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PREFACE

The properties qf many permanent magnet.materiais are due to the
presence of a finely divided ferromagnetic phase whi;h, in some cases,
contains a substantial proportion of cobalt. The most important exampies
are the glnico alloys, deriving permanent magnet properties from a fine
dispersion of a ferromagnetic, b.c.c. phase rich in cobalt and irom.

This thesis is concerned with the magnetic propettieé of alloys iu.
which the ferromagnetic dispersion is essentially pure cobalt. A large
part of the work consists of an exaﬁination of an established group of
permanent magnet materials, the binary cobalt aluminium alloys known as
Malcolloy, in which cobalt is precipitated from super-saturated solid
solution during heat treatment. The properties of an alloy in the cobalt
titanium system, in which a cobalt precipitate can be induced by a
similar process, are also considered and the possibility of producing
sufficiently fine dispersions by the eutectic and eutectoid reactions
occurring in several binary cobalt alloy systems is examined.

In the course of the investigations various magnetic‘parameters have
been studied and it is perhaps useful, at this stage, to define these
and to comment on their significance., Much more detailed discussions of
the fundamental basis from which magnetic quantiﬁies and properties are
derived, the units in which they are measured and'the éymbols by which
they are conventionally represented have been presented by a number of
authors. The reviews of McCaig, ("Permaneht‘ﬁagnets and Magnetism",
ed. D. Hadfield, Iliffe Books Ltd., p.1l3, 1962) and Gould (''Cobalt Alloy
Permanent Magnets', Cobalt Monograph Series, Centre d'Information du '
Cobalt, p.l, 1971) are particularly comprehensive. Despite its
acceptance in the field of scientific education, the S.I. (or M.K.S.A.)
system of units is not yet consistently used in the permanent magnet
industry and the majority of current publications continue to express

magnetic properties in C.G.S. units. The C.G.S. system has been used
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i1
throughout the thesis but the correspending S.I. wits and the factors

by which the C.G.,S. units must be multiplied in order to convert to
S.I. are glven in this summary. |

The pmperties. definitfons ctc., (lergely from the work of Gould),
are tabulated below and are best understood by reference to the

accompanying diagram.

Symbol  Quantity Units end Bolatfonships CoG.S/5.1.
: C.C.8, S.I. ratio
B Magnetic flux -4
denaity gauss, G tecls, T 10
B Magnetic field ' 3
strength . oersteds,Oe ampdre/metre, 10~
A&/m G
3 Intensity of ‘ e.m.u.= G/4n 4r,
. - magnetisation =dyn/cn Oo T 10
Bi Intrineic flux ' G ' T -4
density © Bim4nJeB-H BiwJap=-pusH 10 .
Bi o Intrinsic flux .
deneity at satur- G T | -4
acion Bi aﬂlmd 6 Bis-Ja 10
a Specific satur- emug-lndyn 3
ation « ca/g Oe T fkg
whnlg /4w : 4w
density o=J a/densi:y 10
By Remanence = flux
density at gzero H ' : "
after saturation G T 10
He  Coercivity or normal
coercivity = H value A
to reduce E to zero 3
after previous satur- 107
ation Oe Alm 4n
JBc Intrinsic coercivity -
= H value to reduce 3
Bi to zero after 107
previous saturation Oe Ala én
Hr Remanence coercivity
= H value gfter the 3
application of which 107
Bi recoils to zero Oe Afm 4x
() pax Haxioum product in
- the demagnetising mega gauss 3 2
quadrant of the '~ oersteds, GO0 kJ/m” or 10

hysteresis loop or 109 G 0e  kAT/m 4



Saturation magnetisation (o or Bis) ie clearly one of the most
important parameters in the study of any magnetic material. 48 &
matter of convenience, the measurement of ¢ rather than Bis has been
preferred in this work because ¢ in casily detarmined using srzall
firregular samples or powders. o, vhich is related to composition, con
be used, providing certain information regarding the magnatic properties
of the phases present is aveilable, as the basis of maghetic phase analysis
techniques, (Hoselitz, K., "Fetramaguetic Properties of Metals and Alloys",
Oxford, Clarendon Press, 1952). o may be quofcd as ci, T, L.e., 0 at
temperature T°K in fielﬁ H. Alternatively, (as in this thesis) o without
subscripts is usad together with a statement of temperature and magnetising
field, |

The most significant difference between soit and hard (or permenent)
magnet materials is the magnitude of the coercivity, (“c’Jsé’ or Hr).
Thus in a soft magnetic material Jﬂc way be of the order 10_3 Oa vhereas

4

permanent magnets with'JHc of the order 10" Oc are Lknown. The most

frequently quoted measure of coercivity is Hc. (8 valuc to reduce B to zero).
Bowaver, since B « Bi + H (in C.G.S.), Hc (in ocersteds) cannot exceed

Br (in gouss) and if Bt is low or Hc is high the velue of Hc may bear no

J
relationship to the field necessary to reverse the mapnetisation of the
rcateriali. 1In a sample in which the mapnetisation of the total voluuc of
nagnetic material is reversed at a particular applicd field, Juc and Br are
equal and reprecont the fundamental coercivity of the material. In practice,
reversal of magnetisation almost invariably occurs over a range of applied
fields so that in the presence of a field equal to Juc or after the application
and removel of a fleld equal to Hr the wegnetisation of a sufficient volume

of material has been reverced to make B5i equal in both directions giving

a net‘flux dencity of zero. Uhen the demagnetising field is removed, the

negative contribution to BL of the lover coercivity volume fraction is

reduced and as & result Hr is always greater than JHc' NHeither property



indicates the meximum coercivity present although Bt is clearly closer
to the mexicun and some information regarding the range of coercivity
can be obtained from the ratio Ht[JHc. In pracﬁico, coercivity is
important in governing the performance of a magnet in the presence of a
demagmetising field, (the sclf demagnetising field end any externally
applied field), and in this respect Jat ic & more useful puramater and
is more frequantly quoted than B:‘

Although the factors influencing coercivity are-quite well understood
in principle, the coercivity of real #ystuaa.uhera several factors act |
in combination, is not normally pradictabio with any accuracy and the
mochanione thtough which known permsnent magnet materiale derive high
coercivity are not alvaye obvious. Remanence (B;) and naxinun energy
product ((Bﬁ)max) are of equal importanéa to coorcivity but the factors
controlling these properties are clearly defined and thers is normally
lietle difficulty in wnderstanding the level of &, and (Bﬁ)uax in torus
of saturation megnatisation, cosrcivity and certeir metallurgical factorsl
such es particle orientation, Thus fundamnatal resecxrch into perwmancnt
magnets is normzlly concentrated primarily cm coszeivity with work at a
mora practical lavel endeavouring to combine the conditions neccssary

to achieva high coercivity with those required to glive useful values of

By and (Bl)ggne
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CHAPLER 1 INTRODUCTION

1.1, Sources of Coercivity in Ferromagnetic liateriais

1.1.1. Ferromagnetic domaine and domain boundaries.

In forromagnctic matericls the very large internal field, first
postulated by Weisﬁl, results in domains, spontencously magnetised
to saturation, with magnetisation vectors distributed in a randow
panner but capsble of being aligned on applicetion of an external
nagnetising field, Detween adjacent domains are domain boundaries,
othervise known as domain or Bloch walls, acrcss which the direction
of rmagnetisaticn changes fxom that of cne domain to that of the other.
Ferromagnetic crystals are stroungly snisotropic with respect to
ease of magnetisation; iron for example is most easily magnatised along
[106] wiilst in nickel® end f.cic. cobalt® [i1i] directions arve
preferrad. Lattica strain can alsd give vise to some degree of anisotropy.
Domains in fcrromagnetic material are spoatancously nagnetised in
preferred dircctions but thic is not possible¢ within domein boundaries
vhere rotation of the dircction of wmagnetisation tehes place., Domain
boundariee are therefore regione of high energy. Boundary energy is
further increeced because exchange forces, tending to nmake ﬁnighbouring
sping parallel have to be overcome as rotation is’achiavad.

1.1.2. Coercivity dus to restricted domain boundary zovement.

- Theories attempting to account for cocrcivity in terxms of restricted
domain boundary movement have been revieved by various sutbors including
Hoaelit59 and Stonetlo. |

The application of an extarnal fiold normally lecds to domain
boundary movement éuch that the volume of domains favourably oriontad
wvith respect to the applied field increases at the expense of those less
favourably oricnted. If this movemeat ig hindexad in any way the external

field neccssary to bring sbout a chenpge in the overall msgnetication of

the material is increased. Various wmachanisms have been proposed to



account for the coercivity of permenent magnet matorials on this basis.

If & boundary intersects é nurher of non-magnetic inclusions
| its aren end consequently its eﬁergy is reduced., It is faasible that the
incresse in energy involved in moving such a boundary so that it
 intersected fewer inclusioné would result in high coarcivity. Sinilarly
in e crystol containing inhomogencous ctreins the contribution of strain
anisotrop?’to boundary energy would vary depending on boundary position.
in increased external field would be necesvary to wove a boundory from a
low energy site.

Some carly attemﬁts ware made ucing both the above cachsnisms to
osccount for the coerecivity of ferromagmtic matericls including the
Alnico pcrmaacnt maignet alloys in wvhich Bradley and Taylors, uwsing
X-ray tcchniqueé, detected the presencekof both strains ond prrecipicate
particles. Earat@n6 dealing with non*@sgnetic inclumioha and Becker et al7 k
congidering the strain wmechenisnm, showed that coercivities of the right
lavels could be predicte? hut in bLoth cozes a planekdomnin houndary was
appumed topgether with & vegular diastribution of cither precipitate
particles or strains. These assumptions wvere criticfsed by Née1® vho
pointed out that an overcstimate éf coareivity wvas likely. Thus in
Fersten's wodel a plane bowndary intersacting a large uurber of
inclusions wes displaced to a position whera it intersected nome. If the
boundary could bend or if the inclusions were less ragularly arranged,
the variation in the number of inclusions intorsected as the buundary
roved would be reduced with a consequent reduction in coercivity.' The
calculations of Becker»et al dealing with strain are subject to similar
criticiom. As an alternative, N&ela suggestaed that if a domain boundary
intorsected a region of mapntic poles associatad with non-magnetic or
veekly wegnetic inclusions or strains the energy of the fields connocted
with the poles would be reduced. An increased applied field would thus
be:required tb move the boundary avay fiam this region.

1.1.3. The coercivity of single domain particles
The magnetic energy of a ferromagntic particle wniformly wmagnetised
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as a single domain is ~ § HdJs per unit volume of the particle, where

3d is the self demagneiisiag field and Je is saturation magnetisation.

The subdivision of the patticle into & numbar of domains reduces Bd

vhich, if the domains form a complete magnetic cirvcuit within the

particle, mny; ideally, approach zero. The formation of daomain boundaries
thus results in a lovering of particle encxgy. Domain boundary encrgy,

as discussed above, is howaver introduced.

Particle energy is proportional to particle volume and, therefore,
decrenses as the cube of the particle radium, whereas domain boundary
energy, which is proportionsl to boundary area and, therefore, roughly
speaking, to particle cross section area, varies with rz. Thus as the
size of a particle is reduced A point is reached at which the reduction
in particle energy due to the appearance of a boundary is iasa than the
énergy of the boundary. Concequeitly the total energy is less if the

11. using formulae for

parciclg vemains as a single domain. Went et =l
particla and boundary energy produced by Kittallz. derived the following

cxpression for the particle diameter at which particle and boundary encrgy
are equal in isolated, single-crystal, spheres, i.e. the critical diawetar

for single domain behaviour (do).

d, = 9/K kT,

2
Js \nJ°

= crystal anisotropy constent

= gaturation magnetisation
saturation magnetisation at 0%k
= Boltsmann's constant

s | Wohuf-c =
L]

e ® Curie torperature

e = lsttice constant
~In the ebsence of domain boundaries, changes in the mapnetisation

of a single domain particle can only occur by rotation of the magnetisation
direction. Thie must take place in opposition to the anisotropy forces
end the coercivity of the particle is therefore dspendent on the naturae

and rwagnitude of these forces.



Anisotropy cen arisc from crystal structure, strain or particle

shape, the preferred direction of wagnetisation in the latter case being

13 derived

parallel to the asis of elongation. Stoner &ad Hohlfarth
expressions for the coercivities of single domein particles exhibiting
crystal, shaps or anisotropy as follows,

For a spherical particle exhibiting uniaexisl crystal anisotropy -
H, = 2K

s

vhere K is the crystal anisotropy constant (see section 3.3)

J

and J_ is saturation magﬁacieatlon.
For & prolate ellipsoid with only shape anisotropy -
KICNCRES DI A |
where (Hb- “a) is the differonce in the two principal domagnetising
fectors for a prolate ellipsoid.
Por a cpherical particle subjected to uniaxial stress
e = éwiig |
s
whore A is the saturation negretoceriction i.0. the change in length
per unit length on magnetisation to saturation and T is-the longitudinel
strain, | |
It iz clear that the coorcivity of an assembly of such particles
can only approach the optiwmum valus indicaﬁed by these formulas if all the
particles are aligned with their ensy divections of napgnetisation parallel.
Stoner and Wohlferth proceed to show that in a xendonm asseubly of particles
coercivity is reduced by a little wore than half, so that the above
ezpreasions becone ~
Ho = 0:958K, B, = 0.479 (M, ~u) 3, B, 1.633 AT

Js &

The hysteresis curves calculated by Stoner and Wohlfarth also indicate
that remenence, which in & fully aligned assenbly is egual to saturation

magnetigsation, L8 reduced by half if the oricntstion is random.
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1.1.4. Factore sffecting the propertics of sinple domain particles
Tue single domain hypothesis accounts for the coercivity of many

of the more important permanent nagnat materials, (e.g. Alnico, barium
ferrite). In general, however, properties measured in practice axe con-

siderably less than those predicted by theory and a number of factors must
be considerad to zcccount for these discrepancies.

(a) Hechanicns for incoherent rotation. The expressions derived by
13

Stoner and Wohlfarth™” danl with particles or assemblies or particles which
are anisotropic single domains in which coherent rotation of the magnecisatiqn
vector takes place uniformly in oppocition to the anisotropy forces. There
ere, Lowever, elternatives to uniform rotetion wbich in certain circumstances
may requise less onergy end thus lead to lower cosrcivity. Bean and Jacobal4
shoved that clongeted {rom particles, with coercivity less than half that
predicted on the basis of uniform rotation, were, in fact, chains of spheres
in which rotation occurred by a fanming mechanism such that the magnetisation
of adjacent sphores rotated in different directions and to differing extents

15 proposed

(Fipure 1.5), Io regular particles Frei, Shtrickman and Treves
two processes by which rotetion could occur at lover fields then those
necessary to ceuse cokerent rotatiou. These were buckling, (a similar
wechanism to fenning) end curling. The spin rotations occurring in both are
shiown in figures l.¢. and 1.4, The £iolds necessary t§ bring about the onset
of buckling end curling ara depsndent on various factors including particle

size. Caleulationc ahowls

that, in a cufficiently small particle, uniform
rotatin and buckling aers nucleated by similar fields and are energetically
§re£atted to curliog., A4s partic}e size increases, hovever, the energy to
bring sbout buckling and curling decreases until the first buckling and
then curling sre favoured. Thus except iao the case of extrewsly small
particles coercivity is likely‘:c be considerably lower than that predicted
by Stoner and Rbhlfnrthl3. Furthermore, any irregularity in particle shape
is Iikely to facilitate the onset of non-uniform rotetional processes such

as feuning and buckling end load to fuziher reduction in cocreivity.



(b) Mixed enisotropies. The formulse of Stoncr and Vohlfarth deal

individually with the three types of anisotropy. In practice, one type
" way predominate but some influence from the others is likely and if this
acts in a different direction, rotatipn will be easler and coercivity

reduced. The properties of particles with mixed anisotropies have been

considared by Wohlfarth end Tongel®,

18 19

117 and Brown ",

Various asuthors, including Rathenauet al™ , Aharoni
have shown that the reduced anisotropy associated with crystalline
imperfections would lower the coercivity of ferromagnetic particles. In
general this may be due either to the nucleation of domain boundaries in
what otherwisa would be a single domain,kor to the sncouragement of the

incoherant rotational processes discussed above. In either case coercivity

would be reduced.

(c¢) Mixed coercivities., When an assembly of ferromagnetic particles is
prodiced, either by powder metallurgical techniqueé or as a component of a
wulti-phase alloy, some variation in particlé eige and shape and in the
nature and coﬁcen:ration of defects is inevitable. Variations in the
cosrcivitias of the particles sre therefore likely. The effect on the
coercivity of the assembly ie clearly dependent on the range of coercivities

and on the coercivity distribution. wohlfarthzo

reviews a number of

attempts to understand the properties of assemblies with varying coercivities,
The wmain conclusion to be reached is that the mixture co#rcivity is lower

than & simple mean and that it falls rapidly as the amount of loﬁer

coercivity material increasas. This matter hae been considered more

recently by McCun'iez1 in connection with cobalt rare~earth alloys and is dis~
cussed in wore detail elsevhere in the present work, It is sufficient at

this stage to point out that the cosrcivity of particle assemblies and

therefore of real permanent magnets is always likely to be considerably

lover than that predicted by theory for a single particle.



W3 Packing density. Another irportant consideration in connoction él;h
the propertias of shapa anisotropie particle asserblies ip the packing
densisy. 48 such particles are Lrought clessr together interaction leads
to a reducticn fn m:isotropy end therefore in coorcivity. Eéetzzasuggastad

“the zelationship ac(p) - ﬂc(o) {i1~p)

total volure of perticles present
voluns occupied by tue disperaion’’

This wae in ressonable agreement with soume of the affccts obtervad in

praétice. thlfatthzaﬁmadifiﬁd this fermule es follevs -

vhere p is the pocking factor (

| Bt ™ Peto) ™ 4%
vhere & dopende on partiele distributicn and mey be of either aign, Thus

certain &isnzibuticns ey be cuvicaged in which perticie interaction would
increasc coercivity. 4 simple exauple fc & chnig of gpkeres tending to

act o an ¢longated porticle. In general, houcver, & xeduction in coercivity
of the order indicated by ldel's foruule is more likcly. In adéitien to
high coercivity o permencnt magnet Ldeally requiree the highest poceible
caturaticn and retsuesnt nmeppetication and thuc & hiph dogree of pocking,

in prectice & ccmptamiée betvoen perfcot packing, to give marxioum pemet-
isatien, end {ufinite dilution, to give éazémum coercivity, {0 necessary

ge thot reasemabla values of each preperty and, themforc, of sanxinum

energy preduct ((Eﬁ)waz). sxe obteineds %Tho coercivity of particles with hizh
unfaxial crystal anisotyopy nra'unafﬁictad by packing because the |

- enisotxopy i fvherent in their structure. Puocking donpity wmay, thorefore,
approach 100Z without love of coexeivity providing the single douain
 ¢havacter of the particles is preserved,

1.1.5. %he properties of sowe sipnificent permsnest wammet wotericls.

Amenpst the wost foportent and Loct knmm pormcnent magnet naterksls
arc the Alvice clloys. Oove indication of sthe range of comporitions and
propeties is given in Teble 1. In thess alloys, sultabie heat troctnont
leade to spinodal decorpozition into twe b.c.c. phases; one, rich in iren
sud cobait, is ferrouammetic, the other, rick 4n nichol and aluminiun, is

" _
not. iany authors notably de ‘Vos"3 Lave pubiished photomicrographs of this
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ctructure shoving elongated pecticles of sbout the right size for single
donsin behaviour (shortest axis =200 R). There is no doubt that these
perticles act as chape anisotropic single domainz and are responsible
for the permanant'magnet properties of tho alloys. Elongation of the
ferromognetic par;icles oceurs parallel to <100> directions in the |
matrix and if a magnetic field is mpplied during heat trestrment, those
«100> directionn mpst neerly parallel to the field direction are preferred.
& ¢0§31dzrablc dogrec of enigotropy is, therefore, induced with swperior
properties in the field direction. The effect is even more maxked if the
elloy ic prepared with a colurmar erystal structure such that the <100>
direct{ons in =ll the crystals are parallel and if during heat treatment
a magnetic field is applied parallel to the columar axzis.

24 prepared

~ Using a carsfully controlled process, Luborsky et al
elongated single domain (K.S.D.) particles or iron and iron cobalt alloy.
The particles, produced by electrodsposition into & liquid mercury cathode,
had diamsters betveen 100 and 200 { and length much greater than diemster
although electron micrographs showed chsins of spheras rather than tegular
eylindera. Aligned compascts of thase powders, bondad with plastic or lead
or gin alloys, are producad comrercially in the U.S,A. and are known as
Lodex. %The béat reported properties are -

Be ® 9,050 G, (EH)nax = 5,06 }.6.0., He = 1,025 Oe.

Although héving only 1imited spplication, these materials are of interest
as éxamglea of permanent magnets based ¢n chape anisotropic single
dozain particles and were develpped 28 a direct result of the thecretical

13 and others, referred to esrlier.

vork of Stoner and Wohlfarth
Barium ferrite (BaFe ,0,.) s the most irportant of the ceramic

or oxide permanent magnet materials., This group cbutactérictic&lly has

low value of saturation and remanent magnetisation coupled with relatively

high coercivity. Typicel properties of a barium ferrite magnet sre as

follows

Br - 30500 G, (Bﬁ)m = 3.0 HnGnO.. Rc ‘- 2,500 Oe.



The ferrites have hexagonal crystal structures with strong umiaxial

crystal anisotropy such that the c auxis ([@ooi]) is the preferred

direccion:of magnetisation. Went et aln

calculate do (single domain
diameter) as 1.2 yn. Hagnets are propared by compacting and sintering
particles of about this size to about 950Z of theoratical density. The
properties are attributed to the single domain behaviour of these highly
crystal anisotropic particles. Particle alignment ab that the easy
directions of mapnetisation are parallel is normally achieved by the
application of a magnetic ﬁiel& during compaction.

Percanent maguets based on the compound R cos. vhere R i¢ a
rare earth metal, notably samarium, are at present the subject of a
great deal of research throughout the world. The best properties are
obtained on aligned sintarad compacts of powdered material; (BH)g,y
values of around 20 M.G.O., By in excess of 9000 G and HE, around 2000 Oe,

have been reported by a number of workers including Buschow et alzs,

26 27

, Benz and Martin®® and the present author in collaboration

Tsui and Strnat

with Fellowszs. The intrinsic coercivity of powdered and compacted

material is around 30 ~ 40 k Oa., The precise machanism by which these
alloys derive their properties is not clear at ptesent. The compounds

are hexagonal with extremely high crystal anisotropy. The amisotropy

!

fleld (i.e. that necessary to cause uniform rotation is in excess of 300 KkOe
vhich is an order of magnitude grester than the observed intrinsic
coercivity. Furthémore, the beat properties are achieved vhen particle

size is much greater than any rcasonable estimate of do‘ ic seems likely

therefore, that in this case we are not dealing vith single domsin partidles.

29

Zijlstra®™, on the basis of hysteresis measurerents carried out on a single

particle of S8m Co_ only & fev microns in diameter, suggested that domain

5
boundaries are present and that movement is restricted, particularly close

to the particle surface. This view is supported by Schweizer et a130

working with material slightly removed from the stoichiomstric composition



E‘Coﬁ; wio found that phase chanens oceurriog ab the paveticle anrfacé
durlng eéntering could result in lattice strain snd the pinniag of
dopeln bounderies, Thus ic these materials it appesrs thuat 8 oechanism
based en restricted boundary voveuent io responsible for an extracely
bigh level of cocrcivity. , ,

Aunother alley in which & very high cogrcivicy is ateributed to
restricted domain bousdayy sovement io the equiatomie eobalt platinum
alley. Its prepereies sre inferior to those of Hw ﬁos but have Bhe
aivantaze of bedng isotrapie. By suitsble heat treatmeut it is pessible
to syoduee in this alley a yart&aiiy crdered structure consisting of a
pinenrs of disovdered face cantred cubic cnd ordered face cantred
totreponel letticen, Yhe two are cohersut but the degrae 6t dia:e$is:ty
involved leads co straio which s thought to be responsibls for the
davexﬁpmeﬁt af'a.kigh coprcivity.

3.8¢  deractic Properties of Ficely bivided Cobalt.

1.2.3. Porentisl proporties.
In en §{dozl porcannnt varaet the valas of Jﬁc {inkrinsic

coercivity) s aqual te or prester then ﬁa&c {uaturation mapnetisation),
By (vemanence) i¢ egual to 4 wi, ead the dntrinsic dexagnetisation curve
is sguare, L.0. on epplication of e dezagnetiolng field there s ne
reduction dn $ntrincic mapnetisation nutii the epplicd fisld exconds the
value of By, In outh e wsznet By £3 equel co H, {eaeteivity) and (E)gapn
is plven by 5grlé. Gnly fo tho eshalt rare-earth allove i5 this iceal
achieved iu practice and {n wvoat materials, particulerly those based on
clisye anfsotropic pereleley, properties pre cuch lecs then the ideal.
it &2 uwsoful, howevar, to begple thie aocovst of the preperties of finsly
divided cobalt by ascessing the maxivum propecties which can ba
afztie {pated. ‘

The éwjg vialug of cabaiz‘is 17,500 ©; cexivun possible (B8)naw

fs thexefore chout 77.¢ K.C.0. Doth o, f.c.c. cobelt end €, b.e.p. cobalt
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cen exict ﬁﬁ roon texperature, and theve fa little diffcrence in 475 "
but ¢ lacge differcnes fm crystal anfsotropy. The cechanigss Yeading
to & high cosreivity fu cach ave thevefore qulte different and they
wunt be considersd copeyately fn osking ¢ wore raaliﬁtic setivate of
potential cepnetie m&:gzarzms.

Consider first ¢ {f.cuc. . vobalt). The mapnetocryetelline
auisotropy S Xow with <11l gmfarméa # bigh cooveivity fg wosc
1ikely to be echicvad therefore if sinple domein particler with ehope
aaleoteopy sxn produced. Single docsic sike is siniler to that of Lzon,
$.o. around 200 £, IF an assesbiy of pecfeet ellipsoids vith an awial
el proster than 19 are ossuned to underpo wudforn wmt.im the
mmeiviz;a. accepding £ Che foroule of Stoner and mizwc:e%m,

Iﬁ =3 Gherafl £ cosund 5000 D i€ aldgmmont fe povfect. Howevar,
$% bos alteasy hesh shown ghat the conpelvity of ohsps anisolropic
partbeles dn rodsuad by chout holf ot a peching dennity of 50%. Hewioun
&w and 3%» of on alisnad cospuct with S0L packing ore therafors $,.7530 &
end 4,000 Go vespectivelys Dlstepsrding any furtier reductios in ate
dus to men-wiforn rotation (88,0 do piven by (8,750 - 4,000) % 6,000 &
0.0 ;‘;,c:t;m Sugh e materisl would ko an entrencly vsnful pormsneut
tepnst but the value of (B)pex for b.c.c. Kvan worhod oul oo & siel za:

bosde is 33,5 ¥.00. Theore s thus po obvious edventage in ths wse of
f.c.c, cobelt ap conpored to fpan, perticularly sioce the former is voxe

crpensive,

The sltustics is quite differcnt {o tuo ceuve of clb.c.p. cobale),

t*ze ;mmamzzt mionel properties of shich have been dlecussed by Holein 3

¢ has high ewyatel enisotropy snd the energy of segxetisenion Lo piven by
LeR +X n.ngw ¥ By sino

whers b io the anple betwaen the capnetisstion woctor mnd the casy

dirvcetion of wapnetination jbocif. values of the enisotropy cematants

1 and kg have becn detoRiined ot various tempsraturss by Honds aund

:.—mz«zmwm% and s shown fn Fipare 2. Stoner snd &%u!alﬁet&hig‘ using KS.

¥



an @ fivet epproxivation for K fn the capressien

I L A
¢ 48

éalculat:a a valus of &‘L«aut»ﬁﬁm@ Oa for the cosveivity of clugle domain
particles of ¢. Beczuso coevcelvity is based on crystel anisotropy

pocking denality of the narsicles con gpprooeh 3003, Acsuning pernfect
packing and elignnant thorefora By o 17,500 &, ﬁc w 6,000 0o and (Bl)max *
689.¢ 160, YUnlnz siviler veasoniug o thae of i:ict:'aig:ﬂ it is poasible

to auscenn tha proporties &£ pachking and sligmaent erc uot perfect. Suppose
the packing doncity was enly' ,591%; as wight e the case in an uasintered
poudor ‘cm;msi: or 1f ecbalt wvas preciplteted feen oolid solution, The
paluss of z;mz& avd By vould ta roduced to £,780 ¢, aad sises B, is :;;uateé
than § By, (Bildpe: o ?5;»314‘, w 30,2 H.8.0. xf; at the pave tive, eligurment
was randen Be would be reduced to 4,375 € end t'i, (intrinsic cucreiviey)

Je

uculd becoms L,F60 Oee  Hp, which fn an iooaviectly alfguwd agganbly is
less than U, and (Billggg, cea be esticated fyom o emzva given by Stouer
and &fahlﬁaxft‘am s ghout 1,800 Op snd 2.0 1,.6.0. respactively. ﬁnrlims”
derived a rabher nmovo escurste xelatiouship for the coorxcivity of zemdonly
crieated crystal auleotropic pavsicles. Usiog this, Jiz . 3,350 ve,
Ee ® 2,000 Ca and {BB)gag » 2425 1.C.0. Finelly, if g5 was furtues
roduzed, due to the various foctors disevssss fo secticn 1.14, to say
1,500 Go, By vould vomaln ot 4,375 €, He would Le sbout 1,250 Ue and
(Ei¥)pgn ebout 1.6 H.0.0. , | |
Tron these vasulte it can be naen that L.cefrs cobnlt is,
potenticlly, o wseful perrsnent maznet watovial providing that e high
doprae of slirmment and packing cen be achieved. Decsuse they bave high
¢ryatel anisci:mp;f, porticies of ¢ nped not be clongetad, o6 Lo the case
vith cubfc feon or cobolt, end single domsin sisce is, asccordiung to Went et

&13.2

ehont G.25 ¥, f.0. on order of magnitudo greater than thoet of the
cubic watorials, Pavelcles with hiich coercivity should therefore be core

casily produced.



1.2.2. EProroviee cbreevad dn practics, |
Tue woemetic properties of finely divided cobale, both o and ¢,

or yowdsrs svd as eorponznte of two phage elicye, have Leon reported
by verdevs workors,

Y 12} a!nt:.% exanined poviieles of im:i end cobalt, produced
ty electro-dopesition inte ceveary, Losrclivity was dependzul ou partide
sizz vith, for Loth metala, a peak of 3,000 Ge (neesurad at liquid
uitropen tempsrstura) ar about 200 8. The otable gEyskal otruciure of
cobale bolow abous &430°¢ iz beg.pe &) And da” accozdioy to theovy L8
about 2,500 8, teiklajobn commants on the fact tuak pask coercivity
T ;:x:zzsé:mbly singm dozain elno for hie cobalt poudsy acourred ot a
particie ofne sn order of magnitude soaller tbm thiz. lix does not
appaat, howaver, to establiish ghe hemagennl nature of tho particles ond,
1w diconsned in soction 1.3 ond fo Appondin X, fv &5 quite pozsiblc for
cobalt, pavbleslariy 4 46 fo Pleely divided, to Love the cubic structure

2% sarparatwres fer belew he equdlibriun transforostien taspogoturs. It

§

=y be thar in thin ease thoe cebelt parbieler Lad o largely f.c.c. structure.

>

Debieviowr slellar o thet of Lvon vould thea be oxpocted,
ookt powdore with coerclevity up te sbout (00 Lo vere exenined
1%,

by Vel ie this case the cobslt wes bexeronal., &8 wes expected for o

seeorial vich hish erpetel snfzotropy packing dencity had ne effect on
"eoercivity. FezRhormomo, oithouzh cosrelvisy was as erder of meznitude less
thes ehat colevlated frov ZiMd,, d¢ wan sheva to vary dn e lozical nsoner
ar K end T, %:.’:é.'@ slterad by varping the tenpevatuse; (Cthe effast of
tonpavatura on the anfnolrapy of ¢ Lo shoun fn Fipure 2).
Have paconatiy aﬂv:in% veportes Lhe preparation, Ly an cvapevation
taohiniqua, of eabelt £ibwen, with conrelvity an hiph as 2,200 Op.  (hectron
viovopeapy shovod theen €0 be chalug of sphores, not vulike thoso produced
24

g " 8
be Labozohy of £1°Y. Tho eryshel strusture vas lerpely f.o.c. £03 i€ wes

thourht that o fraee ef l.c.n. ccbaln dotected by Yepor snd eleotron

diffraction wra due o seacking foults in the f.c.e. atmunturn., Yhus the



cocreivity vas assured to be due Lo shepe rather then crystal anieotropy.

£

-~

fate ot o1’/ mmd ﬁucksmithSS weasurad the properties of copper
cobalt Alleys iu which a precipitate of cobalt wae prozucad by heat
treastusat.  The elleys were rich in copper with cobait batween .75 aud
4,05, sfter solution treatment end quenching the alloys were aged to
briup ahout nracxaatatzan of cobalt. Althoupik the bhighest Jac masured
¢i¢ not excood 250 Oc, wvaricus othier chbearvetions indicated that 5

2

certain suount of eaterisl with a much bigher cwercivity wes present. For
insgasee saturation wngnetxs“tzcn.is nornnllv achieved {n on epplind fleld
of the order 3 ~ 5 tines preater than the coercivity; in theze elleys uo
grprooch te soturstion wes observed in fields up te 15,000 Oe. ilvasurerncnts
sere aleso nade ci the ficld necessary to reduce remanent napnetisation te

Lero (ﬁr). This 1o normally not wmuch preater than Jﬁc but in thege elloys

vaiuce of U f]I rcacbinL O were obteined. Thzee resulte werxe taken o
indicate the presence of 2 lorge range in the cearciv&cy of the precipitete
with wmaninun waluee in excoss of 1,500 De. It wus uot possible to deternine
tho crvstal structyre of the cobalt, It was pointed out, however, that

the watris was f.c.c. ond that there in & tendency for finely divided

cobalt o vetain the f.c.c. structure., It ie likely, therefore, that the
procipitate vas f.c.c,

& considerchble arount of vork has. hoen reporied déaliug with the
possibility of producing olonpated single doxain parcicies by the centrelled
directionnl golfdificution of eutvctic sllove., 3o woub emsorn the ferronastetic
eompuaeat ves iren rieh, althoush in o fow eoues allors uith nickel or

: . 38
cotzlt heve boen cxenined., This vork has been veviewed by Calasso™ ., In

. i P s orens 40
roel 8565 JHe was low, froquently arcund 20 Je, but in the uvork of Livingston

o wore unefvl level of properties was gschieved, Livingsten found that the
coercivity of a directionally solidified pold cobalt cutectic alloy
increased vith increased provith rate and related titls to o finer sutectic

K

gtructoure. The best Jhc’ og grown, was 330 O usin ng fpirxﬁ i ﬁatu ol
groun &t 5.3 n 16

SR—

2.1 = lﬁml uwfeee. & specleen
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of 200 Oe but this wes increased to 925 Oe by cold drawing to reduce

the sample diemeter from 0.177 in to 0.010 in. The increase in coercivity
was attributed to a reduction in particle diameter and to perticle
elongation. In the as grown condition the cobelt precipitate was showm
by X~ray diffraction to be f.c.c. After draving, however, the temperatuxe
dependence of the coercivity was consistent with the presence of h.c.pe
cobalt with its easy axis of magnetisation ( [@00@]) inclined to the axis
of elongation of the particles. vIt was suggested that ccercivity after
droicing could be to some extent reduced due to the formatien of h.c.p.
cobalt because its crystal amicotropy, acting at an sngle to sheape
anisotropy, would recducc the ovaerall mmisotropy of the particles.

In 1965 Masumoto et 3161~49

reported permencnt magnet properties
of a grouwp of cobalt eluminium alloye which they ncored "Malcolloy'
(magnetic Al Co alloy). After heet treatment to produce a precipitate
of cobalt, coercivity (H.) was between 600 and 1,200 Oe, dependent on
corposition and heat treatment, and (BH)pax values up to 2.11 M.G.0. were
achieved. The euthors concluded that the oheerved properties wvere due to
the single domain behaviour of the precipitate partieles. The propcrtieé
of Haicolloy are far superior to those of any other raterial based on
finely divided cobalt and rince 2 study cf these zlloys coastitutee o
large part of the present work the resuits of Masumoto et al will be |
discussed in some detail, |

The Meleolloy élloye have comesitions between 20 zad 40 ut %
(10-25 wt 7) aluminium, The phece dizgrax after Schrsmmso (Figure 3)
showe that alloys within this range can be gsolution treated ot teuperatures
up to 1400°%¢ and, if cooling is sufficiently rapid to retain the solutionm,
subsequently zged to piecipitate a cobalt rich phase. Masumoto et a:l."‘1

shoved that a water quench after solution treatment was necessary in order

to obtain the higheét coercivity on ageing. The effect on vcoercivity (He)
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of scaing en olioy contolnfap 28 283 (G5 =td) zlucinius at verious
tarporatures o shown §n Fipure . Pesk coevelvity vas achieved rore
gulehly o higher ageihg gempoyaturer mt ghove 525% the peak reduced
with incresning terperatere, In gcnn:ai eaaxaivﬁgg innrenased and
vemonones dogressed no the eolaldt acﬁteﬁé wes veducod. The bose
pxaﬁattﬁan ecd optisns heat tt&ﬁﬁﬁﬂat! for warisur coupositions ars shown
in Tebls 2, Best {BH}opuc values wara ohuorued an interrndings Yovele

of remmmanes end eopraiviey,

5 the ne east econditden s Wdnmstdttan strasture was obrexved:
irp eorponguts wora fdentifiad hy Xepay diffrnction an the b.Cscs Cp AL
vhese, §, and the f.n.¢. cobsle vich rolid scolution a. Solution traatmene‘
praduecsd entively 8 and ncains recuiced in the appoarance of a precipitate
{dontified an & mixgura of ¢ and ¢ cohalt, If was suggosted that the
coersivity was due to aingle domain particles with & coubination of
crystal and ehepe AniEOtropy.

In further work by the spue authors the effect of additions
of othey elcuenhts was £ﬁvastigated&g"ka. Tie veaults are sunzarized fn
Yable 3, which ducludes the best (BD)g.y and coavcivity sgsociated with
each addition. ¥ith the exception of mang&nﬂsaég, all tho additions hed
the effect of increasing coereivity (8c) and reducing caturation magnet~
fcation (4vdg) and vemancnce (ég). ¥Yor & piven aluminiuws contont the
decreage in I, wa§ sowutinns offset by the inerease in He to pive a amall
ivproverent in (BB)emaw. The hishest values of e cbrexrved, hovownr, weze
sscociated vieth inforfor valuen of (CE).... 7The peneral effect of
manganess was to ingrezse Sp at the expoensz of lg plving sone improvereat
in (Bidmax at thg optivus eonposition. In & patent specification dealing
vith these alloysﬁg the effsct of additions of iron, copper, tin, anticony
and gine are centiocped. Only copper gave an foprovecent in cocparison

vith the bivery alleys. Its effect was similar to that of pasgancas aud it

pave & (BE)ane of Z.6 H.G0., the beot xeporetod volue on tads type of alloy.
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2lco quoted ln the patent ave ccorcivitios of 3,650 0 for nlleye
contelning wa!vbﬂrruL ead e (Mpae 0 2,36 10,0, for 2 binary elley
emmtaining 27.8 aed 14,9 or?) alodeius,

An interectine fostura of theae vesvlts o ¢he high valus of

13§ in a randen essendhly of

Bplagd,. fevording to Stoner md Vaullavth
perticles Bpland, « 0,8, Hammoto et a1 do not eleiv to heve fuducod

eny oligmesnt but thelr guoted rerults cive Bp/lrl, alunye greatar then

0.5 opd rometivar sprroaching CL8.  fanther eoment vhich ean Te mode ic

{v. corncesfon with prrtftle glze. 7The suthors stete thet ceen periicle
Qlamter was arovnd 20 £, ?wzhivﬁtﬁ(n 0 the puhiiy iﬂu phcum g*cru sTaphs,
hevswer, indicotes o partle e afevoter cles ter te 1,000 ® ane lﬁnath 2or 3
éin&s proaster,  The dldforence islimgartant Locgusn, vheraes & £.¢.8.
partinle with § Qienotar of 220 8 gight approach cingle dexain hehavicor,

ag af 1,000 ® Gilemtter eoccld oniy be oiogle demein if ifs structuxe vas
heoon, Dlogrepencicos of phie kiud con arige due to eularperant ev

roduetion of phroionreshe for publicativn. In the pséﬁaﬁc esee, howevar,

the varnificetien of one of zka phetegrnpbnéﬁ fe Inclentad by & suporinposed

scale whieck elindnrtes thie poneibility.

1.3 Tbe sllotropic Tranpiorweticn in Cokalv,

Beoruer of tha Louds o tue eryetel bttuc.u e of vobale im
retation go it wopretie projeriivs, tﬁg nature of mﬂa»allat:upig Lrang=~
feruséian~aaa enﬁ ullucneing factors must be coupidered in andeavouriug
o uuderstand this proparties of wognaty bastd onr cosalt, ih& iiterature
doaling vith Cig alivteepes end the trancfovmation i¢ revieved iv sppendix I
but it 36 weelul of thiv stepe to euwphosive covvsin signivicsnt pofuts.

She theroodyuenicelly stoble grypial structuty &b roul Reuperibure
fu bBecaps (3o Bhore it, howcver, considarable hysterosis ané tae
tuaneiovvanien de influccond by varfous fsctors. the exteat of sub~divisien
foto greius v discrele pevticine iy oac such factur, the f.c.¢. fora {a)

being Rialy 4o Le present 8t roms tenpersture in fucressing axounts 25 the



degree of cub~divicion ic increnseds Owen and ﬁndOC'5030551

consider
o to be the stable foms ot roon terperatura if the garﬁiciﬁ sivc is very fine.
toviizk and Geisslersz, however, couclude that o ig retaived as 2 cetastable
phaee cn coonling if the partiéiu3”a£¢ gufficiently emall to inkitit the
trzaoformatien wectanisu. fince Lt hins boon shovn that the best poteatial
pagnotic properties are associstod with nmall particles of ¢ this natter
in obwicusly of considersbic isportance,

Begs and Earrattss investizated the effect of wechanical vork on
the tyansformation, & suall asowt of deformetion reduc:sd the amoummt of
3y5:aresis'batween the heating &id cooling transfommtien glving a trens-
forimacion tarperabure of 417 2 7°c. Saverc ée§o~matinn louered the o — €
trensformation texyeratuve, whilst uwoderate doformation et roos temperature
ves found to cocavert yegained o $o €.

‘The structure of cobalt prcducad by clectrolysies it affected by
the neture of the electrolytic cell and perticulariy Ly the pH of the
eleetrolyte. Yor imsteace accovdéing to Karatcnsa colalt deposited from
ths sulphinte was heCeps 2t high pH with increasing ecvouvats of fl.c.c, 28
tue pH was lovered. |

' The complex effects of inpuwriticy and alley additions om the
stability of the clilotropus have been reviewed by Frajewsii ot uzss. In
in pencral @ majority of eloments tend to restrict the ¢ field giviap o
ot reoi teimperature.

P . pnait
1.4 Present Woul

fronm the forxepolng it can be seen that only in the case of the

Maleolloy elloys Las any real cuccess beon achieved in the preperation of

o

perroncet marnets based on finely divided eobalt. Althoupgh &n extensive
erpirical exacination of tho effecte of heat treatment and compositional

YA
4148 the observed properties

variations has besn reported by lMasumoto et al
are understood only in that they can be attributed to the presence of
e cobalt precipitate exhibiting crystal or shape anisotropy or 8 mixture

of the two. ‘In the present work the alloys are ernomined in sone detail



and the mechsnisms responsible for ibs permsnent wmagnet proporcics
are avaluatad.

A numbey of mathoda by which ghe properties of ialoollay pight
e irproved are invuneigated and the proparcies of a cobalt citaaiu&vaizoy.
in which & cobalt ptgﬁigi:ﬁta can b duduced by a siudiasr process to tast
ysad for tialcelloy, ace exavined.

The vork has bean extended to includs & study of & nunber of
cobalt &asé& eutectic and eutectoid alloye. Froperties in the bulk
condition aa&‘Efcst eounioution are consfdered in terms of tie éryatﬁt

structure ¢nd particle piss of tie eobalt rich corponeut.



CHAPTER .2 APPARATUS AUD TECHRIQULS

2.3.  Genercl
Tue allovs studied in thic work wore, in ooct ceses, prepoved

end heat treated by coaventiconal methoeds, deteils of which are included
in the account of the work earried out on eack alicy. 4 description of
the techniquen used for tecting end exgnination of the alloys is, however,
conveniently presented st thic stepe.

2.2. Mepnetic Yesting .

2.2.1, auturﬂtloﬁ ma uetxnnttcn

Scturation Mawnutmaatzcn vas meesured as speelfic saturation 0.

Valucs at roor teouperaturs were ebrained in 2 magnetising fleld ef sbout

1%k Oe, provided by & large permancat wagnet. The intensicy of sagnetis-
ation vas determined f{rom the deflectien on « ballistice palvanoneter oo

the casple vas pulled out of the nogneticing field throuph o spocial

search coil as deserxibed by Klitﬁiﬂggﬁe & Suckenith ring bzlepes, in

vhieh the ferce acting on o sonple fn & field pgradientis related to inteusity
of magnctisaﬁion57, was uscd to daternine ¢ gt clevated femperaltures.

»

The negactising ficld ves chout 10k Ou.  Usiny this epparatus, it was
poseible to deteramine ¢ at intervals of 5% whilot teating, under vecuud,
from roowm tompercturs to the Curie temperature.

Becauvse ferronopntic eryatals are anifsotropic with respect to
vagnetic propertics o in oot accurately deternined on ﬁauéar@d gunples
ruch that cach perticle is a single erystol free to rove in thoe mopnecising
ficld, Thus ecoch particle votates watil an easy direction of wapucisation
iec parallel to the field. In the precent wvork, Louwevor, it vas foun
thet, in the eese of the eleolloy alloys, changes in the awsunt sad

coposition and, therafore, the nasnetic proporties of the pheses present,

vere induccd by the precese of poudoring, and it vas neccsaary to sessule

¢ on enell colid sanplesn,



2.2.2. autrzﬂszc coexcivity (8 ) & uﬂ& ¥ ¢ carchvity (i )
B nd ﬁ vere detersin€d by bix : hniguos ?r-or to

Je
tecting, sanples wvere mapneticed in the highest avﬁilaale f£ield wiich
was o pulse of abpuk 50 L D¢ vith a duration of 0.0 sce. Incrensing
dmvaguctiaing.fieldu verc thon apyplicd, &6 using an o0il cecled
solenpid, until therc waé 10 defliection oo a bellictic palvanoreter
as the sauple wag pull&é out ¢f & scarch coll.

g ds the denapnetising field in the presence of wileh the
intringic na"nctisation of the sample iz reduged to nmero. Hhen this
property was requirted, therefore, the applied f£ields wore wainteined
vhile deflection was mmasured and the ficld corresponding to zoro
deflection wae equal Co Jﬁc' afecer the applicaetion cud removel of &
field cqusl to Hr the naenetisation of the sample roceils to zero. Yo
obtain 1 ot tharofora, deflections were weasured after the romoval c£
the demapnetizing fiald,

By imcorporsting, inside tho solenoid, o emzll non~industively
vound furﬂaéc, it vag poseible to rensure Jﬁc &t Cemporatures up to 6009¢,

2.2.3. Propertics actﬂtnxnedtsln" a reccrdxny hyotoresipraph

sy on o e i e 5

4 recording hystercsirreph, ao described Ly Scholes 58, e
used te doteynine rouonence (ﬁf}, énximum mnergy product ((Eﬁ)mnx)’
coareiviey (Ec) and, enecssionsily intvinsic cacrc’vzt (Jac); This
instrmmnt provides magmetining ficldes of the order of 20 &

Applied field (1) is messured by a Holl probe nd flus density (B) by

an air flux cotpengated search ceil. The wagnetic preperties arg

recorded ae 2 denapnoefization curve, plotted by au Y roeorder.

2.2.4.  Feproducibility of mapneotic tests.

hn Metic [HoANuresents Versd éuntoduc~b1¢ to Lbetter than 28

except in the cose of (Ez)rmﬁ whore results could vary by up to 59

=

2.3, X-boy Bi{fraction Erzamination

¥eray phaee anelysis of conventional pouwder seuples vas cerried

out in ¢ % oo Unicen camgra. 2ltern :L\elv & Desureris camnra, showm

-

in rigure 5 was used. This instrument, by providing focilities for the
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rotation ond oscillation of the sample, enables pouder type diffrectbn
photorraphe to be obtained from solid sanples, The main edvantage of
this technique wés that-the rislk of phaces obscrved in powder sauwples
failing to be representstive of thore present in the bulk nateriel was
avoided., This was porticularly irportant because of the effeet of
particle size on the cllotropic transforrmation iun cobealt (sce section 1.3
and Appcndix.l). Surfacer for exemination were npormally prepaved by
wechanieal polishing followed by chemical etehing although on a fev
cccanions exnctly similar rasﬁltﬂ were obtoined {rewm elecﬁrapcliched
and fracture surfaoges.

By constructing 2 specisl specinen holder incorporating a
crwall heoter and thermocouple (Fipurce 5d) it was possible to adapt the
¥eaumaris eswers for clevated temperature work. The technique was
used only for the Halcolloy nlloys (Chapter 3) the vory high ouidetion
resictance of which allowed the production of satisfactory diffraccion ‘
patterng up to 550°¢ without atmospheric protection. |

The Bapumaris camera was also used to determine precipiﬁatc
erientation in the ilaleolloy alloys. The technique, which resendled the
rotating crystal method i¢ described in seetion 3.4.3.

2.4,  Other Techniguep

2.4.1.  Fetallopyaphic exauninetion

o amre e mo e ———r

Seamples {or both opticol and eleetron microscopy vere ground

on crnery paper and polishied using lyum diemond paste. The Haleolloy

parples and the cutcetic alloys vere ctehed using o pizmture of 4-5 perts

—

cthancl, 5 parts concentrated i Cl, end 1 port Br, end the cobalt titaniun
alby in a nixtuyre of 3 ports 307 BF, 1 part HROs. Electron metallography
wea carricd out ucing conventionszl carbon replice techoiques

Za 4 2. Detcrnznatxon of varc1c1c nxzc

ch perticle sizc of povder taterials wes determined using

optical wicros c?py- The powders were mixed with metallurgical mounting



plastie and prouwnd and pelished s sieve surples.  Avernage pavilele

M asarey was ansessod by the stoandasd teehy i( y ¥ . %% he s e Be § ioa
dimmotor was srsessod by the stondagd Cecanique, 3.0. 811 Lhe parficioes
in o porticular field of vicow were coppared with a cxlibreted eve-pieca
sroticule end the mumber of porticles in earsh of o serles of sine ronpes
wae counted,  Yrem these cousto averape partiele diameter in terms of
frequency of occurroacs vas calculated.  Tor esch sawple soveral ficlds
of vicw were exenined snd tin walusr quoted are the overall average

32 ey 1ot
QIETLLETR.




GUAVIER 34 BTGDY OF TR DINATY MALGOLLOY ALLOYS

3.1. Preparation and leat Yrestuent of the alloys

Two serics of cobalt aiuaivzu’ siloye were propored covaring
the rence of Maleolley coupositionn (see sectien 1.2.24.) For the
first serice, three cacts of 300p were prepared from materiels of
covsereicl purity (eobalt £5.5uk ., aluninies §9.9 wi.X.) Helting
vas carried out by induction heating usder 2 slight pcpxtzvc pressure
of erpon. After solidificotion cach ¢zat wzs broken up and re-meleed
to ensure adequate minine., Yeble § sho&ﬂ the anslvsed conpositions,
including the zmount of iron which ic ceen to be the wajor impurity.
The horeponeity of thase casts was esteoblichad megoetieslly as desceribed
in 3.2.2. The slloys arce conveniently identified by thedir nosingl
aluninium contents. i.e. 23, 28 and 38 at. i, (in this worl. atouic 4 ic
subsequently used unlese otherwice steted.) The gecond geries of alloy
coustoted of a nunber of sunll castiups, slvo wnde Eéon coanprcial purity
rateriele, vhieh were propsrced by von-consunmnble are umelting ot @

pressure of half an stuouphere of argon. Comvosition

i3
P
o
1
5]
s
¥
L%
o
:..’:
R
&

»

in Teble 5 and Figure 6. These alloye vere used only to deternine the

veriotion of saturation maeactisation with alusiniux conient, %o c&eck
1rworLamc observations on such featurcs &s tho erystal ﬁtrésturﬁ of the
cobalt proeipitate o €uerther alley, with o nnmincl'ccmpésitien of 2BL Al

wvag prepared, fros higher purity pateriale (cobalt 99.9 we.i, alusiniun

§9.955 vex), by lodection welting under arpop. She oalysed counosition
is dn Table 4 vith dron apoin €he major eontaninoent,

Samples (about 5 2 5 % 10 1) {rowm coch of the cants vere
colution trected for 35 minutes st 1300°C uader purifics hedroqen and
vater quenched, Fhose frowm the 23, 28 and 38 2 21 caets md frox the
bigher purity 280 Al cact, (moterials are of commercial perity waless

otucrvise stated), were then aped isothernally for various tiuen at
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torpevaturces betweon £50°¢ and 750%¢, Leelnp wos coyricd cut cither
in oiv, vith no approcisble eipn of eunidation or, fur traatmants of
less than 30 winutes, vhere gapld heat transfer ves ifuportent, in o
esalt both.  Apeling temperatures wvere contrelied to 2 2°¢ ond the
solution treatment tesporature to 2 sc.  Fouder souples for R-vay
examination vers soluticn Sreostod aither in gsealed, evecuated silica
tubes or under pure hrydrogon, &9 chove. In elither case, subxequantk
npeing vas carvicd out in evacucted silicz tubes. ALL smisples were
quenchod to roowm temperature sfter apeing.

S.2.  Otrusture aaﬂ :zzacﬁac FPro crtzes 2t Hoonm Temperature
. ) 2%

3.2,1.  The as-cest condition

In tho as-cast condition o end e of the 23, 20 and 45 Al
N as

alloys ond the highor purdecy 28% A1 alloy vere/showm in Tekle G.
Samples from each capt were onsnined metalliopraphically and
by A-ray diffraction. The latfer was carried cut using bhulk samplcs
in the Yeaumeris comera with £{ltered cobalt radiaztion. In oll the
cants ¢ Vidmanstitten procipitate of ¢ cobelt was prosent in & bl.c.¢.

-

watrdn,  The lattice par&mmter of the uatrix in the 23, 26 snd 351 AL casts
wan 2.855 %, 2.857 & and 2.558 £ respoectively. Stis phase wos fdentificd
as the Co &1 intermediate phase §; the lattice parameter of wiich,

sccording to Ca@persga fivst increasces with iacresasing alumiuium content,
reaching a pesk of Z.861 2 at chout 4853 Al, ond then decvenses. The

amount of a observed was foirly congtont within individual casts hut

deercased with increasing alunininr content. The nricrostructure of the 28X

21 alloy ig shown in Vigure 7a.
¥ &

3.2.2.  ‘Yhe solution treated conditien

Exarination, usimg the Seaumaris caverz, of bulk samples
golution troated for 30 minuter at 1300%C and water quenched, Indicated
for all the alloys conplate seilution of a and retention of superesturated
[ et room tempersture. The single phase nature of these sausples wes
confirued retellographically (Figure 7b). Towder sooples, vhich were

heat treated in senled evacusted silicn tubes, prior to Z-ray exapination
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a and e after similar agoing treatsiantR, The observation was,
therefore, confined using bulk and powder X-ray diffraction satopies
from the eo'.rcsereiai and higher purity alloys. Identical results
were obtained in each case.

The absence of a was surprising since, according to the
phase diagram (Figure 3), this t»dificatio» is the stable forta for
precipitation above $00 C. The possibility that the precipitate
forced initially as a and underwent complete transformation to e
on cooling was unlikely In view of the extreme sluggishness of the
reaction, particularly in finely divided cobalt, (see section 1.3.
and Appendix 1). This was, however, checked using the high temperature
specimen holder in the Beaumaris cauera. Solution treated samples
from each cast were heated to 530 C in the cé&isera. This temperature
was maintained for 16 hours In the case of the 23> Al ana 2Si Al
alloys (both con&aarcial and higher purity) and for 48 hours in the
case of the 38;i Al alloy. 4 diffraction pattern was then obtained
with the specimen still at the ageing temperature. In eaea case, only
s and 0 were detected.

Two samples from the 2$X Al cast were subjected to prolonged
ageing, treatments» one at 500°C and one at 600°C. So a was detected
at 500°C after 2000 hours but at 600°C a trace of a was observed after
400 hours and after 2000 hours the aHotropes were estimated to be
present in approximately equal quantities.

It was concluded, therefore, that e formed as a metastable
phase on precipitation from $ under conditions for which a woo

therrsodynaKically stable.



in the Unicer carcra, showed o teondomey for ¢ to repregipitate on
quenching. This occurred cven vhon the silics tube vor broken during
the quanch., %he suparaaturated solid solution was, howvever, fully
retained in powder sesples, solution trez2ted, ss was the bullk material,

k3

in refractory boots uader g streas of purified hydrogen and vater
guznched.  Speeinens trested in this panner were used for invescipoting
the effccte of subreguant heat trestoonts.

Fiéute 6 shows the reloticnship between ¢ and analysed alusdniun
content for the series of are selted alloys after solution trestsent to
cive a {¢ structuce. These slleys bacaso non~sagoetic &b rom: temperature
above shout 437 aiuminiﬁm swhieh is &n fair aprocment with tho papgnetic
tronehrnation for § shown in Figure 3. Values of ¢ wore alsoc obtained
for ten sauples frow each of the 23, 28 and 387 Al caste in the solution
treated condition. The ranse of wvalues, indicated en Fligure 6, proves

he wasinwy coupositlon variation wituin any alley to be £ 0,20 aluwiniu,.
In each cnge ¢ war significently greater than that obscrved in the as cast

condition {Table G). of all the oiloye was reduced, by solubion

it
J¢
treetrmont, to a lovel tos low £o be peasured uvsing evailshle apparstus,
i.ce lese thon 2 Qo
2.3, Yhe cffeet of egeing

8. Btructure: Preeipitates of a eobealt-rich phase with erystal structure

1

vorying with apeiny tive and tepperature were obtained in all the alloys
aod identificd by X-ray diffrocticn uzing bull sonples in the Ecaumaris
CaseTd.

Ancing isothervally et 65&06, 700°¢ and 750°¢ resulted initially
in fic precipitation of e wixture of o and ¢, The suownt of o incronsed
a5 the speing tims or tempersture was increascd and after one bour at 755°C
only @ wao detected. |

After ageing within the vange 450°¢ - 30°C for lesu then about
4070 hours enly e precipitation vas detected.  This vas not in avrecment

vith the results of lUesuuoto et a141 who reported a mixture of



Fig. ¥ - 28% 41 Yalcelley alloy
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aped 124 nours S00°C , : aged 17 hours 500 C
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CEomn depree of line broesdaning wvaes chnerved dn the di{fraction
£ voth ¢ ead 8. Shig effect war uot present in the Moon reproscntiog
¢ aud whoen only o snd § were detected the U ldpes were elso reletively
2HOT.

Plectren niereopraphs, obtalued by a normel carbon veplica
techrisue, of the precipitate in tue 2875 21 alloy after vavious apcing
treatmsats are showa in Figure 8. Fiaures Bo end B) show tho pracipitate
in the early stapes éf ereing ot 450%0 apd 5uu¢ rerpoctivaly, fe¢ and &
show later stages ot Sﬂﬁoﬁp in these four sanples the precipitste was e
fo ond &f chov eariy aud late staces st 7&&0C; the precipitate iu 8e ves
& pizture of ¢ ond & while that in Bf was entively . Thoeve is &
tendeney in Pigures 8¢ (12] tours st 500°¢) fnd Be (17 hours et $20°C)
for the precipitate particles to b elongated. This is. howevey, not
particulorly evident v any other caze. A5 oight be cupegred poarticle
size tends vo increase as szefng tive and tewperature are incressed,
?:“’§@g§§§g9wﬁggpgfpéﬁﬁj4 The effect of apeing on gl Al of the 23,
28 and 3067 21 #lless e chovn ip Figures 2 = 13 and Takldes 7, & and %.
Lack experivontal value shoun raprcnén:& one gersle sred continuously

for the tive and gt the tonporature indiested. In overy cape apeiug

A whieh is wert cases

crusad & decresse in o and sn ﬁnitia! inerasse in pho

2

35 =

reached ¢ posk value and subsegquently decrcoved. In the cage of the 61
41 alley the properties et each temperature were conflrmed after several
apcing tives using the higher purity wataiel, Ho piynificant difference
ups observad,

It Lo at first sight serprisicg that ¢ rhould decrence during
the precipitstion of the ferromszmetic cobalt vich phasa. 1t has houn
shown, haowever, that thege alloys are stxonply rognetic in the golution
treated (1) condition with ¢ of § decrcaging en its cobalt coutent

decreacer (Fipure &), ilie ¢ of supersaturnted © £2 groater then that

of srterizl of the cave copesition after full precipitation of cobalt



Sip. 2 ~ Ghe eifect of oreing oo i;ic and ¢ of the 237 &4 alloy
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te pive o nonw@marnetic P metriz. & progressive decreese from the

¢ of superssturated § to that of diluted cobalt is therciore obascrved

ou pgeing.  With gegard to the effcet of epeing on Jmc’ Lo JJ and 287 21
allovs respended in & sipilsay savoor but the peek walucs of Jac in the

latter wvere about twice as preat s those $n the forwer. In both elloys,
incyeasing the ageinp temperature crused pock Juc to be reduced aad
the peaks to be achicvad vore quichkly. This effect wae particulerly
varked shove 6009C. The 387 A alloy r&echcé siguificancly hipher
valuzs of Juc tham‘thc other maamfiala, PFenh Jﬁcim thie elloy apeix
dacrensed ay apein; terperature Inereesed but the epproach te the peck
was very elov in comparises with the other alleyns. The change in both
o snd ”c on apeing the 3670 41 alloy at 7&$QQ vae surewhiat asowaloun
in that the initial decreasc in ¢ and increoase in Jﬂc veyae slouer than
ot the lover temporatures.

valuar of nr, ﬁc &nd (ﬁﬁ)max vere poasuved on sasples frow
cach cast aftor apeinp to maximom coetci#ity ot SQGOC; these are showvn
in Toble 10 torother with co W~vraulu firures fror the vork of haesurpto
et nl“l. The bhipgh valucs of ﬁrléwJﬂ ebtained Ly these zuthors have
been mentioned in section 1.2.2. &vom Tokle 3G it con be seen that
gipilarly hirh wvolver were obteined in the proseat vwerk in the coze of
the 23 and 381 21 eolleye, eltheourh 2 rotic nuch clogser to the owpectnd
value of ©.5 voe observed for the £5h A waterial. In peners)l, sroportie

cbtained in the presest verh were rather lover than thoue yveported by

nsurote b u¢l.

c.  helationship between properties and stroctuve: In penersl the

acsociatien of o larpe increase in Jug; ovor a vaure of coupeeitions
end areing treatments, with tho appearsnce of & finely divided cobal
P _ e wla e e el
precipitote, clearly suvpports the concluciaon of Zaswioto et il that
the cocrcivity of thence slloys I derived from pivple denain perticles

of thic precipitate,

8
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the preseat work Las shown that the bigheet vaiuver ef Jhc

>

(up to U730 9¢ dn ohe 3851 A1 alloy) cre obtainod vwhen the procipitsse

. o) s

is ¢ end that the epposrssee of o o aszecisted with significently

"

:ﬁc’ (340 Qo in the 38% &1 allev). fefevaenca to the oloctyon

wicropraphe in Finure € ghowvs thet in the 2871 Al alloy wanisun ceeveivity

roduond

at 5uo” £, ochieved efter about 17 hours (84), wor associsted with
precinitate particlen, shouingioie tendancy‘tc ba clonpeted, with a wuoa
lenjpth of the ovder U, 3y eud scon thicknens avound u.ijn ihis is in

rood poreenant with che publ ihiﬂ&»ﬁhetu*mictagrayhﬁ of Hesumote et al
altLaL‘. aot with ghe veioee they qﬁatékia the texnt. (pee section 3.4.2.7.
Furtberuora, since the peacipitate Les been sioun by A-ray diffrection

to have the b.c.pa & structuve (3.2.32), perticles of éhiﬁ 5ixev&h9uld,
geeording o dent et aixl, he pitngle domzin ood exhibic Bieh Jhc' fue

vrogertics of ehiw sa; ie cen, thorefore, be reedily underetood fn goneral

P

teray ar arining frow the prezence of single dowedn povticles of ©.  Such

»

porticles will cderive bigh coorcivity from the crystal enlsotropy of the

BeCen. £UrUCEULG W

»

The position is less gtreightforrerd when the propertics sund
structurez of pompleg in the cosrly steges of agcing ere eonnldered. The

, . : ‘ o . . Do m st .
particlos in thege samples, Fipuree &n (14 hours at 48070), &b (. aour at

£

33”“), e (12} hoors at 50070) are susller then thoze in 84 (17 hours at

Sﬁﬁcﬂ) and should, therefore, be single domaing end have cocrcivities
at lcast ae bipgh a5 those In the 17 ceer spomplo.  in feet, the ceercivitieo
of these paaples are Llover.

¥ papticler of farrecepnetic smuterials are sufificientiy susnll,

"

thcir direction of pepnoctisatden i Infloenced by thermel agitotion. Tae

-

propertics of such povcicicy ere similar ge those of parasepnctic waterials

- - - .2 z
end the condition is kpown as supsrepavauspuetiss,  Accoreing to Lfel” b
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the eriticad voluze below which o porvticle becous

£ oupe

~poransghctic

ie riven. Lo
.1.. © SR L~ f.'.:_:' ) VI
r
14
wvhave T, ig velaxstion tive, i.c. the Cioo vequired for thevonl
azitation o rotake tho wegnctisaetion of the particle
into & preferred divecticn
i ic the snlsobiopy cucygy
L is cbeolute temperabture
e ig Bokstsnu®s constant
% is particle voluuwe
fo is o frequency fector of fhe crder of ?99
Usiuy tiids relationship the criticel redius for supevr-parmzainetic
behaviour in e is ehout 30 L. In the presant cese, therefove, whore
nayticle raéiuaiiﬁ of the order of 1605 24 s cleor that BUpOE-
parenapnetise canuot be responsible for the lovw walune of coesrvelvity
ocuserved,
e type of variation of coerelviiy vith prrticle sise which
ipht be wupsctod, in pranczpln, is shewn o Floave 14. C(cfcivity
rigee suddenly from & lov value to the maiivu: for single do

behaviour as the waterial paesses {row he super-par
ferrowapnetic cendition. It subsequently vemalus ¢
donsdu vize 1l cucended afier which dousia well wev
substanticl weduction. It iz ebvieus that in prace
potion to thie curve albweld be anticipoted becaune,
ccngidarablﬁ vavistisn in porticle size is likely,
wover, the ebzerved veletionship betweeu partlcele
ie difficuit te wnderstand unlecs coue other {actor
3.6 adeels with this problem ond shovs thet ceerelvi
vepnetic propertice of the wstrix phave £

o

eagtant until single
wrents lead to o

ice only an epproni-

ony

C

stage,

the present case,

pize and coorcivity

invelved, Scoction

.
*ié

ty it influenccd by the



3

aftey gpeing for L hour at 7000¢
structure of the precipitate wos sinosnt
@ trace of ¢. T preiiele size was teo
tohavionr to oceuwr in eithev phove and

the cloorved

(

loure 86}

cutively f.c.c. {m)

~
)

larpe for

5

=

the crystal

with only

nple domain

(juc = 1 Oo) was Lhup o be gigectods.  A0ter only 10 minutes ot

7076 & wuch pe srecter coercivity {Jﬁc o (70 0) vos accociated with o
Cuinture of o and o, vith o the majority conponent. It is pozsibile

tuet the cocrelvity of tile souple vos due to ¢, She pareicle dlamcterx

re

e hiouewer, cant be

igot order for sinple denslin wch;vz our dn ¢ but
it socms litely. thewlore, (ot the ceoreivity aricen in
>fzau the winerity ecuponent, €.
Twe ventatlv céuslu;ions e Lo deoen ot thina

wtinnted at gbour 4.1y wivich i of

wane,

L.
e

mueh teo lorvge for o

L ie ic ik ely that the ceevelvity of these alloye Lo devived
fren the cryetnl anisotropy of v votostadle precivlicte of ©, the
particios of wiiceh vxist op single wagnutic dosaline. Mhia may apply
oven if the preeipitate iz, in pare, .

il Ceewclvity does not vavy In a eomplately Iogical nanner with
porticle sizc sud songe other factor oy factors wusi Lo eontsidered before
the velativaship cen by waderstood.

dote:

fn fuvestipation of the erystellogrephy of
this type of olloy vwas raported by Avhuzev et al
{(Uizike retollow I Vetallovedanic 20 1269 (21))
and come te the attesticn of the prosent euthor
whan publiished i Buplish trandation o 31971,

: sal.

ot owinich tite che present wverk vas larpely
corpleted. This ctudy, whiel Io discusocd in
Appendin I, co ~~1a5c1y cenfliros Cae chove

Chuddnen relating to the crystal

precipitating phese.

structure of the



3.3. The Influence of the Crystal dnisotropy of & on the
Coereivity eof Molcolloy

3.3.1.  Introduction

P

frow the fact théé hiph ecercivity in these alloys ic essociated
with the presence of & precipitete of ¢ ot £ + o with perticle sigze too
sreat for single domain behaviour in o it has been infoyred that the
crystal andeotropy of the h.c.p. € gtructure hat a significant influsnce
on the observed propertica. Tor a corplete understanding of the behaviour
of the alloys it is necesezry to evaluaste this iufiuence.

3.3.2. The variction of the crystsl snisotropy of ¢ with temporature

...w».

The crystal anisotrepy energy in & hexsgonal structure ig piven

) , 2 . . &
b 4+ ¥ Y o4 3 Q § an oo
Ew Kﬁ ll gin™ o 22 gin ©

vhers ﬁc’ Ki ond ﬁz are cnisotropy constants

-

aad 6 iz the angle betveen the megnetisation vector and |000f]
if the magnetization veetor §&s parallel to {'Galj the energy recuived to
magnetise to saturation is
L w K
o o
but during revesal of usmmetisation the parnetisation vector wust, &t sope
Stape, Lo verpendicular co { QI The enerpy ie e noxicun at chis poiat
and Is piven by

Ewil «¥ +X
[ 4]

1 2

Since KO ig constznt regarvdiess of the divection of mapnnectisation the
enerzy required to briny about reversel is
Eoei, 4
i 2

It cen bhe seon from Pisure 2 tho hl and K for ¢ are dependont

1

g 3
. ] -, D
y texperature, their sunm £elling frow chout € x 107 erp e~ at Z0°C to

Q o . . .
zaro &t 250°C and beconing negative at hipgher tecperaturcs. Thesce values



are duc to Yonda eud Hnsumatosz vho glge show that above ohout 250°%

the prineipal divoctions in the basal plene of the © ctructure ([3120]and
I}ﬁi&j) arc wore casily wagnetised than ]bnﬁﬂ. The structure becoros
increasingly anfsotropie &s the terpersture fc raised to 4007¢, It iw
cleer, therefore, that ccercivity erising frow the crystal anfretropy of
¢ nuust have é stren; reversible temperaturn dependance,

-
33,60 using

Thic¢ was desonntrated in practice by ¥eil et 2l
cobalt poudars with varvine cixtures of ¢ end ¢, In some of the powvders
tested only a trace of o was present snd cocercivity decreased frow ghout
350 Go et room tepporature to between 100 and 200 0o ot alioot 205°¢.

There was & substonticl Increase in coereivity below reon tewperature

end 2 suell inercese gbove zsu°c. Tue authors cormented on thce differcance
betveen the temperature et vhich minimur cocrcivity ves obscrved (z200%c)
and the teupereture at which, acordiug to theory, the andsotropy of € is
gexe (250VC). Ihis they attributed te the presence of irpurities in the
cobalt povidor.

3.3.3.  The verigtion of the 2o of teleolloy vith temperature

The temperature dependence of Jnc of & nurber of lialecolloy samples
vas detoriined, as part of the prosent work, ez follows.

The peogurenonts vere covried out using the apparatus deseribed
in 2.2.2, fthe ssuples were mopnetised st the test temperaturc before
progrescive demsgnetisstion ec described for room tecmperature ucasurcuents.
The megneticing field vae about 5000 Oe.  The sanples tecged md the
reasults obtoined are shewn in Teble 11 end in Pipures 15 ( couwnereicl and
high purity 255 21 allevs) end 16 (234 A ond 387 Al alloys).

Vigh the esception of the spmple frowm the 28L A alloy aged for

~ . .. . .
b hour at 7507C, (vigure 15), the rosults obtained thoved i, to vexy

J
gipnificontiy vith temperature. The anmtent to vhich the chenjes were
vevercible wes cstablished by subscquent tests ot roon tenporature as

sbovn in the teble. Jo more than holf the soxples tospereture depondenec
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vas completely reoversible. Vuen permonent differcnces wers observad

they wera small and could be attributed to predictable chenges in the
nature of the precipitate toking place during testing. For exavple,

thie sample from the 2E% Al allof ezed for 1 hour at 5007¢ was effectively
oied for ¢ further tine of chout ) hour ot terperatures betveon roon
tesporeture aud 475°C during testing., Ao oipght be expected from tho
curves in Figere 10 this yesulted in & mzx incrense in Jﬁc' on- the
other nand the gample fron the some alloy eped fov 138 hourec at 450°¢
undervant po sipnificant pornenent change; presemakly because the
edditional hest treatrent during testivg ves insignificant in compericon
with the previous ggedns treatment. The irreversible cheuges cbserved

in saxples whieh wore tested up to 6507C vere prébahly apgociated with
the change in the crystel structurs of the precipitate frome to ¢ + o
the occurrence of vhich above 6090°C has boen éeacriba& in section 3.2.3.

3.3.4.  Compericon of the experivental Cemperature dependence of

Padhor e

[

with theory

[
Jo
The curver obtained for the 25% AL alley aged for 3 hours aud

69 hours st 5007C and those Crow the 25 and 38 I al alloys aged fur 13 hours
e NN ¢ P " ' .

and 180 hours reepectively et 500°C are coupared in Fizure 17 wich the

telaﬁioﬁsﬁip vwideh con be predicted frou the tespersture depcndence of

*

the erystal aniszotropy of . The thooretiesl curve ic derived for randonly

oricnted pingle crystal spheres zeting as eingle dowmains ueing the

cupression of Stonetr and ﬁbblfnrchzg {cce section 1.3.3.).

Thig cxpreszion assuncs gt rametisation chonges taelie plece by coherent
rotation of the easvetisation veetor. $he cryctal anisatrepy constant, i,
1 and K, the variation with tesperature of vhich

i shown in Fipure 2. Values of J_ (saturation marpetisation) were taken

var talien ac the sum of K

. \ . 6Y : g . .
frou a curve ghouwn by Bororth —, sbove 2567C the caleuionted chanps in
ecocrelvity io shown es a broien line. Tao nature of the anisetropy of ¢

a4 ',-o o - . “‘..q s .V_,-’ . .
rbove 250°C is such that [112G] and [1010] ere rutuelly preferred divections
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of warmetination; i.e. the apisetropy iz not wndewmial. %he sreferred
diveetions 1ic in the {(CO01) plane of the ¢ strvcture, The neznoticaticn

of & sincle douain pertlele cxbiditing this type o enisotrepy can, therafore,
votete nuite eoseily within (C0D1). There is thus v uecsssity for the

enisotropy forces fnvelwved in rotetion thra*~¥ tin lgjdlz direceion to be

3-‘&

overcesn.  The broken lince in the Figure wer celeuleted using the above

¥ brsed en wnlaseial anizotvepyw, blee. weiing the
:‘f © 3 &

capunption thoat the negneticatiou vaetor surt pass hrongh f@ﬁ&@j. For

expreunion for

the Feasons outlined gheve this assumption is not bolieved to be valid

but the chanrge in ccercivity caleulated on thie Lasis was, to some entent

P

¥

counarable with that ohoerved in prectice.

0.  guelivstive eiziloritice botween experivontel esd theoretiesl

rature ﬁ“?ﬁm~%ﬂﬁﬁ“§i»3 c

reoulte differ convidorebly from the idead releticuship. Levewtheless,
fu o the ense of the sawpler fvon the 280 4 alley ased for 136 Lours at
< )

e K] - .
45070, 60 hours at 50070 smud 7 bours ot 5507C aund thouse fros the 23% 21 and

oy
v o -

o - u ry g T > 5
30T AL alloys ared for 15 bours ond LSO hours of J007C respectively all

costoinins © 4 £, o oobstantial contivuzun decraass iv 3 g vith dncrensing
Corperature vas obzerved. & reversible tespureture dependence of thig
wapndtede g enplicable only in teras of cryotal onigotropy snd It mast be
concluded that thess goanpler devived thelr epereivicy fron ¢his fackor,

LA » S am A ? 4. e a e e gt . g 4 et e T % 2
FH2 Le¢rv~v in 4 owith fenpereters of the S860 A1 ellsy sped for 3 dowde

P {'],«, » » “ » - * . o R £ )
ot 5000 (eontinlup & 4 §). fu sinilawly 200Chzule o wnderstoud eulves

L]

cryotal anigotropy is fuvelved bub the forw of esurve Giffepe fvew shat

of tiwe provbhus grows ef casples. Thin corve and thore for tho sauplen

aced for 1 hour ob SU0Y¢ (eonteiuing ¢ ¢ £), and ! Lour ot 650YC (eontaining
a4 oo ) ave dipeasced in seotien 3.6, aud ave fouved Co he fnfluencod

by the wopastic properties of fi. Allewdng fer thiec fuflucnee the cuvwves

sre shova o be consistent vith o cooreiwivy derived from the erystal

anigotrepy of co 0 result wiieh is partfcularly interesting in tho chee o



the sewple sped st GS?GE vhich tanéaiuad both ¢ snd ¢, In every cose,
therefore, excopt the sample aped for | bour ot 750% (contelnine o + £
god & brsre ¢f ), wvhere tho cﬁange in Jﬁc.wau gaell wnd inconclusive:

it iv pbsﬁihln to conclude thet cocrelvity crove lerpely frew the crystal
ﬁuihéﬁtapy ef ¢

b, Jgperture of the experinental te

-

R SO

mperature depesdence of Jﬁcugﬂﬁﬁwﬁﬁﬁﬁ
predfcted Ly theory

&

The difference betueen the experiventel and theoreticnl reasults

can be considercd under thrae headinge

. ) P N
i) The pugnitude of gH, betveen roou tewperature and about LU07C
£4) The ipercase in mensurcd il in the hipher tewperaturce vonge

(gbave sbout a50%c)
1ii) The wapeirtwde of the minimum Jsc and the teopercture at widch
the mininun oceurs.

i) ‘Thﬂ difforence batween throveticol and smensured Jﬂc botucen
voon termperature and 200°¢C i not surprising.  Various factors vhich can
tceoent for the reduced valucs obteined i practice, (e.p. incolierent
rvotation ¢f sncnatication, porticle cice verietion, siructursl dofects,

- >

cte.), ere octlined in cection 1.1.4. Purtheroore, it ie shown in secction

3.6 thot the JH’ at room terperature of the nasples from the 287 Al olloy
aged for 1 ood 3 houys aﬁyﬁO&QQ end for ! hour at 650°C is roduced by the
fnfluence of the matrix phase § vhich is wagnetic in sasoles apged for
short tives.

$i)  decording to tucory the erystal anisctwepy of ¢ approaches Lere
ot 250°%¢C. At nighor tenperatures the structurs becowes saisctropic but,
2y pointed out caarlicr, the éuisatxwpy is onsenticlly plener rother thon
uiasisl.s  The brolen Line in Figvre 37, represerting calculated coereivity
chove 2509C, wae derived on the ascun pion thet the anisotropy was uniaxiel.
This eoswsption is clearly invalid and yet & correcponding imercace in

.

measured eocrelvity was observed at temperatures above shout 350%:. it is



wl i

possille thet there pight be o onall inerceso in ﬁo&rcivity ea the
nateriel passes from the fsotropic stete at 250°C to the vianar anisotropic
stote at higher tesporaturos bat the exall effoct observed for the
382 A1 alloy (Vipure 16) is norve easily ewplained on €ls basis thon the
such preatey inercases sceurring in the 23% and 25% 51 alleys {Fipures 13
and 16).

Yhe increnses are even vore difficult to wderstand when the

effcct of the ehange in cryztal anisotropy on gingle douain size is
considered. According to Vent et alll (section 1.1.3.) siongle domniun

eize is propertionsl to JK]Jﬂ wheve # i the crystal snisotropy consteat

>

and 55 fo spturstion magnctisation. COn heatine to 2507C, E approacucs
epore while there Lo enly & stall decreese in S fiarle domain siue
ig, thercfore, raduced end if, éﬁ & Tosult, asocoe of the pavtieclesn
beeown wulti~domain there will be a tendency for coercivitf to Lo
reduced which will be edditionnl to the stralasheforvard influence of
decreasing erystael anisotropy. shove 2569%¢ auisotyopy increnses but
beeouse rotation of the mapsotisastion veetor between adjacont dounins
con occur ¢33ily dn the basal plaue, the enzrpy of do&ain bhoundariee
vill be low. The feorsation of boundarier will thus be encrsetically
frvoveed in relatively amell particles (see goction 1.1.3.). It is
likely, therefore, ther celti-domain perticles Qould be present shove

25¢°

» »

C in e precipitate which at rveenm temyeratére censisted larpely of
single demaing,

it is poseible that particlers uhich have plansr crystal
snigotropy nipht exhibic wmiaved anicotropy dﬁe te their shepe. Single
domain, shepe anisotropie particles hove hiph coercivity, but there is
ao reason vhy this offeet should vary vwith tevserature and the coercivity
of such particles vould, of courne, be low i{ the particles were multi-
domrin duc te lew crystol nniﬁﬁfropy.
It ic difficult, therefore, to cceount for the inceronnisiy

cooreivity of ticlecolleoy obove 350%C,  liovever, in cection 3.4 it is



ghown that the crystallegrephlc relationship betveen the © precipitate
end tho §omatrin is seel that both sre lilely to be subjected to
cohicreney strains. (lote thet Line broadaning, in the H-ray diffraction
patterns of the b phnaus;kwgich vas mcnziancd inkﬁecuinn 3.2.3., can
be ntiributed to mutusl straiun). Llactic ~train could {nflucnce the
endeotropy Qf the precipltate in tuo waps. She distortien of the crystel
ctructure of the particles wipht =zipnificantly alter the crystel anizsotropy
ead, poesidy the vorietion of crystal enisotreopy with temperature. In
zddition, sona dopree of ctralw suisotropy vay Lz introduced. Tae
corbined fnflucnce of theus affects on the coercivity snd the tempoyature
depandence of coercivity of the precipitate {5 ispossible to predict.
It can Lo asurnested, hguévar. thet sope Siveetions in {001} wighe,
duc to distortion of the crystsl structure, becowe preferrod directions
of saractisetion relative te othoers in the save phaiie, &t temporatures
vhen tha wastrained structure has planar eulseczepy (wbove 250%¢),
fotation of the noppotivation vector wvithin {OQGZ}.vculd'Chua Le
hindered, rosulting i1 fnercased doualn bouacury enexrny and single douain
size snd in incvessed ceercivity, Since this effect would be due to the
eryetal aniscotropy of the ddctorted structure sous veriation with tampcrdnura
night be entleipated, @he observed increase in sle Bt temp&ruturéa ahoeve
about 350°C way, thevefere, be explicadle In these terus.

It ehould alse be noted that Heceps cobalt is nol normslly

. R O . . en : , " -
stable above gbout 4200, Date veleting Lo the aulcotropy at highey

1

tesnerateres So o conseguontly zet ovedilavie. It o beer apsuced in the

abowe diﬂcusnion that the ebacrvetions ol dondo snd uasumutuaz rogerding
tha rnirotropy of ¢ betueen 354 and QLGGC, cun be entrapvlated to

bhipher terperateres. Xt Is conceivabile that this wight nor he tree ia
dfclc case the dncreased Juc in the hiphor termerature range sipht be

aznocicted vith sone unexpected form ¢f anisotropy dn the e precipitate.



he A4

-

iii) st 250 ¢ fe igotropic (Figure 2). &ince single deuneiv sige
6cﬁr¢nﬁé$ vith enisotropy 2n ¢ diepersion which wes o systen of anisotrvopic
einele donaine at voow terperature would consist lerpely of isotropic
yulti derwin particles ot 250°%.  Tue coeécivity of such & systen would
clesrly be low,  In Fipuve 17 eocrcivity ot 25306, celeulated purely
frow crystsl aninotropy, is rero; this would not be the case in proctice
Leeause oven wh&n.dunﬁin Lowdarics ore pregent sewe enerpy g required
to brings abont ﬂarueninruon chatpes by dowain boundary movemcat. 1he
coereivity of such & systow is irposcible to predict but the cca:exv!t
of ¢ particies on hcating would bte expocted to resch a minduun valus
whan enisotvany vas o pinfoum f.e. 2t 230 P, fhe results obteined for
the lnleelloy slloys rive ninina st bhipher temperaturce verying, depending
on c"~nf¢tzon aud hoat treatnest, between 366°C ane 43507¢.

R &0 ; . -

ieil et ol attributed siviler effects to the presence of
ivpurities. ‘Iu the present cuase, however, no difference was obsorved
betveen the hiph purity‘and couvreveial purity 285 AL alloye (Kipuxe 15).
It peers likely that thuAdif{ercnca petucen the oliserved and theoretical
winfre can be attributed to the wpredictsble effect of coherency stralnus
or the anfcety oy of ¢ oan discussed cheve,
c. Canclusions

vith the cxesption of the rample fron the 280 AL alloy aped

1 heur at 750° ¢, the J“ I the ﬁaicolla? alloys hes been found to Le
entromaly verperature depondent.  After azeing for § hour at 750°¢ the
presipd tate vas larpely o and the ehnnze in ceoercivity vith torpersture
vze small ond fvconelusive., In 2l the other pamnles tested the precipitate
conninted cither catirely of ¢ or of & plua a substential prormrcfon of &3
the reversible tonperatuare dependsace of J”c of these semples {s eiplicable
enly in teros of the eryotal aainotropy of c.

The chanze in ecoercivity with temerature differed considnrably
from tha theoreticel velatieonchip., The differcnces are uot wmndaragood

but it vay be that coheremey serains in the ¢ precipiteto wisht nave sone

influence.



3.4. %heo Forsstionm of the tiztastable e Frecipitoete dn holeolloy

iy

3401, Introduction
it hos been shown thet the ¢ proecipitate, pregent iu tﬁe
tislcolloy alloys, ic a metecteble censtituent produced under cou»zuiouu
for hicn e iz the steble allotrope. The properties of the siloys
hove been ghovn to arice fyon the crystal anisotrepy of the ¢ perticles
end when o was precent the coevelvity was reduced. It is clear, thereforc,
that the machoniom by vhieh ¢ iz forned and reteined is of gome interest
aud an investipation of the nature of the precipitation process hiae been
carricd out,
Experiuvonts to exariue tvo possible processes by wvhich e umight
be precipitated ere deseribad belew,
S.4.2.  Lrowth of e from h.e.p, nucled produced on guenching
n section 3.2.2, it wvas steoted that in encepsulated powder
gerpbs there wag sons éifficulty in cozpletely retaining cobzlt in
colid selutien by = atct quenching from the solution L*watuuuc teuperature.
Thiz problen wer cesily overcowe but i€ was possible that even in bulk
amples there wipght be sene undetected precipgitation occurriﬁg during
guenching vhich mighe toke place, in pert, at tesperntures at wvhich €
a6 the steble nodfication of cobalt. It wvas feasible, therefore, ghat
feCeps nucicl could be produced and that, on sulsequent apeing, prowth
of these nuelsi yould result in the developrent of an © pracipitate
In éxaminina tifs poseiblity o somple from the 50 &1 elloy
san solution trented for § hour at 13857C and geenched inte molten tin
et 530°C.  The senple vas then transferred direetly to & furance,
alreacy at the ageing cnpurututc of G0 ¢, eud opud for 20 hours. Thus
the tempersture of the sample vas never slloved to fall below that at
wiieh ¢ becores sptable du thiec gyptem (33%“&), Jeray exsninagion at
roor: tewserature showed that, as with the water cucnchoed and aged

samples, the precipitate was €.



It hes bazen shown provicvsly that o was not produced by
transforunstion £frorm @ on esoling frow the apeing temperature. Thus €
wat both nucleated and prown at tesperctures for which o was the
cguilibrius phose and it was not possible that the precipitete developed
from M. c.p. vyuclel produced s & thermodynomicelly stable eoxponcat
during quenchiag.

3.4:3.  Ine formution of £ due to the crystallographic relationship

betveen precipitate and watriz

it was @beaible that the ¢ precipitate wos nucleated and groun
duc to 4 uove faﬁoureble lattice correspondence, between cand the
wotrix, on certain crystallographic pleoncs, than enicted with equilibriun
a; i.c. the surface enerpy was lower if the precipitate was ¢ than.if it
ra 4. In this case ¢ could be deseribed as 2 transition phase aﬂula;ous
to thz coherent or 3umi*coharent metastable precipitates found in verious
are hardendas slleys. (e.p. Yureluzdin).

2 Boterrination of the crystallographic relationshir
- To evaluete the above hypothesnis it wae firvst necescary to
deternine the oricntation relationship betuecn e ond #.

The Holecolloy alloyr are extresely brittle and attémpfs to
prepare thin foils, fren wvhich the preecipitste orientetion could have
been deternined by electren diffrsctien, were unsuccessful. The prain
pize of tho wateriel was cufficiently larpge (12 nuw diencter) for Laue
Lhock reflection photographe to be obtezined from zingle graine in aped
senples.  These phstorraphe, slthouph revenling clear patterns
reproventing the § motrix, contained no reflections arising from tho
¢ preeipitate end thus pave no indicetion of the relationship between
the two phases. It was concluded that the ¢ particles vere orionted
at & varicey of angles to the incldent beam; and & nurber ef differeat
Laue patterns should, thercfore, have Leen produced but presumebly
thepo nmultiple reéflections were too wenk to he recorded. Tuis view

was substoantieted when the ovicentation relasticnship vas successfully
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ectoblished ueisp the Penunsris Z-ray cavera asy dascribed bal@w.
I The preparation of savplas with kueun rotriz orientation
A ecast of coumereiel purity, with en snalysed conposition of
27.78 AL, wee poured into £ would and ekill asserbly 2s showm in Pipere
18. ‘Thc rould, grgpareé Ly ahclﬁéz rechnigue, consisted of the follovinp
rdnture of uﬁterialn aad veacted erothercically upon ipuivien.

7wtk T pilica gend

15 7 elusinius povder

7.5 sodiun nitrate
2.5 Y apdiun cilico~fluoride
5 T osedive rilicate

sfter fgnition wvas conplete the welten slloy woes poured fnto
we mould sud alloved to golidify. The sould tewmporature fmuediatoely
Cprioy to casting way estiwsted to ve iu axcné& of 1500%C. ‘here wau
thus lictle tendeuncy for heat ecxtyaction except in the direction of thu
chiill and the result vwas o coluimar ervotel structure with the lons anes
of thwe crﬁmtals parpendicular to the chill face. Thic technique of
ewsthernle cazting (s wsed corsevcially ip the preparation of crystel
ori¢ated personent nagnoebs.

s oaemple (1 e x 1 ow x & ex) frowm this cast was solution
treated at 13807¢ and water guenched te retain . 1t was thes socticued
perpendiculer te thu-culuwsar axie end otched te reoveel crogs sections
taroust: shoant 50 ervetels. The afiaatacisns of I0 crystels near the
eentre 6f the scetion were doternined by Laue baek reflection {pee
Figure S5¢) vo show tiet in every case <li> war within 2° of tie nornmol
to the section. Tue sanple wep nost arzed ot 500°C for 15 hours to
induen precipitation of e. After agzeing zuc was 1200 Us (the nagneric

-

prosartien of colusnar Nalcolloy samples nre examined in Chepter 4).
& ¥ M 3
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The oricotatien ralzuionsiip comrenly observed botuween feCeps

. &3,
and wec.C. Structuren, the Burgers velacienobldp ~, i¢ for the cioccst
pRELRE ylaucﬁ end divectlons in cach etructure to be pavsilel; i.o. {0001}
h.é.p. pavaliel to {110} be.c.t. and ﬂliﬁbb BeCejte puralicd to «<Lil> b.c.c,

frruning Chat thoe Burgers telﬁaannnh 3 exizted betvonn the h Cofd

precipltate end buc.c. watriz in Bsleolley it was pessible, using tue
draureris copera sud the coluungr speciven of kaown watrix orientation, te
establiel conditions for diffracticn, frows a particular plane in Cue ¢
sarticlus, sueh ghat i the asssumption was valld, difirsction frow the
telected ploue only would ko recorded cu the £ili,

The eanara web set up so that the nornel to Che columer
specivan evose section (.. <OOI»E), the incldent beow of wonochronatic
chironivg bt voviotion end ¢ cylindrical filwv strip, wore in the sase plene,
vhieh con be deseribcd &f the plane of the cpmexa. iiw ¢ plane selcoted
for study in ﬁhc fivel insgance wos il&il}c.?igure 19 abows the aoticipated
relationship botweon {GUL}E (the speciven section), (CLLI}E, {C00L}e, and
trose {1Cills soles sssccictedwitni{onoide parallel to (Q11)s. BHinee {011}
places contain tue <lll> dircctions taere axa, io cack I0L1}p pisne, tso
posEsble erientations for <ildive and, therefore, tue poasible pusitions
in the stereographic prajcction fov saek {10il}e pole. %nerce are thus

3 .

24 pospibvle pesitious for {10llje polus sseocizted with eacn {UGUlle pole,

- oy

{only 12 ure shova o the Figure, & fucthexy L2 ore ou tue reverse side of

the projected spbere). Yhe brohwen line im the Figuf@ reprosents Che plane
Of the carore and L€ con i oen Ghut &4 the specicen rotates ndewt JUeL]s

{l0l1le poles vove turcuss tuie planc,

Uniug €r Yo rodistien the Nraps eusle & Lop{loille is 37¥,  The

-

. e Ly ne ,
two possible positiocne of (1 1Ulju poles ia rigure 19 ave st 18 to tue

pole of tue speciuen cection (d.e. (UUIYE). inerelore, if tau incident

wld

4 : v & N ] ; . R (4]
beos vakes an angle of 1% {(Ll.e. 37 1&‘) toe the gpecinen seetion (f.eo 71

to the (G2l)}s pole dn the Plpure), and if the assused oricutation reletion-

gbip exicts, conditions ore cutablichied for diffraction frow (1 doLye



v

ive 19 = (Gi1)5 projection with {CG00l}c and {IUIlk poles superinposed
according to the Lurgers rclatiousnip {(only tuese {1ullle
poles associated with {G00L)e parallel to (Ull)g are shown)

The broken line represcuts tie pleone of the ceorers, ss defined in
the text, end the point parked Z is the position of the X-ray beauw
incident on (UCL)E at 18Y, Tue cireles show the rovement of {ivillec
poles on rotatioun about [@oi]s




Dite 633 ~ \(Oﬁi}g'projcctiﬁ' witi:
- acecording o tie durpe

,:f» 1}5 and {1iZule noles superinpesed
er
poles aspeginted with {00

:lationsuip {only those iilmu}u
Ie perallel to (1U13c zre shown)

i‘a ne
}. DV

ine broken 3dne ropresents the

Le ;1 sue of the cawera, 5 dofinsd in the
texe, the polut zmarked X is the N-roy beso incideut on (CUL)E 2 52“.
Toe eircles shov the movement of the polen on potation of ths specinen




s she noreel te thip plowe vetoter fnte the plons of the camera.  Tue
diffgacted boom will olso br in the plens of the covers aud will be
recordod ou the £iie.  Tunre exe twslve possitle orientations of {G001)e

plimes: d.e. porsilel to {011} (only cight are shoun in tha Fipuve,

W

four Loing on Ghe voverse pide of the projecied sphege). Un gotation,
four of these uove inte positions such tust ¢iffraction, in the plenc
of the cavsra, frow o of tha essecleted {1631)c plenes will cccur,

szouning thet 1l the possible orlentations descrived by Che durgors

relatfonship are present, conditfons for diffraction from {10ille ars

. P . . O e,
thus ectabiished elpnt tizes during rvotetion through 300 .. (CYauose

{1031} plancs acsoclated with che {0001} plenos whone poles-age on

the reverse of the projected sphere, ond thoss sssociated with {Guolle
n e - s A e e Bk £

plenos waleh ave st 907 o (021)i woke aaples with the incideat buaw

vhilen do not epprooch the Bragy eeple in or neay the plane of the

& giffraction pottarn ves, therciore, obtained with the incident
boax ot a4 censteat auple of 187 to oo spocinen section eud wigth Chw
specleen rototing shout the celuwnor exis fn crder (o ebtoin diffrsction
fron {19il}c., Zotation was cocentric with regpoet to Lhe polnt of
incidence with the S-~roy beew o et & nueber of prodfoes were irradicted.
Tue arce enonined wos pear the centre of the scetion and contpioed thosc
greing. the sotyic mxiantatian ©f which Lad been deterndnad o desoribed
esrlfer. taly ene line frow the dlifracticn pattorn of ¢ appeared o

' - Q
the file, the anticivated {10llie refloetion at o ¢ valuc of 1.81a.

Tal onale Lolbeocw the inesdent boas ond the spoecinon seceien
was then ndjusted to 557 in order to estebiish couditions for ¢iffrcetion
fromw {1320}, (0 & €6.57), s coown in vigure 20. he resulting
diffrection pattern conteined o singie iine wiadch was the antielpacod
{1120)s reflecton,

11X Bizewpsion of the tec

adque

The feer thnt < N .
Ihe fect thst tue Suticipated reflections eppeared in both

5



erxpervivonts io conzisteat with the rvietenv; of tie furgers relatlonsbip.
it could v arpued, bovevor, that those reflections might concelvebly
oceur even if some othey orientotion rclaciununiu cxioted. If the
praecipitate van oricunted in sord unexvected manner the fncident beas
wouid be inﬁi&cne on plencs in the precipleate at a veriety of angles
gnd conditions for ¢iffraction from sowp £ planes, including tuvse
soughty, wipht be esteblished by chence. We are coucerned daly gi§h7
diffraction murping when the norual te the dif fruutin“ piene and,
thorefore, fht diffracted beam, iy in che pl&ne of the cauors. Ihe
possibility of sush reflections ecourring by chance &8 clearly dependent
on the nusber of different angles which the plang wakes with the
fueitent beaw within the rlane of the careva. fTals auwslher cm, i these
enperiments, bz guite large; for ezample, it I easlly zhouwn Chat !2031)&
ploncs maie 26 diffcrent suples with the ineident buaw wichin toe plene
of the cawera vhen the precipitste s oriented according to the burgers
reletionship, In either of the ¢xpericents it ig, cherefors, conceivabie
that the ploan goupht wight be detected, by cuance, in the abuence of
the au ic'yct@d orzuntetinn volacionship, It s ontremely unlifely,
pewever, thet collicidence eould be roasponsivle for the appsarance of
voflcctivas fros the sulected slanes in both expericente, Giffraction |
from both sclected planes could ouly ha eayectn& if the orieutation Eﬁ&,
cither np antieipatad or was pueh thet ¢ vlanecs ppode & great :ﬁn} Lugle"
vith the ineident Loss iun the slene of the eossra. In the Ratﬁar CEGO
rellcctions would fnevitasly be recovded froo cplones ofber fhan those
pewpkt in ghe exporivente.,  Seeh edditionesl reflectivan were not phoerved
avd £¢ con be econcluded, tharefore, that the resuvlts ef Che ﬁwo
eypovimenty cenfirn on epproxinnts correspondence with tie Dorpers
relovioustiip,

Secouse the expcvivents weve desiyned to proucte diffraction

only wien the noreale te the ant i¢5pm:cd plonaes oad, thevefore, the
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diffvacted seaws, vere in the plane of the camora, the reflections

should bave buen dotected 68 & $pot. I fact 4 line was recorded in

both cages. Figure 21, using the firot euporiment as on creuple,

sbovg that thie ean be attributed to the fact thet cu rotoation & nuwber

of grains in the épﬁcimaa vere irradiated. 4s snevn carlicw, the <GOLsp

axc8 0F tue colurnar graine could deviete by up to 20 frow the norcal to

the surface. %he pagition of {001} polues fs, thirefove, vore correctiy

reyre#ennad, as in Figure 21 within a circle of radius eguivalent to 2°,

than as in Pigure 19 vhere the deviation of <001»p from the specimen

~uoreal has been disregarded. It coen be scen from Figure 21 ghat due to

the deviation of <G01> axes the Drape condition could be sétiﬁfiud when

X P were ©

the nornale to {IU11)} ¢/up to about ¥ azbove or bulow the planc of the

cavera. Uy pletting the diffracted begm on the atereopgtaphic projection

it can be sbown that the resultiong reflection could be up to 11° avove

the place of the econerea, .By clumple trignnomﬁnry, §hurefore, tire veflicction

rceovded on the ;ylinérical filw strip (radius 5.73 en) could be ulongated

by up to about 1.1 cw on cither side of this planc; i.e. to give @ line

2.2 en long birected by the centre line of the f£ilm strip.

i Lecnuse o8 the differcmess in the orientations of Cue watrin

sralnsg the tecinigque iz not sensitiv& to small deviations from the

~gaticipated erientation reletionghip. %ae extent to vaich deviation

could occur whiile the obeorved lises werce produced is exazineé below,
Consider the firet experiwent. In ¥Figere 19 tue specinou is

positioned so that the wormal to (LI01) ¢ lies ia tae plane of the cenera.

1f the orientation of ¢ deviated fron that anticipatad so that {(GOULl} ¢

way not parallel to (011)5 but was rotsted towards (Ll1) ©, wo thet at

this stage of wotation the pole of (1101) ¢ was sbow or belev the plane

of the cauvera, conditions for diffraction in the plane of tue ceneras

vould not exict, TFipure 22 (neglecting the spread of (UCl)g poles)

ghova tle positios if {0031} ¢ is inclined at 10° to {C1l1) & oo that,

e A uie 5 10 above
at the stago of rotatiocu shown in Pigure 19, the (L101) ¥
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thi plane of tie csmapa. As vototion proceeds it cen be scen that 4n

tha plane of the coarera the angle between {110L) c end the beam is less
thar 0 but that when the noreal té (iol) ¢ is 8.5° ebove or below the
plane of the canera, conditions for diffraction nré establiched. Thus
the diffracted beam will intersect the £ilm at positions chout 1.1 co
ebove end below the centre linc. Due to the deviation of {GOI}'Q planus
fron the speciren section, as discussed earlier, the peintgs of interscction
wilil} ﬁe cloarated to give linse ebout 2.2 cu in length. Theso reflactions
will, therefore, meet at the centyn of the £ilw piving & contiuwous line.
If (Goi} ¢ tctated by zore then 10° tovards (ill) i the lina would be
discontinuous at the centre of the filu, Since bo such diccontinuity was
eboerved, it follows that thie aggle was mot cxceeded,

Similar anzlysis of the effect, on the result of the first
experineat, of the votaticn of {VODL} ¢ avay from (Ol1) & towarés (ol) &,
(1L18) 6, {(00L) & ox (BLO) §, shous that_the obaerved pattern wvpuld not
have been obteined if roration cxceeded 3°. fccording to the Buriers
relatfonship <1120> ¢ should be parsllel to <111> ¢, Considerastion of
the influcnce o ‘g diffrecti-m sattern obtainod in the first experivent
of varietion frow this divectiomal relationchip shows that devietion of
up to 1¢° van possilbie. Thuz deviations of up to 16° from Wth the ploanar
and directionnl aspects of tiie Hurpers relationship could not be excluded.

spzlysis of the edtent to which deviatien from the Burpers
releticoship covld occur while producing che lice cbse:?ad in the second
experivent ({1120}¢) shovs that rotation of (0001} ¢ vovards (110) &,
(110) ¢, (160) © or (COL) £ could be up to 7, i.e. a little worc then
in the first experiment. All other deviatiens, hovever, including the
rotation of {0001} £ towards (111) ¢ and the rotation of the dikectionsl
relationship, both of whics could approach 10” iu the first exrerivant,

L

ware restricted to less than 3 in the sccoand.

it ig cleay that the accuracy of the teebniqus vould be



hs 274

itproved if the Z-ray beow wes iseidout on only one watrix grain so that
the epread of matrix_crientatians vag cliwinoved, Ap stated corlier, the
notrin prein eice war svfficiently lerge (dlaveter srouad 1 - 2 m) for
Laue ghatUgraphé tc be cbisined from individuzl grains, i.e. foi siugle
greias to be irradiatad, For tuis purpese, hovaver, the incident bean
wes perpendiculer tothie speciven surface cad ghe ppecimen ﬁas statiunsry.
In order to determine tbe precipitate orientation it was necessary, for
the reasons doscribed above, to rotete the specinun and o got the
incident beaw at en zagle o the speciusn surface. As & result the cross
gection of the incident bean, at its intersection with tue speciuen
gurface, wap a2 elipse with o prineipal axis of lenzth siwmiloxr to a prain
diasoter. ©Oa rotation of the spocisen it did not prove pousible to
reotrict irradiotion to a single graiu eud & dlffraction patetern, obtained
with the i{ncident beam at 590 to the épecim&n surface (aé in cthe segond
enperivent dascribed above), coasisted of a liane, ( the {1120} e veilection
an in the second enpericsnt). i€ ouly oue grain had veen irredisted, this
refioetivn should liave hoen recorded os a spot. It was nel poswible,
ticzefore, to irprove the sensitivity of che tecihmique by :hisvagpxoach.
From tie conbined resulte of tue cxperiments discussed abeve
i¢ feilows that tie ovicutsticn relatiomship betwesn the o procipitate
and the § wetrix dig not deviate by nore thau 3 from that satfcipated.
it can be concluded, therefuxe, that the purgere reletioaship or & close
epproxiuation to it cxiated;vi.e. {eoo1) © appraximéﬁiy parallel to

{110} i end <11Z28> ¢ eppronimacely paraliel to <1lli» 4,

be 3be formation of the h.c.p. € preeipitate

Having estebliched che approximate orientation of tace procipitate
in the § watedx it iv possible co consider ~hethey the nature of tie
orfentation relationship might be expected to fevour tie foraaticn of an
eCops vatier than &u f.c.c. atrusture.

At cun be suggested thet auclcation of the precipitate cceurs

in ezall repions of cthe catriy waich, due te clcro~inhonogencity or



eeclomeretion prlor to precipitaticn, are vich ia Co. The strectural
clhiange in suech roglons ig, tuércfcra, essentially Che trausition of
"BeCaCe cébalt“ to hecop. cobelt, ﬁurgersé3, io a study of gircomivw
cryetale, showvs chet the h.c.¢. to hocep. transition, leading to tuc
eriantation relationship chaerved in the prosent work, can oecur by a
series of sheer operations. It way be useful to velats this type of
pechenisi to the precipitation of cobalt im *olcolloy.

Surgars’ menhenisw involves thiree besic stops:

1. & shear along an{112) b.c.c. plene perallel to [1if] b.c.c.
directions in éhis plane, such that the saple of 70° 327 botween
[ilijvb.c.c. diredicns ia che {110} b.csce plane which {2 perpendicular
to the jplane of the shear is chenged to the cngle betuwzen filﬁ@] Balepe
directions (6&“) (Flyure 23a),

2. The woverent of the contral sten of the rcsulting unit
call over xlﬁ of the lenzth of tho leng dizgonal of the Lase of the unit
call, to give a lsttice approximating to h.e.p. (Figure 23 k).

3. altersticne in the divensicans of the lattice obteincé in
1 and 2 te zive the eract perascters of the nevw hl.cope atructure.

Gf thaze three steps iy secoud ic the most difficelt to
&ccémpliﬁh because this involves the vovesent of evary ater in slternate
{116} L.coeo or (00017 L.cope plants Eurgers chous that the neceszery
govonent can be sccomplished in twe further sheoring operaticns,

28. & skear porallel to {611} b.cec. plenes in the dirvectien
of the long diajanel of the base of the coll preduced in step 1 2heve,
{a-¢ Figuera 254) so that sucesssive planes zre voved with respecet to
each other aver x/6 of the lenpth of the dicpennl.

28s & shesr io the sane plane es &0 and in exactly the
cpposite dirvectien, cuch that paive of pleanes rove simultancoucly,
succossive pairs weving relative te creh other over 1/5 of the lenpth

¢f the dicgonal.
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The significant poiunt {s that step 22 results in & structure
centaining = foce céncred unit cell. &Emall slterations te the diweauicné
of thicv lattice would give ¢ face centred cublc cell and Xurpar: sugpests
that the b.c.¢. to h.e.p. teansition in circonium mfght proceed vis an
inter&edinﬁc f.c.c. structura, (YHote thet the vochanioe ewbodied in
steps 1 and 22 te transform &.c.c. to f.coce 1o the reverse of the
vell known Kurdjumow and Sechs nachaniamﬁa for the tranzition of
eustenite to wartensite in cntbon stoel,)

Iu the casc af the precipitzion of cobele in xalcollov the
stable form of the precipitete iy f.c.c. o and we are attempting to
account for the zppeerance of h.c.p. €. Since the rechanise: outlined
atove preduces en intercediste struocture éppreximacing to £.c.¢. 1t would,
presumﬁbly, rosult in the formation of steble f.c.c. ¢ as & precipit;:e
in raleolloy. It is interesting, however, to consider the nature of the
interface betvesn o transforuing repion and the matrix; a5 the steps
outlived shove toke placc.‘ Step 1 yvesults in a region with crystal
gtructure differing frow thot of the ratrix but {112} nmatrix plencs foru
a coherent interface with the sheared tegion. if atep 2 proceeds
indirectly via atcp 25 this coheroncy is dastroyed, vosulting in on
incrence fu interfacisl enerpgy. 1f, on the other band, the ncccssery
soveuont of clternzate planas of atons (step 2) tehes place dircetly, it
ie possibie for atons of the undisturbed planes teo waintein complete
coherency with. the natriz. After the adjustoeonts te the parcumeters of
the transforied lattice, otep 3, to pive 2 h.c.p. £ nucleus fa a b.c.c.
£ watrix, the plance ot the coherent iunterface sre {1100} ¢ and {112} B,
Fipure 24 shows that the atomic arrongemsnts on {112} #f end {1100} &
planes ors siuvilar; wmiswmateh does net exceed 25, The persistgnce of tha
coherent interfsce wien a hl.c.p. nucleus in estebliched is thoxeforve
likely. Thue if nuclention is considered to occur by @ shear grocese
it ie roasoneble to supgest that the rzchaniewn leading to the f.c.c.

structure vould be inhibited duc to the aeccessity for creating an



Fig. 24 - Comparison of the atomic arrangement on {1100}e and {112}8
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incolicrent interfoce and thet the process leeding to en hecep. nuclens
would Lo preforred. |

The abova discuscion shows thot at least one mechanizn can
te convisaged by which the forimstion of nmetactable ¢ can he understood.
Icvcannot be ascuzed, however, that the postuleted shegy wochonisn is
iﬁbfact recponsidble for nucleation of the precipitate. It uay be, foyx
exanplé, that nucleation takes place simply by the sesenbly of Co atous
fin the form of an h.c.p. structure, the uecassary re-arrangenent of
sto:s oecurring oivultaneously with thq nigrations of cobalt and aluminiuw
atoms needed to amcéblish the ¢hanpe in conposition frow P to €. Forx
eny nucleation mechanism, howaver, the arpument reparding coherency
betveen {100} ¢ and {112} § {s valid. it is raasonable’ao BUzEEsE,
therefora, that & perticle of ¢ could exist with o partially coherent
and lovw enerpy futerface with the £ watriz, end thus heve low surface
CneTLy .

As poarticle sire increasce surface cuergy increases ag the
squetcvof the radius while bulk free enerpy increases as :3. Thus the
importance of surfacs enerpy velative to the total cnerpy associasted with
a precipitete particle decresses vith increasing radius. Nevertheless,
curfoce eneryy ic sipnificant in srall particles vhere the surfoce to
volure ratio is high ond the structure of a small particle or nucleus
way well be influsnced by surfaee encrgy considerations. A# a2 rasult,
the forizstion of 2 metestable but coherent o structure might be favoured,
Examinaticn &€ the atoxic arrangement on planes of low indices, (up to
{221}), aund, therefora, bizh raticular‘density in f.c.c. ¢ and b.CoCa 2
cliows that in no case is sdpmateh less than ebout 12%. The possilility
of the existeace of cohorency plancs with higher indiees than {221} cennot
be excluded Lot becsuse the packing density of atoms on such plancs ie low
the advéncagc in torwes of surince enerpy vould be leses than that aszociated

with cehierency betveen {1103} ¢ and {112} 3.
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It can thus be concluded that whatever the nucleotien
rechonlsz, the petoastable ¢ preciplitate in Halcolloy is probably
produced because of the ability of the h.c.pe gtrvcture to forn &
pertially coherent and low cnergy interface with the 5 uatvis.
c. £ to n transitica

It has been choun, inyeeccion 3,2.3., that initially tue
precipitate wvas cowpletely or porticlly ¢ at all the gpelng teuwperatures
atudied (450 - 7507¢) . Ageing sbove eﬁa°c, or for ?ralénged tices ot
6&0°C, however, resulted in transforioation of ¢ to a. 1€, &s concluded
chove, metasteble ¢ ie produced becouse it is partiilly coherent with 0,
transforaation to stable o will eventuelly occur when one of the folloving
criteris ic saticfied.

It hes boea pointed out that the relative contribution of
‘surface eneryy to the total cuerpy of & precipitcote decyezses sz the
particle sicge increaacs. Duying grovth of the ?racipitate, thercfore, a
stage way be yeached whero the iucrcased bulk free encrgy, associated
with the prescence of the metasteble structure outueiphs the decrcase in
surfsce enerpy due to the esistence of the lov enerpy interface. at
this stepre the total enerpy of the systen will be reduced by transicrmation
to the stable phase. It mey be, on the other hond, that the ¢ - ¢
transiticn Leping when, due to iverensing perticle size, cohwrcucy crrains
in cither af & becoée intolernble. The coherent interface will then be
destroyed with & consequent increase in rsorfece energy. Zotal cneryy will
thus be reduced by tfannformntion to atoble a.

Both these possibilitier ascuse that tronsition will take place
et gore eritical porticie eize. The much wore rapid tronsition of ¢ to u
at teuperatures shove 600%G cen, thercfore, be attributed to the greater
rate of particle prowth durinp aceinp in the kigher temperature rensc.
Turthersore, as the creing teuperature is increcesed thoe difforence betwveon

the frce enargics of the elleotropes hoconas sreater. The driving force



for transition is, therfore, increased and after either of the above
criteria is satisfied, the transformation will proceed more rapidly
than at temperatures just above the equilibrium transition temperature

d. Particle shape and lattice strain

If the e precipitate is coherent with {112} 8 planes the
perticles would be expected to form thin plates extending parallel to
{112} B in order to minimise surface energy. The electron-micrographs
in Figure 8 show signs of particle elongation and to some extent support
this view. If this is thecase it follows since {1100} ¢ isjthe coherent
plane in the precipitate, that this plane and, therefore, <0001> €
directions (the preferred direction of magnetisation with respect to
crystal anisotropy) will be parallei to the plane of the plate. In a
plate-like particle, in the absence of any crystal anisotropy, directions
lying in the planeof the plate are more easily magnetised than the
perpendicular direction,but rotation of the magnetisation vector within
the plane of the plate is easily accomplished. Since,vin the preseﬁt case,
the easy direction of magnetisation with reSpecﬁ to crystal anisotropy,
(<0001> €) lies in the plane of the plate, the shape anisotropy of thé
particle will have little influenceion coercivity.

Vore important with respect to coercivity is the fact that
coherency will result in some degree of strain in the lattices of either
the € precipitate or the B matrix or both. The‘eray’diffraction patterns
of both phases (see section 3.2.3.) showed some degree of line broadening
which could be interpreted as indicating the existence of strain. Since
this was observed in both the € and B patterns, it could not be a particle
size effect and the fact that broadening disgppcarcd from both the precipitate
and matrix patterns when the precipitate was entirely o strongly suggests
that coherency strains betwecen € and $ were responsible. Distortion of
the £ lattice would affect the anisqtropy of the structure and, therefore,

the coefcivity. The existence of coherency strains might, thercfore,

account to o .
fome extent for the various departures from theoretical coercivity,



both &t reoow tamperature snd at elevated teureratures, diseuszed in
geetion 3,3,
Ce Lonelusiens,

it ean be concluded that the observad orientacion velationzlidp,
{0001} ¢ pproximetely parallel to {110} 6, <1129» ¢ epprozivacely parallel
to <111> £, it compatible vith the cwistence of o partially‘cohafent
intorface between ths ¢ pracipitéte and § matrix, It &7 wrobable thet
tie lover intcrfaciol enerpsy esaccistsd with ¢ rasults in the pucleation
of ¢ rather than thervodvnasically stable «.

Presuznably tromaformation fron ¢ to n tokers ploce either vhen
colicrency is lost or the perticle size ic such that the tetal energy ef
the systew &5 reduced by the tranaformation.

1f the cohereney hypotheeis in ececptod it follovs ﬁhac the
ravticles will take the form of thin pleter in order to wininise evrface
eneryy. The proposed cryacallégraphic orieateticn of the pavticles with

respect te thely ohope in, however, such that shese snisotropy will have

T

b

feeic {nflucnee oa cesrcivity, eithouph this propert: sipht be affected
by cohercncy gtraing within the particlee,

TOOTHOTH:  Subseguent fosthe cowpletion of this work, o stuly of
the cryestallosranhy of cobalt-aluminiunm 21loye (Arburov of o1,
vieike Metallov. 1. totallovedenie, 23, 21, 1999) ease to the
attention of the present author swheoo publishcd in an Engliéb
trangiation in 1971, 7Thic werk, referred vouat the end of
section 3.2, and diseunzed in fopendin IX, confirns the
orientetion relaticnehip egteblished above and reporte the
existence of stroin in the matriw lattice. %he latter point
supports the hypothesis postuleted in the presert verk

repavdinr prebsble coberency betwecen « ced £,
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3.5. The totacteble Co-Al Phasc Diagraw

-————

3.5.1.  Iatroduction

In ettempting to understand the unegnetic properties of any alloy
it is obviously desirable that the compositions and anounts of the
phases present should be ptadiétahle. This information can normally be H
derived from the equilibriws phase diegran. In the case of the Halcolloy
alloys, hovever, ageing belovw 600°C resulte in the rrecipitation of ¢ as
a cetastable constituent and it iz possible that the equilibrium phase
diaprau for tne cobalt-aluwinium systen (Figure 3) will not asccurately
reprcsent efthey :he’proportions or the corpositions of the phases
precent after heat treatment in this temperature raange. It was unccessary,
therefore, in studying the properties of the Malcolloy alloys, to
establish the nature of the metastable equilibrium betveon € and f.

3.5.2.  The compogition of the € precipitate.

ficeording to the equilibyium phase diapren (Figure 3) ¢, vhen
present as a chc:nndynémically stable phase below about 40006, containg
llittle or no aluminiun in colid solution. Bradley and Seuger65 state
that the colubility of aluminiun in e is negligible. The solubility
of alumdiniur in o« is, on the cother hand, quite significant, incregsing
from 27 at 3060°C to 15.5% at 1400%C. Within the range 650*60000, showm
in the present work to pive metasteble €, the polubility of aluminiunm
in stoble o i betveen & end 6%. The first requirement, thevefre, was
to deternine the golubility of aluminiunm in petastable ¢ at thece
temperatures, This was conveniently carrvied out by weasuring the
variation of specific énturation (uv) with temperature (o, & curves).

Vigure 25 shows threc g, T curves. Curve A is the reletionsnip
for pure cobalt (according to Bozar:hél) reduced by 60%4; thic con

therefire be regarded as the curve for pure cobalt in the presence of

607 by weizht of non~nmagaetie materizl., Curves B and € are heating
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hadie 2R
curven deternined uzing e Suchisnith halance, and show the chaige in ©

vith tewsorature for two sepples froo thie 205 41 elleoye Do of tiaoe
woplen (B) hed osrevieuwsly Lean aped for 109 hours &t 5607 to precipitate
c. the other () containad wubstantielly o precipitated at ?ﬁﬁ ¢ and
hﬁaf?zﬁ irte equilibrius at co™r by pubsequent epedng Tor 7Q hours et

-~

Lhat tesgeraturs.  In herth csnee the petrix phicse, £, was nen - arnetic
sioend alave reem tomseraturc.  The differsace betucen curvas o oond
czonnet be attributed dirvectly to tue eryotel structure of the cobvalt
rreclpitate becnuue the chenye in 7 asseciaved vith the aliotrepic
trassforsetion fz very snell, (Hyers aod Buc&smﬁthﬁe detected 1,54
increase in o during tie L.¢.p. to fic.c. transiticn in pure copalt).

Iv cen be sssuzed, housver, thot s Cho cose of the smyle reprosented

by curve €, sluminiun is in eolution in the « yracipiﬁaté causing sub-
bntsnﬁiai duvistion from curve & (pure cchelt)., 1t fellows, zince curve b
(¢ precipiga te) and eurve A (pure cghalt) are identicel up to 600V,

Lhat the o precipitste did uot eontain 2 simmificont soount of slunindux
o solution. lgc tonporetures above ﬁﬁﬁcﬁ cﬁc rrecipleate ins been shown
e beeone o winturs of ¢ ond ¢ (rection 3.2,.3.) oud the chn&rvcﬁ.é&viﬁtion
of curve E fror curve J gt these torpersturoes cen be sttributed to the
selution of aluminius in o. The verietiow of o vieh tcrwnratu*c wak alse
deterringd {oy a narole frow the 280 AL elloy azed for 20 hours at o,
Tie veseliting v, T curve vas virreally identiezl to curve H. It can be
concluded, thorefore, thor slusiniup displayes Herle or ne sclubility
in ¢ ot tespereturss wp to ¢20°¢,
3:5e30 Ihe corvosivion of 6 in vetastable ecvilibriu: vith ¢

From the wouilibrive vhese diepren {Viiure 33 it can be cecen
that the cosponition ef E iIn equilibriun at 6ooSC is sueh that the phase
12 repnetic ot reos termpersture with T (Curic terporaturs) of about 1w,

Toe procence of mumetic £ owerld beve resulted in oo inflection i the 99



T curve (as in Picurce 2% end 3&) but ghie wocsurenonts discussed abave
ghoved no inl Icrtxan, indicatin: §§ in wmetasteble equilibrivsm with ¢ at
80°¢ to ba nen-~pspnetic at roon tc:g&raturc (i.e. TC lezs thon roon
tempuraturc). 3urtuw rmore, the anowmt of cobelt precipitated at eeoc
should, according to the eguilibrive phacse dioprom, bLe less than that
nroduced ot 506°¢,  after ageing at 600°C, therefore, ¢ of the clloy at

roow temporature should, if & is non-nagactice, be lover than aﬁtﬁr
azeing at 500°%C. In feet, the o, T curvea for souples aLed at 505°%¢
md 660°C vere fdentical seggesting the preseace of sicilar guantities

*

of precipitsta, ifhc irsliestions ove thet £ in motacteble equilibriun
Cwith e at 600°C has o componition vicher in eluninium than that predieted
by the exnilibrius ?hasa diarraxm, (l.e. the ponition of the §i phbse fiélé
vpoundary iv shifted towards higher aluminiuu contents), the cémpoeitiou
of £ in cquilibrim with © ot various terperatures wes detercined by S-roay
~diffreceion tocunicues as followa.

o, ihe effect of cns“umitien on the lattice paranater of @

rirst the va r‘cyion in the lattico pavorcter of f with

cenposition wor deternined. Samplen frozlaovcral of the cre welted caste
referved €0 fn rection 3.1. were crustiod to - 200 cesh pouder, salutian
‘treated fé: { hour at 138070 zod weter quenched to retoin B. Fhe lattice

L e 3L
EXAE Y 2 ¥

paremoter *a’ of § was then secosured, for each sample, fron

-

ciffroction patterns oplbained in the Unicon couern. Unfiltered chromium

radiotion was uted ond lsttiee parnmeters, devived by extrapolation

assinze the Nelsen-tiley-Tavlor-Sinclair fusction. were reproducible te
. . -~ -h !' " -

vitudn 2 ©.00D3A,  The relntienship betucen lettice poarsocter and conpo-

-

sition is ehipun in Pipure 26 end in Yable 12, (valuce of ‘a' cre guoted

N G -’
to tho nearest 0L.00084). 1o Figure 26 the yesults obtalped cve compaved
od Ly B (5 3G " tre .
with those raeported Ly Bradley end Scoper © and Cosper™ . The dilferences

obnerved oy b: attrituteble to ivpurities iv the material used in the

0

proseat vork {cas section 3.1.).
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Cryotel anisotrepy. on tie other hand, ie igmherent in the structure of

tha seeterigl ond the coercivity of cryetal anisotropic gingle denain

particles is uot affected by & mapgnotic natris phase.
It &5 clesy, bovevey, tost the propertier of a mixture of

pognetic pusses sust be loflusnced by the prcﬁertiés of all the constitucnts,.
It iz necexery, theyefore, to enaning the effect of wmining rhases of
&iffering individu;l properties.

chlaehﬁé, Aaiaiajusnji, Hohlfarthﬁg, iﬁﬁﬁyu z2id other nuthors
have discussed the properties of ferro-nmenetic materials centeining a
rence of coeveivitics., The principle {g sumnarised by ﬂﬁ&RYQ who states
thet the seciied of calewlating the hysieteuis loos of o pixture ic to
gdd the pupnetisstions of the conponsuts fer a piven field, veighting
thar in proporticn ro tieivr fraction of the total. |

The totel intensity of wmarnetisation of & wirture ¢f ¢ sud
taonetic ¢ Lo gt sur of thelr iundividual coutributions, eacis being
dopendent en the intensity of napnotisation and the fraction of the phase
preveat, Vigure L@ ghows beliezaticslly the bysterccis loop (brmhun iine)
of & winture ¢ twe phases, 5C% of cuch, with coevedvicies differxin; by
an order of meenitude (selid liucs). I cont ho secn that the coercivity
of tis winture is determined vet only by individunl coercivities of the
phates present but also Uy the contribution of eaah'phasc to the totsl

3 *

waznetivation. In the wase of the Haleolloy alloys tue coercivity of f

=

in fhe soluation rreatod conditioun ie <2 Ce (pection 3.2.1.). Azsusing

tﬁﬁ ceereivity of ghe matrix does not chongre sienificantly during
proecizitoation taic phase wili probably be saturated in o field of 3 to 5
cosreivity, f.e. <16 Cae  She econtribution of megnetic § in any applied
field sber than & few oersteds can, toerafore, bo recavded ase '5 »

vel bt fraction e In studyisg the proporeies of sasples contalulag

vopnetie i St is useful, therefore, to determine o, and weight froction

§ and to relate tae preduct of these factors to the coereivity of the
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sannle &5 4 vhole.

5.6.2, Exnerizental velationshidn betwees o, » velght fraction § and e
a Petermination of o, and veleht fractiongin varicusly sped sampley

veleht froction £ ond o, of sasples frow the 287 A1 alloy ased

}

0 . "
C yere derived using o, T curves. ‘ihese vere

for variouz times at 509
detersdned by first heating to 505% (oie yievioua ageing temperature} zand
cooling to roem temporaturc, thisz process beinp complete in about 1 nour,
follewad by reheating elther re 600°C or tic Curie tenperature (about GCOUG).
He ¢ifference in the heating, ceoling and rokeating curves ovcf the first
50070 was obgerved, e¢ven for the nemple prcviaﬁsly aped for only 1 hour

at 500°%C. uen samples wvere rcheated to the Curie towpersture and then
cooled, hovever, the cooling curve deviated from the heating curve. Figure
29 ¢howe heatine and conlins curves bhetween rooum cempcratdvu and Tc, for

thie sorple arged 5 hours ot 500% and is typical of the effect ohrerved.

Taue difference was largely due to the tronsition of the £ precipitate to o
ot tewperatures sbove shout 60&05, and the cengzequant aslution of aluminiw:
in « (vec scction 3.2.3. and 3.5.2.). In peneral, since the structure and
corposition of the phases preseat in the higher aemperatufe range wore not
represcatative of the as eped condition, neasureccats were diccontinusd
afver heating to 6o, tieating curves betveen roos tepperature asud 600°%¢
sre shoun In Figure 3G. Yhe curve for the sample apeé for 16% hours ot
u6°C e typleal of & materiel with only one magnetic phase, f.e. the ¢
precipitote in the presence of non~wagaetic $. In all other cases an
inflection in the curve shewed beth the precipitate apd  the uatrix te be
wagnetie.

In o sixture of phases o of the hiture ic ziven by~
G ey ¥ +¢ # |
vhcre W, and ¥, are the weizht fractiocns of phases 4 and & respecively.

& o
i i

Therefere, {f & o ven-wepnctic (¢, = 0) and ¢ of the precipitate ie knoun,
L

the welpght fractions of the pheses prosant can be readily deterwined. In
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Fig. 30 - o, T curves (heating, room tempcrature to 600 C) for samples
from the 287 Al alloy '
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4 »$ = e P4 fW.O"t
all the cayves in Figure 39, z, of {{ {2 below sbout 3007C thus, at

any bizler temperaturc, v ig gero. The o of the ¢ precipitete haz been

&l

shova in section 3.5.2. to be ecual to that of pure coldt ot terserstures
o ¢ . ' - . o wes -
ep te GLOC. Therefore, anclysis of the curves in Figure 30 to find o
Py
and the viedght fracrions of £ and ¢ wes easily carried out.

Considor the o, T curve for the sample previously eped fox 1
2 ¥ &g

o 38 3 = -1
hour ot S54D°C. At a tepporsture of 5007C, ¢ of the saxple e 51.5 emuy 7.

(Tuis temperature is bigh cnough to cnsure that £ is non-magmetic but low

cnouch to aveid the eppeerance of « precipitete with comseguent solutien
) ‘ ' . . -1 61

of alusinium,) &8 the sene Cenpeveture o for pura cobalt is 144 ewug 7.

The weicht fraction of ¢ present i{s, thercfore, 9.3585 and, by diffcrence,

the fraction of £ ie 0.642. At room temperature 0 of pure cobalt is

o

"1 . \ + 1 s .
161 orug = eud v of the savple iz 74 coug ~. Using the fractions of the

I8 gt roow tewpevature ig I5 eunug .

The vorius curves dn Pigure 30 were ennlysed in the same wanner

phases present it iz essily shiowan that o

0 at reaxm terperature as shown in Table 14. ¢,

at variour elevated tewperatures was also caleuloted. The resulte obtained

pdving froctions of § wnd ¢

for the sample sged for 3 heurs at EOQGC, are typieal aud are piotéed in
Pigura 29, The reuulting curve docs not have the form of o noymel o, T
relationship (e.f. Fipore 23) but cen Le understeood on the aszusption
that £ ves inhomogemous, ¢s night be expected vhen precipitation is
ircozplete, so thet the obﬁerveﬁ g ® curve iv the sum ef a ferily of
eworves with o vange of Curie tempersturce. Since & was apperently

B3

inhorogenoous 9, ot room temperature, dorived froo ths o, T cupves,

rs
¥
can only ba an approxivate tean value.
be The obrerved relationship between g ond a b .

In Figure 31 the contribution of i to the total marnctication

of the material {¢, = weight fracticn £) is plotted against Inc {the
[~ [

{igzure olzo ivludes z calculeted ralationship,the derivation of wiich is

deseribed later). It wan, unfortunstely, not possible to obtain furthel
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paiucs representing samples sged for ubertnr tives vhere the contyributien
of‘@ Vas x natcr. Such pavples were subjoct to phase chaucus during the
course of the ¢, 7 test and weaninzful vslucs of Gﬁ aud fraction ﬁbéguid
not be obtained. According to ahu extrapolistion in Azgurg 3, JB bah»
to incxeasg only vhen aﬁ = welpht fraction i i Lolow about 22 enug 1.

Since prior to ageing af » welpht fraction ¢ was aboul %0 esug & Ehe
. y) .

irplication is that hc begen to increase ‘only in the later stapes of

J
" the precipitation process.
In the very early stagzes of aspgeing the procipitate would be

ruperparansentic md have lov coercivity. Lé fag A(QIS ryla.xanah£n¢?iP
howsver, It was eslculated, in geerion 3.2.3.,:h&t pnrticles of ¢ wvould
pase from the superparassppetic to tie férram&gnetic state vheu particle
dizneter excosded about 6O g. Since ﬁarticlc digreter, efter opeing thu
26 Al glloy for 17 hours at 500°%C to vive voarioun Jﬁc at that tenperatuere,
4]
was of the order of 2000 A, (Fisure a:’.) it ir reasonnble te wugpest that
during vost of the precipitation process the majority ﬁf the © partieclau
wvere too larpe Tor swperperesapnetic behsviour, The particles were
thereforc,vferrawagnetic single derains, It nust be concluded that the
serociated nigh cocreivity was suppreased, according to the prineciple
surmerised in Pipure 28, by the presence of the icw ceercivity usgsnetic
£ matrix. The Lafhcﬁ vould, of course, dis seppoar in the later atagen
of precipitation as < apprenched goro.
3.6.3.  Zhe theoretical influence of

that :
In ovder to conf irx+t§c coereivity of tha © prLCLy itate iz

suppreseed by ungnetie ¢ and te ensure that no other ’bctcr is -xvolv:d

it ie neeassery to determing nhﬂ exact unaney in which waynetic b vould

‘o exvected to xnzlunncg the “LOPLIC&Ou tad te conpare the results withA
the experivental observations.

Connider n fully moppotised sanple coutrining e and magnetic B?



If a demagnetising field of about 10 Oe is applied, 0 is saturated in
the opposite direction to make a negative contribution to the total
magnetisation which can be expressed as x weight fraction 3. This
small demagnetising field will not significantly affect the high
coercivity precipitate, the magnetisation of which will, therefore,
remain approximately at remanence. In a randomly oriented system of
particles exhibiting uniaxial anisotropy remanent magnetisation 1is
approximately half saturation magnetisationB- A close approximation

to the contribution of the precipitate is, therefore. oCo x weight
fraction cobalt, i.e. 80 emug " x weight fraction coball. In practice
local fields due to each phase will influence the magnetisation and,
therefore, the contribution of the other phase. For the purpose of a
simple analysis, however, it can be assumed that the phase distribution
is such that these local fields are equal in all directions and thus have
no net effect. How closely the real system approximates to this ideal
is difficult to predict but it is interesting to compare results derived
making this simplifying assumption with those observed in practice.

If, as in the early stages of ageing, a and the amount of 8§
present are large so that the contribution of 8 is greater than that of
the precipitate, the total magnetisation will be reversed in a field of
less than 10 Oe (i.e. the field required to magnetise 8 to saturation).
The sample as a whole thus has a coercivity of less than 10 Oec despite
the fact that the cobalt precipitate remains magnetised to remanence in
the original direction. If, as ageing proceeds, the amount of cobalt
precipitate increases, its contribution to the total magnetisation increases.
At the same time, the contribution due to 0 decreases, since not only is
the amount of 8 less but, due to its lower cobalt content, 0].) is reduced.
A point is reached at which the contribution due to the precipitate
exceeds that due to 8 If a sample in this condition is subjected to a

demagnetising field of ab~out 10 Oe, (i.e. the magnetisation of 8 is reversed)

the greater contribution of the precipitate will cause the overall
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rarnetisation to renain in the ervizinal dirvectien. & conpiderabliy

tigher fleld ¢3i1 have to be zpplied bofore the mapnetiszation of tie
cobalt perticles ztarts to revarse, iL.e. thers ie @ inercase in
sereivity. - The cteze at which ‘Hc beging to lacrease can thus be
I -

reparded a8 that st vhich the centribution from the cobalt procipitate
beecomas egual to thet from &,

“he ealeulsted chnnge in the centrivutions frowm the tvwo

Al

pUEREs as pr&ci;iaaﬁ ton procceded in the 267 A1 slloy sre plotted sgeinst

a

weight fraction of precipitate in Fipure 32. The contribution due to £

was obta aad 8o follews. The chiange in the conposition of §, ng cobalt

praecipitnted, wae caleulated and vf wos derived pocovding te the relationship

bertween cowposition and ¢, given in secticn 3.1, (Figure 6). Contyibution
1 g;' i;

" = - ¥ -

vas then v, ¥ seieoht froction 0. The contribution of tie precipitate was

o u UV Qo liee €2 1 weight {raction of precipitate.

calculated ac o
2

b4 Ty Y ] TN I o v

In Tigure 32, the twe contributions erc egesl at g volue of

.-

1 \ . . s .
25 esatp T when the cohalt precipitate fractien is 0.315.  Thus at this

stege of precipitetion en fncrence in ceercivity pay Lo enticipoted.

v

This g shoun In Figure 31 te be in reasoneble asreemant with the woasured

resulte vhere Yﬁc tepiag to inerecte vien tho con atributicn fro

L

58 ie

e

S 1 . . . . s ;
2% emyg . fceonding to Yiguwe 33, thiz volue corresponds to ¢ precipitate

froction af‘&.SS.

Thus, alwost CQmﬂiLL“ sunpreszicn of the caczcivity cf the ¢©
w*rt§c1~" vntil late fn the progipitztion precess can be satisfeetoraly
cadoretond In terws of the influcnce of wapnotic

Y che ¢ procipibate was an Ldegl sinple doonin systenm, in
vifch the seoe £ield was zeguired to revarse the megnatixmtion of overy
perticle, the ¢rue coeveivity of the precipitate veuld boe exuibited gs
goon gr tht contributios dur to ¢ exceeded that frem £; f.c. the

coeveivity vould vige inzedistely from less than 10 Oc o o velue cguel

-~

to the cogrcivity of the o rarticles and vould renmcin at that leovel
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throwzhout the veumindor of the preeipitacies process until rinsle
dovein size was euncscded.  In practice, tne ¢ dispersion is likely
te contain & minoevity of very guail (su

azv) particles whieh Gill have iow cesreivity. Fumersors, ceecording

lq ya W 3 -
Y, the {icle reqeirgd to votate he pagnetisation

2w

te Stoner and toblfaergh

-

of &n’azisntrﬁpis clnple dossia pc”t“clu dgepondent on the orientation

of the easy dzranzzon of nagnetinsation with reepect to the fleld. Thus,

gince the £ pracinitate o, in 2 poly-~erystalline saople, eriented ot

rondow, it follows that gome particles, either beceouse of their low
coercivity or hgcnwue ¢f tholr orientaticn, will be revoraed by a8 lewer

field then the coeveivity of thc ¢ dispersion os e vhole. Their contritution
vill be sdditive to the reverse contribution from & snd at sowe field less
¢than the costcivity of the t precipitate the oversll mapnetizetion will e

3 »

reversed., Thovefore, g azeing proceeds aud the contribution frzom ¢ is

)

reduced, the cosreivity éf the wateriol 28 o whole will rise at & rote
dependent on the dewnrnotisction characteristics of the precipitate.

the rate of this increase can only bavfrcdictaﬁ accurately using
the demarnetisation curve for the diﬁpe sion in the presence of maroetie
£, L., vhile precipitation renalps znc,uplute, The form ef this curve is

not koown hut it is possible to obtein some indication of the rate of

increaze using the demapnetication curve for the ¢ dispernion after

camplete precipitation, f.c¢, the curve for a saﬂgls aaad to sive nen-magnetic
e
Yigure 33 shovs the intrinsic demagpetication curve deters vi
veing the recordin:y hysteresisraph ars deserilbed in seeticn 2.1., for tac

sample fyon the 280 A1 alloy ased at 5007 for 168 lours te ciwe nopenapnetic
fo The remenonce of this somele was 3,500 ¢ hot if the eurve Io asousoad
to represent the proportiecs of the cobalt dispersion throughout the

precipitotion processiremanence will increase from zero to3,500 G as



nrecipitation proceeds. It iz convendient, therefora, to use & reduced
b peele se that, ec in ¥lpure 33, rerenence ig woity., The concributiou

of § erpresued in the sane terws 4 thercifore

G 5w walyht £rvut*u A

& €
Y
T S e L el P PR S

BO w weight frackicn Lo

&

Won the £ cuntribution in theso teres s leos thon 1, o Jisld suflficieat

te saturate @ vzll ot bring about reversal of the oversll naoguetisation

’

tecause of the prester eontribution fron the precipitate. A5 the field
is increaced the wmspnetisaticn of low ceoveivity cud badly orientued
precipitate porticles will bor in to woeve o, nalling & negative coutrvibution

to the overall magnetisation so thoat the tetal contyvivutica of the

precipitate deoeresses slong the dovachetisation curve shown in Fizure 33;

vhen the precipitate centribution becoces less toan the contrivution {rowm

§ the vverall pazpmetisation will be woversed, Uhus, coercivity fu tust

.3

oy

field which woduees thu procipitate contritution to ejual thet of L. %6

deternine ceewcivity «t any stope of precipiteticn it o aecesser

\:s“.

3

iA.~

cherefore, to ealedste contrivuticn duc to £, &8 guove, the coercivigy
con then be derived frow Figure 35 es the U co- ;ruzugty correspoudisg o

N

volue equal to the § eontribution.

&

For

The cslecviceted curve in sigure 31 ﬁag dorived usiny This approeach
and it con be scen tuat the fern of the weasurcd cvrve fo ciuwilar o that
outained fyow theory. She differepce between the Ltwo Curves o not
surprising fn view of the siuplifying asvwptions nude in &erivingvtAQ

1

fkcerutical curve, f.e. thab leced ficlds suuccioted with wach phase do

pob influcnee tuc us;uctisatiun ¢f the other and. thot the eurve 1o Pigure
33 represcats the demepuectisction curve of ¢ Lhrougheot Lk precipitation
prucéus. Furthersere, tae seccurae; of tie peawsured valugo ol “5 2 owelpnt

fraction ¢ o lipited due bt the inhomogenalty ol § during precipitation.

1t con be coneluded, thersfoye, thot the preseoce of wognetic

supprerses the ccercivity of the ¢ preciyqitete oo thar the cocreivity of
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the waterial as a whole degs not Lepgin te incresse until the later stages
of precipieation. Tuo rate ef increare i then dependent oz the foro

s

cf the desapnetination eurve of the precipitate.

e of Imeal £ g}ﬂg

A B D A b

3644, Am’vﬁl

RS P e peed e

&.  The influencgiel mmﬂ}@lwéuuaf%ﬁg?ﬁudmm;ﬁy@ﬂﬂhgﬁ&
A dincussed in seetion 3,0,.1. the marnetisation of § will be |
reversud by uu**notrs inz fields of caly o few nerst&dsiaad the phaese
will probaply b#_satu;&tﬁé in fields preater than 10 Oe piving e
contribution to the cverall napnetigetion viden i3 nopative vich respoct
to that vf.tha prﬁcigitaﬁc. Thus, the derpaynctisation curve fox &
gerple in which £ is wasweic, but viere the contrilution of the precipitate

>

to the totel wapnzication ig preeter then that of 3, should stow a rapid

C":

'3 3

deeresse in marnetisavicn o the applied field is inercased from U to 10 Go,

leld is furtber inereazed to

Yy

folioiv2d by & pueh slover decreane as the
revorse the wesnetisation of tie oyl ecerelvity precigitete. The dfntrinsic
detarnetisetion curve -8 we 3) dn Fleuve 36 for o sozple frov tie 284
elloy aped gl 5000 Loy 1 hour (eentelning ¢ and eamnetic ) is ncﬁlof

this forw, o centinuoun deeronss in masnetine tion holup obsorved botween

& positiye ficid oiIZCﬁ Ze gad the iWL“‘uLlC cosreivity of aboul 00 Ge,
Fortherpove, compaviaz this eunrve vith ther from o sarple aged for 169 bours

at 05¢ wve give nen~mamnetic f, (Figure 34), it fo seon that, in the

saetisstion of tun

provence of derngnetiaing fields vy to 377 o, the o

wale ered for 1 hour e rreater Shen ghet of the seosie zeoad for 169 uours.

&

sinee ofter arer o for 1 ueur 2 sualler volume frection of precipitate i
present than sftey opein, for iﬁ? seews (Teble 14), it nust be coucluﬁgd
tink &he sreater xngnéiiaaiiou ef thr weogle ocod for 1 hour is due to &
positive ceatribution fros nzeeatic L. Tuls eon be uuCérstcod'ix Lise

ascus; tion nade ezrlicr, thet Jecsl fFields pusvcieted with each puase &

[ 4]

et influencs the sapnetivatior of tie other, ic faben to be invelid.

.

tue fielde den to the ¢ poveiclen tend to vwrnetise the matrix
z .



Y A% S
in the same diveetion as the magnetisation of the perticles the
contributions of ¢ and & will Lo sdditive.
b. The influence of loesl fields en coercivat;
When o dena gnctxaiq" ficld is applied te a sauple conteining ¢
end magnetic ¢ its influence on the mognetisetion of tue B will, in the

absence of pay effcet due to local ficlde, be in the oppoesite dircction

to that of the ¢ particles. Tae theorstical variation of coereivity with
6 centribution (Figure 31) 5 derived on thxa besis and agress reasonably
well with the ezperimentml results, Presusmably, thorefore, duriny that

pert of the precipitstion process covered by these resulte, i.e. the later

ntepres, the fields dus to the ¢ particles are overcome by low applied

.

flelds and have little effecct on eoorcivity.

In the oariy staret of ageing, when thu‘ﬁ contribution to the
total nagnetisation outwelghs that of the precipitute the sinple wodel
(nepleetine loesl ficlds) prodicts that Jnc will be <10 Ge snd remsio at
this level, as precipitation procceds, wmtil the contribution of thc
precipitate bacomes greater then that of §#.  Thus, during yrccipitatiea, a
dcxay vould o expected before auy increase in Jﬁc vas observed. In
practice it wvas pogeible, for all tie cests at ell the apping temgcfeturcs
cxylorad,Ato cztrapolate a plot of Jﬁc v.sn. arcing tips to app roxxwa»el
£ere #Hc at zero tisco (ﬁigﬁrea i, 11 and 12). Lven during ageinp st the
lovest tenperature (4sé°n;, Er:-tharﬁ vag, for oll the alloys, & sigﬁoidal
relationshiy beteeon Jﬁc snd tise, o continuous Incresse in Jﬁc wos indicoted.
s, no sirnificant delay, pricr to the increasc of Jﬂc on azelnz, wos
deteeted.  Sinee, pavtieularly at the higher terperstures, the decresse in
¢ oo apeing vas quite rapid, it ey be thot the anticipated delay, prior to

tiie inerease in

?ﬂc . war masked by oo initfally hick rate of precipitation.

In addition, hovever, it seems likely that, because ef the influcuce of
leesl fields, the aizple wodel ig wot applicable in the initisl otages of

sveing vhen the contrilbution of £ o the pagnotisstion is preatey then
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that . the préci;itate. A continuous increase in JHc from zero time can
be understood qualitatively if it‘is supposed that the volume of 8

influenced by local fields inereases with the volume frgction of precipitate.
‘Thus; as the amount of precipitate inercases, larger applied demagnefiéing
fields are necessary to give a negative contribution from f equal to the
positive contribution of the high coercivity precipitaﬁc plus that from a
certain volume of £ which remains magnetiseﬁ in a éositive direction due

to the influence of loecal fields.

C. The influence of local fields in remanence

| In section 1.2.2, it vas pointedvout that the ratio of Br to
4ﬂis (satpration.magnetiSatiou), obtained by Masﬁmoto et a141 for Halcolloy’
was much higher thgn‘wdﬁld be expected for iéétfopic ma;efial. (Br/&ﬁJs for~
isotropic material should be-a?proximaaly 0.513 but lMasumoto et al reported
‘vélues up to O.S). Similarly, as shown}ih Tableilo, Br/ést for sauples
from the 237 and 387 Al alloys, examined in-thg present work, was around 0.7.
it ﬁay be possible to explein these reéﬁlts in terms of the influence of
local fields on the magnetisation of B. If it is assumed that. ageing vas
discontinued vhile of remainéd greater than zero at rbom temperature and if,
as suggested above, the net mégnetisation of 8 by locai'fields, is in the
same‘difectipn as that of thz & particles then, vhen the sawple is at
remanence the magnetisation 6f 8 may be geater than half saturation. As a
result Brlhnjé for'the sample as avwhdle will be greater than_o.s. Clearly
vthis mechanism can only appiy while B is magnetic. o0, T measurements
carried out on the 383 Al ailoy after ageing 180 hoﬁrs at SOOOC, (BrléwJS =
0.69, see Table 10), showed B to be weakly magnetic at room temperature
(Figure 35, 0B being about 5 emugnl. It is élso consistent with the
hypothesis that the sauple from the 2874 Al alloy aged for lvhour at 500°C
which had of of 25 emqgul‘(Figure 30 and Table 14) had BrléﬂJs of 0.62
while a sample from the same cast aged for 169 hours at SOOOCVto givé o
of zero had Br/4%Js rather closer to that expected for isotropic material,

ie' 0.56 »
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Althouph the majority of the fexepoipp reswlte deal vith the
influence of popnetic £ on the properties of the 288 Al alleoy it is
reasonable to suspose thet the vechanisins indlceted ore appliccble te 21l

clloyo of the Psleelley type. That thic is the eare can be dedeced from

<>

he

e
x4

¥ oand ¢ of
J%e '

. N » 2 5 ~‘) " ‘»
areinr. This relationship, during areing the taree slloys at 580°C, is

the relatienship between 23E, 28 end 38% A1 mlloye on

chewn in Fipure 36. It can be scen thet decressing o is alvavs seovpanies

by incrotsing ;s bub that late du the precipitation procecs, there iz

Je’
o large increesc in e associated with only & orell fell dn ¢, thie effect

.-

beconing lese obvicus ae the sluminius content decrsgses. The faitial

increaze in J’&c,_occursing while the pajority of the decrease in ¢ tales

ploce, muot be induced while the spount and ¢ of o present are such the

the £ contribution sutveighs thot of the precipitste. Incressing $uc st
thie stare can te understoond in teros of ethe influence of loecal fields

e discusped dn 3.6.4. (b)Y The Zinel increase iy Juc. asgociated with ouly

small chonges in ¢, ic ecowpntilble vith the 2ivple wodel in section 3.6.3.

i€ it ic cocuzad to be initiated vhen the contribution of the precipitate,

pAUSAE

2 - .

(v Co = weight fraction cobalt), exceeds that of {, (6f x weight fraction ).
It iz interesting to compare the o of crch eiloy ot the point

during ageing wien the final increasc in ?ﬁv veging, (L.e. pointy designated

- '

#oy

g, {exp.} in Vigure 36}, with veoluce of ¢ derived frow theory, at which

the contribution frow precipitete ond watrix should be equal (see 5eétien 3.6.5.).
Figure 37 shows the calevlated contributions due te precipitate end @ in the

hese 2lloys os precipitation proccede and includes caleulated curves for

the change in ¢ of each alloy. (éontributimns of the tuo phason were

caleuvlated as for Yipure 32, section Y.0.3., wiidle u‘af the alleys in piven

by of » weipht froction o + Tog & velybt fraction cobalt)., Values of ©

correcponding €o the stape of precipitation at which the contributicne

of precipitate end [ are egusl (desipusted ¢

A in fipure 37) ere
from ?(cnlc.%r‘ g2t 73 .
NI S y 2
clexpe) VI pure 35.

corpared below vith values of ¢
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%

2.0 A1 ellow, Gc(c&lﬁ-) 85 cmuapy T, vc(:xn.) 91 emun
8 A1 alley, “efcnle.) =77 emugmﬁ, clexp.) = 76 eoug
38% K1 sliey, cc(c&lc.) w 27 émug“ . Gc(ﬁxﬁ-) o 29 cwug
there is thus good ﬁ:rvar ant betveen theory and practice in the
29% and 3B% 41 alloys while the discrepancy in the cose af he 235 A1

soterial ooy avige Lennu*e of the forim of the

maken the pracise veleo of ¢ difficult
B Tefexn.)
3.6,6.  Ihe coercivity of the ¢ precipitate
£ heduetions from the tenporature
The eobalt precipitate wilil

during apeiny but there is no reasoen Lo suppe

"
ile

correspond to conplete dempgnetizathn of

the cobale dispersion way Le suppresscd by wag

Taus &

35 versus ¢ curve ubich
to estimnte for thic alloy.

aur‘ny ageing

dependonce of !

have pesicun eoccrcelvity at some stage

s that this stege will

saxinun coercivity of

-netie f. Yost this is the

cose in the 283 Al aiioy‘aged at 500°C ean be deduced frow the tempﬁfaturc
'dcp&udcncc oy Jﬁc’ shows in Figere 15, ofter apedng for 3 houvrs st 500”0
{ zonaeined vaenctic end Jﬁc at roon teaporotura v lbuur than afier vare
prolongaed agéing to hiva ponsnagnetie o0 As the Lerperaturs I the 5 hour
anrplie vas ralsed the mnhnc asatioa of . deercased cceerding to the o, ¥
curve in Fipure 3. Yhe ifuflupnce of wagnctic § on ceercivity was,

therefore, veduced untdl at ¥ of &

{about 257

O " . B ey o
TG, e Tigure 30) the trus

cooreivity of the € precipitare was cxnilived, The form of the X, T
curves for the gawpise awcd for § hour st 030 °C and 1 hiour st 500°C con
zloe bo erplaived o thiy woy. Tae sapple zped for 3 hours ot 300% o
rerticularly interesting beceuse at tenperatures above avout 125°a, i

ia 'fcaLCt then that of the semple aued lor 6f

-

J e
r0 e
56037C to piwve

-y
-

1 hou at

>

pov-narnetic v The inferenee o thet in the sboenee of magnetic 6, Jﬁc

ef the precipltete was higher alter speinn for I houre at 500°C then afrer
creins for 69 hours. ﬁxtragolntinu of tie curve for the 3 Your sauple from
terperatures above 250°¢ C gurptete that Juc of the precipitete ot reow
teopevature vas in excesz of 1500 Oc.
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reverse dircction

H {nen
Je (s

cnplicetion of g donepnotining

einteined, {.e. vhile £ in

59

veipinel tzamnetisation.

of § will be reduced and in the abs
the pracipitete particleos the salf
the mzenetisation of
thousht to have soge influones hat
£ and, thercfove, its Anﬁiuﬁucn on
!:i:scn.cé of the &\.g:;‘aiied field.
the
ie suitehed off {rce section 2.2.2.

ceereivity of the ¢ precipitate

28% Al pllaoy azed for verieuws tivos ot 500

Fizure 36 aleons with corresponding

ba zoen that Au

it cen
peak Jﬂc' iag
clee
sein gige,

lorger then cipgle do

mueh Chi

paointt way ng

W

s
?
-3

he significancs of the Hr

- hee been shots thet the
in reduécd vhen § g ssborated by tho epplied fleld,in
te ¢he weontigution
ﬁccciomlz.z.Q.)}“tkn total masnetisation roveining
field, is waooured vhile the
guaturated in the peverse

If the nonlied
£ to approach
Thercfore, &F H_
pnetisation at ereh gtep In seosuned after the
will be obtainad.

rine
e differencoes betuesn

variaticn vithin & ferronssnetic diepe

Such

ceeveivity eof a nizture mf ¢ md

v reasergsent of

C?E Co

2fter ohe

ha
>

fidld
direction o the

{s wensvoed, the mapnetigation

29
Fay
Pow
[

hot
™,
(13

sence of lonal fields enunociated with:

denagnetising fiaid of £ would cause
mero.  In practice, loesl ficlds ére
it 45 likely that the uspnetisation of
caercivity will bo reduvced in the

ig dotermined f.e., iF

X

demzyretising fleld
)y & cloger approxizatién to the
Velues of Hr for the
Toble 15 ood

s
P4
pA S

(L3 ;
VG nre showa

I maragrcrentt.
e v

ageing poek B s achievad before
ﬁc end ﬁr cen avise due to particle

reien if eons porticles are

particles influence B

Iuw coorcivity mngneﬁic metrir en diccusscd eboveo,

megsuresents is, thorefore, difficult to asgose

but the recults ore consistent with the comcluszion thot the coercivity of

e digpersion is & mazicus corly in the pre

ipitation process while £ {g

still maynotie and cocreivity of the wuterial oz o whole in lost
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3.7. due delationsh

W BABIAA 1t g oy £ T

p Bebveen fne Kioeties Uf lov Precipitetion
ﬁ*ccess AJd Ln ;g&gﬁgx” ‘

»

3.7,1. relevance of binetie cousiderations

The persanent tagmet nragcrti of auy pspnotic dispersion are

g renee of particle pimss ig

™

:endont on Yﬂrtxclu size, In practics
alvaye likely and for optinus ;ra"erc* 2s 21l paveisles uusc bo sufficiently
larse o bi outside Che %uuﬂxnaranq'vntvc genpe and seall ensough to be

s . » ‘- - + ay ll .l . . Tan 2 4
single dowains.  According to dent et al {sccetion 1.1.3.), the eritical

size for pingle douain behaviour, do“ ig plven Ly~

whilst scecordlag: o Heel™ (section 3.2,.3.) the conditions for supar~

! S wy? « : N ]
parsraametic belzviopy ars piven by«

PN
.1. { 7.'?." f.‘:
T @y 3
[ ¢}

Therefars, az the crystel andastrapy ¥ is increpsed tan eritical

ot whieh asuper-

15
.
by 8
ar
(22
2
ﬂ»
o
3
@
ok
%
&

aize for sin:la dounin beosviour increase:
saranicutic behaviour ceeurs is reduced, Touseths | range of particle size
ovexr vhich ferrosagnetie sir io deraims zxist g ineresced. Firurel 39
showus 3chﬁuﬂtic311y toe idesl veriation dm B with porticle sige for h.e.p.
(e) colde (3%a) aud f.c.c. (u) covaly (30u), with hiﬁh‘ara low cryvstal
suinotropy reszpecbively, and the type of partiecle slze diuzributxon whiieh
vould ive optives pevmanent vorpet prepersies in cach easa., Llearly,
the cenditionn for the Jercation of a Ri-h coexcivits precipitate of ¢

are £ar vove flexible dn tercs of neoas passicle size ond ;mxtxclt size
distributlon then 4f the preedpsftate ic o, In elther ecane, however, it
can bo zown that essuming a4 norzal sine Qdstributicn of the type shown in
the figure, the cejority of particias nus ‘b pppreeiably smeller than

o

renivus siprle dovaln size 4f the presence of a eavtrin nuvber o0 multd



akivn i the projosed cliangs

z
ef ¢ apd perticle asise of couzll on agelng bhe

"

~Se-

Co content of B

itate size .

‘precipi

- 23'%.,{:\1 atloy

optimum size

‘exceeded

__JD
ageing time




dovicin, lov coercivity perticles, ic to be evoided. If the size range

ig narrew, the wajority of the partieler peed only be o little susller then.
nmgimum sinrle demain siza vhercas if theve fc o wvide ranpe the wajority
nust be teek sps llrr to exclude tho presence ef 2 low cocrcivicy fracticn.
Thus both ﬂartlcle sire and size distribution are of fundamentel irmportance
i detersining the propertice of fime particle percssent wmepnets. If the
magnetlc dispersion s produced ss & precipitate ia se slloy by heeot
treetmont, both faetors are influenced by the kineﬁics of the precipitation
resction,

In the cese of tﬁckﬁalcvllﬁv zlleys, the variation of particle
plze end size dia :r‘butzoq during areinp is particuiarly ispertaat because
of the‘influeuce of pagnetic f. It has been shown in section 3.2.3. that
the paxinus coerciviﬁy of the three allbya cx&mingd inercases gubsrantially
as aluniniuw content is imercased. Thus on apeing ot 520°% (rigure 13)
mprimun coereivity of the 23% A1l alloy vae (51 ¢e, that of the 287 Al alloy
wng 32649 Oc¢ znd thot of the 387 ALl alloy wes 1%30 (Ge. Further results iu
section 3.6, Indicste zaninws conveivity of the elloys to be the resulteont
of tuo affacts.y.ihé,c dlgpersion achioves optinuum particie gize ot somo

staze durine agzeing but, if ¢ is nipgh tieallor as a wiole exhibits low

e,
=
P

Iy

orcivity. ’Furthar prowth rﬁy’rasult in partiele growth wayanA optivaw
size and thus a f£311 in the trus coercivity of toe precipitate but at the
agre time the reduction in v, will tend to inerease the coercivity of the
alloy. &t gowe gtage the resultant ceercivity ig 2 warimws but the sanipum
true ccercivity of the precipitate way never be exhibited. Ic has beon
ahowd that mazivun cesrcivity of the ¢ dispersion is never cxhibited in tue
26% 41 alloy (3.6.6.) eod it s reasonztle to sugeest that the ¢ifference
in the unexioun ccercivity of the three nlloyu is larzely due to dliffurences
in thc relationshiy between the precipitate perticle eize ond qi during
apeing.,

oo

FTirure 40 desonstrates this ¢ffect schematicsily. In the lover

s

(237) aluninium zlloy, the availability of a large awount of cobult fow



precipitation will leed ta4&¢ 2id provth cud thuz the develepuent of &

precipitate of optinum size and #ize ronge while the cobzlt content end

v of & gre still high, Ly the tive the cobalt content of £ iv yeducod
sulficiently for o, to epproach zere, the particle sizc of the precialtat&
hes proevn to cueh an extent that ﬁyiimum ceercivity cen ne longer be
vocted, Hhéu the cmownt of arecipitating copalt ¢ less, as in the

Bﬁi A1 alloy, the tendency for precipitate proveh is reducad and the
aciiievenent of optinus precipitste ﬁizc will correepend tore clesaiy to
tha a?sra&ch of Uz to nero. |

e with composition can be understeod inm

geaeral tewss but it iz ifoterceting to ewsnine the relationship betwveen

nus the veriation in

the kinetics of the precipitstion renction and coercivity.

3.7:2.  ibe petivaticn encrpy of the ¢ procipitation process

‘pproxninate values of activatien energy, £y fof the precipitation
of ¢ in the thren cilcyn wexe obtolped frowm plote of lop t (Iog&ritum of the
tive to precipitate a given fraction) versus 1/ (rccxp rocsl of the
chgolute epein; tewmperaturc) o and Jh during croing (FiLQrcu ¢-12 and Tables
7-3). were uged oo oo peavere of the fraction of precipitate presesnt. Thus
in coch alloy t vap first taken as the tinme for abtout half the total decroase
in ¢ to take place. f.e. the tine for ¢ to ‘ail te 94 euug -3 iz the 235 al
elloy. teo 77 emug -1 in the 287 A1 2lley and to 37 cnug lvin the 387 Al zliey.

The value of £, obtained was checked teking ¢ ag the tive for JEL te risc
. 13 N . ~

to about half the moxivusm value obgevved for coeh alloy, i.e. B wvaluene of
‘ Je

325 e, 659 U2 ond IDLL O ie the 2?"* 28% epd 35E &1 slloye rcsp&cﬁyaly.
Thc'rcsulting plots of leog t v.c. I/TOK shevn in Figure 41 (@), (b)), {(cj.
Using ¢ o8 an indicotion that the save frection of preeipitate
5 preseat, the grashs are linenr Letwoen 450°%0 and 60%c (tiue tewperature
rance studiced) for the 235 and 38% A1 alloys (TFlsuree 41 (&) wsnd (c)) and

bctsccn 500 ¢ end 600°C for the 285 Al alloy (Fizure 61 (b)). 7The departure

frow & lineer relatioashiy ln the 28% Al 2lloy below § 00% is surprising
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and infers that ¥, below 5007C differs frorm thot et higher tesperatures.

*

I3 1

This seemc wnlibely but it i clear frow the chanpes in ¢ e@nd the s

oi the alloy with rroing thot §z§ciyitation rrocecds much wore slouwly at
45070 tien et bivher tomperatures (Figures 9 end 10). Unlike ¢ whieh ie
detexmined by thé uoun;a end ¢ velues of the phates jresent, Juc iy
influenced by particle sfrze oud thus would ke cxpected to zive a less
accurate indiceticn of the ctase o wnich.the reaction hizd progsressed
then one besed on ¢, lewever, 4t hes been showm in cection 3.6. that
’pravidin@ the particle sizu of the precipitate does not exceed siﬁgza
dozain aiz&. ﬁﬂ is pricarily contrelled by the asount and ¢ of § present

J

vaicha are divectly related to the retage reached in the precipitaticen

alloys .
proeess. In the Maleolloy, tuerefore, the use of Jﬁ as on indicstion of
c
: 4

fraction transformad ie believed te be justified. It can be scen from

Figure 41 that the valees obtained Laszing ¢ on Jﬁc cen be interproted as

lineer but with o preater scatter thon is the ease weing ¢, The plots

are linear o;¢r tie full temperature rsose (ASG~GQO°C)Vin the 28% and 386X
Al elloyvs (Yigures 41 (p) gad (¢) and botween 500° and 6009C in the 237
AY slley, (Figvre 41 (o)).

YValuse of KA (retivation eneryv), caleulated from Vipure 41
as gradient = 2,3 & (8 = the pns constont) were as followva:-

232 Al slley @, {brsed on o) « §,50$ cal/role
£, (based on JQC) 0 14,000 cslfrole

| 2875 £1 alloy ¥, (bascd on ) = 12,009 ecal/fuole

&, (besed on y
FA .

ac)‘n 1%,000 calfrole
385 A1 2lloy &, (bharved on ) = 24,000 calfurcle

£, (toged on Juc) m 25,000 cal/role

-,
o~

Yhug, for the 28I and 387 4l clley, the data derived {rom HC could be

J



laterpr«t«d to give values of very similar to those baaed on a (o
the 23t 41 alloy there w&* ee”e difference between the two values obtained.
The figure derived using e (9,300 cal/iwle) wee, however, surprisingly
low for e reaction occurring in a solid natal end., since it was not
infirae4 by the* based ea nay he ngflfM «i suspect.
3FT*3H lelatienM lie feetween notvetion energy end coernivity

Frens the relatively small particle site of the precipitate in
these alloy* end the very rapid decrease in » early In the ageing process,
it can he deduced that nudeation of the precipitate cakes place easily, i.e.
the activation energy of aucleatieu is low. Xhie view is consistent with
the hypothesis presented in section 3.3. regarding partially coherent
nude ation. It la reasonat)la to surest* therefore, that observed
differences in & are due to variations in the activation energy associated
with precipitate growth rather then nwcleation, (i.e. variations In the
Activation energy of diffusion through the matrix or across the S$atrix~
precipitate interface).

It is significant that the increase in nexiisiMft JJ c of the three
alloys as alut.iuiujn content is increased correspond# to an increase In
I . Is m alloy in which E* for growth is high it can be suggested that
particle growth would he restricted and that the formation of fresh nuclei
would be favoured. The resulting precipitate would, therefore, have a
*nail particle size and a narrow si** range. 7t I 1is low, growth would
be less restricted and a relatively large particle size with a wide size
distribution would result. Thus* in the Haleelley alloys, high 8 favours
the retention of a dispersion with optimum properties until late in the
precipitation process when e§ is reduced. When 8& is lover the greater
tendency for particle coarsening will result in a wide sis* range and a
reduction in the coereivity of the precipitate before « is sufficiently
reduced for a high coereivity to be exhibited.

The extant to which the properties of Halcolioy are, in fact,



influenced by EA i* difficult to determine And the nwouut of cobalt

available for precipitation, m diacoaaad earlier, may b« a smzm
significant factor. Kavartkalaae, it cmr* certain that high values of
£&wi11 tend to favour the retention of a finely divided dispersion and

thus the development of high coarcivity.



CHAPIER & WOPIYICATIONS 0 TUE UASTINN, CONPOSTILION AWl wiliT TOl8%

i ‘.&Lrit 41 (\‘l

4.1, Introduction

o

4.1.1, Couparison of the §§93§§§§g§ of Nzleslloy « égﬁmgoxnaa pormeneat

ot matericis

élthough Malcolley iz the best hoows vagnet s turi 1 bascd on
{inely divided cobalt, the prcﬂeraiaé of the olloy sve peor vhoy considered
in reystion te those of other “"t”?*blb at prosent iu cooucercial ﬁxe&umticm.

Thus, ﬁalcoilcy (rables 4, 3 and 19 cou

usfavouvauly with barico
forrite (Qr = 3,500 6, ﬁc o 7,500 g, {w“)‘m"
Slunice alloye (Tobie 1).  Socouse of their hizh cwhalt‘centﬂut the ssleelloy
2llovs are relstive 1y gxpentive; 1€ seess unlibely, thercfore, thal thuse
cateriels will Lecone correvcislis 7 useiul wiless consldarable Loproveient

in thelr proportice can Lo sehieved.

bol.2, Togsibility of incroosing ceercivity

It mas been ehown in geetion 3.5, thot the encypy Lo wotate tig

w3

voasnetisation vector of o gingle dewnin perticle a“rmu“h 1609 1s eiven b

whare Kl and ¥, ave crystal aninctropy couttants, velusy for whaich et
é . .

» N » - . » 3 P4 . =
variswes Lomperstures nove Lean derormined by denda ond tias auta {Fisure Z)Y.
%

- i o e
stoner and «ahl‘&rch wonod Lx ax ¢ first approzimation for L in

the rel&tlonﬂli -

o

te enleulsnte a‘vs1~ﬂ ef G, COn e fev the % of an asserbly of spburieel
single dovain pavticles of € aligned with thefr [0001] axes parsllei. IS
so in caciiéa 3.3., K ds tehen te Lo the pun of ﬁi ongd ﬁE” Ji {at 257C)
according to the above enpression fp ©,000 Oe in & folly elipred dispersion
end about &,32G Oc iF elipncent is randeo,

Thus the coercivity eof the Haleolloy slloys is ek lowey than



tuat predicted by thoory. It hag been shova that in these clloye
coercivity is influenced not only by tie properticz of the ¢ dispersion

ey

put cloo by the presence of mag notzc £ (section 3.6.) The highest
cocrcivity obac:vad~wgs in the 384 al niioy wvith Jﬁc appreaching 2,000 O,
Huether this represents tho waxiouss Jﬁc of the e digpersion Loz not been
detevoined bur it is thoupht that the coerxecivitics of the 237 and 285 &l
zlloys are reduced relative to the 381 AL alloy by the inflence of wmapnetic
fe It is likely, tuerofore, that at soue sgaje dur,n; ageing, -the
ccurexv1t> of the pracipitate in the lover alup iriua casty was et least

a9 hiph as 2,000 G {(the paximun Rc ef the 387 Al alloy) which ie about

4
helf the idenl cocrelvity fov yandow ¢ particles prodicted above.
it would seen on this baeis, that there ie cenziderable scope

for irproving the cocrcivity of tiwe ¢ persion. 1t is known, uouevar,
tuat coercivity is anlways wuch le2z than tie ideal valun., Tuere are npuny

3t . T ' 1-?) R N »
posaible reasons: the expressions of Stoner and Wehlleweh™ ™, wieh predict
the cocreivity of si uuln dorain particles (see seetien laldl.) assuse

coherent rotaticn of tho :wunataaation veetor, vhereas in practice rotation

[

can take piaes by lower eparyy prccanaes such e curling end buckling
(section i.1.4.). 4 small nusber af‘lnrge, mulci dongin particles usy de
present, the oxistence of structural or'nurince defeets way léad to the
uucleation of dorain boundarics in wrr*icxe& swall&r than thcoretical
single do"* in size a“d various fasctors such as strain or stacking foults
pay reduce the erystal anlsotropy of the matﬁzial. Tnese, end other factors,
S raeduce the pegsured coercivity of bariuwe ferrite to less Chas half, ood
thet of the cobalt rarc-cavth pernanent papnet alloys to ene tenth of the
idesl walue. It munst bu ceuncluded tuat there iu little poszibility of
&ignific&utly iwpreving the coercivity of the £ dispersion in salcolloy.
It may, houever, be bosuible to increase the ecgrcivity of the nmsterial ae

& uhole §f optivun propotics ¢f tue precipitsate can be wade to colneide

wvitii,or e preeceded by, the approsca of ; to aero.
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Poss ;Lzlig} of ivcreasing xereronce

te
je
I
Ty
L

In the 3835 &1 rlloy 4 {T(t“rutlod moopetisaticn) and U
are law (2250 « ang 1550 ¢ respectively, see Teble 10) so tht despite the
Jac of the wmaterizl (1630 0¢) the overall properties are ?upr
3r = 1550 ¢, n e 1030 o, (ﬁﬁ)sﬂi = (0,50 10D) In cowperison with those

tigh

of the 265 Al alley (5_ = 3550 ©, (1) = 1.3:0, i = 1215 Co), In
order to inprove the overall projoties of the allmys it is necessary,
therefore, td incraaae;t}c voercxvxh; of the higher rovanence compositions
s discusseé'abnvu.- liovever, even if the coercivity of the 237 sl elloy
(vith remanence about SiG0 €, Telle 10) was increszed to 2,000 Ce the
propertivs weuld remecin inferfor te the chesper Yycoraw alloys (Fable ).
it is clear, therefore, that Br es well as ch must be Increaced Lf the
releclley alloys ere to beeome useful peymauent napnet meterials,
Variggs modifications to the preparrtion, trectuont ond

corposition of Maledloy, siced at inp;oving tiicea propertice are

¢iccugsed below.

4, Z. uodifientions simed to increase _copreivity

T PUROARR ST P NSRSt tmine S o

4,2.1. Effect of splution trestumnt,tine end tauneraturc

it baos boen shown (uactiou 3.2,) thet tac mnziwum_duﬁ attuined

o

on ¢peinp the Haleollouy alloyvs deercates with decrsasing cinwdiuiun content.

In the os cast ﬁenéitioa, tcleolloy sonteins a coerce Widmunstitten

precipitate of cobalt {Figure 78) uhlich is diszolved durismy solution

treatment, All the sanples previously discussed were solution troated

O . . » s X
for { Leur st 1300°C. It is possible that this treatuvent, although

resulting fn tie solution of the cobelt pfucipitats, iz aot swificient to
boropenice the wlloy conpletelys i.e. vepions with niph cobalt ceotent

gy exitt in the siugic phese L. In fuch replens, thernfore, coaditions
similar to thosc in o bigher cobalt slloy wouly cxiet and the ¢ procipitate

Cwvould grow rapidly on apeing so that when ui approached zero, tho

precipitete cive would e large end ceoercivity would be low, Some
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néicatieon that the form of & precipitote cen be influenced by tha
previous celutfon trostucnt is oontoined in the rosults of inrics
ot nlyl. These suthors showed that the pacheniczl prorertics asttainable

on arecdvg elwdnivoccopper sllisys, with avoeund 47 copper, vere incroased

&

if stz solutier trestmont tomperatuxe vas o high as poseible. fn
investipation of the effect of selutien trostrent fenperaturce and tiee
on the sﬁc of Hﬁlceiluy, nfcé: aﬁhsaquﬁnt ny&iu{ vas, therefore, wvorthwhile.

Yneufficient of the eriginel s=lloys renained for thic vork to be
cayried Quﬁ;‘a new cest ya§, €hnrafcra§ propared.  Le vith the previous
casts, the constitmonts wvere of sopsereinl purity (Cobalt 92.0 wii,
alvsdiniun 2.9 wi), end neltiug was eorried out by inducticn heating under
erpon.  Fhe clead compecition was 287 AL, but in order to dictinguich ‘this
raterial frow the earlicr 285 Al alloy i¢ will be referved to by the
analysed ol content of 28.37 &1, Tae enaslysed eovpocition was wn follows =

Co 71.5: (by difference), &1 Z28.3%, Pe G20 (e urtt;)

Croups of savpler vere solution trested for } bour at diffcrent

terperatures, (1 20° L, 1300 C, 1405°¢ nd l&bwoc) and wvater gusncied.
psurenents on fiVe‘sar§1ea from each proup showed that there wos ao

conrdstent varistion in.s Ath solution troatment terperaturs, the total
vange In ¢ wes itqu &3.5*915 The saples vere rxcd for various ticos at

20 . . __ v
4507C toe give J“c end ¢ values ag shova in Yable 16 and Figure 42. The

Figure slso iucludes the vaviation of gL, on ageing ot 450%C of the original
L
267, &1 olley (browen line).
It cen be scen that as solution tresteent tepperature was increaced |

o o e . . .
from 12207C to 130070 the marivus i, e areing ineveared frow 1G80-1360 Ge.

1

Turther increase in selution trcetcent tespoerature, however, resulted in a
deecrease in paxivum Jﬁc' The chanpe ia o on apeipe did not wvary with

colution treatrent tenperature.
. 6%
“eo further proups of eamples were colutien treated at 132C07C,
Trestmout vos prolaaged.£or tve houra in one coze znd for 16 hours in the

. : ancine at &SGOC are shown im Figure 43,
- other, The renults of supsequent T3 CTe
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Tuc nmaterial solution treated for 2 nours i cdéen to have a slightly

hipher wanioun ﬁc then thet treated fey § bour but after 16 hours

J

ranioun Jﬁc decreasod. Again, o durinpg apeing was not dependent on
solution treatient,

Thus paxivems ﬁc ettainable on ageing first increased and then

J

decreased as both golution tenpersture and tine were incressed. Ihi

=

effeet can be understéod es follous. &8 aolutian treatnent tauperature
andfer tire is increased, the £ phase bccémgﬁ gore homogenous and e

is ineressed due to eliminatién of repions with hiph cobslt content as
discussed above, It ié known, hauévgr, thiat the equilibriua vocancy
concentration increages with teouperature and :hat_thé activntién encryy for
rroecipitation is réduced when vacancy coacentta:icn‘is‘high7z. Thus, as
solution trestwent termperature is éagtcaﬁeé§ the nusher of vacancies rotained on
quenching will incresse and diffusioa"and particle srovth on apedny will

be eavier. The coercivity of tihe ¢ dispersion vill, therefore, be reduced.
At hiphex temperatures, vecency concentration will be highef_and éubaequent
cosrcivity will be less. At lower tewperatures, the vacency concentration
will be less and the tine required to veach cquiliérﬁum will ba'inc:eésed,
A shért soluticn t:aatment tine may, therefore, r:sultﬁiu & lov, non-

i ca'&geing. Frow

J¢
this hypothesis optinu solution treatment tesperature cesm bo understood

eguilibrium vecsuey concentroation end a hipber maxioun

&s the resﬁlt&nt of two oypcsingiefiec:s. Treatment pust be ecufficlently
prolonged end ot a high enough temperazture to humpgcniea‘the £ péane but
for asc short a tive and ot ao low & tewperature os possible to winirise the
vaconcy concantratien,

Solution trestment conditions could be optinised by coarrying out 2
dctailéd cnemination of different combinetions of time and tempareture bul
it seeme doubtful, in viev of the relstively small effect obscrved,shether

any pgreat benefit in teris of maximun ’Hc wvould arice from such & study.

3
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G2, Ihe nddition ef third elesests
i . G2-4E YT S FUR S : F
Henunolv et ol succceded In fncreasing tho coereivity ol

releolloy by meking edeitions of third elewents. Coe such elloy hed the
cosporition - | |

Co 67.6% (80,85 wt.2), Al 27.4% (14.82 we.2), 14 5,05 (4.63 vk, 4}
and propectics, after solution creatucnt at 1365°C end apeing &0 o

at 550%¢ ~

B, 2B30 G, W, 1550 we. (L) 160 BED

CONESN

This olloy ie typical of the vericus nipgh cocrcivity ternnry alloys
degeribed by Uesumote et 2l diw that the inerosse in coerclvity in
scevrpenied by & decroese dn B and (L) (fuple- 3). sn alloy of
siviler corpoeition has bheen cxsuined as port of the present work o
detervine the resson for the incroscsed cocrcivicy.

The materiel vas grepared fren censtituents of the folloving
puricy -

cobralt 98,5 weton, oluviniuz 2.9 wve.i end T 89.% wi.l

relting was carricd out Ly induction beating uwnder argon. After solidiflestion
tho cost wap brehen up end ve-peltaed to ensuye sdequate wixing, ¥ae
enalysed composition including iron, present av iuperity, woes -

0o 67,50 (by differeuca), &1 27.3%, WL S.u04, Yo £.24

‘ . ' ‘ -3, ‘

A nuzber of sawples vers soluticn treated et 365°C, under o

protoctive atucsphere of bydropgen, and water guenched. Iu this condition
ot wr g g} . P ,.‘“1 wd OF -1 o 33 Povis o Bt 3 «

o ranged botveen 645.4 onmuy © oand 66,0 enuy T, indicating a Loir degves of
howsgenadty, and Jﬁc war too small to bu ncasured, .o, <2 Ju, E-vey
giffraction essuination, using the besunorie cuners, end opticel watelloprapuy
revecled ¢ sipple phage structure whieh war identifdicd e b.c.c. B

. i e g S B T T

Sawples wvere eped st terporatures between 45070 and WO G, A
with the bivery 2lleyer, the precipitate was found to e © on ageing up to

("0'- : - & 3 3 AL o 699 5 P . .

600 C and 8 wizture of a and © g8 Fo0C,  laring apeiuy st the latter

tenperatore the asount of o imercesed ancil after 12 Lowrs only o tracc of
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¢ wap detected.  The vafiacicn of ¢ end *kc 53+ avéann 19 shown in Figure
&4 end Tabie 17. ?eak Jﬁb was 682 Ce (267 hours at 450° ¢) ond ¢ reacued
E) tinimum.vaiue of afovnd éﬂbemu3~i.

It is interesting to coupsre maximmm Jﬁc sand wipnlvun o of
this Qll@v with those frow the oripinal binary allo;a {section 3.2.3.). %hese
values arc plutted ageinst cobalt content in Figure 45. 1t cen be seen
taat the point reéresen;iug 5 of the ternary alloy falls cxsctly on the
straiﬁat ling cannectiﬁg the poiats f{or the biuaryvalloys, wiiile a spooth
curve can bte dravn joiﬁing‘all four ch peinte,  Ihs, in the present work,
the cddftion. of titenium st the exgense of cobalt resulted in increascd
coercivity but the effect on both cocredvity end ¢ woe not significantly
different frow that uhich mipht be zoticipated if aluninius content vas
increseed to & sivilar cxtent, i.e. to give 2 32.5% i1 binary alloy.
JHc is Zflucunced by activation encriy.
1f, therefore, the Co~41-Ti alloy is ascured to be eguivelent to a 32.5%

it has been suppestod that

sl binery slloy, EA for the reaction might_be cxpgcte& to be internediate
botween the volucs for the 284 and 387 41 alloys (19,000 end 25,000 calluole
rcspectivaly). ﬁ% was detervined for the Co-a1-Ti alloy by plotting lep € versus
1/7° uhere t wvas the tize for @ to £all to 57 gmugwl (izure 46). fthe
relaticnship'was aﬂﬂroxim&tély lincar and from the slope, £&.uaa celeculated
as 27.500 cgl/fvole, ubich ic hipher than anticipated.

In con trad;ction to chg pregent work, lasunto et alas shoved
thet there wvas considerable bepefit, in terms of coercivity due to the
addéition of titenius. 7The Co~Al-Ti zlloy with thke hipghest cosveivity is
that stated carlicr, i.c. 67.65 Co (82.55 weoi), 27.605 a1l (L4.62 we,i5), S.08 Ti
(6.6 vt.X). Zhic econ be coupared with n» binary alloy with the cone atonic
cobzle content, f.c. 67.6% Co (82 we.i), 32.6% 21 (1€ wt.i}, ‘Tac properties

of thesc alloys after heat trestient Lo pive maxinun coergivity were given

by lHaswaoto et al as followe
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ived demsgeetizaticn ewrves for a 3Z.4% 41 binary doaleclley alioy
(besed on the resolts of taswumto et ol 5%) |
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YHc of the binary alley is not steted but in Vipure 47 a devagnetisation

curve, (& v.o. 1), with Er,'hc and (EH)P _ a8 piven by Hasusoto et sl for the

s o0 A%y
binary”allcy, is constructed. ¥From this an intringic demagnetisation
- ecurve (%~ u v.s. H) has bepn derived and this con be extrapolsted to pive a
: Jﬁc value of sbout 1350 Ge. The valus may not bo eccurate bheceuvse the

precise fors of the demagnetisation curve is not hnown. It ie clest,

however, that Juc of the binary alley wust have teen considersbly lowver

than thet of the alloy with titoniva. A5 noted cbove, activation cneryy
derived in the preseut worl was ratier higher, in the presence of titeuiun,
thar would be expacted for the equivalent Linery slloy. Lo corrcsponding

activation

increase in }Hc vps observed but it is poseible that 1ncrua¢ea+onar“' due

dpht be voegponsible for the increased Jﬂc

to the presence of titenjum v
obtained by Hasumoto ot al.

4.3, ;edxi;cntxonste Increase. ”emuncntc

4231, he addition of Iroun

Tue saturation narnetisstion of iron at roos te**vera;.~ 5
sreater than thot ef-cobait (ﬁ fe = 217, ¢ Co & 161). The portial
veplacezent of the co alt content of A«lcollv“ Ly iron wight Le exvected,
therefove, to increase ¢ of the pracipiiﬁte and, consegqusntiy I of the
““tcr‘dl aftey sredng.

£ east of cunereiel purﬁty conntituonts was induckicn relted

under argea oy described previcuslyv, Analysed composition was -

Co. ©h.25 (v dlfference), A1 30,25, Ve 4.64

[

The compesition

+

s nerked on the Co-il-Te vhare diapres in Figure 46,

, SRt . 73 .
The phace boundaries shown are theze so §00C devivad by ¥dvards'™ vhose



Fig. 48 - Aluminium Cobalt Tron phasédiagram at 800°C (after Edwards 73) .
: The asterisk marks the coumposition of the alloy discussed in the seript




600

400

85

450°C
o ()
50°C
i
3
1
150




fLELE 18

e B

THE EVFECT OF AGEIHG ON (N AHD ¢ OF Tik Co-Al-Fe. ALLOY

O g -
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g 545 77,4 6% 02 75 .6 2 401 749.9
138 535 77.5 53 524 77.4 A 43¢ 79 .4
162 535 16.5 151 525 76.9 144 385 .1
20 530 76.6 162 BZ0 76.3
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eso’c 654 € 70e%e

i < 2 BS .0 Q <2 £5.0 G < 2 86 .4
1 89 - 1¢ min Y00 - 5 win 136 £1.3
361 g2.4 15 7" 248 81.5 10 min 175 79.0
323 - i 205 78,8 15 % 154 TE.6
32¢ 77.6 1 165 77.0 134 76.5
521 77.2 14 143 76,8 11z 76.6
45 76,6 23 125 7¢.3 103 6.0
-2 11 7G.3 ~
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wori shows tuat this alloy will contain tuo phages, & + §, 8t tewperatures
) . v S S
below GO07C and only i, at temperztures cbowve 13007C. Solution trestuent

and areing to precipitate cobalt was therefore feasivle,

> » ..,.“..\_.»-_O,, :
Saxmles vere solution treated at 13RO ¢ to give ¢ botween L3.5

‘ » '"*1 ' e »; > & v K3 13
end 87 enup T and e © 2 CGe. Vetellographic snd Zeray diffrsction
exauvinaticn revesled the anticipated single phase £ structure. The change

L

- ; - SO - T '
in JHe end ¢ on ageing at tenperaturcs hotween 430°C and 7507C is shoen in

Figure 49 snd Table 18, As with #he binzry allays the vrecipitate was €
below 650°C and ¢ + ¢ at hipher temperatures., .Ccmyaring the propertics
‘with those for the binary clloys (Figures $~12) it is geen that, in the
alicy with iron, wmaxinux Jﬂc is lower and nore dependeat on osgelnp
- temperature io the raape 450-500% than wvas the case for the binary
paterialz.  Also, the piopicws velue ef o (about 76 cmugml)‘is ratiasy
aisher then vould be expected for & cerresponding linaxy cslloy. Thus, ©
uen incressed by the addition of irom but only at the cxpeésc of Jac.

The reason for the reduced ¥ wes catily establighed. In F$gurc
59 ¢, T curves for Co-Al-¥e sauples ared for various tires at 455°a are
plotted. These weve produced as deserived in aection‘s.é. and indicate
clearly the presence of tvo magnetic phases (o ﬁ@d ) in 211 cases. Thus
aven aftor 162 hours at 450°C & remeined strongly msgnetic.at rooR
temporature, Ffom Table 15 it can be 5amnvthat uworve prolesged ggesng at
450°C did not result in zay sipnificent change iu Jﬂe or v. It muzt be
concluded, therefore. that the precipitation reaction vas essentially
corplete after 162 hours and thet the magneﬁic 5 present wer in cetastable
cquilibriumvuith the ¢ dispersion.

ﬁnalysis cf the Curves in ?inure 50 ueing the spproach described
in seetion 3.G. Is possible., Tie results can only be approxiuwate,
bowever, for two reasons. Tirst, the cosposition and, thewfore, the ©

el the dispersion is not knewn.  Second, the Curie tempernture of the 8

precsent $o nuch birher than wes tiie cawe Ffor the binery sanples studicd.
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\s & revult it {5 not pospible
influence of & on the marnetisation e neglizible witheut seoving duto
the wange shere the ¢ te o trancition, with conscguent salub;o ef clusinien
ig likely., Assuming the Cofe disper: ion conteins about 5% Ye, ¢ would
, -1 : ’ S .
be about 165 ewur 7 ot voou temperature (U Co st reon tevperaturs is
-1, = -1 onC o . N T Co3 .
161 cuug ) and 148 evmup T oot B C {0 Co st SWI T is 44 ernur 7). it
can be calculoted, as in seetion 3.6., thai in the case of the saunle oved

-

162 hnuta at 450%¢ the veioht fractions of prccipitateAand { preosent are
approuivatly ¢.3 end 0.7 respeetively. P of © is then 34 emup ~.  The
contribution of B oto t&e tanal'ﬁ&gnt ticetion (at saturation) iz, t&ar*forc.
about 24 emugﬁl whiie that of the yrecipitage'(nt,rew&nanca) is about
26 em&ghl. |

Aecording to the-digcussien In seetion 3.6. &n even lover
eoereivity than that ebserved nizht e aaticipated teeouse of the
relutively larpe oatio of tie F and precipitate eontributions, WHowever, in
view of the variovs ineccorecics igvolved in calcuiating the centributions
it seens wnvdse G ércu vore than tic g&ﬁurﬂi.CGﬁéltﬁlcn that tho iovw 4H

can be atgributed to tha persistence of the magnotie §onetrix,

ba3.2. wipts Lo imdugy pzreicle alis

PERPaS

At ptated earlior, the romanent marnctication (5r) of & perconent

regnet ecnsisting of rendomly aligned single dewnin particles ds approw-

. 13 .
fuately cgual to half the caturetion masnatisation™ ™, the preperties

being esual in all dirvections. I7 the porticles are slipned with their
¥ 3 " (3 LS

capy arxos of m&gn&tisatieu parellel, however, the "anor:.crvbf Fhe asgenbly
are pnisotropic ond in the direction parailel to tue preferred aucs of

the porticles, nr it equel to paturstion ragaeticetien, Thus, although

in opher ddreetiony properties are reduced relative to those of o

randouly alervd uyst@h, there is p ytc&t ‘tnrcvvx:vt in “r and, thercfove

(Lz)r&? in the preferred dirvection.

»

A vurber of cxrerivents verz, therefore, csrried oub with the

I

- » L] [y . gy any g A # i’
el of inducing sore desrec of slignwent in the £ precipitate dn Ualeolloey.
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ruetie field heat treatren

. .
D s

4 3

I ehe finiee allove (oes ~~ble 1} 2 Ligh coercivity io derived
frovn & wasnetie, &An'io doenzin precipitate with o b.oe.c. sfTucturc, presest
in @ vnonvaznetic, Bat.c. ﬂatrix§ the precipitete percticles ore elongneed
-¢ suicotrapy. Tue

¥
i

paralliel to «0DI> onivix dhcctions and thus exhiibit alis

I3

two phase structure iw yragucnﬂ by apincdel ¢Qsz$usi;iou during beat
‘trﬁﬂtﬁmng, the pfﬁpiéc aature of the txéa tuant beinp dopandent ou the
coresition of ﬁha mileyyé. it the rewction fs iud ti~t&i in tho prosence
of o warnetie field, elensation of the ﬁagﬁ c*c conpenent alen~ Lhaco <031
patrix dizections which arce perzilel te tie field direction is favourcd, If
the raterial hae ¢ randamly'sricmtaﬂ gr'in styecture it i3 enlikaly that
meny prains will have <0ul> matrix divections paralel o the field, elenpetion
thue tekes place aleny thosc <uu1& Gircetions wont nearly pﬁ.ailcl aud &
iicitod derrec of eclfanmont io obtelncd, Creater clfonoont wnd awporior
‘rﬁisatGCic rroertios érn nebieved 1 2he ooteds gralnes sve oricntod with
<G0l» axes pavallel sod € the field duwing hest trootment dc applicd in

shie divectier The cleieo allors, vish cither rasdorly oviented {aquinzed)

.

or criented (calusnar)'guaiﬁ atructuran (the latter produced

cnsting o dogoribed dn acceticn 2.0.) wre sivost iLéarﬁehlf panufzetured as
enisotronic Ticld treavad wann%ts.

In the ease of nmlcmilﬂf the precipitate I8 hee.p. ¢ in wh

preferred diveetion of ragnetisatien at roon teoperature L5 <G021Ir, Sy

e yropertics ‘nulf therefore, e faduced §f the <0001 oxen of

’Jﬂ

znfsctrorn

%

the porticles veore pornllel, tnfortusntely the reouvlts ¢f tonda and Uasunoto

. ‘v(},‘ .
indicate tant ot tewperatures ebeve 23070 the andcetrosy of tho styrvoture
*§ Fad

3

channas so tuat ¢he principol divections in the baoal plane hocone preferred

diractions of poenoticaticn. The varistion of M with tesperature of

R : Je
Yigleolloy {scction 3.3.) i not entirely comsistent with thesze ¢lservations
but {t seers likely that vithin the Tange of teuperature uscd for opeing thase

alioyn (455 pon© L) <y will not De the preforred dircction of nornetizetion.



ihere ig ne resson o supposne, thatﬁfnréy uhgt‘ficld Lest treatuont :nqlﬁv
fovour pror)pxtatznu with <00i> ¢ {directions) parellel té the :ie1§.
sapwsing that the type of & iootropy detected by Honda and ~?ELLO&0 aathﬂn“
250% end &ﬁGGC hlsa exists at hipgher tcnpcr e, tne ve"t likely cffach
of ageing in a field ie thnt precipitetion ieh {0 i} e (ﬂlvvcs) porailel

to the field vould he ancouragcd.‘

In sectkion 3.4. the cr)utollc»“angic ovicatstion relationchip

betveen € preecipitste end L wotrix vas d&finea ee {0UOL} ¢ pgrellci to
{ 01 ;e In the ssme section it wac shown that in caatiugv concisting
of colmmar crystals the <CUL» § wes epproxicately perallel to tiie colunner

exis, It follows that {011} § (plancs) wverc parcllel, perpendiculer or at

45° to thde ax xls. On application of & field parellel to the columnar anis

[
7
o3
4
W
e
’4‘

during aL&iﬁg, tvo of the ;312} £p . cach eryatal would be approxn-
irately pazailul to the ficld; preeipitotion of e with {0001} ¢ parallel
to theae {OI1} § piones would, thovefore, be ﬁavmurad. Sinee the colunner
greine tvere, apart frem the gorred, oadeace of <21 § armes, randowly
oriented, the §9031> e directione vould ifc in g plane perpendicular te
the ficld dircction.

The efcet in torme of parnctic properties would be te dccr&aéc

(Eﬁ}max and ﬁc in the ficld diveetion, which uonld écntnin no <§Qél> <
&itﬁctions, but te give gome irproverment in all direetions perpendiculsar
to the iiclé. Hince ‘<5“J1b ¢ directions uvuld.he distributed ot randon
within the WIrna yrr«enéicul*“ te the ficld'onl? & snall iu;rwv&uwnt vould
be enticipated,

I eaulannd chvtin"s Gith randorly nribn»cu srefng) few {0313 ©
planes would be porallel to the field cud any anisotrapy arising frow ficld
heat treooteent would be lcsw narked than f{or coluxra; senrles,

in fzet, as showvm in ?mbiu 1%, the propergies of cquiared and
celurnar semples, aped in a napnetic field, shoved no eign of anisstrepy

3 4

end vere identicel to those of unrﬁlcc accd without & fleld, The equinxed



He

Field

Tieid

Tull PROPELRTIES OF EQUIARE
o

<rysta

Structure

“equiaxcd

equlaged

colunuar

colusnsey

Tequiared

esniaxed

coluznar

_eolusnar

v

AT 5.‘:{‘ G WIT H

ATHOUT TEE APFLICAT: Iﬁ

Al ?J

me

Test Girection

e e aeian s B e e

perpendicular to asbhove

"\
rp——

Loy %LLO& AFTIE

1}} ﬁ xﬁx

parellel to columner crystals

perpoudicular celunnar eryatds

parallel to f£ield
verpendicuelar to field
parallel te flelad

perpendicular to ficld

SHETIL

- 3360

3‘“.;1»*

3350

345

3400

3350

;}J‘.\h 1: c\"

L 13;1_.&

Ton (‘

‘u’f

r £

..
s
b

e

Qv‘

1123
1115
1113

1126



a2

patexial war fron the 287 21 alloy and the colutmar venples {also nouiseily
285 A1) vere fren the esst deseribed in section 3.&? AL saxples weve
zolution treoted at 1380°¢ for 4 hour and vater guenched. Hapnetic field
arcing, for & kours ot 5507 . vns earrizd eut in a gmal) furnzee inside
a-?atﬁr cooled soleonid which preovided a field of about (GIU Qe! In the
case of the ecluvnsy aamplﬁa;'tha ﬁielé‘was spplied porallel to tiue colusnar
axls.

sinea nw aﬁiﬁetrapyvuhatacever vas detected after fileld heat
treatuont, it vuct &e'éencludud that the increase in wasnetic enoryy
associsted with & pazticlé forning vith wnfavoursble orientation reletive
.té the field vag iﬁﬁufficiant te inhibic nutla#ﬁen and proveh,

b. feehanieal work

It in well Locwn that plestic deformsticn con £nduﬁc preferred
orientation aund it sewmd wof;huhilc as port of the prescent work to cramine
the effcet of weeunanicsl work on the ialeolley alloys,

Thieg approach wvas eorpletely wsuccessful,  attetpte vere wmade to
forpe semples fron the 237, 2850 end 38X AY slloys et all stégan of the heat
trastuent procaws, L.c. before and after solution trestuent aud after agedng.
Toe samglws‘aﬁre pre-beated €0 vorious tewporatures up Lo XQDQGC, and forgcé
by hsud, using & hasser and an amﬁil. In cvéry,case; the first blow of the
namer shattered the spocienn end only in these senples heated to either 1266

o™

or 140276 Wﬁte‘ﬁiﬂ&ﬁ of plastic deformation observed. V;h@ alloys were thug
found to Lo uniurxcablaf ﬁhiu is ﬁnt in epreement with lasusoto ot al who
veported elleys containin: botween ebout 20X and 254 .1 te ke "forgeable”,
thore betveen about 2570 and 35X Al to be Veowcupat forgechle” and only thone
atove 220 to ke “"wiorceakle’,
4.3.3.  Iapcwrensed & due tc the presence of mapnctic £

It bas been xughgntcd in seetion 3.6.4. that becouse of the influsnce
ef loeal flelds. the rm;ic ﬁx/étgﬁ for nalcolley zavples may te incroasod
‘to coneiderelly greater than 0,5 (the exsected value for isotropic naterials

if the matrix phese ¢ ie meppnetic. It may bLe that the properties obtaiped
. ;



41 - ; . X
by Masumoto et &l , whe reported I and (Sﬂ)vrv roather highor than thoze

. r $38 9
moasured in the present wvork (Tsble 10) were influenced dy magnetic 6 in this
“way. In 3.6.2, end 3.6.3., hovever, it hos boen shown that the cain effect

of rsguctic £ ie to reducs Jﬁc. it it ne vc:thclcsv soseible that sone

increase in (LP) x could be obtained if heot treatment wvas carefully

wn

controlled co thiat the effoct of macnctie § on Juc.vas sinivioed vhile

reteining some improvement in B The limited ccope of this peseibility is
demcnstrated by the demagnetisstion curvee in Fipure 34 for sarples from
the 28%2 Al alley aged for 1 hour and 16% hours respectivel* at 509 c. 1a

, ~1 o
the cawple eped for 1 hour aa vas 25 emuz T and after 188 howuors T, WHE £OTO
*

Table 14). Er waa‘%i her after i hour and b léndu ves reduced te V.56

in the 169 hour sample. At the same time, however, the presence of ragnetic

1 has restricted Jmc of the sanple azed for 1 heur, to 524 Ce (Yoble &).

.Clcarly, therefore, since Ug wsunt be very low in order to jive high'lnc. Bny
iv@ravemenc in Er duzr to thie rochanisn is likely te be small. le experirents

specifically ained at exploring this effect beve been carried out. Hevertheoleos

» .

it can be ceen from the results in Toble 10 for the 261 Al alloy zped at

0 - S i g : ‘ - ” ’
5007°C that optimus i end (b:)rsw do not covrespond to naximuwn Jhc' Thuas,
A A8 K 4

the bost (b;)ﬁLi (1.30 UCG) waz obteined after 12§ hours ot 560°C when *ﬁc

wee only 1215 Ce, © (?nLlc 14) ves 12.3 esug 1 and ﬁriéwJﬂ was .57,
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CULTTER 5 EIANIBATION OF Cﬂﬁé,T BITALITY LLLQYS

Cetmema e s s v S o e pans

5.1, Intreduction

The high coldt section of the cobalt titanius phese diagren
ST " s oy R '
acecording to Fouantain and Teovrann ~ . ¥

shown in Iigure 51. It cen be

jeX

- *

cuen that, as with the Co~Al syoten, it is poussible to toke e certein
emount of the primsry, cobslt rich phase (o) into colution in an
intercediste phase vhich in this care lo f.coce v
Thus, alleys asﬁtéining betwenn cbout 17 and 204 Ti should be
*'vaalé to selution treatment within the y phase field, at :cﬁparasureﬁ
botweon about 1050 and 117506, fﬁllovcd by ageing iu the oo phase, o + v,

ficl

i

to precipitate Q. The fraction of the cobalt rieh pﬁeaa available
£cr‘pruﬁipiéatinn in thean o2lloys is smueh less than in the tvo lover slum~
nium (287 mng 237 A1) Hx1c0110§ alloys; saturation magnotisation will,
thcreféra; bhe lover and ﬁ (?!) znd Hc vill be inferior to theoe cf»
the Halcolloy 2%laxa., In the content of the presont sorlk, howcvér, Co ©
clioys arc of fnterest becsuse of the sivllerity between the cpotal
structures of the intarredizte phase v and the f.c.e. slletrope of eshalt,
.  Thes, f.c.ce o colielt §a3 o lattice paremster ol 3.56&1&“‘, viile that
of f.coc. v vas shovn by Founteln md rerr@mr75 to vary'hutweer 3.6068 (20 1)
ané'3.6l&g (3&? iy, in view of the wpimilovity between the two structures
and bearing iu wind the sluszish natuze of the f.e.e. te huc.p. ﬁramsiﬁion
in coholt (Sppendix I), it seens ineviteble that ou aycing et teuperatures
above the transition tenperature, the cobalt rich precivitate will form asn
the stable f.c.c. ellotrope end that thirz structure wiil Le retained en
cooling to room temperature. The CoTi alloye thus provide en opportuaity
to exanine the properties of o f.c.e. cobalt precipitate preduced under
sirdler cenditions te thope under which the h.e.p. preeipitate ig forued
in Halcoliay

5.2. Preporation and Heat Treotzent ef the Alioys



3.2.1. 5??9329}?5%&1?5&5“-.‘.?._}??1{ alloyn

TNo c&sta’wcia ﬁrepared from cowmerciel purity constituonte
(99.5 vt.X). elting procuduré vz identical to that used fov the
ialcolloy alloys(i.c. under half an atwosphere of ergon, in o pure clumine
crucible contzined in an induction hcatéd gréphite aﬁscéptor. 'The custy
vere £lleoved to solidify in the crucilble and, after solidification, were
re-relted to ensure satisfactory mining., Nonmdunel Ti centente wore 27.52

and 204, analyeced comporitions, including Fe pregent ey fupurity were as

follous.
Ti Fe Co (Uy differesce)
17.3 (.2 82,8
23,1 6,2

5 ‘ 74,65

The 17.5% Ti elloy wac Gubsecuently used for solutien treatuent and
agelng experivents.. The 20% T material vas aiced to give simgle phase ¥
approsirately of the composition which, according te ihc phiase diasran
(Figurce 51), vould come into cquilibriuws wvith o in che 17,58 €1 alloy on
aceine at terperatures belew 950°C.  %hus it vas possiblie to aas&mc that
the structure and megnctic properties of the 207 Ti alloy were sinmiler to
those of the matrix in the 17.5% Ti alley afteriageing to pive complete
precipitation of u. |

3+2.2, . leat trestoent of the Alloy

(<

Both elloys were Initially suﬁjccfed to & h§nag¢nisin; treatuont
of 6 hours at 116606, {(i.c. witﬁin the v phase field_invbath canes, 6ec
Figure 51), followed by vater quenching. Atvospheric protection was
provided by a continuous flov of purified hydropgen. Subsequent czanination
of both casta by optical microscopy showed the 208 Ti weterial te be sinzle
phase but revecled a multi~phase strocture of cored dendrites in a cutectic
mct:ix in the 17.5% 71 alloy. Unlike the Malcolloy alloys both LoTi casts
vere found to be forpeable and a single phanevntructure.wan uliinntély

achiecved in the 17.50 Ti alloy by ferping pricr to volution treatment.



Sorging s enrried ocut Ly hend efter pre-heating to 1166%.,  etallo~
srephice exandnation after iorging to give abeut 60Z réductiag slhicuwed
the dendritic stricture to ke heavily deforrmed but indicated no eipn of
re~cryvetilication. Subseguent solétion trestment ot 1160%¢ followed by
unter quenching praduceé the desired sizgiﬁ phace sttnciura. |

o furg&er.tréatmant vas ﬁppliéd to the 263 Ti materisl but
sacples from the 17.57 Ti cast were cubjceted to & vaviety of ageing
trogtuents ot temperatures botueen 450°¢ end 750°¢ #s shown in Tablcyzw.-
Ageing at ell tesparatures vas cerriad out without atmospheric protection
and the samples werce guenchced to roonr tepmpoeraturce after ageing,

5.3, FEesults and Discussion

Both alloye were exemined by Z-ray dlffrzction in the gingle
phace condition. In both caser the structure wee identified oz f.cic. v,

o o
with lattice paramater of 3.6084 intie 2040 Ti alloy and 3.600 & in the
17.5% 11 2lloy. %hest walnes ore in good epreciont with those of Fountsin
and ?orééng7s. During agcing of the 17.5¢ Ti elloy, at all the tenperatures
chovn in Teble 29, lines nppeargd vepresenting f.c.c. o,  These vere wcgk,
duc to the srell amount of the phase aveilshle for precipitstion (uow
Figure 51) and vere positioned close to the y linez. Ehié wvas to be
expected‘in view of the similafity(batucen the two cryﬁtai sEructuTes.
Gore line Ercadnfiug wae obperved in ghe patterns of both‘phaséé, it seens
likely in view of the crystallegraphic'cimilafity betvean o and y that
this was due to mutusl stréiu and that the tve slruetures were conpletely
or particlly coherent.

Jnc ané ¢ were determined for both cects In the eingle phasa
condition. The 207 Ti raterial had o of &7.5 emu;wl vhile that of the
17.5% Ti alloy wer GC.5 eaugwl. In each czze, these veluee are the ween
of ten determinations vhere the range wos about #1 cmuswl. &y with
Haleolloy ¢ wag reasuvred on.ennll gelid semples, Jﬁc renged from 45 to 56

Oe with o mean of 49 Oc for the 207 7i alley and fros 350 tei.67 (o withiae
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N

cam of 60 Oe for the material with 17.5% ©i. In each case the ol

H
| Je
five differeat sarples wos determined. Durine ezeing e end ¢ of the 17,355 ¥i
elloy varied as shovn in Table 20,

It con Le seen that there wes no siynificent esange in o during

ageing. Rc increcsed and then decrecosed reaching a2 peel value of ahout

J

233 Oc ot all temperatuves cxneept 755°¢ where the poak value wag 192 Oe.

The lack of variatioﬁ in ¢ ecnn be aéplained an follouve.
According to the phase diagren the weight fraction of o nitef full
preeipication in the 17.5% 71 olloy, is about .13. o of the precipitate
will Le & 1ift1e lover than that of pure cobealt because of ghiout 2%
titoniun in solution, 158 emugmz, iz a reaacﬁabla estimate bazed on e liuearx
dilution lav. Assuming ¢ of the matriz phase ¥ to bo enual to that ofltbe
2&3 Ti elloy, i.e¢. 45.5 emugul it in easily shown that‘Q of tue 17.5% alloy
after full precipitetion of ¢ rhould be abéu: 63 cmugnl, i.e¢. very sinilar
to the selution treated value.

The relatively low level of ki, achieved ig not surprising in

J
vicw of the naymetic watrdix., Furthersore, if coercivity wen duc to the
presence df the o precipitéhc viiieh is f.c.c. and thue hag low crystal
anisotropy, & vory sﬁall psrticle gime of lecgs than 2&&2 would Le necessary

to pive single dowain beheviour and higﬁ coercivity (sce cection 3.7.1. ond
Figure 39). (

Unlike tha #slcolloy clloys, sthere Jﬁc in the soluciouICEeated
condition war tos small te be measured, (<2 Qe), both the aohaltwtit&ﬁiuﬁ-
alloye exhibited significﬂntvcocrcivity, (>45 O¢), after selution Greatument
to pive single phase v, It cannct he assuoed, thercfore, thet the coereivity
of v, after precipitation of n in the 17.5% %1 alloy, vor insignificant in
relation to the coercivity of the o particles. Indeed, eince lettice strein
cen hinder donsin boundery moveuent and thus inerease coercivity (ecction 1.2},

Iy

it ic conccivalle that cohwereney etrain, which it has been sugpeuted ehove,
ig induced in vy during vreecipitation, wight result in the cocrciviety of ¥

increasing during apeinp. It uwould not Le iupossitle, therefore, for the



coercivlty of the y mtriat to be greater than that of the u precipitat

if the letter wee larger ches single domain site.

Unfortunately®* therefore, beceuae of the >resauce of taa magnetic
y M trix and the uncertainty regarding the precis® source of the coercivity

it ia difficult to interpret the properties of the cobalt-titanium alloys

in the satm ter&s m the aXeolloy alloys end no useful parallels can be

drawn *



CIAEYRR 6 EXAMINATION OF HIGH CORALT EVIEGTIC 28D LUIECTOLD ALLOYS

PRSI e - —e

6.1. Intreduction

& finely diepersed wminture of phases ean be obtaoined in slleys

of eutecctic or cutectoid corposition., Lamellay spackdpe of less than 1 uw
. e 76 ’s 77
are frequently observed. Tiller ~ and Chilton and Vinepard ™ have shovn
that lamellar specing in eutcetics decreases as solidification rate increases.
Thus, in the leed tin eutectic Chilton and Winepard observed a spacing of
1.5 ¢ in & divectionslly rolidificd cemple, growvm et 1.5 rx per winute;
this opacing decrecsed to 6.5 jtm, when the prowth rate was increased te 18
per mivure.  Such o diepersion would be too coarse for single deomoin
bebavieovr In either f.c.e. cobalt (dc = 3,02 ur) or he.p. cobalt (d @ 0,2 ws),
but by suiteble control of solidification conditions it i fensible that some
3

appreach to & cincle dowzin spston might be achleved particularly in the

case of the hee.p. ﬁllctropq.

76-E0

l.

4 number of vorkers have reported the mapnetic properties
of cttcctic alleys eontn ining 2 ferromagnetic phase. The vecnetic
COTFOnent, frﬁquently iron but in sope case# sickel or cobalt, was
rroduced as elongated particles Ly directionsl colidification. The ain
was to obtain shaps ﬁnisottopic particles, spproximating to esingle domaius,
aad thun havins biph ccereivity, but in rost cases coeycivity was low,

L 42 s
e, Preeptional resulte were thoee of Izvzny"tou , wha achieved

.

vOe qu}

Foie

Py

¢ coereivity of 925 e in the pold cobslt eutectic by cold draving o

diracti*"rllv solidivied saavle (sco nection 1.2.2.), ond those quoted in &
81

+*

patent epecifiention ™ by Moenotfobrik Sonn wheve cocrcivities up to 740 e

b3

vere reportad for vardous, directionally solidified ivon baced eutccetica,

e e 3¢ \
tueh of this vork hes been reviewed by Gslasge™ . In cvery case, the

ohrprvod

coerafvity wes attributed to chepe enisotropie particles and
there oug no supreetion, oven vhen thﬁ papnatic counponent of the cutectic

wpa colalt, that erystal suicotropy oipht be prinarily responcible.



la th« case of thu iron baeed eutectics patented by Mageetfaferifc Si
the Iroa aapatftit of the. tultetie structure mmt¢» presumably, have bee*
sufficiently finely divided to tppvwiM U to a sittgle dormin aystea in
order to give the reported coercivlty* aieea iron baa law crystal anisotropy
single domain sir* is lull, i.e. around 200A end hi$h coercivlty i« only
achieves tritt elongated particles®* If a eutectic structure with this decree
of sub-division, together with particle elongation, can be obtained, it
secsr.s likely that the conditions accessary to give nigh coercivlty in a
dispersion of h.c.p. cabalt, i.e. particles with diameter about 2000A
should be fairly easily achieved. Since the partielea need not ha
elongated there should be no necessity for directional solidification.

lit the majority of eutectic and eutoetoid structures, the
phase# are distributed with & lawellar or rod- like structures this is
not ideal for high coercivlty behaviour in a material with high crystal
anisotropy because shape anisotropy my oppose crystal anisotropy and thus
reduce coercivlty. Furthermore, although lamella thickness *ajr approach
the dies*ter of a sinfla domain particle, the discusions in the perpeudicular
directions will be very teach greater and the fenaatiou md laoveeeet of
domain boundaries within ¢tm lamellae seems likely. Nevertheless., in view
of the high levels of coercivlty reported by LiVingstee40' and Haguetfabrik41,
an exaaiaatioa of cobalt baaed eutectic and eutectoia alloys was thought
to be votlIMiUi.

4.2 Structure and Magnetic froprtlee of the Eutectic Alloys

4.2.1. Alloy composition and preparation
Eutectic alloys o«ro prepared to several compositions.
(i) The eutectic in the cobalt antitoo? system (Figure 52a b2)
at 252 (41 vt«£) Sb*
(ii) That in the cobalt niobium system (Figure 52b C13) at 152
(21.5 vt.Z) Mb.

: . : £4
(ill) The cobalt carbon eutectic (Figure 52c =) at 12.51 W W
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(Ov) Tour alleys sppromimating to che Ge O cutectie but
contnining 0,25, 0.5, 1.0 ond 2.7 wten ferro-silicon,
(70 we.% 0f) reeveetively.
The alleyé of copmoereinl purity (sbout ﬁ?,5~v£.£) vovy moited
-

by induetion heating undey grpon. The rddition of Te-3i to feur of the

Co € cazts ves based on the faet thet Fe-5i has the affess of rofining
. P . i ) - ) 5
the iron grophite eutectic in grevw ezttt droen ., If vas possible that &

similor effcet wicght result frew the cddition of Ye-fi to the (o ¢ eutectic

&

Lloy.

Dzosute solidifimtion rate wag ovpeeted to influence the anesture
of the cutectic structurc, seuples of cach volten allﬁy:wcrc zllowed to
solidify vader different comditions, ime sagle fron ecch vas @oured into &
émﬁé mould, ﬁncthcr.wés chill cast in & amﬂil steel ;uﬁct rould eund the
third ves thotted by pouring into uwater. The aversee covling rateé induced
by send and chili casting vérﬁ zearured as 4°C per gecond and 26% pey
cceond, recpoctively., The shotted watarisl, which wag eutrincé by pouring
into water with ¢ depth of 90 e from & height of 67 cn ghove the water

r

surface, consicted of spheroidal pronules xanging:zu dianeter froom L Table
tolﬁ.l cn.  Ihe cooling rote was not wessured Lut wvas certainly wmueh
greatey the y 565°C per sacond,  The ailoys‘werc pot enalysed but
rotallorraphic exouwination confivoed thet in cxeh case the structure consistoed
cizost éntirely ef the cutectic,
6:2:2.  Structure and properties of the s cast eutectic slloys

The micro structures of the Co 5b and Co 1 elloys werc noroel
cutectic structures; that of the Co §bh ziloy sfter chill costing ic shown

.

in Figure 53 . The phoses appecred to be iuAChc fori: of lasmcllee ov
plates rether then vods. The Co € pud Co € + Fa-5L alloys bad
enowslous cutectic structure counsinting of praphite flckes in & cobalt
matris; Fipures 53band 53c ghow the ehill cast structures of the Cé ¢

end the Co € + 9,57 I'e &1 alloys.

‘Unins & ealibrated eve-picoce praticule it was possible to
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obtain an approximatc“mcasure of the degree of sub-division ih the vafious
structures. In the lemollar Co Sb and Co Hb eutceties lamellar thickness
decreased frow an average of about 2um in the sand cast samples to about
lum.in the shot.

In the casec of’the Co C snd Co C + Fe~8i alloys average spacing
between graphite flakces was veesurcd. It can be secen from Figure 53 that
the spaéing vithin individual sarmples was very varisble. The measuremeutsi
are, thercfore, regardcd'as giving only approkimate indication of the degree
of sub-division. As witﬁ'the larmellar cutecties, :he structure Bccame finer
as cooling rote increassed. Thus in the Co C material (without Ye~Si) flake
spacing decreased from gbout Eum in the sand casting to about‘&um-in fhe
chill cast sample; There was, however, little or no‘differcncé between the

chill cast and shotted structure. Fe Si had the anticipated effect of

refining the structure. The averape spacing was reduced by ebout a half ot

cach of the cooling rates régardless of the gize of the Fe Si addition. An
additional effect was the appearance of clearly defined cutectic colonies
(Figure 53¢), flake spacing within the colonies was ruch lower th&n the
average and in théfshoﬁ:ed and chill cast samples was estimated as aﬁdut
lum.

Jnc and ¢ of 211 sampléé were determined end are shown.in Taﬁle 21.

Neither cooling rate nor the addition of Fe-S8i hed a consistent effect on

¢ but there wus some variation in Hc. In general, this property inereased

J
as the structures beeame finer, but the highest value obtainedAwés 78 Oe
(Co Sb shot). |

X-rvay diffraction examinstion shoved the cobalt riéh phase‘in
all the alloys totle a mixture of ¢ and &; ¢ predominated but the amount

of ¢ increased «ith cooling rate.

6.2.3. Properties of the eutcctic alloys efter heat treatment

Since the cingle domein sise for ¢ io jroater than that for o

Hc might be inercased if the cobelt rich components

it was likely that 3
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able 21 theve was an Inereass da 3t olwine I Che Bort enug,

ctic Proportics of thu Cobelt i liccn

e s cosernn b AVt ATy s

6430 EStructure oad Foonc
£uuvc§1clfuttvto*ﬁ ﬁllnv

6£.3.1. She cobalt-silicon nhaag _digeren
The earliest version of the eobalt rilicen phase diasgran;

' \ - . 3 - PRSI + N
dﬁrzved by Les 1}3 Y (1808), indicates a eutectic reseticn at 1205°C

in wiich liquid containder 26,57 Si celidified to pive & (f.c.c. cobalt

vich golid selutiun} plun the intfrruﬁhllin corpownd Co, €4, Later
L .

s e B7,88,88 . - Y 3
werhers obtained sivilar tesveretorcs Zor the reaction but placed

the euteetic envponition botween 22,0 and 24,807 81 and detected o cecond

"

A - TR A . ,
isothercel renction ot 11007C, Mhe form of tus diarram according te Vegpel

and HOﬁﬁﬂtﬁ&il7 and Hashiroto ‘ is shown in Firure Séa.  According to
these outhors, the eﬁ&ectic reaction produces € and the iﬂtetm&tﬁliiﬁ
cozpount Co 355_ the 1$£tcr decomponing cutectoidally to o avd Cena~ aﬁ\llﬁao;.
D ourervad ta\ rhase Qassi in muenched sanples but
Jdo wot ropore its‘crystal gtructure, Rister epd Schuiéﬁg did not detect
' CoBSi and intcrpf&ted the irothermal reaction at 1166°¢ o5 tha paritectﬁié
trensforietion of o 4 ‘Q,S- to €, (Tﬁgura 58b).

In the context of the precent work, the reactions nreoposed by
Vo,el ond Emzenthnlsy and lanhi untoaﬁ (Vizure 54b) aro of porticuler interest.
if, as they susgpect, the cutecetie rezction ic followed Ly cutectoid
decoupenition of one of the compenents of the cuteetic it is possible
that the reeultins ctructurs nay boe sufficiently fine for an approcch to

be mude te single domnin bLeheviecur dn the cobelt rich phase.
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otechmicur Gunevd Cin seetion

ted, Ve awolysed gilice
content of the pond cont sanple wen 23 P owiaiie tior of Chos fhoat waes

¥ o 8 ¥ ~ry 5 + ‘g 1. =
26,35 Si. whe microctvucture of the two essbns

sag mweh cwarger then thel of the rhot bul eutectoid (vcﬂfﬂarzt,“n <)
ove of the euteetic phever vas visilic Zn the sand

3

cuteotoid strusture v&& ciurly losellor buk the sutecric pharas sppearsd
té Le rather rave red-1ika.  (En Pipeme 53e the ceetion pkﬂtﬁ; ‘%eé &

kirh rrgnifigntinﬁ vips perondieulnr to rrat b low roanifiention ond é
unusber of sppavently equfaned perticles are present <liclo mey be sectioﬁﬁ‘
threuph clongated reds}, The phases present in Loth costs vere identificd

by deray diffrsction e cobalt {predominantly ¢ vigh enly traces of a)

aund C@asi. (ihe 1zttor wi~ rhoun " Oalle”” to be ortherherbic with the

o )
- b4 -
follering ?arﬂf”tﬂrﬂ eoe T8N b e A4 0GR, e e 5.7300)
eS¢ o wors OF Oz and 502 wuup U respectively do the sand
J'e

casting and 93 fic cnd 58.2 emun - in the ehob.
€:3.3. .-‘EfCEE?ES}%E?fi,5{‘-}5?,3?.& opgrties of hage trosted sobelt silicon slleys
(a) Structure
Trom the riere atructures il oppesarad thnt ente"tozé decerposition

vae fncomplete o the sand ecact =moterizl and eorpletely suppressed in
the ghot (Flzure 55 and e).  Ioth cante wete, thorefore, haﬂt created at

29070 vhth the ain of bringine the outectold reaction to cowplotion. The
gooplan wers cuenciad to soon terverature veriodieally for wacnstic testisg
and metallosmaphle exexinntion,  In the soand eastine sn dncressing ouount
of cutectoid decnmposition wes observaed mctnllographically doring hest
treastuont; the reoerion sppearved to Lo eorplete after 56 houvrs at aon®e

(Ficure 55h). 7The sutectelid structure did snot appesy ip the rhotted alloy

Lut oy troatment prosressed, the cutectic pheven teesve rather cosrser
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ead the esleony structure wes st {(Digure 354). .HC and ¢ ct various
sterer durine heot trectzent ere shoun in favle 2Z. Little variation inm

s o indtially incxessed ond then

¢ was ebaerved bat in Loth allioy e
- 23

“deerenead as traetoent was eontinued. It can bo peen that gﬁr of tha shet
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cwas hirhor ond showsd 2 greater iwnisl dnereare doring deat treatment then
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that of the sand sost eiley.  wloee the eotectoid 5truciuru in the
costing way {iner ehpn the ecute Clﬁ‘ip the aiiot, these results are not
consistont vith the dewzes of sub-diviegion of the phases. This is not
particularly surprising sivce, ¢t such relmtively iow levels od coercivity,
othor factors, guel as sivein asd ~"*£1c1£ BRHG ud) have a siguificaﬁt
inflveace.

Yevoy diffroctien cxesinution niter heat tre catuen t indicated
the phaser syerent In both 2lleye o bw e (plus traces ef o) and Cs 81,
.

sere vere o linoo ZiCx cculc Ve etiributed to the compound Cosfi.
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or to 4nc«apeM to giv* the eutectoid of cobalt and Co”Sl. It was yo&iiiule
ChetPif a single phase could be retained by “matklag, the eutectoid comp-
onents might be produced as a flue dispersion sm subsequent hast treatmeat.
Th« structures produced by quenching were quite intprliiig. thm
water quenchad sytterial contained isolated pools of a light etching phase
in a natrix which appeared to have fortaed by a isassive trm fom kion,
(Figure 56a). Electron smitellogrephy using carbon replicas shooed the tsstrix
to be a single phase- I-ray diffraction indicated ¢m presence of a small
oaoust of U.e.p. and f.c.c. cobalt (prestmed to be the light etching phase)
but Che predominant pattern was alneat identical to that of Co.,Si. This
phase, which could not be stoichiometric Co,Si will be referred to as Co2"i
It is intoresting to note that the phase thought by Yogel and Rosenthal
to be Co”Si was described as W giey phase*1, this way well have been Co,Si(ﬁ
The structure at the centre of the small granule quenched into liquid nitrogen
was identical to that of the water quenched samples but nearer the surface
the structure was as shewn in Figure 56b. This photograph can be Interpreted
a* shoving the growth of Cs.li fro»; another phase partially retained by the
quench. Using the beau&aria camera it was possible to obtain a diffraction
pattern fro© the surface of one of the granules®* The existence of a assail
ahsount of Co,Siw was ft<nlits»4 but a miNRbe* of other lines weto preseat which
presumably represented the new phase, A certain saevmt of line broadening
made precise analysis of the unknown pattern difficult but it was possible
to index all the lines as a tetragonal phase with the approximate parameters
a * 841X, ¢ » 5.61A. it is reasonable to suppose that this phase was Ce”Sl
partially retained at roomu temperature by the very rapid quench, ho
previous reference to the structure and lattice parameter of (o 51 has been
found.

(b) lianastic propsrties alt«r quenching
i m i e were reassured on granules from both sanples. The water

c
quenched sat.rial (l.rg.Vy Co2Sl ) bad relatival/ hi«h Ja< witb mb* variation

between U bnM granule*, values ranging b«(v*.a ISO and 245 0*.
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tbmw was no reletionsnip between md jprauit «!*«¢ < vttitdi between
>7.6 «bd SI#7 AttAg * The properties of Cft* sample %mncmd into liquid
nitrogen were even noire variable Out was consistently lower (between
AS atkd 140 0A> and « coosistoady higher (twtwitt 42 and 72 **a& *) a vu
nighest ana f lowest i» toe sealU it granules which contained a si&iiAtt
of Co"Ai«*. It was conduced that the a of Co.Si was «ra*idtri>ly greater Iba*
kktl of COASiAA. ji of CoASi> was relatively high ana it is likely that tow
eoarciwity of the iiquif nitrogen queached series, vbice contained both
pusses, WAS Cue to €e4fi auii to At AJC of Coj~Si WAS CUItO low.

(c) iffAct oc ageing quenched cobalt silicon sanies

aespies coBiiftiBi of the scaliest liqvU aitre&ea “ueacnea
gTttsUf Uieacai' less lfai« 0.2 css), containing largely CsJi, «»4
samples of toe water queacoed material (Co $iﬂ), were aged at various
temperature* oetwees 300°C and 65&*€* Sarnies were water “eeucued to
rooo teuperature periodically for asgaatie testing and ratallograpdie
iainiaati*a. Values of o and JI c obtained are snows in labia 1). la cue
case of fm material M tlsiaisg Ce.’Si (water quenched) there was uo
variation ia o but jfi. first increased and. taeca Cacreasau at oil temperature*.
After 44 dour* at 650°C ana &S hours at SSu°C the first signs of eutectoid
decode*ition to Co.hi ana t were observed by optical aetallegrapAy ift4
X-ray diffraction. 4a the sutcctoid reaction progressed during further
treatseat there was a rapid decrease in ,h . *he properties of the co pi
#a*$-les.(nitrogen quenched) changed, alter only 1 user at all tee
temperatures explored, to value* typical of Ce”Si 1i.e. o decreased ana there
was 4 substantial iiMiraaoo in . a*tellegraphic ana x-ray exautnation
after 1 hour at 300°C euuiirated tuat transformation to CeAbiAdad taeeu
place. Ourlag subsequent ageing cue proparties varied ia a similar stttasr

to that observed for the water quencaee waterral.
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IHC assoecicted with the cuteetic and

eu:acc oid structuree in colalt silicon nlleye vere at a similar level

In generel wvaluers of

to those noasured on the cobelt antivony cutectic discussed earlier.
v von, bovever, possille te achicve o~ ouch Licher ?Hc up to 285 Vs,

» .

L . L N .
by cucaching froc 1175 °C end seeing.,  The effect of guwenchiag fron

thic feuperature wan either to produce 3 phasﬁ with a»ctgstal structuse

similer to CezSi but containins exeoss eohale (Ceﬁai ), or. if the quench
was sufficiently resid, ¢o vetain g different phose thounkt to be

tetroponal Co,5i, ‘the ¢ of Cﬂzﬁi ves lowey than that nf'CeqSi but L
. o LI

of C@zﬁi was relstively hiph (u, to 245 da in the quenched condition).

351 tremsformed very rendily to Caysi end the 1

incrcazed ulzﬂhtl rdving the best woluer observed for this

(s heat treatoont Ce

-~

.

of (0,51
2

systen, {up to 283 Ge). Tnds ducressc vas net essociated with the

appesvance of the cutectodd constituents. The cutectoid recetion did not

cccur until nwch lzter dn the heat troatvent procese aud revulted in a

The reasoa far the ralatively hieh

vimes, this vaterial wan eshovs to have & single phase

3

coteblizhad,
structure it ie clear thet single dcmain particlé PIOCCRSOE are not
invalved. ?*e“umvwl thcrafo:aﬁ the ecoereivity wust arise dug te
inbitited donain boundarr movesent.  Veriouws factors sush as inhovropencoun
strain, tho prezence of stroctursl defeets, ete., could be responsible

(see seerden 1.1.2.) it should elso be pointed owt that the orthovhonbic

crystal etrocture of Co, 21 wielit woll exolbit sipmificant maynato-
. L2

i

allive enisotrony. I€ tids s the case, dovaln Louwsdsry opnerpy vould

")
ﬁ
g

hich velotive to that in o cebie structure ond o boundary vould bove @

:
. . . . .
sreater nendongy to vomaln at & low encerpy site. Loerelvity would,

4 -, oy T a g X 9 8 ety U8 Y e T sy
therafore, bo relstively ulph 11 Loundary

'

pinning sites’ wore precent.
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Tug resulty in secgion 6.3.3.(a8) which econfirn

tie csistencs of & conpound TOBSi eye oebstsntiated in

recent work Ly Jo Yan Lon Hoowzsavrd and V. H. &l Larpay,

rY
{dcta Hets 20 473 (fprid) 1472,  Tuesce authovs did et

ouserve cither Cugsi or Cegﬁi wut inferred. the existunce

of the latcter frowm gutectic plus cutectold structures similer
to thvse phown in Pigzuree 52& eud 52b of tale inesis.

ihereal snzlyels shoved 50351 to fors, oo cooling, by =2
peritectic reaction at about 121&0C zéllcﬁa& by @utectoid

. . 0.
deconpesition at sbout 117074,



Gode ihe Prepertice of © ~w1t Reced Lutectic Mllovs After

. ] *~ Lo N v . ; 3
i ogn en tag UD,03i phaste n
2

- -~
quenchied ecsalt silicen sauples the pronoreies of the cutcctic and
cutecteid alloys studied vere disappo inting '”ith'zﬁc not excceding
»

-

about 10T o The Co € and Co € + Fe-8) &lloys were parilculeriy poow

T

with “Ec not ﬁXCLﬁdiug Sl e, In additien te beinp tos coarse for
gingle dosunin aurrv;nur to coccur it is aixmificant ihat t&u Lo ¢ cutectie
coneisted of & continuous én balt wabriz only pertislily d&VELPh Ly
craphite £flahe Fren the ohoerved conrcivity it is uicnr chat'tﬁa
fotmatlon nud pesyenont c;‘ﬁowf in bousderies vere largalf wnrestricted

in this type of pEructure. It s posgible, however, that 1€ Che
continuity of thg'cnhalt metriz coudd be reduced, domzin hounderies

venld cove less frécly snd cmércivity vould bo inﬂraaaﬁd. Thin wag
cazily achie?eﬂ by tating advantage of the britileness of the praphite
ficke structure, &’tcmric‘vﬁs crushed nnd miilmﬁ dth the sinm of crusins
:fracturcz arsncioted with thebgrmphita flaves and thus obtaining disercte
%

cobalt porticles at least np emall es the flale gpocing in the Lulk

€t

mrterinl.  fho glloy used was the o O 4+ 0,59

‘)vs

g rz chot after 39 hours

O, r TR G s SRR+
ot 3757C. . Garplee from the 0o 5 shot &Stws 30 hours at 375

¢, mnd the
eand eznt o Si alioy efter G4 L:urﬁ at son’c {ontectold docomponition

cemplete) were subjected to the gome troatment with the siullsr alm of

&rchiity up tho lazellee In ¢he eutectic and vutectold structuves. 1o
. o o
gddition o nowdle of Co 5L shot affor water cusnching fror L1787°C (Co?S: )
. W
ver wllled.  Tu thies cege the i vas to exandne the properticy of Co., Bi
in Tinely dividod forr
crushing: wvas cervicd cut by hand. in o hardencd steel pastle
cmd vorear, wvanil the votericl would pasn a 200 mesh sieve {partieles
chout, &5 v” dignater).  Furthoy size reduction was achieved in au atiritios

will in waleh the pouder, nincd vith 2 Iawrge sucher of 3 i diancter,
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Condition B &
. Jﬁc v
AC ewpg

fulk 154.7

Crushed 212 153.0
"zlled & hrs. 185 110
15‘ BYS. 21: ':«3
28 hirs. 283 54
Y 24 hes. 335 14
Y32 hre, 386 56
43 Lres, 456 &0

voo72 572

21

iz“:s} Y

Co 5i seud et
¢4 brs. at thﬁf
{eutectoid)

felk _ 78 56 .1

Crushed 261 56.2
¥illed 1 by, 263 55.5
‘zllc& 3 hrs. 24% 54.6
5 hrs, 254 56.2
" 13 hrs. 272 H8.5
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conyuie fraction
fine fraction

vary fine {raction
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hardened stenl Lolle wes ativred ot 250 epu by o stoinloss creel paddle.
TN e X S S mpaed e P, ~ 28t wepotetn ™ gmgnn Y gy
Tho sdxturd of Lalls sed powday, Tegetbar with petrolont ohlhoY w o

e

ritiins mediuy vore centaniasd $n o 600 wi, etsinlesa veand b

fo]
i ]
e
[
Lt
L ]
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]
ol

s

vag pazied fnre tue bosker durins sdllins to wininiee oxidetion of tho

Bre

¥iliing wes interrupted pericdieally for the detersination of o,

s

g, end xartzcla fize, %ae tochnigus uzed for estinsting average particle

¥,

rize on ﬂﬁﬁutﬁd pueder sasples hee been deneribod iv section 2.4.2. Tie
volues obtained povathor with warnotic ;rc,crtie are shovm in Table 24.
In all the olloys there was a lerpe deerense in o during willing,

vhich could anly L2 sttributed to exidation of cebalt., Whe prescnce of

P

larpe arcunte of o0, vos datgeted by i~roy diffraction Tn extensively

pilled saoples a,g P very fine blaeh constituent, aszused to be oxide,van

shgorved potallograshiesi iy. fhe wvater guenched {o 8 shot differsd {ron

tae other alloye in that chere wos an duisiol dncreane {v 0. Ihic could

0

nok be eorralnted with any phase chonge detecteble by X-ray giffracnion

and, apert froo the appearsees of the exide, oo phase chanpes were

ahserved in any of the alloys during millipg. Yhere was, however,

increpsed line broadening as nilling rrosressed, this wes prosumably
duz to vechanircelly induced strain. fuite larv o increases in fH, vere
dnduced by erushing alone ead, sith the exception of the water quonched

Co Ui sa ﬂic‘ ch continucd to rize during .311xau. The atypical

behaviovr of the uwoter cueached tw 5iosiloy in terus of both ¢ sud B

;o N b

ven not svrprising sinee tols msterdel had the orthorbemic ¢ Co, o4

o

-

k3,

ctructuvre vherens thw awasnetie conpenent in the other alloys vas h.cup.

eohalts  In #1ll seses particle sise wae reduvend by willing and in the

5
fo U4 LAY Te-si elloy, wvhieh was subjected to the cost prolonyed
trantesnt, the ultinste value wag wuch lover than the fiahe
npecing iﬁ tise bulk ~lley, ft &5 possible that the extessive exidetion,
indicated by a-raw 435 firpetion and vy the very moghad fall in ¢ was 2

centributery factor in rcduc;nh Lo 2ize of the metel narticies
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In the early stages of willing » wide ranye of particle sizos

25

was observed., “uls was particulerly true in the cage of the send cast

e §1 pouder ond an attonpt wes wade to separate tids waeteriel intoe size

fractions in ordsr to obtein e rove realisztice velationship bebtwoe:r

particle cize ondé convcivity. Tiis wes achieved Ly ﬁtzrr*nf tﬂa powder
into a fairly vi@cuué vintore of egual perts of ethanol and givesrol.

Tue pcw&er was allowad to settle for o few sceonds after uvnich the liguie,
sleny with s fine frection of the vouder, vas deecsated. The Ldquid and
£1va" were then re-stizred and hold for ¢ rather lqngér'pmriod before the
Liquic cantaining éhg finest fraction was arain decented. Dy 5¢icctiug
sultable settling timee it was thus pegeilble to obtaln three spprox imatnlv
3 ¥

JHC of €ractions from sasples nilled

for 3, 5, and 13 hours ore shown 2t the ead of Toble 24,

counl fractiona. ¥Particle size, v sud

In Figure 57 values of Jﬁc for the Lo 51 sand cast sizc

fractions, the Co € + ,5% Fe-3i shobt and the o 8b shot, ave plotted
apeinst averays particle diacetey. 1t can ba seen that the rdnulﬁa shiow

o logical trend with ‘“c increasing rapldly aos particle ﬂ*'”ctat falls

L%

belov about Iy,

€:5. Tewperature Lepencence of i of Hutectic Alloye

3
In the casce of the Mslecolloy alluye, dizcuzsced carlier, it

was‘gossiblc to evaluste the influeace of the cryztel anisotropy of ¢

ou the perwmanent sapnat properties by seasuring thc reversible tnmpcracuﬁe

dependonece of i (scetion 3.3.). The results of sinilar scasuremonts
1 c’

J
made on sore of the eulectic and eutectoid alloys are slrowve in Teble 25

nd Firure 58. It can be zeon tbhat in all cazes JFc varfed vith towperature

and that thoe cr;.; es were largely revereible., With the exception of  the

]

vater quenched Co $i alloy, swhieh consicted larpely of the phase Cazﬁi y
the wsznetic couponent in the gasples Cested wag cobalt, with the L.c.p.(c)
atructure predondnating. The influcnce of the exystel anigotrepy of thds

phase vas indicated Ly the coatinuwous decraase in Jﬁc vith increasing
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£y

togperature.  Lven in the ecase of the Co € + 0,54 Fe-8i zlloy, where

Juc ot room temperature was only 44 Oc, the observed temperature dependence
cen he interpreted in teris of the anisotropy of c.

It Lizs been surzested thot the orthorheorbic ztrudure of

[

Co, 83 (uater guenched Co 81 alloys) wmight exhibit significent crystal

anisotropy and thet this may be, in part, responsible for the velatively

high }Hc {up to Z85 Ve) of thic phase. The crystal anicotropy of

mepnetic materials other than ¢ is knowm to be terperature dependant.

-

The nature of the dependance in the coze of Cozsi ie unpredictable but

the faet thaet there was o reversible decrsagse in Jnc betwaen rooo

2 .no 3 29 2 3 Y 5 2]
terperature and 1600 C supperts the pessibility that Jhc vazn influenced by

crystel snisotropy.



CHAVTES 7

Gelcollioy Alloyn

A
e

7.1, 1

Wt > e A1 s dmer

& large pert of this theeis (ehapters 3 and &) haes dealt with
a deteiled exsrminstion of the Rdlablia" allc*&. Experigents aiuvod at
ivproving the pe nt vappet proporties of these materials werc largely
evusucecessful but the rechonfams respensible for the observed properties
ond the w&in «ctorn na*actinr the coerelvity are now wnderstond.
% oi W . 41*‘*9
The vork cenfiris the reneral conelusion of Hasumoto et el

thot the high caeraivity induced in the lnleolloy nlloys during apeing is

due o the vreei;itati)r of o fine disgersicn of cobalt. In &li the alloye

}

’Ee vere obtained by

Pl
)
ko]

£
£z
fvt .
[}
©
>

5-13, 44 mn&'éﬂ), the highess valuves cf'
ﬁggiﬂg st tewperatures below 6:00C. The cobalt @ﬁeéipitﬁt& presest at
tooh tempurature after eaeing ai these tew .oraturuu vos €, and high
c. porature J-roy difiraction snnw~é that this phase was precipitated

the epeing temperature desplt

-

¢ the fact that o was the therrodynazically
£

M, 5 ’ s % ey, . '9-,‘), . '3
ctehle foru. Prolomged ercing of the 285 Al 21lloy st 6GU7C resulted ia

»

thc cvﬂntual transition of en indtlally ¢ precipitate to o 2nd in tho
i . o,

hisher terperoture raasge, $30-75070, both allotropes worn mreaipztat;d
vith the smownt of o incroasing a9 ageins tinme and termperature were

incroazed. tnus, in oll the allove the higbest velues of iU were

.,j séc
arvcé rﬁcm the procipitate was entirely €. Electren metellogyaphy

(Fisure &) showed tho ¢ particle size in ecampler with bhigh fﬁc to be of

the rizht order for single dewsin beboviour (less then 0.2 um), and the

J“u'

foctors vhich sre unot fully cudorstood, wae found to be rowsbhly coupetivle

erchlblm to:po ture dopepdance of eltbourh influenced by ocher
with the variation of Che crystal endicotropy of ¢ vwith temperature, 1t
was concluded, therefore, that the ceercivity of these alloys is dun to

ko presence of a fine dispersion of ¢ approxinating to a einpgle dercin

- »

gysten and exbil zt ing bigh eryecel eniactrony.



The‘possibility of deriving high coercivity from the crystal
enisotropy of ¢ has heen recagnised for meny years aond was diccusgsed in
soue detail by ScCaigBl. The lalcolloy alloys are, however, the only
permancnt-mayneé materials knovn to derive their propertices from this
foctor. The propgrtiea of the 287 Al binary zlloy are & little lower
than those calculated in section 1.2,1. for randomly aligred, single
domain particles of é witﬁ about 507 volure packing. This ié conzistent
with the phase diegram of the Co-Al syctem vhich indicates a precipitate
volume'fraction of arownd 0.4 in the 287 Al alley, (Figures 3 and 27).
Laninum Jﬂc achieved_in‘practice, (approaching 2000 Oc in the 387 Al
alloy), wes nmuch bywer at room temperature than predicted'by theory for
single domnin_particles,of e (in excess of 4G00 Oeg, Figure 17). Severeal
reasons for this (non~cdherént rotation of.magnetisation; presence of |
rulti-domain particles; pﬁrticle imperfection, etc.,), have been discusged
and in fect, the épproach to‘the theoretical level is probably as close as
that achieved in any knovm permencht magnet naterial. |

Bacaﬁse the propertiec of thesc alloys.dependvon the formation
of a wetasteble precipitate of € rather than stable o the mechanism
by wvhich the h.c.p. sllotrope is formed is of interest. Using an X-ray
technigue similar to the rotating crystal method it was possible to show
that the ¢ yéecipitate was oriented relative to the b.c.c. (8) matrixz in
a menner approximéting ﬁo_the Burgers relationship, i.e. {0001} e approx-
imately parallel to {110} § and <1120>c approximately parallel to <111>8.
Cne featurce of thie relationship is that {1100} ¢ is parallel‘to {11236,
and Figure 24 shoijjg that the atomic arrangerments: on these two plenes are
similar vith misgatch less than 27. It would thus be possible for {1100}e
amd {112}p to form & partiélly coherent interface between precipitate
and matriz. Exarinstion of the atomic arrangement in plancs of low indices
(up to {221} ) in @ and £ shows thet in no case is mismatch lese than about

12%. Coherency betwecen « znd £ is, thercfore, unlikely. Since surface

energy makes an important contribution to the total energy of small particles



it is cencleded that netostovle € forns preforventially teo stable o Lecause
of the lover surface cnerpgy assechoted wicth & portiolly eebereot interface.

w -

The of et of wetestable *r ceipitation on the eonpesitions end
euounts of phoron pyeduced doering epeing van erplercd vsing mapnetie aud
Pepay phase analveic, € war chown thet the e precipitate wop esseatially
purc cobalt ~nd thr & in rectastoblic son li?aas with r had o bhigher

alg:inium content than that predicted b the couilibyiun phase ddaxraw for

i precont after preeipitation af stable o, (Firure £7).

In tho solveicn treated condition (single phase §) the zlloyc vere
stronply mapnotic at reow tesperatura.  Turing aseing ?c of ¢ epproached

e

vosm tesperature snd ¢f at woon temserature deereascd.  fous during

vrecipitation the hish cocreivity eobelt dispersion wens in the presenco of
a2 low cocreivity warpnctiv £ matriz. It var shoun, using mamuetic anelysis,
(o, T curven, Vigure 30). that the cffcct of tile phane wos Lo swpprese

the hish

cosreivity of the £ digpersion vonti) lete in the procipittion

process whea ol wos very lewe L0 observed relation ghip hotween (4 aud

of y welght {2 Mct*mu fi vas explicoble in terme of & gimple wmodel besed on

]

the miving of phaser with widely differins eneycivitics, (Fipvre 31}.

Becavae the ¢ dispersion migit reeel optivue porticle sine end nazimen

T o

cocreivity ak 2n esvly etase of precinritation when £ rewained stronsoly

cagnctic it wee peossible that 2 roduced e workd be detected ns en apparent

T
;‘,

roxivanss loter in ths grocess whon of had éucrﬁnce& but particle sige |

.

incrcased.  That this waz the case iu the 285 A1 binary alloy woe inferved

from the nature ¢ (he temperature dependence of &H¢ of & sarple gpod fﬁ.
3 houre ut 500°C . (Firure 15), g fron the fect thot ¥y of this alley

. - . > TN ¢ S,
veaviicd 2 pesk nueh enrlicr thon I“c durine apeins et 500 C. Tae veristieo

fw peak M vith eompoeiticn of tho binary alieys in thought to bo dus to

tine vorying influence of the poynetie wotyix rether thon any fvﬂn ik al
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€learly the cmall asount of ecobalt available for precipitation in zlloys
with lov cohalt econtent would restriet particle crouvth snd, thevefore,
ineresse the pe:sibiiity of optirum pavticle size cnrrcsPnnding to the
gprrooch of of to mero, It vas.alnw neted that activation encicy for
precipitation decreossed ae cobalt content increased. XIF it Is assuomnd
that thie irpliec incveased activation eaeryy of diffusion it follows
thet the tendoney for precipitate grouth te cccur will increase with
increasing c&balt content,

The répléccwant of shout 5% of thoa cobalp content of tho 285 sl
ellov v ivon resulted in [ renéininx taguetic after apeing (Figure 50);
there was a corresponding decrease in peah cocreivity relative to that of
fﬁc binary elloy, (Figure £9). The addition of titaniva at the Qupense.
af cobalt, vhich according to Maguuoto et-al, hac the offect of increaszing
csereivity, was, in the case of the particulsr slloy exanined, sluost
cxsctly enuivalent, in teris of the ¢“fect on JMC and ¢, to & sirilar
inecresse in aluminiun content [Pipures 446 ond 45). There wung, howover,
o znall incrcase in cctivation eneryy end it is possible that the benefielal

2

effeets reported by Masumoto et el for varicur ternary sdditicus are due

to restricted partiele prowth associnted with ducresced activation onergy

noan exanination of uhie influcice of colulion trentmant on
[FRT S +1 NP vy 3. . . Q- : - E Y N . -
3555 Futiad il fcndeved dering o ab 4507C, it was found that the maxinun
velue fivst inerceosed nnd then docreased as acluation treatient tomperature
ond tiue vere Inerewssed (Figures 42 aad 43).  “he irprovessnt vas
attributed te incrwasesd homopeneity which elininated recions with hizh
cobzle centont in wileh welatively rapid particle provth could cocur. At
the sore ting, however, since eguilibrivg vaconey concuntyation increpnscs
vith temperature, the nuuber of vecsneies roteined on quenching could be
incressed e thet diffucion and particle grovily i nzeinge would ho catiex.
i < it

The oboerved offectz ecan be wvnderstood in torms of these two conflicting

influencey,



attempts Lo inéuéﬁ anisotropic permanont &ﬁgnaa progertics by
peong of field heat treatoent of cquinxed and columnzy camples were
compiotely uasuccesaful os wore expevivents airnd to pive preforred
erientation throurh sechonienl vork. The letter resulted in shetterips
of the speeimang during forging ot tesperctures up to léaa“c.

It was noted that in the work of iosucoto et al and to & lesser
cxtent in ¢he present work, the ratio Erléﬂﬁnrvﬁa frequently greater then
the value of 8.5 expucted for vandop aasgm&lius of anisotrepic sinzle

fennin perticles. “his iz thoupht to arise whan the smatrix phasc is
siightly wagnetic end iz wasveticed by_iﬁcal fi0lds asscciated with the
cobalt perticles. The vaosult war that raxioun (ﬁﬂ)zmu during areing
oecurced while the matris wves etill veckly mezuetic aud bafore peak Jﬁc‘
7.2, Sobelt, 17.5% T4 elloy |

The 17.50 Ti alley, vhich wer the subject of o brief exeningticn,

vas similar te raleslloy in thot ecbalt can be precipitated fron solid

9}

solutien by a suitai:le hest trestront process.  In this ease, howvover, the
precipitate was o and the ?ﬁc wan lov. It is probable that the o particles
LN
. P : ., ©
were tos lewpe for siagle dmza;u %ﬂhaviout, i.e., prestor than ZUi &,

althoush this hoe not been confiroed. ‘The matrin in tis olloy roraincd

mornetic throuphout the aceing procese but, sfter colution treatnent, had
e THZ wuch greaster than that of the matvix phase in faleolloy. Since JEQ

b

3

ef tie matwiz oy have increased during areing 1€ vas difficult to define
the fnfluence of thin phase on the papnetic properties of the woterial

a2 n ubnle.

7.3. Euteetic md hutecteid Alloys

In penecral, quite low values of coercivity vore assoclated wvith
the curtectic and eutecteld structuros in the bull cendition but 7Qccou'd.
»
te cous extent, be correlated with the decres of sub-division of the

cobrole rich component of the BEFucture znd insose of the alleys



(Co 3b, (0 i» and Co C) there was a significant increase in ”~ when this
phtit was tnaifom i1, during boat treatsaant at 375°C, fros* a mixture of

c and &to give largely e* {Tables 21 and 22). TU Kmp«Vttsi« d#s>odfUica
§( -HU of th* Co C* 0.5% FeSi *hot (anewmlens tutoetit) and ti» Cedi sand
casting (euteetoid), (Figure 56) was eeffieieti&y marked to suggest th#
influence of th* crystal anisotropy of t.

The highest levels of eeereivity (200“30?) Oe) were achieved
by quenching CoSi sauplea of eutectoid composition 70 give a phase (Co.,Si )
with the crystal structure of the conpound Co*Si but with composition
closer to Co”Si. It a sufficiently rapid quench was employed, th# phase
retained was tetragonal CsJi which had low coercivity hut this transformed
readily to Co.,Sih on heat treatment at temperatures as low as 300A C* The
reason for th# restively high (({&c of Coz.‘,SiH is not clear but it is pointed
out that the orthorho&bie strwett.ir®* of tide phase is likely to exhibit sow
.versa of magnate-crystalline anisotropy. There was a reversible decrease
'\a ,SC on heating from room temperature to |[00°C, (Figure 38) which might
be interpreted as indicating the isfbanca of this factor.

Substantial improvement in the 6HC of eutectic md eutectoid
alloys was achieved by ipwianllw (fable 24). Initial increase®, giving
y* between 200 md 500 Oe* which war# induced by crushing to *200 mesh,
were attributed to a reduction in the continuity of the cobalt rich component
of the sir* tares, further gains after prolonged tailline **** associated
with decreasing particle sis*, (figure 57). but were only achieved at th#
expense of 7. The fall in <« was due to oxidation of the cobalt rich phase
and it in probable that particle ais# reduction was facilitated by the
oxidation process. Aa with the bulk materials, the *erc of the powdered
alloys was found to vary with temperature in a rumour compatible with the

influence of the crystal anisotropy of s.



7.4. General Conclusions

It is clear from this work that particles of ¢ approximating
to single domains can be utilised as the ﬁasis of permanent hagnet materials.,
‘However, magnets primnrily based on cobalt must, because of the relatively
high cost of this metal, have properties which are in som2 respect
superior to those of existing materials if they e to be of practical use.
In this respect the properties of finely divided € dispersions present
in high cobelt alloys have proved disappointing. %twus, in Malcolloy alloys,
although Jﬁc approached 2000 Oe, Er, (BH)max and Hc were lgw. These
properties are related to 4wJS vhich is dependant upon the volume fraction
of precipitate present. 1In the higﬁest cobalt Halcolloy alloy volume
fraction of precipitate is limited to about 0.5 and even if the high Br of
such an alloy could be combined with the high :Hc associated with low cobalt
contents, the overall isotropic properties vould be inferior to those of
a nunber of cheaper materials. The material would be greatly improved if
these particles were aligned with <0001> axes parallel, giving anisotropic
properties. Field ﬁeac treatment with this aim proved completely ineffectual
and, because the crystal anisotropy of € at}elevated temperatures is quite
diffefenﬁ from that;exhibited at room temperature, this technique would,
at best, ﬁive <0001> ¢ directions ﬁarallel to 2 plane rather than inducing
full alignment and the benefit in'terms of magnetic properties would be
smallsy The two problems of particle packing and particle alignment appear
to cet a limit to the properties of Malcolloy and no approaéh by whichvéign*
ificant improvement might be achieved is obvious.

In the cutectic and cuteétoid alloys Jnc vas reclatively low.
Only a small number of alloys were studied and it is possible that other
materials might have supericr properties. It is likely, however, that even
if JHc vas high the difficulties encountered in Malcolloy, i.e., particle
packing and alignment, would arise. It may be that, if oxidation was

avoided, powders with high JHc and ¢ could be prepared by milling



cuteetic or cutectold allove, I this roespect the Co U {og Co U + Fali)

elleys vould be the sest wsefnl since the carboun covrent iy terns of

st ir only 2.57 and o i3 ealy o little lower than that of pure eobalt.

v
i
Hi

wol
Fereharnora, rhv brittle srophite £lske ptructure of these paterisls
cunblen ammiﬂutian te bp wove ensily sccoplished thaw would be the case
for purs cobalt.

Whether produced by milling a ecuteetic alloy or by sooe ether
pouder metallurpical techinique, it seems thé Livh coeveivity e povders
dn the Lore of alirned coupacte with hish density sre were likaly to zid
Jwreful ?ermanent mapnet properties than are buik alleys. The process

used fov pouder preperstion vould necd te be such a5 £o fmvour the h.C.p.
rathor than the f.e.e. Grm of cobalt and in this respeet milling is
attractive niscn mechanicel work teuds to induce trensition of f.e.c. a
té DaCepr. £. Probably other tochuigues such an clectrodepesition or oride
teduction could Lo controlled to sive the xequired crystal structurs, ir
ik eoereivity ¢ pewder could be obtained it s reasecnable to hepe that

slipned, pressed ¢empacts ¢ould be prepsred by ficld myrossing tecimigues

o . ‘ . 25286
of the type uzed for barius ferrite and rave-corth cobelt pormoncit mepncts .

EBintering to fncrease densification would probebly net be possible because

p-‘

cf the ¢ to o transiticn mnd the fact that iiné particies of ¢ do nok
traasfors readily to ¢ on écaliug. Xevertholess, the fntroduction of 2
suitahle bendiap %steriml should cnoble wechanically stronp compactc to bs

PP

produced.  On this basie uzeful poroonant mopnets based on ficely divided

cebelt rossin a distinet posszitilicy,
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APPERELE X

1 X L“ LLLIAG"}

e

(AR ALLOTROPIC TRalisroguisdlos GF CukaLl

“he Aljotropes of Cobslt

fhe foet that cobolt con exist in two sllotrapice forms, close

- : . . S §
veched hexsponel end face centred ewbic, wag fivst discoveread by hull

in 1221, 3Simce then @ rreat decl of work hos been publieked eined ot
reasuriog accur&tel the lattic‘ parsueters of the allekropes and

estoblisking their stubility relative zo temperature,

RS
T A

Tre lattlice parancters sugg&ﬁteé by “Cobelt venogreph ag

peing probably fhe vost accu;ate are ag follows, for the low fenporeturd

. P . 0 . 3
HeCapre modification {c) a » 2.8071 A, ¢ = 4.00ES ;, cle v 1.62287°, for

a 4
the bhiph temperature f.c.¢. fors (o) o = 3.5441 & “‘,

A5-a7

to note that seweral authors heve obtained consistently high velues

© Al
&

crousd 3.56 & for . Ouan and Hadoe-Jdeaes found, that ennealing cobeait

filinge caused @ progressive inevcose in lattice 7arc weter from gbout
o /

| S oy 4 “ L ? () : uQ‘U.
3.55 & up to avout 3.5C & after &8 hours at 595°C and 16 hours at 836 C.
A O, . — . : . . ‘
Furthey treptrant at 83670 praduced no further incresse, but 1 hour at

o, s . ' ., .
SO0 ¢ cawsad reversicon te the smzller lattice. %hey conclude that the
larze lettice io gonu type of metastable constituent. It sveps likely
that thiz phenomoncu is partly vesponsible for the lavrpe raape of published

valucs.
Tue trensformation on heating end ccoling iz subject to

censiderable hysteresis and is infleenced by the clotory of the matoriale.
& precize tranofornation tewperature eannet be defined Lot it s no

<

o , .
aecepted that ¢ ie steble Lelow about 40270 aud o is wteble et hizher
&G-532
tergeraturcs up o the nelting point. .
Variousz workere have wade the cospent that the A-yay diffraction

sattern of The eeplhie fors shove sipes of line broadening. Edwerds, Lipsen
l X3 14

Jas 216 . Vs .
aud ¥ilson expleined this by suppesting thoe precsence of faults in the



&2

.

nexaponal atomie arransescnt resulting &n & sequence of plenes such as
ADABACACKCRCALE ate. Sdwards xnd Lingon ' wore able to shew that o
structurs containing & orall number of faults would have a slightly
lover fres gnergy than the 3¢rfact sttu;turc, and tie €, providing the
change in free enerpy on trensforzation was very low, this may becorme o

irnificant fazcter in detersining the atomic arrangenent.

AH1E .
In & nore rocent investigation, Louska et &l ig doseribes tuo

types of fault, prowth faults and deforuntion faults, which tihey depict

as follous:i—

Capaite Cereile Coproita
Lo DB Paile
: €% i LT PN, ' SRR PR -
C v omrmr e S
HEADBCHCC ABADOCAGCA
P v vomaraea
f.c.C. f.ceCs
Oyouth Fault ‘vczotudtau Frult

et o w2 R -ore o

Poth may be prodeced by the groving together of two out of gha i@ CaPaite

(24

lateicns, wiile the daformation fault wsy alze form by pareial slip

coaverting & planes into € plenes and B ;Zaﬁes inte & planes. They fiud
these fauvlts not to be distributed raaéomly bub fo form regious puch that,
vhile zome resions centain both Uypes, others contain only deforration
feules. it i poctulated that the lattar vepraseat those sreas of c.pob
pateriel vhich form in the early stages of trensforuation when traasforsation
straing arn readily cccomzodated by deformation faulting in both phases.
tering the latey stazes of the trausformation, the crowth of c.p.h. ara
is rore restricted resulting in the oppearenee of provth and deforuation
faults vhere out of phrse ¢l.p.li. lottices grew teopetiher.

The sllotrepic drencformation

Althouzh not conpletely cuppressed in cearse prainad smaceriel,

_the trameformation f.c.c.+u.c.ppe on coeling in slugpish and iz subject

te the influsnce of 2 auwrber of wmetallurpiccl variabicz. This can be



accounted for in tsrms ef the lov driving foree vihich in turn {s
asnecisted vith the frec enerpy chenge favolved iu the roaction

ALY . .
teidenrcich ond Shockley' —° estimated fres the transition terperaturs

. - PR . . ALE, 20,21
c& Iree energy change, A 4 of 100 celfiole.  Other investigstions P

. N ) " 4. - . .
beve obtained vsluos betweeen 105 and 108 eal/fenle at 7907 E, altbouph
1

1
2%

Adams and Altstetter

P-J

o en to mhow toat in alagle erys talu the value
iz veriavle depondent on the history of the saterial, and suppest that
e nunber and type of defects has o significent effect,

Hyst is Effecty

. . AB . - .
fiess end barrett’ showed that by lightly deforming the uetal it

sible to hrimp sbout tie o + ¢ trauslovsatlon at sisilar tewperatures,

,,
2
i
L-:
I
i:!'
Mu

Le . ) » .3 I3 - ° < 3
417 & 774, on hesting end cooling. Toie is unesusl in that the tranz-

813,022,885

forzation iz penerally subject to considerable hysteresis
Typletl results are those of Sebilleau and Bibring 822 vho carricd out a
serier of dilatometric esxperizents on cold worked cobalte They found

tiat a2 nuater of cycles thrauan the transition temperature WeTe LECLESAYy
before & ctable dilatometrie curve was produced. This ctebilieation
corresponded to the coupletion of re-crystallization, Tioe fors of the
stable curve, as shown in Figure al, indicates transforpatien tamperctures
of 4£39°C on neating, aod 5uﬁaﬁ on conliﬁg. These aawyaréturcé.waré
independent of heatiun and eoocling rates, but the reosse of tespgeratury
ever vhich transformetion took ploce (ATL and ALZ) vere reduced by rc juced
nestip; and ccollpy rates, I henting or cooling woe ctopped within o
trensition range, the transformstion stopped. 1L the direction ef
treotrent was then reversed, tho reverse change did not occcur uatil tihe
wornal trapsformation terperature was reached.

nffeet of Grein dige sud rarticle Size

The extent to which cobalt fe sub-divided Invo greins or discrete

pevticles hoo an isportent effcet on the iucldence ef tie transformatica.



OwM and Hijir Jam Ad report la* rtU fttlea of a in finely dividti

cob411 after annealing end quenehing fi«a temperature* op Co 400 C, end
note the ipf««iao68 of ¢ After quenching Itot higher teiaperatures. fteu
result* are iliiTar to those ef a mnbtt of ether workers et 359 9638 >-
and sofeo authors kilt suggested the existence of & second elletrepie
Change if*c«e*""h«e*p*) between 966 C end 11S0°C. However, Hewhirh end

|l

weissier showed that, Although both alletropee were produced on

quenching froei 1220 C, the f.c.e. fern alone was present when exaadned in

a high tessfsatafcure X-ray diffraction cataara at a liallAf temperature, it

scene, therefore, that #m e~e tree#formation, which is aleggiah in bulk material
is eenplately suppressed in fine grained weepies but that aetsiiag at high
teuperature®* causes sintering and grain growth, thus producing suitable
conditions for the appearance of a certain awewet of ¢ on cooling, the

sajority of the results concern eoaplee quenched free the annealing

ad

temperature, hut it has also bees ohovu that similar suppression of the

reaction occurs on furnace cooling.
the & ffeet *f Hechanical work

lie*a and Becrett t~have above that a nail amount of deformation ha*
the affect of decreasing the vm m ¢ of.hysteresis between the heating end
cooling reactions, fbey $0 on to shew, however, that severe deformation
of the cubic form produced considerable lowering of the f»re*c* ¢ h.c.?.
transformation tea”eratura, possibly due to the hindering affect of the
increased number of dislocations on the growth of b»e.p. nuclei.

It is well established that moderate deformation at root temperature
will convert retained f.e.c* materiel to h.c.p. Sykes A% reports that
h.c.p. material ae forced persists even after prolonged treatment at IOOOOC,
but this seer* unlikely and is not substantiated by froiauo and Xokich AH,
who found tat the amount of the f.e.c. phase began to increase on treatment

at 320 C, and tuat samples hzezm- entirely cubic at 475°C.



babilleau and tU rU | % showed that* after severe cold working of
the hexagonal structure, recryatallisation began around 350 C, and that
auttU ti at 300°C resulted only in the recovery of the a»nri«l* Scoplea
previously allowed to recover at 300 € were found of* recryetailisation
at 350°C to be entirely h.c.p. while fM i17atiU ltatiis without prior
recovery produced a certain ammt of the f a* for®* Apart ft—a
assail difference in tewynreture, this effect is similar to that observed
by Troiano and Tokitth and is thought, according to Sebilieau and librim*,
to be connected with the energy introduced Into ¢/m yotal by plastic
deforaatioa, which may bn close to the free energy difference between the

two phases, and which would be reduced by recovery prior to recrystalfixation
Cobalt Produced by Electralyais and Qaida IsAntiwi

hull 41 was able to show that cobalt produced by electrolysis of tne
sulphate contained both types of lattice while KeretMI*** found that at
values of pil around 3H», the cobalt deposited was couplately iseaa”onal, and
that reducing the pE by the addition of fi»SO" resulted in the appearance of
incroa*ia,> amounts of the f.t.c. lattice.

several workers, including Kendrick* at al 4?'»* and Sykes Gy , have
found that the crystal fora of the cobalt produced by the reduction of Co"U"
is dependent on the temperature such that c.p.h. /km present below 400°C»
f.c.c. up to about 1000°C, and h.c.p* above IG00°£. Since 400aC is below the
equilibrium transformation temperature the appearance of c.p.h* material
is straightforward® the presence of the cubic fora between 400 C and 1000 C
is probably due to the suppression of the transformation on cooling, while
the re-appearance of the bexagoual form above IGOO°C can oe attributed to
grain growth as discussed earlier.

Influence of Alloy Addltioaa and hpsfitita

HA Tt
]

Claani at ai discuss the allotropic traasforuatioa in cobalt

rich solid solutions, They first consider tae tran*formation as ©artea&itic



occurring at temperature K, cm cooling and 4 on beating® These
temperatures can be -affected in thraa possible ways, as represented in
Figure A2, It should he stressed that these temperatures arc influenced
by variables such as grain siace and previous bistory, and should sot be
included as part of an equilibrium phase diayraeu with regard to tue
thsnM jfUale stability of the allotropes, two ba”ic possibilities exist, these
belag as shows lu Figure A3, the constriction or enlargement of th® i'.c.c.
field.

Considering the possible combinations of these iU grau in real
aysteas, i1t is pointed out that the H temperature swat always lie within
the equilibrium h.c.p. (¢) field md 4 within the f.c.e. (a) field.
Thus a type 1 equilibrium diagram uay appear in co”sination with type b
or ¢ Ng mi‘é A temperatures, mid typo IX with type a or ¢ Né and Aa
temperatures. In taost practical cases the reaction will take place
aiftSStitiM Uy at the HS or A0 temperature, but this is not necessarily
the case, particularly in type 7 equilibrium when the tran*formation
temperatures are increased and a diffusion type mechanise may take precedence.
Two schematic representations of equilibrium ilftgrau plus end 4"
tasferateres are presented by Cianni et «l» as shewn in Figure M.

A ceMpvefceeatai review of the effect of alloy additions an the

| A2,

traasfarnation in cobalt has been published by Krajawafci it «
the Transferoatten rtacfaaalsa

The r«netion e + 1 oa cooling is cheraeteriied by a number of
feateven which have led to its being classified as sartensitic; tneae
m*y be sup*tf*ariaed as follows;*-

(1) The transformation is, under nast circumstances, athermal

in nature ;
(ii) retained S Uitarial is ®®¥iverted to h,c,p. on moderate

deform ation at or below room temperature ;
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(ill) the reaction temperature is not lowered by increasing th*
cooling velocity

(iv) the saewat of !.c.e. material retained at rooe* temperature
is dependent on the time and temperature of heat treatfaeat
(therefore effectively on the grain, or particle sis*) not ou
the cooling velocity &]2j

(v) transforation marking# indicating surface tilt# md

upheavals assets! ated with a shear »cehj»i*si are coaasioaiy

observed in pur* cobalt ‘~¥*

the crystallo rapt*ic relationship between the two allotropes is
*

n"n <

given by Christian as

{1ill) a {0001} e, «lf)> * // <113ta» s

The eraasforastiso f.t.c, ¢ h.c.p. can be brought about by &
simple shear in the {111} planes of the f.c.c. structure such that every
alternate atomic plane is displaced through a distance a/ / '6
in the tHi f] direction where *a' is the lattice parameter of the
f.c.c. unit cell.

Various authors have discussed eoehanlso* for the transformation
in so«e detail.

Christian * " considers tue reaction to be nucleated frew a
dislocation in the (111) plane with burners* vector a/ / 2 j101 |
which splits into the two partial dislocations */ / 6 jl112 j. These
era mutually repulsive, and on moving apart produce a small region of
atosM with the h.c.p. structure. [f the temperature is such that the
f.c.c. for*» is stable, the width of this extended dislocation will be
restricted and will have m equilibrium width dependent on temperature.
As th© temperature is lowered toward# th* transforation temperature,

the restdotiv* forces approach sore and the width of the dislocation will
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tend to increase. Below the equilibrium traasfonsetion temperature,
assuming the absence of other restraining force# associated with
structural issperfactions, the tvO partial# vill ssoto steadily apart, under
a 4rififtg force associated with the lower free energy of the h.c.p.
ttm t«li. They will thus ultimately arrive at a grain oouadary or free
surface, at which point reflection will occur,

Christian gee* w to point §at that, due to the iiip U iiwtnt
involved not being a lattice vector, reflection hack along the slip plane
would result in. an energetically unfavourable proaieity between adjacent
atoxa, however, ato”s in neighbouring slip planes which also teed to
everthoot are oat restrained in this way, and reflections on thee* saay
he possible. In fact, reflection ©u the next (111) plane would disturb
th* stable tt*e«p, atomic arrangement produced by the passage of the original
dislocation, and is thus unfavourable, while reflection on the neat but on*
plane weald cnee mi increase in the aaauat of a.c.p, «*eterial and
propagation of the tran*formation.

It is thus possible to envisage complete transformation on this
basis* The pretence of faults way be accounted for by the reflection of
partial dislocations along the next, instead of the next but one, plane to
the original slip plane. The at'aeraei nature of the transformation is
explained since the transformation, once initiated, will proceed until
halted by force fields associated with stationery dislocations and
inperfactions. This resistance is overcome by the increase in driving
force produced by lowering the temperature. The extent of th* traaa formation
thus depends on temperature rather than on time at temperature or cooling rate.

The lowering of im transformation temperature and the general
sluggishness of the reaction in fine grained poly-crystalline material is
explained by Christian as being dm to the tendency of dislocation*® to

lose kinetic energy en arrival at grain beendariee, resulting in their



being mre easily stopped, on reflection, by opposing fore* fields,
Similarly, s dialecation «ey bo completely absorbed at a grain boundary
end thus contribute no further to the reaction. It Zaay also be postulated
that insufficient suitable dislocation# are present in very fins particles
or grains to efficiently nucleate the transforation, and that those which
are present tend to have a Iwtv kinetic energy than in coarse grained
material due to the shorter distance through which they have travelled on
arrival at a free surface or grain boundary,

A slightly different type of eeehealaw is proposed by Seeger ~ ,
Sebillaau and Bibring AJO, and bilby i"‘31. Again, the treatf#n»li#n on
cooling is nucleated by a region of k.c.p. material present between two
partial dislocations in the f.c.c. lattice. Crowtil of the stacking fault
is, however, accomplished by rotation around a dislocation with a screw
ceapeaeat of 2a/3 <IllI>. Th* failure of the reaction to occur in finely
divided material 1$ assumed to be due to « lack of sufficient suitable

dislocation# In individual particles or grains.



&Z"ll

(&xi'i {"E‘n 'ﬁl = I)

&1 Hull, a.¥., Thys. Pev., 17 (i1}, 571 (001)

A2 "Cebalt Honwgrash’™, Ede Contre d'Iinforzation du Cebalt, Lrusgels 1660
A anstharaven, Y.f., Cu cent Sei., 27, 51, (1858)

£ Guen, Lode, eud dadecedonos, L., Prooc. Phys, Soc., &7 (¥), &56 (135&)
A5 Sekito, &., Sei, Eep.dehokuo Vaiv., 10, 545 (1527)

A6 Yvehoff, R.W.8., The Structure of Cewetals (Hew York Chamaieal

Cotslen, Le.ine.), 204 {1%31)

87 vaviel L., Thys. Dav., &?, 831 {10363
A‘\’& }xl.n J, Jgi‘f:- Ee] 233”:{ tt \atuﬁvq :..i‘nn‘.. J.“’{‘Z‘ I‘& tu_}’l.li‘,f :Llilé:q‘

£9 Jefie . and Gelssler, fi.3., Acta Uete, 1, 56 {1951)

£1D flaviecl, L., Phys. Leve, &0 {8}, B31 {1036)

&1 aver V.Il»ﬁ S Aullwtty {’;{; i6h (l‘j;?:’l

&12 Troiano, AJR., ond Teldch, Jele, Trans, Aver. Instlohindlet.ioge,
175, 726 (1945)

AL Hateslfo, 440, Proceediusg Dixas world Letellurpical Conpyess,
Setroeit 1451, Avar.ioc. “ctalm, 177 (1952)

ALl ketenlfe, A.0., fets bet., 1 €09 (1BhJ)

615 Sa?frch~,'S.R., Jeffersct, Pobe, #ud Schulits, Joi., £. Frist.,
73, 376 (1930)

. Lipmon H., and Uileon, A.del., Froc. Loy.loc. &,

ALT Edvards, o,o., and Lipsen, H., J.Inst.fotals, 0%, 177 (3%43)
aLG foushe, Coile, Avevhagk, Pl and Colen, H., fots HMot., &, &1 {Lu6U)
£lG neidenreieh, u.t,, and ¥choockley, V., “itreapty ©f Bolids,

Puvsieal foclety, Loandea) &7, {1948)

o

(1L460)

I .. - FCERT T PYU— b £ .. Lt I 2. ¥
SN inlley, X.R,, Uo¥, Bureaw nLipes, Lull, Mol 584, 59

5él Adis, da, and pltatetier, Co, Trsus, Ve, foc. AJILE., 262, 13 (196E)

+22 HrEYe, ihve, and Suckemitn, We, Free. Loy fGoce A, 207, §27 (1551)
AZ3 Sebillean, F.. ead bidbziug, He, The Alletrepie Transfoynation of
Cobalr, Innt. of rorels Venorrash spd dep. Sories o, G,

Louden 209 {1356)

424 Eyken, W, Trass. swer. Soc. Bteel Yrectivg, 21, 305 (1833)



AZS
£206

hZ

Yersten, b., Physien, 2, 276 (1832)
Cianni, &, furms, J., ead Freisc, F.J., Cobalt Ho.3y (1u6d)

hrajewshi, W., Eyugew, J and Winterhaper, U., Cobzlt Uo.47
61 nnd No.48, 120 (1%70) '

Christian, J.¥., Prec. Doy, Soec., 4, 200, 51 {(1951)
Secper, 4., L. Hetellhumde, 47, €33 (1956
Bibrivg, H., ond 3ebilleau, ¥., Rev. Hetl., 52, 569 (1555)

5ilby, E.h., Phil. Hag., 44, 782 (1553)



; G e N P ., i o g g
& 4 v Yeapurature bontergeis of

e
T
&bl

2o trongforsation

- 390°C
dATzD

430°C

1 NS
12x10™3 o

!

elongation-per unit length

temperature

'temperature

Kdriie €1 &

*RAEVTE Bl L2400y SUUILRIOUS On

S By ke &G . - S T A RIS S S
parfensidio 4 S g fraagzfortaiiun
’ T
o« ke g

{ﬁcgématig}

a b

temperature

b A - !
Plee &3 ~ Lifsct of alley saditions on
the oudliovive wtability of

Cwang o, (sehunavie)

temperature

.9 :
Fiia & 4

dlagians wiCh

4

vy oand oy toeparatures sepurlopesed”

{n) vobade boeed slivye with pichel
eYoAren

{t} Covelt beased ollioys with tow
rettactury pitals

P
(]

s



ATI-1

SPPERUIE 1T

Susmary of e recent X-ray diflraction study of laleolley

srbumov, P, ?avl‘uhov, & and Opanpzenke, 0,5,., fis,. Mecal
ietzlloved., 28, 787 (196%8), (in Rusaiaa). Puys. Metals and ;ECCIIG rapity
26, 21 (1371) (in Englicit). |

Pavlynkov, 4. 5., Gpgnaacnkc; G.5., and Ecbolevekaya, V.I., Fiz.
Setal tatelloved., 29, 888, (L970). (iw Tuessizn). Fhys Metsls end
vetellography, 29, 220 (1971), (in Baplish).

Yhese reports come Lo the attention of tho author vhen published
in Inglish troas ation during 1671, at which tire the work cesekibad
in this thesis vas larzoly complote.  The popers cre conecsraed laryely
‘with o study of the erystaliopgropby of the ialeollor alloye and sub-.
ﬁtﬁhtially confirm saveral of the conclusions reached in the prosent wvork.

‘sing Xeray diffractien photeprephs obtalued in 2 rotating crystal

\

th single eryotal specizens rotating, rocking and fixed, the

[

canera
phases o resent in sn elloy of cobalt plue 27.5 ztl alus 1“1“@, in the

3 g a 4 ~-«,04->
ancnched and aged condition, were studied. - On ageing at upy to 7RG
G , I+
£ h.e.p. phase with lattice porancters, a @ 2.50 4, ¢ » 4,0 A,

cfe = 1.6C vas precipitoted., This phose was called ¢ to differentiaste

1 - »

ror the f.g.e,., o oolid solution of alutkinium in cobalt vhich

l"';

it
precipitated on npeing at 750%C.  The hee.p. form of cobalt, ¢. Las
serameteyrs, & & 2,5471 3, ¢ » 4. O6EG ﬁ, ¢fo = 1.6228 S, It scems reasonoble
te sunpone, thorefore, thal the hucep. m' rhaze deteered by Srbusov ¢t al g,
essentially, €. Tue parsmeters of af are thus rather seoller than those
nurnally nceepted for ¢ but the fact that velues are guoted to only tuo
decinzl pleccs in the cose of 2 and ealy one place in the case of ¢, b'~Jcat
tint the sccuraey of the weasurensnts wos not ver: preat and it i Joubtlul

sinther any siznificance should be attached to the gnall ddffervence

observed,



These results thus c¢m fin, in teras, the couelusion
isicM in this thesis that s is precipitated in “ieollsf at agoing
tcs”rstsTM for which %is the stable fort?. It is aot clear at wkat
ISKpsrilnVi f.c.c. a was dotacted ia addition to h.c.p. a («) but both
phases were present after ageing at 700% the soount of a increasing a*
the tins was exceeded from half~a«r-kOnr to one hour.

Tm orientation islstiesslkip between b.c.p. a (t) and the b.c.c.

festrix (d) was daterained as,

{0001}~ // (0D)g  <IXfOwa" // <1U>£
This is the turgors relationship end substantiates the result# of the
present work* It Is al#o interesting that, Iron the for© of diffuse
scattering regions associated with the matrix reflections! Arbuses et al
deduced that the aetrix wee strained, due to coherency with the h.e.p.
?reelpitate, aa that the cubic lattice was distorted into s uonoclinic
structure, the effect was not observed when the precipit.-te was a. this
is again in agreetssnt with the present work where line broadening in the
diffraction pattern of £ in the presence of « was attributed to strain.
Fertheraore, strain due to coherency between (I 100}e and (112}$, (tao
planes suggested in the thesis as being likely to fora a coherent interface
between a and f), would result in a reduction ia the inter?leaer spacing
of one set of {110} planes in the $ latti.es, thus giving a moaeclialc type

of structure.



