for W and other parameters as before In eqn. 23, we ger:

: 2 2
WDy (RNL ~ 3.67 x 10°
> (d) ( 56 >~ 267 x 107 ergs/gm

which s substantially higher than the heat energy value of .64 x 'H}g ergsfgm
and therefore should tead to effecrive alloying.  This 15 indeed' the case as

seen in Fig. 36b,

c} Ball diameter

We can interpret the resulr Mustrated in case {a) wherein we cobtzined
1.65 x 107 ergs/gm for the mechanical energy at 154 RPM as also the mechani-
cal enérg}f 'nput valid for a 6mm ball diameter run. other parameters remaining
same. As before, this is only barely matching with the heat eNergy requirenent
and therafore not effective for alloying,  Obviously lesser ball diamerers will
fall to meet the heat cnergy requirement. By increasing the ball diameter
to 3 mm, we get from eqn. 23,

,. 2 2 i
¥ (3} (ZhL) = 2.9 x 10” ergs/gm

which well excoeds the heat entrgy requirement, and therefore should [ead

b
k]
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10 effective alloying as verified by EPMA in the actual experiment (Fig.43h

The above exampies illustrate the basic validity of egn. 23 as an express-
ion of a criterion fer mechanical alloying. It is further 5;aen that . where
the kinetic energy term 1s lower than or barely matches the heat energy value,
the mechanical alloying is experimentally found to be poor and where it consider-
ably exceeds the heat energy value, the alloying is likewise found to be effective

and comparatively fast. [t must however be pointed out thatnot all the atiritor
parameters figure in this equation. F-urthermﬂre, onl;f threshold wvalues rather
than optimum values of the attriter parameters can be predicted. -Besides
such I;mntations. this energy balance model ignores the kinetics of the process
and hence milling time which is alse an important variable cannot be predicted.
An additional factor to be noted here js that it is difficult to assign any precise
'value for 'd' in the egn. 23. Thus the value of 50 g4 js only a reasonable esti-

mate of a typical size of the composite particles based on actual observations

rmade in the present investigations.
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CHAPTER VIl
SUMMARY AND CONCLUSIONS

&1 SUMMARY

This thesis comprises detailed investigations on the process of mechant-
cal alleymng in a typical composition, Ni-ZDCr-EThDE. Starting with powders
of nlickel, chromsum and thoria, mechanical alloying experiments have been
conducted in a specially built laboratory attritor mill. The efficacy of mechani-
cal alloying in an attritor compared to a conventional ball mill has been deman-
strfated using electron probe microanalysis. A performance index has been
formulated te quantify the degree of alloying. This index 1s expressed in terms
af the average amount of chromium picked up in a composite particle at any
instant of milling and the average degree of inhomogeneity of distribution of
chromium in the particle as determinad from the results of electron probe
micreanalysis.  Magnetic coercivity change has also been used to monitor the
degree of alloying of chromium in mickel. Distribution of the dispersoid (thoria}
under different conditions of milling has alse been studied by transmission elec-
ron  MICTOSCUpY. Using the above - mentioned performance Indicators. the
parameters of attritor mitling that cowld be optimised for maximum effective-
ness of alleying were the a;tnmr speed, diameter of the grinding balls, balls-to-

powder weight ratio, impeller geometry and starting particle sizes ot , nickel

ang chromiurm.

- - " W W WYWN Y ™" war waar y—xr g W ST W T - YT Y ———




AR important aspect studied s the present work is the guestion whet-

her mechanical alloying leads to the formation of true salid salution of chromu-
um i nickel, E:E_sides the ewvidence of EPMA, X-ray diffraction line breadth
analysis has been combincd with Scannmng  Auger Micmpmtie-_énaiysis of the
attritor milled powder to bring out the scale on which the homogeneity of

alloying has occurred.

Based on the rclues provided by some specially cheosen EXperiments
of attritor milling of puckel, chromium and thoria, the most likely mechanismiol alloying .

In the bght of available literature have been discussed.

dince the essence of attritor mulling lies 10 Jts high mechanica] energy
]n'put, the observed effects of variation of milling parameters on the efficacy
ofl' mechanical alloying must be related in- some manner to the mechanical
enelrg}f mput to the_puwders. A model has been attempted in which an expre-
ssion for rthe mechanical enargy iaput resulting from the difierent operational
parameters has beenm derived. This is set against an expression for the heat

energy fequired for ailoying based on a likely diffusion mechanism of mechans-

g2l alloying.  The model is able to predict some of the threshold conditions

of attriter milling for mechanical alloying.

£

8.2 CONCLUSIONS

The results of these studies fead to the {ellowing main conclusions:
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Under optimum conditions of attritec milling, mechanical alloying s
capable of producing a homogeneous state of alloying that cannot be
distinuished from a true salid solution.

Mechanical alloying of Ni-20Cr-2ThO, in an attritor of about 200mm
inside  diameter is found to be most effective when the attritor speed
15 abcuf 350 RPM in conjunction with émm steel balls in 18/] balls-to-
powder :.veight ratic. [t is also seen that the least number of revolu-
tions to be performed for bringing about maximum eiffectiveness of alloy-
ing approximately corre?pands to this optimum BEPM value. The milling

time associated with the optimum RPM is about32 hours.

Mechanical alloying can be made equally efiective at speeds lower than

the optimum by increasmg the balls-to-powder weight ratio.

A balls-to-powder weight ratio of about 33/t is optimum when the ball
diameter 1s 6mm and the attritor EPM 1s about 150.  The milling time
associated with this optimum ratio is about 39 hours.

A ball diameter of about &mm is cptrmum when the attritor has to be

rur at about 150 RPM and when the balls-to-powder ratio is [8/1.

The attritor RPM. the balls-to-powder weight rat1o. and the ball diameter

cannot be indefimitely increased because values of these parameters
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beyond the optimum are SeCn o produce less effective alloying.  This

can however be improved in all these cases by 'NCreasing the milling time,

Satisfactory thoria distributions are obtained when the attritor milling
pdrametecs are optimised with respect to alloying” of chromum i nickel,

"

Tnangular cross section impellers are mope veffective for mechanical

alloying than roung or flat section impellers and, '8 impellers are ade-
quate for an attritor height of 130 mm.

The average particle sizes of chromium  and nicikee] have considerable
irfluence on the effectiveness of mechanical ailoying:  finer chromium

and/or coarser nicke! lead to better alloying.

less degree of alloying and a case o7 Ereater degres of alloying in Compo-
sitions where a Magnetic change occurs with alloying in the constituents.
In the present investigations on NJ-EDCr-ETth, it 15 fourd that a peak-
crosséd drop in coercn;it}r s necessary in order for chromium  +o alloy
into nickel in attritor milling.  Absence of 2 peak indicates poor alloying.

The technique however canriot quantify the exient of alloying and the

degree of hoemogeneity of alloying.
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The peak 1n magnetic Coercivity s attributed tnainly to the attainment

of a 'saturated' degree of cold work of the particles which the imposed
mulling parameters have 1o gonerate during the course gof mifling and
its subsequent drop 15 a result of the predomiance of dissolution of
chrormium.

A necessary condition for mechanical alloying is that a high level of
‘saturated' cold work must be nduced in the composite particies. Alloy-
ing of the solute ts a diffusion process resulting from the localised rise
In temperature during the Intense, attritive coliisions between the balls.
t s estimated that the mear-1, local rise of rtemperature in the attritor
under mulling conditions for effecrive alloying may be of the order of
300°C. Since such magnitudes of lemperature are too low 1o account
for the estiumated rate of diffusion of chromium in nickel, an enbanced
diffusivity mechanism 15 expected to be operating for mechanical alloying

In an a2ttritor.

Metallographic and EPMA results Suggest that instantaneous recrystatliza-
tion of the cold worked matrrx by the ldocal rise in w@mperature in high
Intensity collisions between the balls may be the process that provides
2 powerful means” of, evening out concentration gradients of chemical

fahomogeneity, even at such relatively jow temperatures as 306 C.



15t

Iv. The criterion for mcchanical alloying i an atiritor can be expressed

in the form of the following equations:

S ] AT R

I‘(E1IIr -y HE\.f

Foees wa

LT

where KE, is the effective kinetic energy input per unit volume of the

atiritor, and HEV is' the minimum heat energy required to.cause the

desired alloving in umit volume of the attritor.

R T

With some simplifying assumptions, it is shown that:

2 "
e, -3 (3 0n) (BN
and )
HE - %b Cp Te - A) ]

Assuming TR to be w1 &30 K for mickel, the heat erergy requirement

for mechanical alloying of nickel and chromium has been calculated and

the threshold values for the attritor milling parameters are thershy esti-

mated. 5Such estimares have been found ta corroberate the experimental x
results on alloying of chramium 1n rrckel.
L
2.3 SUGGESTIONS FOR FUTURE WOREK )
It b5 noped that this dissertation has provided some answers to

questicns that arise when onc looks at the process of mechanical atloving from
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a theoretical as well as practical angle. 'However, there is consiwderable scope
for further research in this area. [t is stil} arguable whether recrystallization
is definitely the exclusive or even predominant mechanism of enhanced diffusi-
vity in mechanrcal al[oy;lng. [t would therefore be of value to probe into this
question further specially by an extensive use of transmrssion electron micros-
Copy. ‘While the results shown here did help in making certan order-of-magni-
tude estimates of the mean, local fse in temperaters, moce zpkec::fi:: and ingeni-

ous experiments and theoretical calcuiations are desirable to provide firm esti-

mates of this parameter.

The encrgy balance approach to the maodel needs to be refired further
to predict not only the lower bound values for the attritor parameters but
alse the upper bound values above which alloying is seen to be of decreasing
eficctwenc;ss. Having established the optimisation of the main attritor milling
parameters, it would be of interest to study the mecharucal properties of the
resuitant material and how these properties would be affected by subsequent

consolidation angd thermo-mechanical treatments.

A peculiar feature thar came up N the present mvestigation is
the appearance of the Light-etching phase in the consolidated powder of MNi-
EOCr-EThUE. Although “it could be eliminated by a process modification, the

exact process by which 1ts formarion is taking place needs to be fully established.
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ThBLE 1
MECHANTICALLY ALLOYED 005 ALLOYS
Allaoy Composition Aduthor & Yeér
Designation AREffiliation
MA-_753 Ni-20Cr,1.5A1,2.571 Eenjamin 1HCO 1970
1.2 v/ o Y203
D5 Fe-Cr Fe, 16Cr, 2.6 T,0, Wright Batlglle 1974
o Lo, 20Ni,18C, 1 Y203 Elarstrom Cabot 1974
DE-Ti Ti,6A1, 4V i lcox Batielle 1974
D5-Fe I'e, 2}%12@3 Lawn Fulmer 1975
ODS-RB=19300 Ni, 0.,05%2,8Cc, 10Co, &Ma, Clasgow HLS 1975
7A1,1Ti,4Ta,0,1%r, 0,010, :
O.5Y203 .
WHi-Cr-al Ni,l&ﬁr,d.?ﬂél,EYEOB Klarstrom Cahot 1975
Fe-Cr-al Fe, 250, 6Al, 2Y, Wilson Hulmer 1%76
5 v/o0 Al,0,
MA-256 Fe,200r,4,.341.,0.5T1 I'ischerp INCS 1976
0.5Y.0 2
Y273
WaZ_D Ni,le.6W, 7.3A81,4.37e, Glasgow HASE 137G
. ad,8Y
Wi Hi-i.8 v/0 ThD2 Arias HLSA 1976
MA=TFS4 Ni-20Cc,0,3A41,0,5T:, Benjamin IWNCn i%76
D.6 v/ /o YEUE
DS=TIN_738 Hi,B8.5Co,16Cr,1,.75Mo, Gessingar BAaC 1276
2.69,1.75Ta, 2.4T4%,
J.4mY, 1.5 Y203
MASTSSE Hi,Q,1C,19%Cr, 19Co, 4Mo Shulkz JHCOD 1376
3Cb,2.9h1¢%Fe,3Ti,Y203
Ll-%lyﬂq Al+2_4 v/0 A1203 Benjamin INCG 1977
;1-&1203 £1, 0,655, 1%g, 1-4C Jargg Vienna 1977
Udimot 700 i, 0,128,154, 1900, 9kig, rTAREE Eruop 1977
+2.5 Y203
Wl - Fu, Cam , 18 Fynr Frivm ool GELERPRS R
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THRBETLE 2

DESCRIPIION OF PaARTS SHOWH IN FIS.154

PART DS IPTION MATER 1AL BaART DESCRIPTION MATERTAL
No. Ho,
i. HNITRITORE SHATT 5.5.304 i6 ., FIN S.5.304
2. SHAFY —do-— 17 . SCRAEZR —-do-
3. COVZH BUSH -dn— la. PLATE -lo—
a. HOMJSING - 19, CHAWNKFEL MITLD .
ST=LEL
5. THRUJST aisd -0 20, BOLT SOUARE
_ HEAD —Co—
£, Shacls -do- 21, "on TG NEOPRENE
7. WASHER et D 22 . EY® BOLT LD
. ' STEEL
B COVER PLATC ~=do-— 23, "ot RINS NZOP2ZNE
9. COVER SQUARE HEzD —do=—= 24, WASHER —do-
130, BUEH o 25. Ball, BEARTHG
11. TOP LID COVER ~-do- 26. OIL SE2T,
12. HI1IPZLE —~do- 27 . BaLL REARING
13. COLL AR —do- 29. SCREW
147, NOT HuxXazO0ONAL = 29, "o HING WD CPREND
i5. PLUIG =] 30, HUT HEWAGONAL 5.5,.304
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TALDLE 4

THORT A PARTICLE STZE FROM [NTEGRAL BREADIH ANALYSIS

OF K_RAY DINFRACTION [LINE PROPILE

Silicon standard 5‘Th02
HoeElecktion hrea Integral Refloctian Arca Integral Tharia
undcer byeadtch under breadth - particle
Dagrees pua? Py degrees peag hThDE 'ThD2 Si?i“j
g lem®} \rad} A Lem™) (rad) (raad)
111 la.2 1i,45 O_030345 ill 12.8 25,60 0.00777 C,O00432 2457
T T o=
2G0% i6.0 - 0,002490% 200 16.5 B,i0 G,CG0742 0,00422 3891 &
230 23,9 9.35 0,00327 220 23.0 25%,95 0,00755 0.00428 331,96
311 28.1 13.85 0,00423 311 27.2 32.3% 0,00873 0.0C44% 305.1

« Diffraction conditions: Niafilter, Cu Fye 20 Kv, 12ma
+ *by, for{200)was not recorded due tc low ilntensity, hence
chbained by interpolation from b-vs- 8
i

* A obs oblbalned by planimoter mrasuremond

Bois abtained by Anantharaman's method of Intz2gral Breadtn Caleculaztaon
(ref.l44)

= hThcz" Bg s

'?% 0
no.,



TABLE §

EEMA LINE SCAN ANALYSIS OF SAMPLES FROM DIFFERENT REM RUNS
AT 24" anp 4279 HouR oF MILLING T IME

AVERAGE CHROMIUM % PICKUP % INHOHOGENEITY #+

s Felative Mean % Cr+#®
2 .
58 z h 2 o 5 EO i
P L - n E 7 g ] C e 1o B = 3
w Cooo o A E mhk v O ¢ 0 [T=] OOk +m™
] = E oo WooMm Rt Ao A = EAHp L@
coa L & C3 U] M e o LI = o wt o + + Z
= — c * Q- -1 e 0™ | “ O oj i '.UE o mE - N T~ 5]
— .~ & - E & 0 E & o A Mo Mt T3 EC o
S Y 3¢ TuE  BgEf §.5d g8z  PERC BrE STER:
4 = O o u = O o D u— By 20—~ (- o 8 %:Ec? Erﬁuf E;&~Jnmﬁr4
24 250 2.5 1.9 10,0 5.3 G.3 4.5
154 .
472 1040 11 7.5 42,3 8.2 12,0 B.E g
24 2390 25.2 17.9 O5,.90 2.6 4.2 .0
260 —
42 2720 28.6 20,3 110,0 1.0 1.6 1.1
24 2530 2E.6 18.9 102.3 1.2 2.1 l.5
450 —
42 —_— RUW TERMINATED AT 24th HOUR o
24 2610 27.5 la,.6 105,.8 HIL NIL HIL
2850 th
42 —— RUN TERMINATED AT 24 HOTTR —

*Measured by planimeter

** As per methad described_*in Chapter IV and Appendisx 2 ' i P
i .
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TABLE "6

HUMDBER OF REVOLUTIONS WITH INCREASING MILLING TIMES FOR DIFFERENT RPM

Attritor Milling +ime in hours

LM —
3l 6 12 14 15 24 30 36 42 48 66
154 —_— 0.554  1.109 - 1.663 2.218  2.772 3,326 3,88 4.435 6.1 X107
A { j
- 5 .
260 - 0.922  1.843 -— 2,765 31,686 4.608 5.53 6,451 7,373 - X10° 2
zﬂj 3
450 —— 1,620 3.240 13,78 4,860 6.480 - . —— —_— — ¥10°
I } H
850 _ 3,06 6,12 — 9.180 12,240 — — — - — X107
e i )

1880 3{950 - — - — — — e _— e _ %103




TAELE 7

CPMA LINE SCAN ANALYSIS OF SAMPLES FROM DIFFERENT
DDM RUNS AT ABOUT3.6x 10° AWD6.2x 10° REVOLUTIONS

[4)] -
5 AVERRGE CHROMIUM 3% PICK.UP % JTHHOMOGEHNEITY * *
I 0 B Relative Mean % _Cr** ' =<
P o Sw D o ) y g g - i
: vd SHE L pn B, fu 8E GE =F 20h
L a . =~ O 0 c’e e P a | [ b
L - 5 ° 0 Y C & S b £= =2 EZ Bogall.
H g @ o = S5 Egh RS 5 588 ES5E&ETs
= 2 on LH%% = 8 O G G EH E.’H =0 I"Sﬁﬁﬂ
. ATE Z8E WE.R e Th S8y S8y BR IR OGE BLEhs
P E U0 "H“‘_""‘ _gﬂﬂ g %,—t gmg gmg o e T - g #}E o
M 0 el ou-dm HEE N B 04 ed 3:' Eﬂp Sz OSHTH:
e 0 = 0 Y o O £ O B O Fa O o m&: zg BB 2 ©
154 A a2 3.0%10; 1040 11 7.8 42.3  B.2 3.8 12.0 8.6 -
154 F 66 €,1%x10 2430  25.6 18,2 $8.5 4.3 6 10,9 7.9 a
260 B 24 3.7x103 2390 25.2 17.9 . 96.9 2.6 1.6 4.2 3.0
260 G 42 6.5%10 2720 28,6 20,3 110,0 1,0 0,6 1.6 9,1
450 ¢ 24 3.6x10%7 2160  22.7 16.2 87.3 1.2 2.4 3.6 2.6
H 24 6.5x10 2530 2646 18,9 102.3 1.2 0.9 2.1 1.5
B850 D 6 3.1x1D§ 2110  22.2 15.8 85 .4 3.2 2,3 7 5.5 3.9
J 12 641%10 2430 25,6 18.2 9B.5 0,4 0.6 1.0 0,
1880 E 3.5 4.0%10° 2005  21.1 15.0 "B1,2 5.8 7.8 13.6 9.7
*Measured by planlmeter
x% pg permsthod described in Chapter IV and Appendix 2
j -4 I. kJ‘ {.
- - o= e m - - _ : W J
* — e e |
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THRELE 2

LPMA LINE SCAN ANALYSIS OF SAMPLIS FACM DIFFERENT BALLS-
TC.PONGER WEIZHT RATIO RURS AT THE 421"1121 HOUR MILLING TIME

AVERAGE CHROMTUM % PICK_UP ' o TNHOMOGENEITY® *

E Relative Mean % Crxv -
' [t 0 ~ H
T 0 o = £ )
a3 Y o [T~ 1 E & ba
B 90— LE TE = e o O g 2
P e oY mE E L E =8 m) = o= U o E il
O 5 o F ] e o o= LI TS} L O WoOE ™
+ = R 4w W woonD o B et £ T B
i — 1~ B Lo TS B i ] ™ H 4 IS T B Wy o
vy o ¥ O - v Do IR ol | Hom s o ~ T ~ T o G
— T m o i E o E o ol e m == r] - m-— E C
— - LT ) [ I LI T 1ok (w Y TR I ST
W by 2 Q) i H o4 HoH oA = LT ] [a Iy R TR W
m oz 40 = 0 oo 20 oy oL fay S = & 513 s NN g
-— =
12/)1 lE‘D l.? 1-2 545 948 1--8 lliE 5.3 = .
16/1 2070 21.8 15.5 B3.9 3.2 2.1 5.3 3.8
2‘]/1 241‘5 25'4 lB.l 9?4? 6-6 2.2 8-8 6.3
40/1 CO2E20 27.6 19.6 106, 2 1.5 0 1.5 1.1
5G] 2610 270 19,6 1055 1.1 2.5 L.E 1,72
1301 2610 27.5 15,6 105.8 NIL NIL NIL NIL
. {(Straight lipe scan)
1501 24372 25.6 18,2 HELE 1.3 2.5 1.8 1.3
*Measurad by planimeter
T Rs per method dsscribed in Chapter TV and Appendlx 2 \
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g TAEBELE S

EPMA LIND SCAN ANALYSIS QF SAMPLES FROM DIFFERENT BALLS-
TO~-POWDER WEIGHT RATIO RUNS AT THE 24th HOUR MILLING TIME

AVERAGE CHROMIUM 4% PICK-UF % THHOMOGENREITY* *
) .
v o k% —
g . Relative Mean % Cr %H %T: ~ r_']'ﬁ
Q- '
R g~ E = EE 2. ng g2 5T
i T oo o E i IE:' 2 C o oo fCE M
O, b = ot T . el Qo ¢ Q e, U oED »
. .5 E 0 G um g o B o] b od = o D Cm
| U — L 0 L I I M e — L o €l Hood M
Ly I ¥ | E o O™ L= v + 4 m —~ ~omoe
— o LS o E € wm E Ca o i - A U E 1 g
CE S L Sk 5F 55 Shfws
oo a4 D £ O By SOV o0 e 2 X g Bogusjc-:
12/1 220 2,3 1,6 .8 g.0 1.3 9.3 5.6
IB;/I ZEICI 2-6 1.9 1D.D 543 ) ll-G 6'3 4'5
24 /1 ——=- Sample not drawn ———-—o
401 . 2290 24,1 17.2 92.7 . 3.0 1.3 1.3 3.1
50/1 2570 27.1 1¢.3 104,2 6.9 4.2 11,1 7.9
100/1 - 26,4 18.8 101,686 - -~- straight line .- NTL
150/ 2210 22,3 16.6 RS.6 2.1 1,1 3.2 2.3
*Measured by planimeter .
L per method describegd in Chaprer IV and Appendix 2 . b
! ] .
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e ' TABLE 10

. .o L e
2o R e ﬁkﬁ#&&niiﬁmﬂwiﬂiﬁﬁﬁf;

VALUES OF NtW* FOR DIFFERENT BALLSTO-POWDER WEIGHT
2ATIO RUNS wWITH INCREASING MILLING TIMT

Balls-
to- .
Egi;ﬁi Attritor Milling time in hours
ratio
(R) & 12 18 24 30 36 42 48 66 T2 100
18/1 0,998 1.996 2,994 3.992 4,99 5.9885 6,985 7.983 10,977 - 16,632 x10°
. & F
B G
6
30/1 2.218 4.435 6.653 8.87 11.088 13,306 15,523 17.741 —— - -— . X1D
T T
50/1 2.772 5,544 B.832 11,088 13.86 16,632 19,404 22,176 oo —_ — %106
D J -
100/1 5.544 11,088 16,632 22.176 27.72 33,264 38,808 44,352 .. - - x10°
E} KT
150/1 - 16,632 —— - - — g — —- -— - x10°
L .

{ * N = 154 Revolutions per minute, t= milling time in minutes, W= balls-to-powder welght ratio)




TABLE 11

EPMA LIWE SCAN ANALYSIS QOF SAH?LES FROM DIFFERENT BALLS—TDnPDWDEﬁ

WEIGHY RATIO RUNS AT MW OF ABOUT 31,1 = 10?

% INPOMCCENEITY * *

AVERAGE CHROMIUM % PICK_UP

.. i ._“... ki _. 1d : .ﬁ##..t...ﬂﬂmh..ﬁ»ﬁr.ﬂ.ﬂﬂmm. .#m.wﬁm.mu

®ETHI=2UTY
pICpUEls Io
"3y uargz twoIy
(%AD)UCTIETADG
UE2j] TRIQ),

(UMY UC TR TAS
UBI TE30T

(LU BOTIE TAS]
ursy 2aT3B25ay

(UAIT) UOTQ B TAD
UE3 8AT1TIOog

%00 T=38UTT
DIPpUE3s
.30 "3y
UMIG 7 3 WO g

MCTEI=2UT]
paIvpuels
FO "3y
WG 7 T IOT 3

{unnyBUTT O
Jubyay ueay

Relative Mean % Crp**

()
2AITID
Japun LBaly

UOT3ED
—T¥Tauapy ofdusg

(19)
Tdues a3 3o
SwT3 BUTE{TH

OT3BI Jybyam
I=apmod-az~s1TEQg

i
mfﬂ

B.6 10,9

4.3

98,5

18,2

25,6

2430

&5

181

3.9

2.9 5.5

T 2.5

96.5

17,9

25,1

2380

48

24/1

3.1

4.4

1.9

9.7

25,4 18.1

2410

30

40/1

7.9

11,1

{,.2

6.9

104,2

19,3

27.1

2570

24

50/1

1.3

0.5 1.8

18.1

450

12

100/

fis per mothod described in Chapter IV and Appendix 2

"Moasured by planimeter

W

ke

yi



L2

TABLE

EPMA LINE SCAN ANALYSIS OF SAMPLES FROM DIFFERENT BALLS =T (Jw

POWDER WEIGHT RATTIO RUNS, AT NtW VALUE OF ASOUT l,?xlﬂ?

% INHOMOGENEITY ®*

AVERAGE CHROMIUM % PICK_UP

Belative Menn % Crp**

uﬁn%ﬁﬁ?.hﬂ%:.ﬂ.

174

%S RT=3uTT
PIBpUELE Jo
*3Y U9z :woxy
(IO %) UOTIETAS]
uRay [ejor

(UM TOT )R TAST
Ueay TeE30T

(L) COTIE TaST
Ueay aaraehay

(WY UOTIR TAST
UB3Y BAT}TS0g

HIOT=2UTT
PIEpuEls J0
*ay unllg 7+ wog g

HS'ET=2UTFT
pIvpusszs jo
"IY nugziuoTg

n:._Eu SUTT FO
IRbTay uray

(/)
2ATITD
J8pun Lealy

UQT3IroT3
“T3uspr ardueg

(A0} aTdues s3ys
FO BuTy buTTrTH

©T3eI qybtam
Hmmzbmrﬂplmﬁﬂmm

TN Oy = L
h.i.} EEE .»1 ﬁ".ut_;m.mwh o L TP

1.2 2.3 2.4

2.1

F 2250 23,7 16.9 1.1

100

la/1

2.3 T.4 5.3

' 5.1

2360 24,8 17.7 55.4

G

72

24/

0.6

0.9

H 2620 27.6 19,6 106,2

42

40,1

1.7 443 3.1

2.6

2780 28,.4 20,2 109.3

36 J

50/1

101.9 =- Straight line o. NIL

18,9

26,5

18

100/1

1.1

1.5

9.5 6.8 36.5

900

12

150/1

Y planimeter
3 per method described in Chapter IV and Appendix 2

*Measured b

A

Wk



TABLE 13

EPMA LINE SCAN ANALYS&S OF SAMPLES FROM LIFFERENT

BALL DIAMETER RUNS AT 4500

HOUR MILLING TTIME

AVERAGE CHROMIUM % PICK_UP

% INHOMOGENE ITY™**

Relative Mean % Cr*+

. g ) EE 5d
4 L — »
L B Ry - PR BTN PR -
%ﬁ 2 T o o T e E o T TR g 0 Y OET
E W E E U qQ O W w kﬁD o e = =i odm
-l oM - = o R CUd 3 — - o E JH g T
2 =T — - woad g oy o # FER ~ e a3
== * L~ E [=3T) Eonm - @ MﬁE Ml E @ @
— L mt m ™ O LNl = U o =% I I H b QO o
— — il U H H P Q- | T ja i 1 =] =] b S
I -y i £ O AR R (=g e = & a & B8vlon
v o O
4 42 E60 7 5.0 26,9 15.4 6.4 21.8 15.5
24 42 2150 22.6 16.1 87.0 2.6 0,6 3.2 2.3
Cylinder
& 3 6mm 42 400 4.2 3.0 16,2 i0,8 2.5 13,3 Y.5
Tungskan
carbide 42 155 1.6 1.1 6,2 5.4 0.9 6.3 4.5
ball
Smm dla

*Measured by planimeter

**As per method described

L

in Chapter IV and Appendix 2,

-

-

\
!

SLT




TABLE 14

ELLER

APLES FROM DIFPFERENT IxE

BOUR MILLING TIME

EPMA LINE S5CAN ANALYSIS OF 52

SHAPE RUNS AT 4504

%o INHOMOCENETITY**

AVERAGE CHROMTUM 3 PICK-_UP

®wStaT=outT
pIepuris

30 *ay

I Mlale g ¢
(IO%ITOT IR TASq
UBS3 TBEJ0T

{mm}UOTﬁEIAaq
Uesy 12307

(UuyucTyeTAag
ueay satizebay

(U} DOT e T Ay
UEdy SATITSO4

%O T=3UTT
pIRDURIS Jo
*1q WugzE s WoI g

%S ET=8UTT
PIEPUR3S Jo
"IU umigz swoIg

(UMWY IUTT Fo
IubTay umay

Helative Mean % Cp**

(zmm}
=¥ gt
B-Tolat JJN-EL LY

{(<4) =aTdues ayq
J0 BNT3 BUTTTIW

Bdeys IsTT=dwT

‘12 10':”:' 1045 ?.5 '4‘|:|-4 342 - 2.1 - 3.8

Raund

1.6

0,7 2.3

1.5

1.1

140

42

Tlat

5'5

17.5 34,8 4.7 1.8

24,6

2340

Trian-

gular

*Measured hy planimeter
** As per the method described ip Chapter IV and Appendix 2
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TABLE 15 .
COMBIMATICNG OF STARTING PARTICLE SIZES OF , .
WICK®EL AND CHRCMIUM POUNERS . -
Rur ' Avesage particle gize Average particle size
Identification of nickel powder of chromium powder i
{microns) (microns)
8/45 5] 45
[
~T1
(2,12 g 12 =
25/45 h 25 45
25/12 25 ) ' 12

e mmen -l

-




Fliia LINE SCaN ANALYSTS

TADLE 1

CP SAMPLES FR0M RUNS QF DIFTERENT STARTING

PARTICLE SIZES CF M{ AND Cr AT 4Bth

POUR MILLING TIME

Starting AvVEraga

_AVERAGE

CHROMIUM % PICK-UP

o

INACHOGENS ITTY™**

m £

5] particle size

o (Ficher) ' Relative Moean % Cr#* —

a 0 — w

) 1y " n ] [ [ — L’l
- (H- L H ] iy ™ = a = = oy

wi g . - £y Z 1 [ u E = & — o
i) — - b cC - b om i = — [ P b 2E
o —_ 1 I e tn E m o [hRY) ] Q T g a .z g i
o m = 1, c o~ - Em- Eﬁb o L a0 Lo E .
i o =0 e I o WLl won o o o = e =l O
T i A L B m = alal Cd o — o ol e o EENY SO
= 0l E d o * £ e o [T 49 oo — B TR |

AL - — [ o  _Fwap oo s al A a1 A M-l E 1D

o 0 O E — v b b 8 C g B 0o o P 2o H e 0 O
2 = Lo -~ O oo LTI - 1 3 U oo | R W TR
1 o _ oo £ 0 = 0 fg O — My O W I z& 3 HOW Q-
25/4% 25 45 48 2130 27,4 15.9 86,2 4.5 B.3 8.1 5.5
25,12 25 il 18 2480 25,8 12.4 UG, 2 4.0 3.3 7.3 R.Z
E/45 g 15 18 560 5.9 4,2 22,7 3.1 2.7 5.8 4,1
0/12 d 17 45 2340 24,6 17,5 94,6 3.0 1.4 a.d 3.1
*Mecsured ov planimeter
¥tAs per method described in Chapter IV and Appendix 2
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TARLE 17 , '

R R T

AT OF SAHP@ES W M INIMUM MILLING fIME FOR Max Ihm» EFFECTI?EHESSF
oF ALLUY THG PR DIFFRRET EALL RATIQS -
?__q___*_ﬁMﬁﬁ_ﬂ_hqﬁ%ﬁh__

1
1
e —— -..—-_..._—.-—..._-_-_..

—L—_——-qnﬁh-—uﬁh“——__—___-ﬁ_“_m_m—_ﬁ___L_L__“_n;____ﬂ_hm,_,q__ﬁ_q_______h,___H,ﬂ_
Ballh-to—uowder "Minlmam!

WRAGHY tatig

“hiromiiam plck-up Inhamcgeneity CDEEEEDGndiHH
. ' . F . -
Tilling asg PErcentage Eercentags Nty wazloa
time

2% 'standarar
! sample

s

A

£t

Tag
e
=
T - - T "——-._.._________-____'___-‘____________ - ___‘_“_—u——__________‘_m_____‘“———-________-______-__—______'
168/1 100 . Bl.1 2.4 1.66 % 10" " i
~] o
e 2
40,71 42 106, 2 1.1 1.55 » 19? jﬁ?
" . | -..'.I'
r 1 e I
501 _ 42 109, 3 1.2 1.%4 % 10’ JJ@
. | 38
' i
' . i
. " !..;-__51.
100/ 18 101.9 0 1,66 x 107 %
3
- o [o) Pl ? I
130/] 472 9.0 - ] 1.4 2.5 x 15 4
— — ___hh__#___uﬁ,__ﬁ_______;*L*_u_m,_*k____H____“L____________H_____

* The eifectivenass 0% alloying could e IMprovedq Further gor Lall ratiog oF IBKl,dﬂ/l,Eﬁﬁl l=
2rd 1501 wieh MmLliing times Better whan COrresponding milling Eimes show in thig Lakble j' .
Horover for tliea mil]jnj Cimes Shown, Lhe mffectivenuss o[ alloying 15 sean LO bz cloza o ﬂ ’
Lha max fman lavel s, . i 4

. i . *
—f !
k' —-——--:“!_;:"’_" _ . x (- -
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AVERNGE PARTICLE SIZE

—_—— e Lkl i) R B — A -
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TABLE 17

MR S A

- T

OF_THORIA DISTRIBUTION IN ATTRITOR .

MILLED AND HIP CONSOLIDATED 34MPLES

(Corresponding to Filg,63)

Sample
Identification

Brief history of
attritor milling
condirvricn:s

Average particle size

e

1”"4"*" I
-
"“\._\4"
}
)

=
p—

"ﬁmr

dvYyyalin

154 rRPEM, &mm balls,
18/1 kall ratio,
8 u Ni, 45 a Cr
48 hours milling

260 RPH, 6mm balls,
18/1 ball ratio
B u N4, 45 u Cr
42 hours nllling

154 RPEM, 8rmm balls,
15/1 ball ratiao,
B u Ni, 45 u Cr,
42 hours milling

154 RPM, Guom balls,
15/1 Lall ratis,
8 u Ni,12 o Cr, ,
42 hours milling Y

6200

400

790

430

-l.—"”-‘
—
rl

1

03T




TABLE
o

=

+ A-RAY LINE 8READTH ANaLvSTs

19 '

CF ATTRITOR MILIED EOWDERS

cAmBLe Sample ' AVarage microhardness Iotegral lipe
Do lsnntion History : HYV /10Ggm oreadth
: ; Biz@ )
(Degreas)
Standard powdar,
k) ' Vacuun annealed 250 0,259
" at 980°C/ghr o
' =t
Standard powdar
B after attritor A0 1.226
milling for 72 b s
Ni and Cr powders
a atiritor milled 800 1.222
for 72 hrs
Sariple 'C' s3fter -
D VEacuum annealing 390 0.z08
at 280°C/ghy
e . — — — e e —"‘—-l—|.n_._,-_'-__—l—l—-.-_'___—1—_—-u — ! — —r———

i Tt T e B =
Ty :—::: =T i
L

S A PO L

i 5 oo
bt B o -

=gt

%

A

S S e T e

i, = L o

ool AT Y
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TABLE 30 '

PATI0 OF PEAK-TO-PEAK HELGHT on SN

- ds

OF Ni aND Cr AFTER SPUTTER ETCHING

FOUR PARTICLES on Mo CHa

MICKLLY ALLOYED N_J’_—CL*—'I"hO2 FOWIDER

Cepth of atching

Particle a Farticle G Particle © Particle D
135Aa° 2.4 2.3 2.6 2.5
B5049 2.2 2.0 2.5

ZBT
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- . TARLE 21

AVERNGE MICKCIIARDNESS VALULZS OF SO 2UTRITCR MILLID POSDRR SANPLIS

.,

SANMPLET MISTCRY

FVERAGE MICEROSARDNLSS
ldverage of about 10 readings)

EET

[
kS

Load HY
tii & Cr attritor milled
at 1%4 RPM for 48 hours 1o0 . 274
wlohout thoriagl
i, Cr and thoria attritor
mill=d a+ 154 RPM for 100 321
42 hours
ML & Cr attritor milled
, 2t 260 APM for 24 hours 100 790
(writhout thorig)
Ni,Cr and theoris attritveor
millad a% 280 RFM For 100 440
24 hours :
Oniy WNi powder attritor
milled at 154 REM for 25 510
2% hours
Jrily Ni pewder attritor .
milled at 260 RAPM for 2o 348
25 hours
e P g v o it oY i Sy e et
g = = e TS - ey e e it L
' — _ J— ':"',‘TT .I :ﬁ 1 1. I ‘ .-‘ k




TAELE 27 -

- _EPHA LINE SCAM AUALYSIS OF SAMPLES #TTH AND. WITHOUT THORIA

m—— .

Sarple AVERAGE CHEOMIUM % DICK_UP ' % IWHOMOSENZ ITY ¥
Ale=ors
4 Relastive Megn WCop** ' : ™
(=P E:.-'"-. e E.i\*' *
o TR e E Mg c ha 4
L [T T~ LIS U= E DemD
- oE o o E g w0 =% BY OB L g o
\ Th s g E O E b vo o @0 w0 50 BT .
| O i o V) um il e > = gl oD S0
W O o~ BN o tMH T~ M -~ -l 4 T o B
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Hickal+
chramiuam
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separately
added
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prodispersed -
nickxel+
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HMickel+ '
chramd, um 260 24 2550 268 LE2.5 10330 1.6 1.0 2. 1.8
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chromium
thoris 260 24 2390 20.2 17,9 ¥6,9 2.6 1.6 4.2 3.2
zseparately

added
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1507 w1z ratio far 3D
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APPENDIX |
A. PREPARATION OF THORIA

Thoria 1n fme, particutate form s generally prepared by the de-
cnmposition- of thorium hydroxide. The method followed in this work far obtain-
g thorium hydroxide was to precipitate it by adding aminonium hydroxide
to tharium nitrate. One litre of (L4M solution of ammonum hydroxide was add-
ed to one litre of a rnechar{lcally surred solution 0. 1M thoriurn mtc}a‘ge salutian
at 90°C.  Tharium hydroxide 1n a gel ke form was precipitated as per the

fotiowing reaction:

r

ThiNO,), + éNH,OH = " Th(OF), + ANH,NO,

It was filtered, washed 1h§0r;}|’_|ghly with hat water and gried at 100°C. 1t was
subsequently decompeoseg at 600°C to get Tth. [t was then crushed in a labora-

tory grinder. The average particle size of the thoriz as measured by X-ray

d|ffra{:'tjc}n was found to be 330A°.

B. PREPARATION OF Nj-2 o,
Co—prec:pjtatmrir and selective reduction method was used to prepare
powder of mckel contaiming a uniform dispersion of fine thoria particles. The

alm was to prepare nickel contairung 2 volume % (2.3% by weigiit) of thoria.
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Te 0.35M nickel nitratc solution, approprrate quantily of thoerium

Aitrate was added to make 3 litres solution, whichwazsbrought ta a pH of &
Wity 3N NHL}OH solution.  The resulting solution was heated to abraut 90
and 2 _ﬂtres of 2 hot solutlc:n of |M oxalic acid was added to it, while 1t
is being inechanically stirred. Stirring was continued for about 3 hours. The
p['ecipit-at'c IS an intimate muxture of nickel and thorium oxalates.  The preci-

.

prtzlren reacilions arc:

NHNO,), -+ H,C,0, NIC,O, |+ ZHNO, :

Th{NDj}#+ EHECED& Th{{:zogiz + #HNDB

The precipitate was filtered and washed several times with hat
water and dried at about 100°C. The dried oxalate mixture was then heated
slowly in air to about 800°C and f‘r]aintlained at this temperature for about
2 hours.  An intimate muxture of mickel and thorium oxides was thus obtainerd.

"

The oxide mixture was reduced in tlewing, dry Riydrogen at about
336°C for about 2 hours. While thorium oxide remained unreduced, mickel
oxide was reduced to nickel. Tt contains the thoria in a finely dispersed form.

The decomposition and reduction teactions are:

NIC,O, v 1/2 O, = NiD + 2C0,

= ThQ, -« 2C0, - 2C0O

Th[CzD&JE 5 7

MO - B = Ni*HzL}



Therta distrbution 1a the resultant powder was checked By transeme-

ssion eloctron mncroscopy.  The averagn particle size of thoria 1 the pi-

2z ThCI'2 was found to be about 1000A®.

Ty
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APPENDIX 2

COERCIVITY MEASUREMERNT

mentl with the DPrecison Coercive Force Meter Type L.09% of Imstitut . Foster,

-Reutling (Fig. [ 7).

Cocrcive forlr:c is the Cpposing ﬂeld strength H required to:bring
the mapnetization ntenstty 1 or the Induction B o 70 a material follow.
Mg previous saturation magnetization. Physical mater;al chiaracteristics such
45 saturation, rermanence, conductivity, densily, 21c., may vary- through valies
of. at the inost, tuwo orders of magnitude, while Coercive force and permes-
bility values may vary by five crders of magnitude. However, while perrneab;-
Lity measurements ars sensitive ta thc physical shape of the sample, CORTCIVITY
is essentially- mdepmdent on tha veomet:}r of the sample.

L

For H_ Mmeasurement, the sainple s magnetized. tg saturation,
W the saturation field strength s reduced to rerg, A magnetic field wyth
opposite polarity js then abpliec’ to the sample and incresseqd until the magnetiza-

woen I s zera.  The field strength required o cause the Mmagnetization= 3 to

ER o Zero 15 the CoRrCivity, HC.



-~

t92

5 -
Rl
} J = Magnetization Intensity
JS
J JS = Saturation Magnetization
— R = Remanence Point
' H L=
s i
5 = Saturation Point
| HS = Saturation Field Strength
H = Coercivity ;
C : i

- For determination ot H{_, 1t 1S necessary that the device which

indicates the magnetization J does act also indicate the oppesing field required

for the Hc: measurement.  The Precision Coercive Force Meter 1% constricied
¢

to meet this requirement. The HC value on the panel meter 1s the facror Hc

expressed in Ocrsteds.

The principle of operation of tho instruments s briefly as fallows:
an A.C. voltage from a vatiable contrel transformer is rectified, filtered. and
then as a D.C. voltage 1s applied through a polarity roversal switch to the
field cnﬂ or to the electromagnetic yoke which produces the saturation field

strength.  The sample may be saturated n bath the coil or the magnetization

yoke 1f the necessary saturation induction is attained.

L
When measuring samples with coercive force values more than

I-2 Qe, 11 135 not necessary 1o compensatc The inagnetic earth field, it is only

necessary ta crient the tongirudinagl axis of the test coil in Fast-West dirsction.
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APPENDIX 3 )
- { ]
ANALYSIS OF EPMA LINE SCANS - P
i
| . -
T
This Appendix describes the method used in calculating ) 9 averape ' '
T pick-up,  and {1} 9 2Verage Inhomogeneity from the photographic
~ds of line scans of chromium n Flectron Probe Micra Analysis (EPMA). s
g .,
I -:-*;
T
CHROMIUMLINE Scan
/CHRGMIUM LINE Scny ’
' ".‘
\ r h
S [ 11
L. T mm - IL. 97 rrem .
Fra. A Fie. B E
i
; [
Hmn pick-up calculation | ]
(1
b
Fig. A is the chromiumn dine scan of the nomagenised 'standard'  _ :
]
yed powder of Ni-cr containing  13.5%0Cr tbv Cherical analyuis).  Thiy i

AL 26 i from the base line apd t

i any straight line sczn, obrzined
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under sarne conditions, appearing at 2& mm hoight represents 18 5% chromium
in the sampte, in other words, 100% of the 'standard'. A straight chromium
bne at any orther heght can therefore be converied to actual percentage of
chramiurn or expressed as a percentage of the chrumjum_{:ontent of the ‘stand-
ard' line and this accordingly gives the ‘average chromium pick-up' in either

% chromium tself or % of standard sample’s chromum content.

Since the ling scans of the acrual samples are often wawvy due
to in}‘;omageneity ot distribution of the chrt?}‘nium it the matrix. the wawvy line
scan rust first be ‘coaverted' to a representative straight line whﬁige height
frorq the base level can then be used to get the average chramiuim pick-up.
As -[hlf-_" scanned distance in the particle given by the base lergth is kept constant
at 30 i all the cases of analysis, the area under a wavy curve Is notionally
equivalent to the averzge of a rectangle whose length is the scanned distance
I the particle and whose height 15 the representative mean height of the chromi-
um bLne scan had it been a suaight line. Thus when the mezsured area snclosed
by the wavy line of an EPMA lLine scan photagraph of chromium s divided
by the base line length of 90 mm, one gots the mean heignt of the wavy line

which 15 then canverted to the % average chromium pick-up.

lnhemogeneity calculatien _

The waviness ot the EBRMA line scan such as the Qe SO0WnR

Fig.B is a result of the inhomogeneous or sepgregaied distribution of the scanned
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erment.  To esuimate the desren of ynhoropencity, the heighis ol the ‘peaks’
1 'walleys'. such as points A to K in Fig.b are measured.  The differences
, which each of these heiwghls 1 more or less than the mean height of thc
e scan, prmwlousiy determuned, arc averaged 10 pive positive and negative
verage deviatians from the mean heightl leveh,  The sum af those two averages
_the total mean deviation of the line scan, which is converted 1o 55 chromium
y using the calibrated hewght of the: etandard'  Chrominm tine -{e., 26 mm
:

eight = 12.3% Crl.  The extent of avetage INPCMmogenerty ” Can thus he "expre-

ced in terms of % chromium.

Tt
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