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PREFACE

The work reported in this thesis is intended as a contributidn
to the understanding of the magnetic and associated metallurgical
characteristics apd behaviqur of those permanent magnet alloys which
owe their properties to the presence of a finely distributed ferromag-
netic phase based on iron in a non-ferromagnetic or lesser ferromagnetic
metrix phase. The moét commercially important examples of this are the
Alnico alloyé which have been available for more than fourty years and
provide the "backbone" of the alloy permanent magnet industry at this
time. 'The work reported here is concentrated not only on alloys in
this system but also includes work on another alloy system, the
Fe-Cr-Co system in which, as only relatively recently discovered, some
alloys behave, both magnetically and metallurgically, in a very similar
manner to the Alnicos.

During the course of this work I have attended two conferences
on permanent magnets and magnetism. These were "The Third European
Conference on Hard Magnetic Materials" he2ld in Amsterdam in 1974, and
"Phe Second L.E.E, Conference on the Advances in Magnetic Materials and
Applications" held in London in 1976, I presented a paper at both these
conferences covering éerﬁain_aspects of the work now fully reported in
. this thesis. Theée papers have since been published in the proceedings
of these conferencese. 'In addition I have attended a course on numerical
methods which was part of a M.Sc. course in Metallﬁrgy. The course
consisted of lectures and practical work including digital and anslogue
ccmputing methods in about ten three hoﬁr weekly sessions. I also
attended several series of lectures at degrée level on relevant special
subjects including theory of spinodal decomposition énd other metallur-

gical transformations, and basic theory of magnetism,
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ABSTRACT

This thesis is.;he result of a comparative investigation
_of two alloy systems from whicp useful permanent magnet properties
can be achieved by suitable heatltreatment. Alnico alloyé, and in
particular a Ee—Al-Ni-Co alloy, are compared with Fe-Cr-Co alloys.

The most striking observation throughout this work has Seen
the great similarity in magnetic behaviour and metallurgical structure
of the Alnico type alloys and the Fe-Cr-Co alloys.

- fhe alloys studied, although they display additional idiosyn-
crasies peculiar to the.individual alloy, all, with the support of
TEM observations, behave magnetically (specifically the properties
of magnetic anisotropy and coercivity) in a manner consistent with a
common transformation mechanism., The evidence supporfs the view that
this mechanism is spinodal decomposition, which‘initially produces an
homogeneous, fine shape-anisotropic particle microstructure, and by
subseéuent diffusion during heat treatment achieves a highly ferro-
magnetic state; all of which are necessary conditions for good
permanent magnet properties. The results indicates that some contri-
bution to the magnet properties may ensue from furthef elongation of
the particles with prolonged heat treatment. However the evidence
indicates that elongated particles'aligned, to an extent allowed by
crystallographic conditions, with the direction of the applied field
dﬁring the early stages of heat treatment arevproduceﬁ as the initial
spinodal decomposition product,'consistent with the theoretical.
predictions for this mechanism,

The rotational hysteresis loss and rotational hjéégresis
integral specify curling as the mode §f magnetisatioh reversal in a

Fe~Cr-Co alloy after heat treatment to produce the optimum magnetic

state.



The behaviour of remanence and coercivity for Alcomax 111
and an Fe-Al-Ni-Co alloy suggests a possible proportional relationship
;between coercivity and the saturation magnetisation of the particles
during tempering at 600°¢. ACoherent magnetisationireversal'of the
particles will givé such a relationship at iptermediate coercivity
levels if it is assumed that some of the matfix magnetisation cén

reverse prior to the particle magnetisation.
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INTRODUCTION

The objecti&es of the work outlined.in this thesis has been
to usé magnetic measurements, assiﬁted by electron microscopy and
other'measurements, in an attempt to gain further insight into the
dé%éiis of the alloy transformations and morphological changes which
are responsible for the permanent magnetism of both the Alnico
alloys which are based on the Fe-Ni-Al system, and some Fe-~Cr-Co
alloys, which behave magnetically in a very similar way.

Initially Chapter 1, outlines the basic principles which
account for ferromagnetism in these élloys and considers under what
conditions permanent magnetism can be expected to occur with pérticular
emphasis on the particle shape anisotropy mechanism. The chapte;
goes on to discuss the background literature on Alnico and Fe-Cr-Co
alloys, and alloy systems generally which are considered to owe their
permanent magnetism to internal particle shape aniso%ropy.‘ The basic
theoretical ideas of possible metallurgical transformations and other
changes in such alloys to account for the morphology of the structure
responsible for the'occurrende of permanent magnefism are also
~ considered.

Chapter 2 contains a description of the prepération of the
alloys and samples used, and Fhe equipment and techniques employed,
which'include magnetic property determinations and transmission
electron microscopy over a range of heat treatment conditions.
Chapter 3'out1ines the results obtained from this work. Chapters 4
' and 5 develops some theoreticai ideas, which are‘requiredxin order

to properly make use of both ‘the préctical results of this work and

the work of previous investigators.
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A discussion of the practical results is presehted in
Chapter 6 in the light of the varibus alternative theories for (a)
the metallurgical transformation mechanisms responsible fer the ‘
permanent magnetism in the first place, (b) the behaviour of the
magnetic properties and what these predict for both the mechanism of
d;;omposition and for the evolution of the morphology of the microsf-
ructure and (c¢) the mechanism of magnetic reve;sal both at various
stages in the deﬁelopment of the metallurgical structure and in the
optinum state.

The conclusions arising from these comnsiderations are put
forward in Chapter 7.

Throughout the course of this investigation reference ig
freguently made to meésurements of the various magnetic propertieé
normally determined for permanent magnets (and ferromaénetic materials
generally). ItAmay therefore be useful here to give some brief
description ofrthesé properties and their measurement and significanée.

Magnetic field strength, H, is determined by, or equivalent.
to, the effect produced by a current flowing through a wire wound
~into an (infinitely) long coil of N turns per metre. The S.I,. unit
of field strength is therefore A/m and a magnetic field or magnetising
force exists inside the centre of the‘coil or.solenoid in the
.v_direction of its long axis when carrying a current of, A, ampere

i.e. H = NI A/n " :
This infinite solenoid may be replaced by a toroidally wound .
'solenoid as shqwn in the diagranm. |

A'change in mégnetic flux, @, causes an E.M.F. in volts, V,

to be induced in & coil of N turns

ioeo v = - N .g;i;
‘ dt



20
The significance of the minus sign is that if the E.M.F,
causes a current to flow, then this will be in a direction that
produces a flux that tends to neutralise the change in I. The unit
of flux is called the weber and the flux densit&, B, being the flux

per unit area of that plane for which the flux is the normal, is

measured in weber/square metre, which also has the speciél neme, tesla.

A E.M.F., can be induced not only by changes in field strength,
but also by changes in‘magnetisation, J, of the substance through
whichlthe field is passing. 1i.e. B.is composed of the sum of two
effects i,e. B = J + /LQH

Where J is also measured in units of tesla (in the Kennelly
system), and when specifically referring to magnetisation in these units
connected by the above formula,it is conventional to use the term
magnetic polarisation to describe J. The magnetic conétant,//x°

= 47C x 10-7 in units of Tm/A allows field strength'in~the f;rm

of //&,H also to be quoted in units of tesla. This is the convention
accepted by the International Union of Pure and Applied Physics énd
embodied in the 1969 Report of the Royal Society, Symbols, Signs and
abbreviations, and is used throughout this report. (There is an
alternétive system however, the Sommerfield system in which
B = //XO(H + M). Here M, the magnefisation i§ expressed in A/m
like H).

It is evident from the foregoing that H, being a force, and
B; being the flux through a specific area, are (together with J)
vector quantities necessitating, as well as a magnitude for each of
these quantities, the knowledge of a direction as well. In a magnetic
material B and H can vary inéependently. Their principal directions |
do not have to be in £he same direction, but theory is usually’

limited to cases in which they are either parallel or antiparallel.
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Suppose the tofoid in the diagram is filled with a ring of ferromaé-
netic material having & uniform cross-section. Suppose further that
the material is ihitially unmagnetised and a magnetising field ié
applied and gradually incr;ased. If B is plotted against H a magnet-
is§yion curve passing through the points Bm, Hm is obtained as
included in the lower diagram., H can be stopped at any level Em and‘
reversed through zero to -Hm and then back again to Hm. The result
is an enclosed loop and if this is performed for a series of progress-
ively increasing values of Hm a series of hysteresis loops of progress-
ively increasing area are produced as shown in the lower diagram.,

The area enclosed by the loop for any particular Hm includes all
loops for lesser Hm values. It can be seen that the changes in B

lag behind those of H so that there is always some remanent B when

H = 0, and some negative application of H to reduce B to zero.

Up to a point the larger is Hp then the larger the hysteresis
loop, but when H, reaches a valuevsufficient to saturate the magnetic
material the area of the loop ceases to grow as illustrated in the
diagram. B at H = 0 and H at B =0 feach constant values known as
the remanence, B,, and coercivity, HCB’ respectively. This largest
hysteresis loop is known as the major hysteresis loop, or just THE
hysteresis loop.k

Alternatively instead of B, . J may be plotted against ﬁ,
'and since B and J aré both measured in the same units both major loops
are sometimes shown on the same graph as illustrated in the. upper

right‘hand diagram. - It can be seen that when the material has become
magnetically éaturated at high values of H the J - H curve becomes,
. for most pra;tical purposes, a straight horizontal line, wereas B:

continues to increase at all increasing values of H.
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In fact J still continues to increase very slowly with
increaéing H at high field strengths, however this is 50 gradual as
.not to be detectable by most pérmanent magnet test equipment. The
‘value of J at high H, oncé J has reached this almost constant value
is known as the saturation magnetisation or saturation polarisation,

—

Js.
Also, extrapolation of the linear region back to H =0 gives

the value of J known as the spontaneous magnetisation which is, -
however, for most ferromagnetic alloys, virtually identical to Js'

The major hysteresis loops for B v. Hand J v. Hat H =0
intersect, at this point B = J, i.e. Bp = Jp. B, and J, are thus
interchangeable symbols for remanence. The negative field required
to reduce J to zero is HCJ' the intrinsic coercivity. HCJ is in
practice only a little larger than Hyp 80 long as HCB <:<:Br.

The second quadrant of the hysteresis loop with B positive
and H negative, i.e. from B, to H, inclusive, the demagnetisation
curve, is particularly important for describing the quality of a
permanent magnet material, There is a point along this part of the .
curve for which ?he product of B and H has a meximum value. This point
the (BH) max has the dimensions of joule per metre 3 (J/mB) and is
also known as the energy product, although it is numerically doqb;e
the actual meximum energy which may be stored in the mgghet.

Most of the above magnetic properties (and others not covered
here) are of great use to the engineer or designer who wishes to make
use of permanent magnets and also provide some problems for the
‘ physicist or metallurgist in trying to explain and predict their
values. How;ver, one of the aforemgntioﬁed proferties, Jgy 15 more

"~ directly and simply related to the electronic structure and therefore

the composition of the ferromagnetic phase or phases in such materials.
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It is this property, and other properties
presence of high magnetic fields (notably
energy,'which under certain circﬁmstances
variation.of the saturati&n magnetisation

material) theat is used here to help to

—

also measured in the

thé magnetic anisotropy

can give information on the
of the constituents of the

understand the behaviour

of such pefmanent magnet alloys, and forms the basis for the exper-

imental work.
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CHAPTER 1 - REVIEW

Ferromagnetism and permanent magnet alloys based on fine
particle anisotropy

1.l. Ferromagnetism

l1.1:1, Saturation magnetiéation and the electronic structure of
metals '

The band theory of the electronic structure of solids
currenply provides the most‘acceptable model for ferromagnetism in the
transition metals and the alloys of these metals.

When applied to magnetic problems, the band theory is often
referrgd to as the Stoner col;gctive electron theory (l) or the
Itinerant-Electron model. The latter because the existence of;féfro-
magnetism in metals and alloys requires the band to be narrow which
also implies some tendéncy for atomic locallisation of the electroms.
The band theory, as applied to ferromagnetic alloys is conveniently
summérised by Cottrell 2). | o

The exchange energy is extremely sensitive to interatomic
distance as shown by the Bethe-Slater.relationship in Fig 1. the band
width is also strongly dependent on interatomic spacing as shown for
3d and 4s bands of the transition metéls in Fig 2. The kinetic energy
difference between individual levels is small when the atoms are far
énough apart in the crystal latticé, and if the interatomic distance
is also sufficient to cause the exchange integral to become positive
(Fig l.)‘and to have a sufficiently nigh valﬁe such that the kinetic
énergy required for an electron at the Fermi surface to jump to tﬁé
- next highest ievel and reverse'its spin is smaller than the re;ulting
reduction in exchange energy,,then the electron will spontaneously flip
to this condition to minimise the totél energy.

The unfilled 3d band of the transition metals is sufficiently

" narrow that, depending on the lattice constant for the individual
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metals, they are ferromagnetic or antiferromagﬁetic as shown on the
1curve in Fig 1. |

The th?ory.accounté for the saturation magnétisationupf
elemenﬁs such as iroﬁ nickel'ané cqbalt ﬁhich, expres#ed as Bohr
magpetons per atom, have non-integrgl valugs. As shoﬁn inviébie_l,
when the conditions of interafomic spaciné apd band width are right,
which is appargntly the case'for’the abovekthree @etals, as many
eléctrons as possible from one subband will iransfer to fill the
ayailable levels in the other. This behaviour also occurs with many
of the alloys ﬁf these metals as shown by fhe Slater-Pauling Curve‘
(3,4) (Fig 3) in which.qanj of théxpoints follow approximately the
‘relationship' | |

/Uhx= _ (10 + X = D) seeseeveanss (1.1)

where /MH is the saturation magnetisatiqn in Bohr magnéfons‘per atog
and n is the number of (zd + 4s) electron§. 10 represents the tgtél
nuaber of electrons.per atonm tpat the 3%d band can contain and x = 0.6 -
is the . normal levél of electrons expected in the 4s band. FuLther
~considerations and possible explanation for this behayiour and the
behaviour in Fig 3 are gi&en in Chapt¢r>5. “

| This.principle that electrons ffom the valence shell may
transfef to the 3d shell according t6 some prescribed rule was also
notiggd_by Stoner (5) from the experimental results of Sadron (6) and
Mariaﬁ.(7) for alloys of nickél, not’énly with other trgnsition metals
ﬁith 4s valence electrons, but alsq with metals having 35 or 5s valence,
‘electrons sﬁch és silicon and antimony etec. (Fig 4) (8). Thése.again
" are linear relationships of magnetisation with composition in apcord-
ance with equation (1.1) with X = Q.6, N |

vThis almqst universal linear ﬁehaviour of changes in magnet-

isation with composition in solid solutions in which no structural
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transformations occur may possibly be explained.(Chapter 5)_By
transfer of electrons,between the various unfilled bands.

| Even where the relationship is not quite:linean;vstreight
lines can‘often be fitten_oyer\quite larée.changes of.composition.
Use is made of this expected proportionality of satnration magnet-
is;tion with compositions in‘suosequent chapters.

This presentation of the ItinerantAmodel is naturally a
simplified”one in at least two respects. Firstly the}band oonoept
Vpegine to break down somewhat when applied to narrow bende. As elready
stated, in these bends.eleotrons_tend to have a measure of localisation
at atomic sites and a modei which successfully takes this into account
_has yet to be formulated. Secondly thermal effects have been ignoned.

1

Thermal energy will reduce to some extent the perfect spontaneous
magnetisations at O K‘oy;oloturbance of the spin orlentatlons.
However for temperatures well below the Curie point the reduction‘is
only relatively slight as seen by inspection of the magnetieation
tempereture curves for iron and cobalt in Fig 5 in which the magnetf
isation ie reduced by less than 3% from 0%k to 200°K. J - T curveé
for many sing;e phaee ferromegnetic alloye when piotted»as ;f against
é%},where J is the saturation intensity of magnetisation in tesla
at absolute temperature T, J 15 the saturation at 0 X, and T, 1s the
Curie temperature, are very 51m11ar and, as loné as the Curie tempera-
ture is of the order of that of iron (i.e. > 200°C) then thermal
effects on the level of tne saturation magnetisation of most

ferromagnetic solid solution alloy will be equally small at ambient

temperatures.

l.1.2. The Domain Concept

The classical theory of ferromégnetism by Weiss (9) was

originally advanced assuming localised. electrons completely bound to
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atomic sites and is thgrefofe now kﬁown not to be strictly applicable
- to metals and alloys. He postulated a " molecula; field" or forcei‘“
proportional to the true spontaneous saturation magnetisation - now
known to be due to the exchange energy - which tends to align the

individual electron spins of each "ferromagnetic" atom within the

lattice.

Opposing this effect is thermal energy which was taken into
account in the Weiss theory by a Boltzman distribution between thei
"molecular field" and the tgmperature. The basic theory has since
been modified to some extent in detail, but not in principle, by
quantum considerations and can be used to explain non-metallic paré -

‘

and ferromagnetism.’

| Weiss also recqgnised that iﬂﬂ new ideas were neceséary to
explain the ease with which ferromagnetic substanées could be
magnetised. The existence of a ﬁmolecular field" or exchange ene¥gy
to causeispontaneous magnetism does.not by itself explain why soune
external field, be it small in comparison with the fields necessary
to’magnetise paramagnetic materials, is still necessary to magnetiée
ferromagnetic materials, which by this principle alone should be
(almost) fully ﬁagnetised even in the absence of an& applied magnetic
field,

The further idea presented by Weiss wés that ferromagnetic
matérials are in fact alwazs fully magnetised. However the substance
"itself is internaliy sub-divided into regions, called domains (or
Weiss domains), within which the material*is fully magnetised in a
particular direction, but the direction of magnetisation varies frqm
domain to domain either randomly or in such a way that in many B
instances a piece of ferromagnetic material appears, 6utwardly; to
be un-magnetised because the various magnetic orientation.of the

)

individual domains cancel out to produce a net zero magnetisation.

&

-
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Therg have, of course, been numerous observations of.the'
magnetic structure of ferrqmagnetic materials to amply confirm this
fact, which was originally deduced purely from the external magnetic
behavioﬁr'of‘these méterials; and the presence of domains are stiil
expected whetﬁef a localised theory of ferromagnetism such as that
offﬁeiss, or a band theory is applicable. -

A ferromagnetic material tends to arrange its domain
éonfiguration so that thg net magnetisation is zero in order to
minimise the magnetostgtic energy or demagnetising field of the
ferromagnetic specimen as a whole. At any point inside the magnet
the energy per unit volume produced by reaction between the magnet;
isation or magnetic moment per unit volume, J, (in tesla) and tge
exfernél field, H, (in A/m) is (10)

Ey = “JH aevesenecnes (1.2)

This is the mean for all domains and inside an individual
‘domain'the magnetisation is saturated so that
Ey, = -BJ_cos @ ...... (1.3)
where_¢ is the angle befween H énd Js‘ For zero applied field thié
energy, E,,is also zéfo. However if H inside the material is taken
to include the self demagnetising field Hythen for zero applied field
the energy is ‘ Sp = %HdJ """;;""f (1.4)

For ellipsoidal shapes, Hd within the specimen is also uniform and
can be simpl& expressedvin.terms of_J, :g

d
where Me is a constant.known as the magnetic constant equal to 47T x

H = N 3/g, eeereenes (1.5)

.'1b;f7 TA/m, and N is purely a function of the shape of the specimen
aﬁd, for eliipsoidal particles is tabulated in numerous sources
(11,12,13,8).- This demagnetising energy is thus the driving force
for the reduction of the mean magnetisation towards zero and the

source of the energy necessary to generate the domain configuration.



Within any ferromagnetic materisal there are at least two
regions of magnetisation -
(a) the region inside the domain

(b) the region at the interfdce between adjacent domains

‘known as domain walls (or Bloch walls).

P e

l.1.3. Magnetic anisotropy

It has aiready.been stated that the magnetisation within
domains is essentiallj complete (i.e. saturated) and deviates 1ittle
in direction from point to point within the domain. Hoﬁever the
principles governing in which direction the domain as a whole is
nagnetised has not yet been considered.‘ .

The crystal structure itself; presence of directional ordering
within the crystal, anisotropy in the exchange eﬁergy, interhal
stresses, magnetostatic ;nteraction due to the shape of the specimen -
and the domains, aﬁd any applied external‘field can all influence'the
direction of magnetisation of individual domains. The direction of
magnetisatioﬁ will in fact be such as to minimise the energy of the
system as a whole., All these féctors tend to impose a preferred
direction; or direétions'f§r the magnetisation and as such have
characteristic anisotropy energies which are referred to as -

crystal anisotropy_
shape anisotropy

stress anisotropy etec.
Ferromagnetic alloys generally hgve intrihsic»preferred.
crystaliographic direﬁtions of magnetisation. Magnetisation curves
. measured in different directions for crystals of iron, nickel and
cobalt (14, 15)‘éré shown in Fig 6. In the body centred cubic latfice
of iron a comparatively small magnetising field in any'<1OQ>‘cupe
edge will magnetise the crystal to saturation. Application of an

- external field in a direction other than an easy one will cause the
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maénetisation within the domain to rotate reversibly against‘the
cryStalline forces whidh tends to hold it in a {100)> position.

Energy is therefore storea in the crystal when Js is directed in a
non-easy directipn. ‘Because crystalline solid state theory does not
yet offer a complete explanation of the crystal anisotropy energy E
'igiié»necessary to use a series exéaﬁsioﬁ of the direction cosines‘of
Js relative to the cubic crystal axes to defing a number of anisotropy
constants . |

E = K, +K (o &+ ol lol) + K,y (S GG+ wennns (1.6)

where qq a(; and <x% are the direction cosines for the angles
between the crysta; axes and Js’ and Ko’ Kl’ and K2 are the anisotropy
constants. Because only changes in energy are usually considergd Ké
.caﬁ be ignored, and constants from higher terms than the oné contain;
is sometimes so small that the term

ing XK, are not needed, indeed K

2

involving it can be neglected.

2

Sometimes for crystals with a uniaxial preferred direction,
such as in hexagonal crystals, typified by cobalt in which the
hexagonal ¢ - axis is the direction of easy magnetiéation, the
magnetisation in ali directions perpendicular to the preferred
direction, are found, within the accuracy of measurement, to be
equally hard. TUnder these circumstances fhe crystal anisotropy
energy depends only on a single angle, 6, between the Js vector and
the preferred axis. In he;agonal crystals it isrcustomary to write
the equation for E in terms of powers of sin © rather than cosines
and E simplifies to
sin®e & veeeer (1.7

E = K + Kl’ sin26 + K

o 2

For uniaxial stress or shape anisotropy effects, it may, in
the simplest possible cases, be possible to analyse the anisotropy
energy and obtain egquations which are also of the type

E = K Bin29 00 c0eeoces s (108)



For shape effects Es is the magnetostatic energy andithe
corresponding shape anisotropy constant Ks is given by
. - ’
Ks = Z7°(Na Nc) J .0.0000000>$109)

where Na and Nc-are the demagnetising factors (11,12,13,8) for the

equatorial and‘polar directions respectively of ellipsoidally shaped

saﬁﬁies.

» For internal stresses and where changes in lattice parameter
can be induced'by magnetisation, E is the magnetoelastic energy, Eme’
and the corresponding stress anisotropy constant Ka_is given by %%710"
where'a’is the magnitude of the stress and A is the saturation

magnetostriction constant.

Anisotropies induced by directional magnetic ordering‘are of
the same form as other uniixial anisotropies governed by equations
similar.to (1.7) or (1.8).

Any or all of thé;e anisotropy effects (and others not
considergd here) may contribute to establishing one or a number of
preferred difections of magnetisation within an individual domain.
Fbr example if two uniaxial anisotropies which are given, except for
constant terms,_by expressions of the form of equation (1.9), wifh
easy axes at some angle(f'( ;é 900), to each other then it can be
shown that they are together equivalent to a new uniaxial preferred
axis (see chapter 4). "

An anisotropy field H, may, for mathematical convenience, be

A
defined (analogous to the molecular field of Weiss representing the
exchange energy) as equivalent to the applied field which would have

"the same effect on the magnetisation as the magnetic anisotropy, and

is obteined from K = # Js HA analogous to equations (l.4).

1.1l.4. Domain Boundaries

The interface between domsins is normally of relatively small
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width compared with the mean domain dimension and since the crystals
of most ferromagnetic materials have cubic symmetry, preferred
directions of magnetisation wili'tend to be (100)» so that ﬁeigh—
bouring domains whose directions of magnetisatioﬁ are either nearly
perpendicular ér antiparallel i.e. 90° or 186o boundaries will be
fa;gured. Bloch (1 6) first fointed out that the transition of the "
direction of magnetisation from one domain to the next must be as
gradual as possible in order to minimise the exchange energy at any
point in the crystal. The exchange force being a very short range
force extends only over immediately neighbouring atoms and any
antiparallel component of spin of the electrons contributing to the
ferromagnetism adds to the energy of the system at that point. The
exchange interaction thus has the tendency to make any change inl
direction as gradual as ?ossible, that is to increase fhe width of -
the domain boundary, s ’ i.e. the regioﬁ in which the Epins ére
substantially inclined to the direction of easy magnefisation.

Tﬁé energy of the domain boundary is thus increased by an
increase in exchange energy or anisotropy energy. However, whilst
the boundary is also wider for an increase_in exchange energy, an

increase in anisotropy energy will reduce the width of the domain

‘wall (8).

1l.2. Permanent Magnetism

The change in apparent magnetisation (i.e. magnetisation or:
"demagnetisation") of ferromagnetic bodies can be achieved by two '
mechanisms. (&) By nucleation and movement of domain boundaries so
that the_body'is partitioned into domains with different directions
of magnetisation, which can change in number‘br some may grow at the
expense of others. (B) By rotation of the directions of magnetis-

ation within individual domains to effect a net change in overall

magnetisation, .
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l.2.1. Wall Nucleation (17)

In order to nucleayg a wall in a perfect crystal thé applied
'field is pequired to reverse one or more electron spins. Each
individual spin is maintained in a preferred dirécfion by the‘
anisotropy energy and aligned by the exchange interaction energy
wigi—iis neighboursf

The latter energy density is very high, much higher than any
anisotropy energy, and even at the crystal surface where the surround-
ing is incomplete an effective energy density much higher than the
anisotropy energy must be expected. (Brown (18) pointed out that the
energy for wall nucleation in a perfect crystal is thus higher than
the anisotropy energy and that hence no wall will be nucleated, no
matter what size the crystal may be. Instead, uniform rotation ;f the
magnetisation when the energy density of the applied fié;d exceeds the
anisotropy energy density will occur. |

Experiments by‘Deblois and Bean (19) on iron "whiskers",very‘
high purity single crystéls of iron,have shown coercivities approx-
imately equal to the anisotropy field. This demonstrated experimentally
the occurrence of demagnetisation by uniform rotation in relatively
large perfect crystals. When imperfections occur in the crystal,the
coupling energy between neighbours can‘be.low, or even negative
locally, since as already stated, this energy ié highly sensitive to
the distance between neighbouring atomic moments. In this case easy
nucleation is possible, the wali having low energy at such sites.
- Also sharp edged inclusions can provide easy nucleation becausg,of
' strong local demagnetising fields. Ihperfections are distinguished
as surface defects and internél defects. De Blois and Bean (19)
found easy nucleation at the sharp edges of iron whiskers. Turner et al

(20) observed preferred nucleation of walls at scratches in the

electropolished surface of Permalloy'wires.
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'et al (31) with nickel particle suspensions in 1950,it was not clear
that coercivities derived from fine particles could be attributed to
single domain behaviour. The coercivity of fine particles over a

‘ fange of.matérials with various crystal anisotropy energies is shown
in Fig 9. (32) as a function of particle size. The fall in coercivity
at/;ery small parficle sizes ( <10 nm), is due to thermal effects |
which on such §mall particles are stroﬁg enough to spontaneously

- demagnetise a previously satﬁrated asesembly of particles. Such
»particles are referred to as super-paramagnetic (33). In addition

to cruShiﬁg and grinding the more brittle solid alloys such as MnBi
(34) and SmCos (35) and then compacting and/or sintering to produce
.small particles or grains precipitation, mgtalé and powders of-mqre
ductile metals such as iron and cobalt may be formed by chemical
reduction of salts'etc. of the metels'(36), by electrol&sis of salt"
jsolutions (37) followed bj Qompaction or suspeﬁsion in a non-magnetic
solid matrix, orvby precipitation from a solid solution alloy - the
latter notably in the Aluminium-Cobalt system (38,39). Co and Fe
suffer from their relatively low crystal anisotrdpy and furiher, the

ferromagnetic constituent is diluted by the inclusion of a non-magnetic

matrix material.

1.2.4, Shape Anisotropy in fine particles
The anisotropy data in table II which indicated the order of
magnitude of various magnetic anisotropy mechanisms shows that ther?
is at least one other mechanism which can éﬁmpete with the crystal
anisotropy of cobalt and iron. Shape anisotropy which, combin;d with
the concept of particles of sub-critical domain size, is a highly

useful alternative;

The theory of single domain particles was developed independ-
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TABLE II

Anisotropy constants

some ferromagnetic and

and

saturation magnetisation of

ferrimaznetic

substances.

Structure Substanée Anisotropy Constants|Saturation
KI(MJ/mB) KO(NJ/ms) magnetisation
- Jg (tesla)
at 20°C
Cubic Fe 048 £.005 2,15
Ni ~.005 -.002 0,60
Hexagonal Co 0.45 0,015 1.78
Bao.6Fe203 0.33 0.48
Mn Bi 0,89 0,027 0,78 '
Mn Al 1.0 0.62
Y Co5 5.5 1.06
Pr Co. 6.9-10.0 1.20
Sm Co5 8.,1-11.2 0.96
Cubic Anisotropy 0,2-0,002 NJ/m3
Hexagonal " | 12 - 0,3 "
Shape(e/d=10) " 0.9 "
Stress (lSOONN/mB) 0,05 n
Directional order 0,02 "
Rolled 50Fce-50N4)
Typical exchange energy
coefficient (iron) 2,000 "
-,
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sntly in England by Stoner and Wohlfarth (40) and slso in France by .
Nfel (36,41,42) in the period 1939-1948. It wes first calculated by ‘
_ Poisson (43) that en ellipsoidel magnet is the right shape for the’

flux leskage from the surfsce exactly to balance the change in

surface area by the taber towards the poles, and that this is true

for ellipsoids of all dimensional ratios, whethgr extremely elongafed
to'resemble a long wire, or a sphere, or the other extreme rgsembling
a thin disc. The relationship in this case b;tween the internal
demagnetising field and the magnetisation of the ealsoid isralready
given in equation (1.5). The demagnetising fectof, N, can be found
by an expression derived from that given by Maxwellv(ll), entirely

iﬁ terms of the polar axial length, C , and the equatorial dismeter,

a , of the ellipsoid sas

1 m cosh™'m -1
N = ml_" Jml‘l . seesccnne (1.11)

where m = C/a-

N ==;£3‘[J%%7 “ge(m*'"“”>*]‘ cereneess (1L12)

N has the value of41/3 for & sphere but is significently lower even
with the slightest elongation say‘m = 1.5, N =0,2%23 gnd for o = 2,
0,173564; or m = 10, N = 0,0203,

To generalise it is well known that & uniformly magnetised
ellipsoid with principel axes oriented along co-ordinate axes xi
(1 = 1,2,3) and with mégnetisation components Ji produces an energy

per unit volume sssociated with the de-magnetising field

o g2 2 2
E = — N N J N J seve o . )
e Tm Mt BTN (1.23)

(4

where the Ni“ are the demagnetising factors for the three principal

axes and depend only on the ratios of the three ellipsoid semi-axes,

as exemplified by equations (1.11) and (1.12), and satisfy the

N N N" = - A EEEEREEEEEXEEE] . )
relation R Py =1 : (1.14

-.
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The demagnetising factors are tabuiated even for the case of three
unequal axes (11,12).
For a single domain particle the magnetisation is} by

definition, of constant mégnitude but variable direction so that

- ! -2 2 2 2
OB = A, ooy T 4N, 07+ Ny OC3 ) ceees (1.15)
where d& are the direction cosines with respect to the co-ordinate

axes.

In a zero external field, stable equilibrium requires that
Js lie aléng the dirgction»that minimises Ed,i.e. the longest axis
corresponding to the smallest Ni say ﬁc‘so that Ed = zﬁ; Nc Jsa
which is equation (1.5) substituted in equation (1.4). An external
field can rotate Js out of this direction. The behaviour of the
éeneral ellipsoid is complicated, and therefore the simpler prolate
ellipsoid of revolution has usually been used, with long polar semi-
axis, ¢, and short equatorial semi-axis, a, (the oblate euﬁpso;d Qf
revolution is also‘easy to treat). The ellipsoid then has longitudai
demagnetising faetor Nc and transverse demagnetising factor Na with
Nc + 2 Na = 1, and with Na>Nc.

Rotation of Js away from the polar axis (e.g. by means of an

applied field) increases the demagnetising energy

B = s [Na cos %0 + N_ cos 2(90%+ e)] ceeees (1.16)
2 Mo |
b | . 2 .2

Ed = B [Na (1- s1n 9) + Nc s1in e] TR R (1017)

2/,
or neglecting terms independant of ©

J 2 2
E = 5 (Na-Nc) Sin e ) Cesecsoscece (1.18)

d
2 Mo

which is the variable part of the demagnetising energy. This increase-

ing to a maximum of .l_'Js 2 (Na - Nc) as Js is forced to rotate
%ﬂo
from the preferred direction through a 90o orientation to this

direction. At some point the magnetisation will.in general spontan-



eously jump to a position near to the 180o position - the preferred
axis in the reverse airection. |

The precise positioh at any time'depends also on the actualA
directi;n and energy of fhe external field equal to equaFion (1.3)

" the total relevant energy being

J 2 2
- B = B (Na - NC) Sln. 0O - HJS cos ¢ cesssne (1.19)

2M, .
@, being the angle between the magnetisation and field axis, can be

replaced by £~ 6, where o is the angle of orientation of the
applied field with respect to the long axis of the particle. At any

field the energy will always be & minimum i.e. at

dE = 6in 2 0 + 24 H 5in (X£=8) =0  seeeess (1.20)
de "d_ (N_ - N_)
<3 a c
(when dzﬂa is positive). ’

d 6

This equation with two variables H and © has been solved
numerically (40) for a series of fixed values of oC and presented

in terms of the reduced magnetisation, resolved in the field direction

—%— = [e{e}53 ¢ ssccsecs e (1021)
s .

and a reduced fieldAh = jOH. seeoecooce (1022)
' o JS(Na~Nc)

These results are presenﬁed graphically‘in fig 10. from Stoner &
Wohlfarth (40). .These are reduced total hysteresis curves, which for
an ellipsoid witﬁ its long exis in the field direction is a '"square”
' loop with hc =1 .
di.e. Hyy=Jd, (N, - N) 47«0 ceeseens (1.23)
_for a very long particle (Na - Nc) =« % and therefore

Ry = Jg [ ¢ BY-1'S

2 Mo

From équation (1.18) a shape anisotropy constant Ks can be -

defined analogcus to equation (1.8) for crystal anisotropy

K =4d 2 (
B8

5 f.boooooo (1025)

N, =N / 2/'%

-
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Fig 11. Theoretical hysteresis loop of an assembly of
randomly aligncd single domain particles.. (40)



T
(Ks is the energy per unit volume of particles and for an assembly

of aligned non-interacting particles mesking up a volume fraction p of

[l . 2 .
s = sz = p Js (Na S is

-N) /2/%

a_cbntinuou§ specimen then K
the energy per unit volume of the specimén).

Carrying the analogy with crystal anisotropy furthet equation
(Ijiojlsuggests a2 shape anisotropy field (HA)s also equal to the right
hand side of equation (1.25) i.e. for a perfectly aligned particle
HCJ = HA'

If the particle is aligned with its long axis transverse to

the field then it may be seen from Fig 10. that there is no hysteresis,

no spontaneous Jjump at any value of h, and a linear curve of i_ against .
J
s
H of slope s dJ is calculated up to the anisotropy field H
-#g~———-— A
Js (Na-Nc). ‘

at saturation.

Stoner & Wohlfarth (40) slso caiculated the Lysteresis curve
for a non-interacting assembly of prolate ealsoidé orientated at -
random this is shown in Fig 11, and for'this case

HCJ = O¢#79 (Na - Nc) Js e0eecces (1026) 
Mo

and .Br = Jr = % JS_ e s eescovoes oo (1.27)

l1.2.5. Extension of fine particle theory to particles of any shape
and magnetic anisotropies of any type. .

Brown-and Morrish (44, 45) have calculated that the above
treatment of single domain behaviour (40) is not restricted to
ellipsoids, so 16ng as the particles are noh-interacting and uniformly
magnetised internally., ILven if the particles are interconnected{or
full of holes or have edges or corners such as those on a cylinﬁer or
prism etc,valﬁes of Ni.will exist for.an equivalent ellipsoid of the
same volume for any arbitrarily shaped'particle.

Equation (1.20), derived for shape anisotropy energy is.

.



T
anélogous to crystal anisotropy equations, for example equation
(1.8), so that a shape anisqtropy constant, equafion (1.27) éan be
defined. Reversing this apalogy'the shape anisotropy constaﬁt Kg
can be replaced by a crystal anisotropy constaﬁt such as equation '
(1.8), or any other uniaxial magnetic anisotropy without any other
moaifi;ation of the theory.. So that the shape theory of small
particles applies to particles with any uniaxial or mixture of
'uniaxial magnetic anigotropies and is therefore a general theory of

single domain demagnetisation.

l.2.6., Particle Interaction

A single domain ferromagnetic particle which is itself part
of a body which aléo-contains nuserous other similar particles is not
only affected by its own internal magnetic anisotropy but also by the
field generated by the presence of the remaining particles, Ngelb
(36,41) bypassed this problem for shape anisotropy by considering the
system as a coﬁtinuous ferromagnetic body containing cavities. If p
is the volume fraction éf”ferromagnetic particles then (1l-p) is the
volume fraction of "cavities" which will have a magnetostatic energy

per unit particle volume of
2

Ed = p (l-p)N J booo.."oo (1028)
-— B
2 M
The anisbtropy energy constant per unit volume of the system
is'fhen " : 2
KS- - p (1 - E) (Na - Nc) J:S eseos e (1.29)

g/uo

which is thus the generallised form of equation (1.25) for systems of
' particle§. |

Bowever whilst this may be valid for anisotropic assgmbiies
of particles whose magnetisatiop is pafallel and uniform (46), a

coercivity based on this energy is only valid if the magnetisaiion of

all the particles remain uniform not only internally but also with



respect to each-bther during demagnetisation when

(Hgp) p = (Egy) pg® L= P) eueerns (1.30)

CJ" p
" Shtrikman (47, 48) also derived equations (1.30) for an
anisotropic random assembly of parallel infinite cylinders of

arbitrary cross section reversing their magnetisation coherently

(internally‘unifqrm) in ; field parallel to the cylinders. He aiso
iaerived equation (1.30) approximately for a siﬁilar model for which
although each cylinder reverses coherently, neighbouring cylinders,
here situated on a ihfinite square lattice, reverse their maghet—
isation equally but oppositely. Despite this supporting evidence

for this model for particle interaction, Wohlfartﬂk(49, 50) stresSes>
that equation (1.30) may have only limited applicability and calcula-
tes (50) a more general formula 4

)

%

(H,.) -J (AP-Bp Feve) sevees (1a31)

(HCJ p‘= CJd’ p=o s

where A, B, s depend criticall& on the érientations and
geometrical afrangement_of the particies. This is an equation which
is however less amenable to experimental test.

A slight modification to equation (1.29) will make it
applicable to an assembly of ferromagnetic particles within a matrix
which is itself more weakly ferromagnetic. If the particles have a
saturation magnetic moment per unit volume of J, and the matrix J;
'then the spaces befween the particles will be equivalent to cavities
| of a deptﬁ J - J, = AJ; so that J, must be replaced by AdJiin’
equation (1.29) to give (49, 50) A
| Re = P (L=2) (- N) (A2 . 1032)

These equations hé%g since been more rigorously derived by
Zijlstra (51) who also points out that the anisotropy energy is'given

by equation (1.32) whether the particles have larger or smaller

magnetisation than the surrounding mediun.



Whén crystal anisotropy is the cause -of bysteresis then
coercivity is expected ﬁo be largely independant of p and this view
is largely supported by experiment, except where the particles begin
to physically contact each other when slight reductions in coercivit&
are observed (52,53,54) presumably due to loss of single domain
behaviour.

It is because crystal anisotropy is due to forces (spin-orbit
coupling) which are internal'to the particle, in contrast to shgpe
anisotropy which is due to magnetostatic fields external to the :

particle, that crystal anisotropy is expected to be independent of p.

l.2.7. Incoherent reversal demagnetisation processes

Although previous equations in fine particle theory apply
perfectly well in conditions of full mégnetisation i.,e. for measufo-\
ments of anisotropy by’rbtation of the specimen in a strong magnetic
field, it was rapidly realised soon after the fofmulation of the
boﬁerent reversal theory of single domain fineAparticles, that the
levels of coercivity observed in practice for shape anisotropiﬁ
systems fell short of the levels predicted.

A method was‘developed for making very thin,velongated iron
particles with axial ratios from about 1 to well over 10 by electro-
deposition on a mercury cathode (55). Measurements on aligned, dilute
compacté of these particleé showed that HCJ increaged with axial ratio,
c/b, but did not exceed about 1#5 kA/m.for.c/a larger thénvlo (56),
which,accoraing to equatién :(1925) should be 800 kA/m. Tﬁese results
showed that the observed coercivity could certainly not.be explained
by crystal anisotropy, which by inspection of table II 2K = 45 kA/m,
but neither was it as large as expected for éhape anisotggpy.

Frei, Shtrikman and Treves (57) and Jacobs and Bean (58)

were both soon to show that there were, under certain circumstances



. alternative mechanisms.to the uniform rotation of magnetisation in
‘the absence qf domain walls. Frei et al obtained solutions of Brown's
equations by the methods of.micromagnetics (5?;59) and give two new
mechanisms of demagnetisation referred to as "buqklingﬂ and "curling",
The deviations in magnetic moment within the particle at some'point
during demagnetisation are shown schematically in Fig 1l2. 1In buckling
spin or magnetic moment deviation occurs only in one plane in a
direction at right angles to the long axis. - The deviation is a periodic
function of displacement in the direction of the long axis. With the
curling mechanism the magnetisation aquires a circumferentialvcomponent
that depends only on distance from the axis. This mechanisnm is
particularly interesting since,unlike buckling in which the applied
field must overcome anisotropy and exchange forces, however in the
case of curling, for an infinitely long or cylindrical particle at
least, the magnetisation‘aquires no extra magnetostatic forces because
during reversal all new components of the magnetisation are circumfer-
ential, and the flux is therefore continuous. Half way through reversal
by this method, the spins are all parallel to planes normal to the
long axis and fofm closed circles of flﬁx in all cross sections, ,Ip
contrast, coherent rotation produces increases in anisotropy and
magnetostatic forces buf no exchange forces during reversal, A further
conclusion that reversal by curling of highly elongated particles
A shogld be independant of the ﬁacking functiop may also be expected
because no magnetostatic energy’is involvea (48) again this is in
sharp contrast to coherent rotation theory.

The reversal mode considered by Jacobs and-Bean (58) was
suggested by the shape of the-electrodepo§ited iron particles
observed by eleﬁtron_microscopy.- The particles were considered to

be chains of spheres where rotation occurs by a fanning mechanism in
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which the magnetisation in successive spheres rotates in alternate
-di;ections. They also considered rotation in unison (symmetric
fanning) in which the magnetisatidn of all the spheres is always
parallel. Each sﬁhere is assumed to be a‘single doméin with ho
anisotropy of its own and within whicﬁ the spins reverse coherently.
Each sphere is treated as a magnetic dipole-and overall anisotropy
energy obtained by interaction between them. They showed that the
energy barrier for reversal by the fanning modefis only one third of
that for coherent rotation with the same particle system.

J for the

Fig 12 shows diagramatically the variation of Hc

various modes for long particles as a function of the (reduced)
diameter (57), Buckling is in practiée not very important because it

is found to give a lower coercivity than the other modes only ov;r a
very restricted range of diameter near to the maximum critical diameter
for coherent rotation, fhe critical diameter for long ironvof cobalt
iron particles above which the curling mode is energetically more
favourable is calculated to be about 17 nm which explaines why tﬁe-
coercive force found is lower than the maximum Js’ the value for
uniform rotation. By contrast the ﬁarticle sizgpgt which actua}"
domain walls can start to appear for materials of moderate crystal
anisotropy sudh_és ;ron or nickel is expeéted to be greater than the
natural domain wall thicknesstwhich is about lOi- 50 nnm. Informatiqn
6n not only the distribution of anisotropy_and‘alignment of particle >
assemblies but also the mode of reversal of the particle magnetism

may be obtained from the analysis of torque magnetometry measﬁrements

' (60,13), If torque curves are meassured for assemblies of fine particles,
the measurements in very high fields can give information about
particle alignment. For randomlybaligned particles no torque curve
has an amplitude which is characteristic of the distribution. Torque
curves taken in a ciockwise and~anticléckwise direction in high fields

are identical.



In fields of the order of half the anisotropy field there
is a difference between such torque curves and the area befween them
is referred to as rotationél hysteresis loss.

It has been shown (59,27,60,48) that thetﬁariation of
rotational hysteresis loss with fiéid differs for different modes of
magnetisation reversal. Moreover, these curvés also differ for random
and aligned particles and this type of analysis permits some far
reaching conclusions about the demagnetisation of fine particle
systems. |

Jacobs and Luboxsky also find that the rotational hysteresis

W 1 ,
integral, R = = d C H ) where W_ is the rotational
4 2 J b4 r
5

hysteresis loss, has a value of about O.4 for fandom or aligned -
particles withvcoherént rotation of magnetisation, but a value éf 1
or 1.5 for pandom and aligned particles respectively in which the
magnetisation changes by“fanning.

Shtrikman et al (57,59,60,48) have made similar calculationsl
f&r curling and buckling in long cylindrical particles and found that
the shape of the Wr -H curve and the value of R depends on the

particle diameter.,

1.3, Fine Particle permanent magnets from alloys

l.3.1. Alnico alloys,technological developments

Thé discovery of an alloy system,which it is now universally
agreed, derives its permanent magnet properties from fine particle
shape anisotropy, was made some years before the cause of the magnetic
hysteresis was known. In 1931 Mishima in Japan discovered that-an .
alloy of 58 percgnt Fe, 30 pércent Ni and 12 percent Al had a coerc-
ivity of over 30 kA/m or about double that gf the best magnet material,

a magnet steel, previously available.

-



Work by Bradley and Taylor (61) and Bradley (62) established
the broad metallurgical behaviour of the iron;nickel-aluminium alloys
and showed that in the ternéry diagram the alloys with interesting
.permanent magnet properties lay close to the line from Fe to Ni Al
and centred around the qomposition corresponding to Fe2 Ni Al. The
Alnico permanent magnet alloys comprise a wide range of alloys based
on Fe-Ni-Al with major additions of cobalt, copper and titanium and
additions of niobium, silicon, sulphur and other elements.

Gould (63) lists the compositions and outlines manufacturing
techniques for the Alnico alloys which are currently the most important
coﬁmercial permanent magnet materials, principally because the metals
- from which they are made are relatively inexpensive and abundant in
contrast to the best permanent magnet materials based on raré-ea}th-
cobalt intermetallic alloys}

Among the possibie additions allowed for in the Mishima patent
(64) was‘O.S to 40% Cobalt. However the realisation of economically
justifiable improvementé in properties from-additions of cobalt came
from independent work in Germany (65) and in Sheffield (66).

Other additions such as titanium and nioﬁium (which also
neﬁtralised the effects of impurity levels.of carbon) and copper were
also made resulting in a rangéAof alloys with (BH) max of 10-16 k.._I/m3
and coercivities 54-60 kA/m (63). Optimum magnetic properties are
obtained by cooling slowly from a temperature of about 125000 followed
by annealing or temperiﬁg for severgl hours in the region 550 - 600°Cf

In 1938 Oliver and Sheddon (67) obtained slight improvements
" in the (BH) max and remenence of an alloy containing 12% cobalt and
6% copper by cooling in a magnetic field of 350 kA/m. The improvenents
were found when the allby_was tested in the same direction as the

previously applied field and reduced properties when tested at right

angles to this direction. This was quickly followed by the discovery
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of a range of alloys containing 16 - 30% cobalt which responds s0 well
to magnetic field treatment that emergy products two or three times
'those of the isdtropic properties could be obtained in the fieid
treatment direction (68). The significant change is the very large

increase in remenance Br or Jr' Cooling in the absence of a field

gives Jr = 05 - 0.7 but with the field fz values of over 0.9 ‘are
- J -d

achievef. This change is accompanied by sauaring of the demagnet-

isation curve so that the fullness factor (BH) max/ Br HCB increases

from‘about 0.4 in the isotropic alloys to 0.6_or more for the best
field cooled alloys. |

| Further improvements in the directional magnetic properties
were achieved by making magnets with columnarAgrains and then field
cooling in the direction of the long axis of the grains (69)’giving
values of Jr/Js in this direction approaching 1 and up.to a further
70% improvement in energy product.

Other developments have stemmed mainly.from composition
adjustments, notably substantial quantities of titanium (upAto 8 wt.%)
with a simultaneous increase of the cobglt‘content up to 35-40%, have
achieved much higher coercivity énd some improvemenf in (BH) max}'
however, at the expense of the femanence (70). _Difficulties of
achieving columnar growth due to the presence of both aluminium and
titanium (71) were solved by'small édditions of sulphur or tellurium
(72). These titanium bearing alloys requife isothermal annealing in
a magnetic field in contrast to the other alloys which are éooled from
the high %empérature conditions in the field.

Détaiis of these materials are conveniently summarised by
Gould (63) and a few represeﬁtative BH demagnetisation curves are

presented in ¥Fig 13.
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l.3.2. Alnico &lloys - Fundamentals

It is well established that permanent magnet behaviour in the
" Fe-Ni-Al systems is connected with the breakdown of the high tempera-
ture b.c.c. phase structure into two finely dispersed B.c.c. phases
at lower temperatures with very similar lattice paremeters. Bradley
and Taylor (61) first indicated the existence of a b.c.c. phase
miscibility gap at low temperatures;in an X-ray diffraction iﬁvestig-
ation of the constitution of slowly cooled alloys. The resulting
diagram was radically different from earlier constructions (73) but
' confirmetion of this miscibility gap transformation was egtablished
by subsequent investigations of optical (62,74) and electron optical
(75-77) microstructures. Fig 14. is the isothermal sections at 750°C
of the Fe-Ni-Al system according to Bradley (62) based on optical
hicroscopy, which is éssentially the same as the diagram originally
proposed by Bradley & Taylor (61) based on X-ray diffraction data.
Fig 15. shows part of the isothermal sections (62) at 850°C and 950°C
and Fig 16. includes three vertical sections all close and parallel
to the section joining the Fe corner with‘the.composition Ni Al. These
are probably pseudo~binary sections coincident with tie lines. A
miscibility gap thus existes in the broad b.c.c. field thaf extends
from o -Fe across to the intermetallic compougd Ni A1 as shown. These
alloys consist, at high temperatures, of a single body - centred cubie
phase that decomposes at lower temperature (lesé than 1000°C in general)
into two b.c.c. phases of slightly different lattice pgrameter, one
rich in iron (designated oC ,) and one rich in Ni Al. The Ni Al phase,
aft is ordered with the aluminium atoms on the centre sites of the
b.c.c. cell.

Several investigators, notably Burgers and Snoek (78,79),
Geisler (74) and de Vos (80,81) have also studied the structure and
- magnetic properties of alloys with compocitions across the miscibiiity

gap on the tie-line from Fe to Ni Al. Fig 17 shows the saturation
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magnetisation as a funétion of composition from Fe to ﬁi Al for
various states of heat treatment of the alloys,

Oliver and Goldschmidt (82) extended the X-ray diffraction
experiments to include an alloy with 24% Cobalt which responded to
field heat treatment and showed that similar behaviéur occurreé; as
summérised in Fig 18. They found evidence of segregation or particle
separation into two_b.c.c. phases, ¢ and OC] with very smell
differences in lattice sonstants, following either controlled cooling
from high temperature or tempering of quenched samples. They observed
that the lattice dimension of o appeared to change slightly according-
to the degreebof tempering or rate of cooling. Oéher workers also
confirm that the difference in lattiée parameters of o and aC/” in
some of the Alnicosvis émall, and the expected splitting of the main
lines is difficult to detect by X-ray methods (74,83) and completely
 jrresolvable by electron diffraction (75,84,85,86)..

The mqrphology of the alloys in the optimum permanent magnet
state consists of elongated particles of o , the iron rich phase,with
orientations distributed preferentially in <:100:> s first observed
and deduced by Nesbitt and collaborators (75,87,88). This morphology
consisting of fine ferromagnetic particles aligned in 100> in a
" matrix with an ordered b.c.c. lattice of very similar parameter, the
particles having diameters of the order of 10 nm or more and 40 nm or
more long, has been confirmed and investigated in numerous papers
(89,90,91,52,92,77,93,81,80,85,94,95,84), Together with fine particle
theory, this provides a widely acceptable explanation, notdgnly of
the magnetic propprties of the magnetically isotropic Fe-Ni-Al and
Fe-Ni-Al-Co-(Cu) alloys with hysteresis curves characterised by Fig 11,
buf also of the alloys which éan be made to exhibit anisotropic

magnetic properties by cooling or holding at a temperature in the
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presence of an applied magnetic field, and the enhanced effect if
the applied field is directed in the long axis of columnar grains
of the material.

This behaviour can also be explained by the preferred <:100f>
orientations of the ferromagnetic particleé. Field treatment causes
the development of anisotropic properties in those élloys with‘
sufficient cobalt content to raise. the Curie point into or ébove
the 800 - 850°C temperature range in which the ¢C and oc’ phases
separate. In this case particles are encouraged to form preferentially
in the nearest <:100:> to the field axis. AThe extra improvement
in columnar grain alloys is due to the fact that columnar grains
also grow from the melt in a <:100>>'.so'that the field axis coinci~
des with a 100> in these alloys, wereas in random grain alloys

- the angle between the field axis and the nearest <f100>> can vary
in any given gra@n between 0° and 540. The best magnetic results
have been achieved from single crystals given <f100:> field heat

» treatment and tested in the same direction (80).

Both the electron microscopy investigations previously
referred td, togéther with magnetic torque experiments (87,88,76)
confirm that the ferromagnetic particles are distributed in <:100;> 3
and respond in the manner expected when heat treated in a.suitable
field.

Other investigators (69) again using torque magnetometry
with columnar discs of Alnico S (25% Co, 3% Cu, anisotropic type)
bglieved that the particle alignment after magnetic heat treatment
was greater than that allowed by strict alignment with the nearest
{100> , but that tempering reduced this effect.

Clegg and McCaig (96) deduced from magnetisatibn temperature

curves obtained with the Sucksmith balance that, for Alnico S in the
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optimum state, the Curie point of one phase is about 85000 while
that of the other is below room temperature. If the alloy is not
fully heat treated or is exposed to a temperature above 600°C the
less magnetic phase may have a Curie point between room temperature
and 450°C. 1In this state at temperatures Selow the lower Curie
point,when both phases are ferromagnetic the coercivity is ;ow, but
it rises when the temperature is increased above the lower Curie
point. This sort of effect may Be expected for a system with magnetic
anisotropy energy described by, for exampile, equation (1.32). It

was further found that if, after exposure to temperatures abovg 600°¢C
the second Curie point disappears, and provided the alloy has not been
too long at a high temperature the coercivity is restored. This
behaviour suggests that the composition of the particles changes
"rather easily by diffusion without much affecting their morphology,
The deductions from this work have been amply confirmed by later
workeré making similar coercivity tempebature'measurements in
conjunction with X-ray diffraction exploration of both lattice
changes and interparticle spacing (83), end from Mossbauer spectra
in>which some Fe atoms in the alloys studied are shown to be in
peramagnetic surroundings when tempered to the magnetically optimum
state, suggesting a non-ferromegnetic matrix (77,84%).

Microstructural investigations of the high titanim alloys
indicates that the phase structure is essentially the same, however
the particles are even finer, more elongated and possibly of greater
structural perfection (80). Paine and Luborsky (98) inveéfigated the
gquestion of imperfections and showed that the varigtion of coercivity
and Jr/'Js with angle qf the columnar axis in columnar alloys(éxcept

those with the highest titanim content) may be represented by models

‘of the magnetisation of interacting permanent magnet particles



(;epresented in the model by pivoted magnets) with intermittent
"eross-ties'" or ‘junctions between rows of particles. The behaviour
of a high fifanim alloy was'coﬁsistent with the model without "cross-
ties", The phase compositions of an alloy containing 34 wt% Cébalt B
and 5 wt% titanium were investigated by subjecting a combined group
of extraction replicas of etched surfaces to electron-probe wicro-
analysis (99). The results of the investigation was that the
precipitate was thought to consist of 42% Co and 50% Fe, and the
matrix 30 Wt% Co, about 12 wt% Fe and 38 wt% Ni with the majority

of the AL and Ti in the matrix.

Alloys containing substantial amdunt of copalt are not in
their équilibrium phase state after optimal heat treatment. Sufficiently
slov cooling from high temperatures causes precipitation of an f.c.c.
phase which, unless avoided can cause considerable spoiling of the
megnetic properties. Additions, notably silicon, titanium, niobium
or tantalﬁm.may be made to render the f.c.c. phase less stable.

Various investigators have nevertheless indicated the
presence of this and other phases in the optimally heat treated
state (64,70,73,82).

Detailed X~ray diffraction studies by several Russian
investigators (94,100,101) have shown that in the optimum magnetic
state, the of and Q{, phases may be slightly tetragonal, especially
the high coercivity alloys containing substantial quaﬁtities of
titanium. It is suggested that the strain anisotropy introduced

by this tetragonality may contribute significantly to the coercivity

of these alloys.

l.3.3. ther fine particle permanent magnet alloys

The Alnico alloys are certainly the most familiar and



‘commercially exploited ‘alloys which owe their magnet properties to
fine particle shape anisotropy. However alloys in other systens,
such as Cu-Ni-Fe ("Cunife") (102), Cu-Ni-Co ("Cunico") (102), and
the recently‘discovered alloys in the Fe-Cr-Co systems (103,104,105;.
106,107) are believed to be in this category. So aléo are the-dilute
alloys in the Cu-Co (108,109,110) Au-Ni, Au-Co systems and Brass-iron
and stainless steel wires (111, 50) in which the ferromagnetic
precipitate is produced by heat treatment (sometimeé combined with
mechanical treatment) from a high temperature homogeneohs solid
éolution. In éll these dilute systems and in gngi-Fe and EETNi'Cd’
magnetic particle shape anisotropy is achieved by mechanical treatment.
However in the Cu-Co system shape anisotropy is also achieved by field
heat treatment. In all of these systéms however, either because of
the low concentration of ferromagnetic component in the alloy or
lower coercivity generally, the magnetic properties of the alloys
are considerably inferior to many in the Alnico range.

Only in the Fe-Cr-Co alloys investigated by Kaneko et al, are
properties approaching those of Alnico.5 achieved by field heat_

treatment (Fig 13).

1030 40 Fe-Cr-Co AllOJYS

Kaneko et al realised that the Fe-Cf éystem, in which there
is a miscibility gap below about 600°C where tﬁe b.c.c. phase
decomposes into two isomorphous.phases Wf"and uf’ rich in iron
- and chromium respectively (112, 113), is analogous to the_FefNi-Al
.system with (Hi-Al) replaced by Cr. Prior to 1957 it had been widely

held that the "49500 enbrittlement"‘common in ferritic Fe-Cr steels
was always in some way directly connected with the formatién of sigma

phase which preferentially occurs on slow cooling over the same range
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of compositions. However Williams and Paxton (112, 113%) on the

basis of detailed investigations including resistivity, hardness,
saturation magnetisation,Curie point and X-ray diffraction coﬁﬁluded
that a metastable & + &C"miscibility gap was present af sufficieﬁtly
low temperatures so that sigma formeation did not occur within the
relatively short time required for decomposition into C 4-«f/phases.
The of phase apparently consisted of particle§ of the order of

20 nm diameter depending on temperature, which are at all times
completely coherent and strained to a common lattice.parameter, that
of the unaged solid solution. Chemical leaching out of of particles
from the alloy showed them to have a high Fe content whereas the
residue contained mainly Cr. '

Electron microscopy of both extrdction-replicas and thin

foils confirmed the general size, andvthat the particles were essent-
ially spherical, contrast in TEM (transmission electron microscopy) was
achieved only ;n extinction contouwrs. A miscibility gap very

similar to the one given by Williams and Paxton by direct studies of
alloys as given in Fig 19 has since been calculated from thermodynamic
data (114, 115). Mossbauer anaiysis confirms the presence of two
phases inside the miscibility gap, one paramagnetic and the other
ferromagnetic and rich in iron (116, 117). Both X-ray diffraction

and MSssbauer-effect studies show the absence of both sigma phase

and any sign of an ordered phase within the miscibility gap (112, 113,
116, 117). |

Kaneko ét al (103) showed that by introducing 23 wt% Co cobalt

into an alloj also contgining 31 wt% Cr, and further applying an
isothermal field heat treatment at é40°0 and tempering at a slightly
lower temperature, magnetic broperties similar to those of Alnico 5

can be obtained. This demonstrated the presence of aligned elongated
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particles in these alléys and vas confirmed by TEM. Some further

| improvement in magnetic properties were demonstrated by Mo (1.03)

~and Si (104) additions. Part of the chromium may also be replaced

by vanadium without loss of magnetic properties (107). The introduction
of small amounts of Nb and Al to the ternary alloys allow the cobalt
content to be reduced to 15 wt% maintaining similar magnetic
properties (106).

An f.c.c. phase may also be present in these alloys as shown
in the vertical'sectionsAin Fig 20, however the presence of the Nb
and Al also allows cooling in 2 magnetic field analogous to the heat
treatment for Alnico 5.

All the Fe-Cr-Co appear to be ductile in the quenched state
.in contrast to the Alnicos which are brittle unless transformed
- partially to the f.c.c. structure which is however difficult to

remove afterwardse.

1.4, Mechanism forthe formation of shape anisotropic fine particlé

structures in permanent magnet alloys

Prior to the work establishing fine paréicle shape anisotropy
theory it was supposed (61) that when heat treated to the optimum
ﬁermanent magnet stafe, the Alnico alloys consisted of a strﬁcture in
a state of "pre-precipitation" with a lattice parameter intermediaté
between that of the solid solution and those of the ¢ +-QC/ phases
at eqﬁilibrium, thus creating a highiy heterogeneous structure with &
. large internal strain. It was further supposed that the internal
strain wss sufficient to account for the coercivity. The work of
Nesbitt (118) showed however that the magnetostriction of some of the

Alloys is zero when the coercivity is 32 kA/m or more.

Subsequent to the realisation that fine elongated particles
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