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Preface

Ferrite have found a variety of uses in electronic and
communication engineering. Mn-Zn ferrites (Mn1_XanFe204) are
widely used a8 filter core materials over a range of freguen-
cies varying from several hundred Hz to several MHz., There
are many other applications such a8 in television receivers as
deflection yokes and E,H.T, cores etc,

Tne development of 2 ferrite suitable for a particular
application is an interesting scientific problem and technolo-
gical challenge, The propertics of ferrites are determined by
s number of intrinsic propevties and their interaction with
the ceramic microstructure,

Impurities, present in or added to the raw materials
used for processing ferrites, play an important role in deter-
nining the properties of the ferrites, The cost of ferrites
is very much related to the purity level of the raw materials
used. It is, therefore, both scientifically and economically
important that the behaviour of ferrites is studied with
additions of controlled amounts of impurities commonly pres-
ent in the raw materials cheaply avallable,

Silica (5i0,) is commonly found in the raw materials.
and is 3180, to some extent, contributed by atmospheric dust.

In order to determine the tolerance of 5i0, a8 an impurity in



the raw materials and during processing, a systematic situdy
has been carried out to investigate the sffect of 510, addi-
tion in the raw materials., The effect of controlled additions
nf oxides of germanium 2nd tin to the raw materials has also
been studied since Si., Ge and Sn are all elements of the IV
group in the periodic table,

The studies have been presented in five chapters.

Chapter 1 gives the background essentizal for the pres-
ent study. This chapter desls with the important properties
of ferrites, The properties of ferrites can be classified in
two categories, PFirstly dntrinsic properties i.e, those pro-
perties which are decided by the basic composition of the
ferrite. Secondly extrinsic properties i.e. those properties
which depend upon the microstructure and procesging parameters,
The literature presently available with special reference to
impurities and their effect on the magnetic properties has
also been discussed,

The effect of impurities on the magnetic properties of
ferrites depends upon whether they go in Solid solution with
the ferrite or stay insoluble, The nature of the three
Impurities - 8102, GeO, and Sn02 in the ferrite has been
studied in chapter II by employing scanning electron micro-
scopy, X-ray and Auger microprobs and X-vay diffraction
(lattice parameter measurement) techniques., ‘Both 5i0, and
GeOp have been found to have a limited solubility in the
ferrite and tend 1o segregate at the grain doundaries, 510,
has been found to form a compound at the grain woundaries.
Si~rich inclusions have also been detected In the grains at

larger concentrations of S5i0, (1.28 mol#). Ge-enrichment

(11)



at the grain boundaries has heen obsServed wigth the help of
Auger eleciron 3pectroScopy.

No detecfable gegregation of Snoz, was observed with
the help o»f XMA even for as high a3 concentration as 5.70 molp.
This may be due to a high soiid solutility of SnO2 in the
ferrite, Ferrite lattice has been found to expand on additions
of 3n0, up to a level of 5.70 mol%, the highest concentration
studied.

The third chapter deals with ths effect of these im~
purities - 35i0,, Ge0, and Su0, doped in various amounts on
the microstructurs of the Mn-Zn ferrite. It has been discussed
that the impurities present could affect the microestructure in
a number of ways. Imourities present in solid sclution could
give rise to an impurisy drag effect which impedes boundary
motion, The insc¢luble impurities would disturb the course of
normal grain growth during sintering more drastieally. It has
been discussed that smzll concentrations of the insoluble
impurity Such that the impurity remains a¢ a dispersed phase
result in abnormal or discontinuous grain growth., At higher
concentrations, the impurity phase would exist as plates ov
films on the grain boundaries altering the kinetics for
growth,

Microstructure studies of 3102 and Ged, doped Mn-Zn
ferrites show that these impurities lower the sintering
temperature thereby enhancing the rate of grain growtn.

Both of these impurities give rise to discontinuous grain
growth. Gilant grains with =21lmost entire porogsity being
intragranular are formed at a 310, content of 0.08 mel% and

at a GeQ,. content of 1.28 mol%. TFTrom these observations,

2
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it ig inferred that up to these levels they exist as dispersed
phase therefore giving rise 4o discontinuocus grain growth. At

1 level higher than 0.64 mol#% Si0, and 3,82 mol% GeO, somewhat

2
regular grain structure reappears though with much higher
intragranular porosity as compared to undoped ferrite. It is
discussed that at these levels, the impurities are present as
second phase film arcund the grains suppressing the abnormal
grain growth,

SnOz additions are net found te affect the microstru-
cture even up to 2 level of 5.70 mol#h. These results are in
agreasment with the findings in the first chapter that 5&02
goes in so0lid scolubiecn with the ferrite.

In chapter IV, the effect of these impurities on the
magnetic property - initial permeabllity. Ay and resistivity

" of the Mn-Zn ferrite has Ween studied., It is known that an
inerease in density increases the Saturation magnetizition,
MS, and nence the initial permeability. It has also been
discussed that in Sqmpies centaining intragranulsr porosity,

an increase in pore tc pore distance, D increases the Span

p?
of domain walls and hence the e

In the case of 5102 a5 dovant, it has been observed
that ,u; increases up to a 310, concentration of 0.04 molpb.
This is In confirmity with the increase in the product_MS.Dp,
in tkis range. At a 510, concentration of 0,08 mol%, even
though M increases, Ay decreases on account of a decrease
in Dp ®ecause here the microstructure shows large intra-
granular porosity. Beyond a silica concentration of €.32
mol%, although the product MS.Dp does not deerease, the .uy

is found to decrease because of the formation of a nonmag-



netic layer at the grain boundariss and precipitation inside

the grains,

i

In the case of Gel,, similar efferts are observed thougi
the peak in .u, cccurs at a content of 0.64 mol%b.
Sn02 additicons are not found to affect -y appresiably.

A study of the temperature variation of Ay Shows’ that
in the case of Snog, there is a shift in the secondary maximum
peak (SMP) indicating a solubility of Sn02 in the ferrite.
Such an observation i# not appreciable in 910, and GeO,. The
f&i"T curves further show = flatness at higher impurity con-
centrations in all the three cases presumably due Lo wall dis-
continuities at the grain boundaries,

4 study of disaccommodation with various coancentrations
of these impurities shows that the disaccommedation decreases
with impurity concentrations, the maximum change being in Snog.
The results have been discussed in terms of the solubility of

4+

A r - - - 2
sn’ lons and their fendency to localize Fe *

ilons,

Varilations in the resistivity with btemperature for the
three impurities indicate that the predominant conduction
mechanism 18 the electron hopping from Fe ' to Fe ' and that
Sn4+ - F62+ pairs dissociate at higher temperatures.

Chapter V deals with the effect of these Impurities on
the core losses of the Mn-Zn ferrite. The core losses have
been studied at a3 flux density of 0.2 wb/m2 (2000 gauss) and
up to a frequency of 15.75 KHz,

At 15,75 KHz, the core losses decrease up to a silica

content of 0.04 mol# corresponding to an increase in u;. A%

-7
-

higher silica contents the ccrc leosses are always higher going

through 2 peak at 0.08 mol%, The peak becomes more predominant

.
=]
o



as frequency ineresuses,

©imilar effects have ween observed in the case of Gel,
additions though the pesk in the core lesses occurs at 1,28
mol®, This peak is also found to be more predominant at
higher freguencies.

Sn02 additions are nct found te affect the core losses
appreciably.

The hysteresis loops under similar conditions have also

been studied. The measurements of loop areas suggest that the

#

core losses measured are essentially the hysSteresis losset

4

Core losses/freguency therefore represent the loop area,

At low impurity concentrations (up to 0.04 melf 510,
and 0,64 molh GeO,}, core losses decrease mainly due to a
decrease in Hc which has been found to follow the relationship
H0;4.D;O‘5.
concentration of 1.28 wolf, an increase in loop area with

At 2 310, concentration of 0.08 nol? and a Gel,
frequency is observed, These very samples also exhibit giant
grains with large trapped poresiiy. These effects have been
attrisuted to the relaxation of amplitude permeability at high
field strengthe, At higher field strengths, closure domains
are formed at Intragranulzr pores cenabling the domain walls
to become detached from the pores, This process is a com-
paratively slow process and therefore the amplitude permea-
bility i¢ subjected to a strong relaxation even at frequen-
cies of 1C to 50 KHz,

At further higher 3102 and GeO, contents the core
losses/frequency are always high ®ut are independent of
frequency. The ccercive force, q, is found to be much higher

than that given by the relationship chf.D;Oﬁ. It ig discusscd

{vi)



that this inereaso in HC has heen brought in by the presence
of inclusions inside the grains., The presence of the grain
boundary phase around the grains is also responsible for
inereasing the losses since 1t gives rise to wzll disconti-
nuities resulting in the demagnetizing effects. Thié phasec
also puts the grains under stress while cooling further
deterlorating the core losses,

Finally, the major conclusions drawn from the entire

study are listed under the 'CONCLUSIONS!',
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BACKGROUND

.1, FERRITES AND SPINEL STRUCTURE

The term ferrite denotes a group of compounds contain-
ing iron oxides which have the general formula MeO.Fe,Os,
where Me is = divalent metal ion such as Mn2+, F92+, N12+, Zn2+

etc., 4 typical ferrite is magnetita, TFe 04 (or Pe0, Fe203).

3
By replacing the divileat iren In Fe304 by another divalent
ion, various ferrites can be formulated. By mixing two or
more kinds of Mez+ ion, cne can obtain mixed ferrites.

Ferrites have the so-called spinel structure, The
unit cell of a Spinel lattice consists of 8 formula units of
h182+Feg+O4. Figure 1.1{a) shows ons—eights of the unit cell
of a spinel. In it, the oxygen anions form a closed packed
f.c.c., lattice with the cations in the interstitial sites of
two types - A-sifes and B-sites as shown in the figure.
Tetrahedral A-sites are situated half way between the corner
and the centre of the cube surrocundsed by four oxygen ions
Octahedral B-sites ars situated at the centre of a cube and
a cube edge surrounded by six oxygen ions,

Thus in the unit cell, in total, there are 32 oxygen
s8ites of which all are occupied but of the 64 A-sites only
8 are occupied which have their nearest B-sites empty. Out
of the 32 B-sites only 16 arc occupied; these B-sites form
rows lying parallel to the face diagonals with alternate
rows occupied. The body centered B-sites are only occupled
in alternate f.c.c. cubes, i.e. in those with vacant A-sites,

The cation distnibution on A and B sites, in general



is represented by

et o Bk .
Ihﬁb iy C‘E—L' ML 1

e D —aa—ed P c
T R

A
The limiting cass of 5 == 1 is called a normal Spinel

and & = ® is called an inverse spincl, Most of the ferri-
magnetic spinels (except a few such as EEE+: ?a%*i U4 which

is a normal Spinel) are more or less inverse.

The varicus factors that can influsgnce the distribu-

~5

tion of cations on A and B sites
6’7

are - the ionic radius,

the electronic configuration and the electrastatic

8
anergy. 9

j.2. SATURATION MAGNETIZATION

. . . O, :
My, , the saturation magnetization at O K, is the resul-
o)

tant dipole moment for unit velume when the dipele moments
associated with all the molecules are aligned in the direction

of the applied magnetic fleld. M, ., is therefore given by
s

M, = NA (1.1)
where N is the number of meolzcules per unit volume and }Um is
the net magnetic moment of one molecule.

Frem a compsrisen of different exchange Interactions
it follows that in a spinel the A-B interaction is by far the
greatest, therefore the ions at the A-slites are coupled with
8pins antiparallel o thoge on the B-sites. The exchange
coupling between the metallic lons act through the oxygen

ions. The resultant moment per molecule In 2 spinel is
A o= 2 AL - I, (1.2
where fﬂE and jﬂﬂ_are the magnetic moments associated with

ions on B-s8ite and A-site respectively.

In a mixed zinc ferrite, the cation distribution is



given by

S By 3+
IZ]'!..E FEH—EI MET—E FE1+8 94

A B

ginece the Zn2+

ions always sceupy the tetrahedral sites.
The net dipole moment per meclecule M for such a mix-

ture i1s then given ®»y the egquation

A = 168+ n(1.5) g (1.3)

2+ ion in.Bohr nagne ton.

where m i8 the magnetic moment of Me

It is evident from Egn. 1.3 that addition of zinc to
these ferrites will boost up their saturation magneti~
zation.1o'14 This is shown 1n Fig., 1.2. It is seen from
Fig,1.2 that the magnetic moment decreases for values of §
larger than 0.6. This is due to the fact that for larger
amount of Zn the A-sublattice gets so much diluted that the
A-B interaction weakens.

Perfect alignment of dipole moments of all molecules

is only po8sible at 0fK., At any finite temperature, the

0
saturation magnetization My 1is related to that at OK (Mg )

)
by

My/My = L (o) (1.4)

ol
where L(c) is the Iangevin function, coth of - é!and
A
_ s
wl

He is the effective field at a dipole.
If the dipoles are restricted to finite set of orien-
tations relative to the applied field, L{c) is replaced by
BJ(x) where BJ(x) is the Brilleuin funetion.
Bquation 1.4 is valid for temperature T less than T,,

the Curie temperature. At T - T, the value of Mg/Mg dis-
o
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appears and the material locses its ferrimagnetic behaviour

Figure 1.3 gives the M, versus T curves for various

Wn-2n ferrites.15’16

1,3 THE_CURIE_TEMPERATURS

The Curie temperature T, is the temperature at which
the ferro or ferrimagnetic material changes to a paramagnetic

one, In a spinel ferrite let B, be the energy needed to

A
invert the spin of an ion a2t site 4, The zverage thermal

ensrgy needed to crezte absolutely non-interacting ions is

kTe.

Hence

i i ) 1

A-E A TOTATE e

KTD o

where A and B are the number of magnetic ions at sifes A and
B respectively.
In a normal ferrite A =1, B = 2 and hence

k'Ic - .EEXE t EEﬁfﬁ
If 7nn is added to the ferrite and we consider a ferrite

of composition

-

= 2"." FE ?'{'.‘__ _.-" 1,1-|--

o
ine : B . L - D
ng eyt Moy g T U
- _ 0 a " 2 T
ey T TR A Y TIE B

since b sites at A occupied by zinc have zero magnetic moment,
in being 2 non-magnetic ion and does not take part in exchange
interaction. Eg is the energy needed to invert spins an ions

at B=3ites in the Zn-mixed ferrite and is related o EB by

T
A = 12k
=

L

n

J.JB

&

: 1o - 2{1-b) - _1-f
N R = PR o S (1.5)
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Hence the Curie temperature decreases by addition of
ions with non-magnetic moment like Zn.77
1.4, MAGNATOCRYSTALLING ANISOTROFY AND MAGNETOSTRICTION

1.4.1. Magnetocrystalline Anisotropy

The preference of a magnetization veetor to lies along
certain crystallographic direcctions in the crystal can be
gxpressed by a magnetocrystalline anisotropy energy. In a
cubic crystal (as in spinel ferrites) the expression for the

anisotropy energy has, by reasons by symmetry, the following

form
: 2 2 : e
-"1 = ll.[_} '{'1 - *C I:-‘_- t ST 5 e “.): +
R .
F liﬂ g0 2 P

where ¢ 49 C 5 and ¢ 3 are the direction cosines of the mag-
netization with respect to the cubic axes and K, , Ky and X,
are the anisotropy constants, In the absence of any external
field, the magnetlzation vector lies in the direciion in which
Ey i minimum called the easy direction. When K475 0, the
cubic axes are the easy directions and if K1é;0, the easy
directions correspond to the body diagonals. The application
of an externzl magnetic field along a direction different
from an easSy direction causes a deviation of the magnetization
to another direction so that the torgue due to the external
field is balanced by the torque originating in the anisotropy
enargy.

The origin of the anisotropy of an lon on a certain
lattice site is found in the spin-orbit interaction.18’19
In spinel ferrites the anisotropy energy originates from the
contributions of individual magnetic ions, It has been found

that the contribution to K1 of dAifferent lons is different



and depends on the type of site it is occupying and its neigh-

3+

bouring ilon configuration. Tor example, Fe” ion has a posi-

tive contribution to anisotropy on A-sites but has a negative

26=23 3¢ ion has a positive

The contribution of Mot to

ATy

misotropy has been found to be very small.”’ The temperature

contribution when on B-3ite,

contribution on B—Site.24_26

variation of the anisctropy contributions of various ions are

also different, 25730

1.4,2, Magnetostriction

Magnetostriction 1s that phenomenon wherein the shape
of a ferre or ferrimagnetic specimen changes during the
process of magnetization. Magnetostriction originates in the
interaction between the atomic magnetic moments, as in mag-
netic anisctropy. Therefore an extra contribution to the
magnatic anisotropy is given by fthe magnetostriction, For na

cubic erystal 1f can be expressed asm

(1.7)

where _;‘,q is the saturation magnetostriction coefficient and

;\*-DD and . ;44 are the magnetostriction constants for (100)
and (111) directions. For a polycrystalline substance the

A 3
average ™, will be

L kY .
uﬁ't; — 2.’!5‘ . 4 []n k 3,"‘;5 ."ﬁ'1 1 4' L 1 -H:’

1.4.3. Concept of Total Anisctropy

The anisotropy value that can be deduced for polycry-
stalline material from the resonance frequency measurement
by using the Snoek formula is larger than the magnetocry-
8talline anisotropy value.ﬁ It has been found that the
additional components to ¥4y Seem to be related to the poly-

erystalline nature of the material., This is thought to be



related to the stresses generated inside a polycerystalline
material when it is cooled from =zbove its Curie temperature
to form domains {see section 1.5). This leads to the idea
of total anisotropy for poly-ferrimagnets, GlobusBz’33 has

given the following expression for the total anisotropy K

E o= K+ Ay - 4y (1.3}
where

K, = magnetocrystalline anisotropy constant

.ﬁsu'“ = magnetoelastic energy of the wolycrystalline

sample

.}5 = 8aturation magnetostriction

ﬁ‘ﬂ = internal stresses

Aq = dipolar energy (demagmetization energy)

The contribution of Ad wasS later shown to be negligible for
ferrites as the large value of Ad could not explzain the com-
pensation of anisotropies,

Hence

— P‘-;] n _-‘_-*'\. i (1.10)

1.9, MAGNETIC DOMAINS AND HYSTERESIS

The presence of ferromagnetic domains was first pre-

dicted by P, Weiss34

in 1907 in his famous hypothesis of the
molecular field. 1Imnside such a domain, all the Spins are
lined up parallel to ¢one another, The domalin structure is 2
natural consequence of the various contributions to the
energy - exchange, anisotropy and magnetic of a ferromagnetic
body, 7The transition layer which separates adjacent domains
zmagnetized in different directions is termed as 'domain wall'

5
or 'Bloch wall' named after F, Bloch (1932).3' The actual

thickness and energy of the transition layer 1is the result of



a2 ninimunisation of the exchange and anisotropy energies.36

Figure 1.4 gives some examples of Weiss domain structure with
so-called 90° and 180° walls in which there is a flux closure
{3}, domain structure around inclusions {(b) and domain in a
polycrystal (c).:,>7

In a ferro {(or ferri) magnetic material, an external
field produces a magnetizatlion parallel to the field, This
I8 known a3 'techniesl magnetization'. In a homogenous ferro
{ferri) magnetic material the magnetic moment inecreases under
the action of an applied magnetic field in three stages as
shown in Fig.1.5(a). In an inhomogenous material i.c, which
contains volds, incluslions, precipitates, internal stresses
or crystal boundaries etec,, the displacement of domain walls
requires fairly large field and thus the wall displacement
and rotation can take place simultaneously.

inother feature of inhomogenous magnetic materials is
that the stable domain structure is not a unique function of
the gpplied field. The domain structure which is attained
by inereasing the field to H is different from that attained
by decreasing the field from a high value to H, so that the
“intensity of magnetization is different for both cases., The
familiar hysteresis loop is obtained due to this. Figure
1.5(b) shows a typical hysteresis loop defining the related
parameters - sSaturation magnetization, remanence and ceercive
forca,
1.5.1. Remanence

In all ferro (ferri) magnetic materials, if the mag-
netic field is reduced to zero, the material retains certain

flux density known as remanénce, B,, which is equal tO‘HDMr~

r
After the magnetic field is reduced to zero, the demagnetizing



(i) Iul

() Examples of Weiss domain configurotions in
wnich flux closure occurs.

(b) Domain structure around inclusions.

(C) Domain structure of a polycrystal



where p represents the porosity of the material.
. 0
Dijkstra and Wert4 have considered spike formation

around non-magnetic inclusions and have concluded that

B = - (1.12)

'
L

whala

encrey af 180" Aomain wall

0

d = dAiametsr of ineiusion

+* . .

K = lerngwh of spiks/d

1 <= yolua= fraction of inclusicnd

It has been shown that H, varies with d in a manner
giving maximum H, when d=wall thickness o.

From the above considerations it is evident that for
low Hys the ferrite should have no intragranular pores and
very few non-magnetic inclusions.

1.5.3. Theoretical Model for Magnetization Mechanism

By using carefully prepared samples and accurate meas-
urements, Glchus discovered the existence of two fundamental
parameters for the magnetization mechanisms in ceramic ferri-
magnets the total anisotropy and the graln size., Also, the
initial susceptibility was found fto be proportional to the
grain size. To explain these features, Globu832’33’41*45 put
forward a theoretical model relating the grain diameter with
the motion mechanisms of the domain wall. The first princi-
ples of the model are givenbbelow
(i) 4 180" domain wall in 2 spherical grain, is in a dia-

metral position in the Spontaneous magnetizatidn state.
(1i)  The wall perimeter remalns pinned o the grain boundary

for any position of the wall inside the grain.

(11i) When submitted %o a magnetic field, the pinned wall



rleld tries to orient the magnetic moments randomly but the
varipus anisotropies prevent the complete randomisation of
the moments and hence a residual magnetization is left,

On cooling a strain free polycrystalline material from
above Tc,domains form and the direction of magnetization in
pach domain is determined by the erystalline anisotropy. ©So
when the material is magnetized to saturation and the mag-
netic field is brought down to zero, thereafter, ailarge
nunber of individual magnetization vectors are turned from
the original easy directions into ancother. 1In general this
will be accompanied By a shape change. Such strains will
sause Mr to decrease unless magnetostrictlion at saturation
Ag 18 zero, Hence a low value of ?\S and a high value of K4
leads to a higher value of M, /Mg. The higher the Curie tem-
perature the higher will be awsolute magnitude of M, since
iy inoreases with decreasing ration T/T,.

1.5.2, Coercive Force

Coerclve force, Hc’ 1s defined as the magnetic fielgd
$trength necessary to bring down the remanent flux density
to zero, If the domains walls are easy to move the material
has low coercive ..forece, On the other hand if the boundary
18 d1ffieult to move the material would have high coercive
force,

Inmpurities and other defects which due to their binding
energy with domain walls try to impede the movement of the
walls, The nature of such interactions between domain wall
and imperfections has been under cons iderable investigat-
ion9.38_4. According to Neel,38 for ferrites with negative
¥y wd 1Xgl oA e

By = (1,11)
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bulgesy if it unpins itself, 1t moves to be pinnsd

agaiin in another position.

(iv) The parameiters which control the unpinning are related
to the nature of the wall and not to the nature of the
grain boundary; fthe unpinning would result from a
rupture mechanism of the wall aleong 1ts edge.

(v) The existence of scveral magnetization axes in each
grain of 3 soft cubic material, allows the walls to
choo8e the best directions to follow the toroid
symmetry (Fig.1.6(a)).

(vi) The cooperation between the walls of neighbouring
grains ensures the fiux continuity while they move,

(vii) Simplifications are used to facilitate the analysis
as compared with the actual conditions, it will be
then considered -

- in case of the reversible mechanisms, a spherical
bulging of the wall inside a spheriecal grain.

~ in case of the non-reversidble mechanisms, z displacc-—
ment of a flat wall in o spherieal grain, the wall surface
‘variatlon being considersd as the parameter which controls by
1tself only the displacement.

This model successfully explains the various reversible
and irreversible processes occuring in poly-ferrimagnets, For
the point of view of present work, the static initial suscepti-
bility, initial magnetization curve and the hysteresis loop
have been explained in terms of this medel.

{a) Static Tnitial Susceptibility

When submitted to a weak magnetic field, the wall bulges

remaining fixed to the grain boundary in its dlametral position,
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e

the energy needed to releasc an elezectron from the ion for 2 juap
t3 the neighvouaring ion, €0 giving rise t7 electrical eonducti-
vity. t has becen pointed out by JonkeféB tﬁat in these non-~
inpurity {intrinsic) semiconductors the iniluence of temperaturse
on the eoncentration of the conductiom ecarviers is relatively
su2ll.  This means that the temperature influenee on the contuc-
vity 18 only = reanit of the change ~f the nobility »f the
glectrons or holes with temperature. E} 15 deternined aceonrding

to the relation

By o= 0992007 grpmy Legr) (1.29)

For ferrites, the value of E. lie between 0.1 and 0.5 eV.

1.8, CORS LO33ES I FERRITIS

closed magnetic coras of cross sccotional area A -nd magnetic

length L and an alternating voltags B is applied, a power loss

' . < 2., - . "
(volume) density, Py = EG/AL, will be observed, where G is

$he conductance appearing acrosg the winding due tn the nzgnet~
ic 1cvsses in the core, These are termed as the core logsss and
are 4issipated a8 heat in the eore., The major losses contri-
buting to the cors lo8se¢s are the hysterssis losses, eddy

65,60
current losses and the residual losszes, T

2
L

The anergy 103% during each cycle in a unit volume

the: naterial due to

ig 2qual to the loop area, It

18 called the hysteresis cnergy 1oss (voluma) density and i
fensted »y Wr
4
g i - - ,
ha = i bal 2rEd o T oycis {1.3¢)
. i

The hysteresis powar dissipated in 3 core of volume v



In firs{ approximation it i1s assumed that the Specific proper-
ties (energy per wnit surface YV and thickness ©) of 3 bulged
w3all are the same as those of the flat wall.

For sueh a bulged wall (Fig.1.6(b,c)) the equilibrium
condition beotwesa the increase of the wall energy (surface)

and the fisld enérgy (volume swept by the wall can be written

a8 followg
2 ] 2 z
—_— ¥ D 2y sl 2 *h ! -
'L*dﬁl‘lﬂHg_x(zr+xjT'K!}‘£T+X]“T! [1.1_._!
After derivation, by neglecting the terms with x2, one obtains
M _H
3 2
X = -E-_F*IJ

The magnetization due to the volume swept is
TR L I &
where

Lu’E
- .% -

Then the Initial susceptibility valus X 1s

.-": = gl -_;.rE
_ 3 % . D
= ﬁ H.f"

This explains the proportionality hetween the X and the grain
dlameter D.

{(b) Hysteresis Loop

4 diametral wall pinned along 1ts perimeter in a spheri-
cal grain bulges under the action of z weak field, resultiag

In a magnetization proportional to H and D. The wall unpinn-

boundary (F = =D, where £ is the pinning force per unit

length, (Fig.1.6(d))). Increasing the field leads to an



increase in the wall bulging, up to a2 value such as P = I,
which permits 2 critical unpinning field F.,. to be determined
21

= T £ 450
Aoy T 2

Fhen E“}»Hcr, one obtains P ¥, what makes the wall break off
from this diametral position and move inside the grain,

While moving in the spherical grain, each field value
corresponds to an equilibrium between the new values of the
thrust and the pinning forece so that the magnetic field makes
the wall Bulge just at the limit of the next break off.

On the initial magnetization curve plotted on Fig.1.6(e),
point 2 corresponds to the magnetization value due to the joint
effects of the displacement and the bulging. When decreasing
the applied fields, the wall becomes flat, and at point 3 the
Jagnetization ¥ 18 only due to the displacement (remanence).
Sinece H changes its sign, the wall bulges In the inverse dir-
ection., When the field (-H) reaches the value of the critical
field corresponding to a wall diameter d, the wall detaches
it8elf, cross over the grain and becomes pinned in the other
position of diameter 4, (since the pinning fields of all the
intermediate positions are smaller than the applied field).

50 the representative point jumps from 4 %o 5, the magnetizat-
lon 2% 5 being again due to the joint effect of the displace-~
ment and the bulging.

(e) Initial Magnetization Curve

If the field is increased from Zero, an initial magne-
tization curve is described each point being, as it is well
known the tip of a hysteresis loop.

When the wall is just 2 little displaced from its
diametral pesition (Fig.,1.6(f)), a small increase of the

field produces a small wall surface variation but a very large



variation of thz volume Swept, which results in 2 very fast
increase of the magnetization.

On the contrary, when the wall is displaced far away
from its Aiametral position, 3 large increase of the field is
needed to produce an appreciable deerease of the wall surfaces
however that gives only a Small increase of the volume swept,
thus a2 small increase of the magnetization.

1.6 THE INITTAL PARMEABILITY

The initial permeability, .uy defined =s

M W Evo  dB

(1,163
comes into play due to a reversible process. In the reversi-
ble part of ths B-H loop the magnetization can be due to both
rotation of the spins and reversible movement of domain wall,
Various workers have shown that the rotation of magnetization

contritutes only a small part of the actual initial permeability.

. due to the rever-

Kersten46 and Nee138 later derived Ay

Sible domain wall displacement giving a fair agreement between
the calculated and the observed value of wuj; for iron. Kersten
postulated that 3 domain wall tends to be trapped by inclusions
or voids wecause the wall can save its area at such inclusioms
or voids, thus reducing the total wall energy, the displacement
of the area, caus ing 2 restoring force on the wall, Neel
suggested to take into account of the free poles formation.
l{ersten39 later modified the assumption by assuming the flexi-
bility of domain walls and derived

iy

Ay = (4,773

i “'(1
This could lso explain the observed temperature depen-
gence of Ay for iron, nickel and cobalt {Kerstensg).

Perhaps the best model to explain the dependence of u,



on the motion of domain wall in a molycrystalline materisl is

L]

given by qu:)bx.rss.4r In such 2 model, the equation of motion of

the wall can be writien as

™

T % v ; _ *.{"-':_T'Ez + 2 M, T sxp(in t) (1,18}
whers

2 = displacenent of the wall

m = effective mass of the wall

& = damping consStant
amnd 'ﬁ,"’ = wall energy.

This gives the static initial permeability (i.e. when

' B, D
/ui -1 = oy
and
" MS_;- L D3 .
My ® T (1.49)
where
D = grain diameter.

Experimentally also the Sy has been found to increase
linearly with the grailn size for a number of ferrites and
garnets with pore free grains, Globus further claims that

gxperimental results in Ni-ferrite and YIG show
2 -

Mo T

y, =~ 1 s —o—ee
£y
which implies if Bqn,1.,19 is true

e K
which is contradictory to Landau and Lifschitz equation,

Y o= E\_!Jm_ﬂ:'!(?' ., where A is the exchange constant, since 4 is

L8

not proportional to Kq. Globus also caleulated Yy from hys-

48,49

teresis 1038 measurement and found the values obiained



to be in excellent agreement with the Iandau and Lifschitz
equation. The role of ~ occuring in Egn.1.19 given by
YHE Ir,/{,.ui-ﬂ is yet to be fully understood.

In a very recent paper, Hoekstra and othersgo have
nade an attempt to interpret the initial permeability of
polycrystalline Mn-Zn ferrites in terms of intrinsic magnetic
properties. They measured My and X, on the single erystals
and compared the temperature dependence of Ay measured on
polycrystalline toroids of the Same composition with t:ne
theoretinally c.fr;:.’*culated values according to (i) /ulﬂ::;-:
and (i1} I il E%—-. Though they could obtain similar temp-
erature dependence of a1y in both the cases, the absolute
value of u; measured was found to be an order of magnitude
spaller than the theoretically calculated value given by (1)
and an order of magnitude greater than the value given by (ii}.
They have discussed their results saying that a description of
the bulging process should include the demagnetizing energy
that pins the wall at the grain boundaries.

48 has heen said earlier, the magnetostriction accom-
panies the magnetization and therefore the domain walls will

not be free to expand on formation in the solid materials

glving rise to internal stresses in the system., Movement of

dosaln wall undgr sueh Siresses contribute ,uj according to
a3 (1.20)
)
where
™ .
AN T = Iinternal stresses
I = Young's modulu’d of clasticity.

The above formulation suggest that the initial permea-

hility would increase with decrease in :;\.3.



Globus, however, in Ni-ferrites and YIG has shown that
the reversible processes (i,e. u,) are determined by Ky and
the irreversible processes (i.e. B-H loop) are determined by
K (= Ky + 2y ¢~ ). He postulates that stresses are present
inside the domains whare magnetization is high and inside the
#all the magnetization is vanishingly low, the domain wall
does not 'see' thesc stresses when 1t bulges.

It has been conclusively proved by Globus that intsr-
#mular porosity does not affect u; whereas intragranular
pores can pin the domain walls decreasing the effective span
and affect Ay In sueh a ease, u; has been found to be pro-

52

portional fo pore to pore distance Dp.

It is obvious from the above discussions and has been

shown experimentally 3lso that in order to have high PO the

agterial must have high M., low ‘v nnd Ky, large pore freo

gains and good chemical homogeneitv.53

1.6.1, Temperature Dependence of Initial Permeability

Both the quantities Mg and K4 vary with temperature so
that u; can be 3 complicated function of temperature and as
5 rule should increase with temperature showing a maximum just
below the Curie point (Hepkinson effect). Using the actual
temperature dependence of Mg and K., K<s=:r.'s1:er154 gxplained the
observed temperature dependence of g for irom, cobalt and
nickel,

In ferrites, /,uimtemperature curve is sometimes found
fo be passing through a Secondary peak at 2 lower‘temperatu_rc
for certain oompositions ns 3hown by Gu;'l.lleu,zdl.53 EnzSB and
Ohta56 demonstrated that the variation of anisotropy has

predoninant effect on the temperature variation of A;. Inz



inferred, that the low temperature peak of wuy; corresponded to
the change of sign of K4 1.2. to 1%s passage through zero.

In ivin-»Zn—Fe2+ ferrites, Pe st ions on B-sites give 2
positive anisotropy contribution which has a smaller femper-
ature dependence than the negative anisotropy contfribution of

3+ 2+

the Fe”' ions (Fig.1.7). By increasing the Fe™ ions the com-

pensation temperature T, cmn be shifted to a lower valus, In

A=T curve this leads te a secondary maximum at 7.
To obtain useful materials small chemical inhomogenci-
ties are introduced, cspecially with respect to the distribu-~

57,58 The material then congists in

tion of the ferrous ions.
gffect of 1 mixture of ferrites with different contents of
ferrous ions, and therefore different temperature TO. The
resulting u;-T curve of the materizl is shown in Fig.1.8 a3
the solid curve, which is a weighted average of the dashed
curves for the different compositions. By this technique a
temperature insensitive permeability is obtalned in a relat-
ively large temperature rangs T, to T,.

Globus and Du.plex59 have reported that ferrimagnetic
paterials which are identified in their fundamental proper-

ties (composition, iy, T as well a8 in their granular

o? -""‘-S}
structure (poroSity, size and shape of grains) can present
very different _,ui—T' curves, The proposed interprsiation 1=
38ed on the existence of different degrees of wall conti-
nuity aeross the grain boundarics., It is suggested that the
Jegree of wall continulty is associated with the relative
erystallographic axes orientation of the grains., According
to them comparatively flatter _J,fui—-f[‘ purves are obtained in

materials where the wall continuity is affected,
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Fig. 18 Permeability as o funclion of temperature for an
. iphomogeneous MnZnFe' ferrite.



It is important to study the wvariation of Ak with
tenperature since this gives how the inductance of a coil
woull vary with temperature. One of the ways of defining

the temperature factor (T.F) of .u. is

..-"U.A - /U.r ﬁ
T B = 2 x 1 (1,21}

. 2 o :
.-J..= '\4.1_I|2}

where Wy md U, are uys at temperatures T, and T, respect-
tvely,

1,6,2, Time Decrease of Initial Permeability : Digmccommodation

If 2 magnetic material is given a disturbance, which nzy
be magnetic, thermal or mechanical, the permeability observed
ipmediately after the cessation of the disturbance 18 normally
found to be raised to an unsitable value from which it returas.,
a9 3 function of time, to its Wndisturbed or stable value.

This phenomena has been called time~change of permeability ovut
ks usually referred to as disnccommodation. The process ig
Bepsatable indefinitely.

There are 1 number of possible mechanisms of disaccoruo-—
dation in ferrites and they 2ll depund on migratory processcs
within the lattice. These processes often involve the anisoe
tropic or preferred distributicn of ferrous lons and/or cation
nacancies over the four octahedral sublsttices of the spinel
structure.The preference for a particular sublattice dependz
W the direction of the domain magnetization and, therefore,

oo the position of the domain walls. The distribution fends
to fix, and be fixed by, the location of the domain walls,
Biving rise to a more stnble or lower permexbility state.
dfter the disturbance the vaicineies and domain walls are no

onger in 2 mutually low cnergy state (therefore the initial



perneability is higher) but the lower encrgy State is progress-
ively approached s the ferrous ions and/or gation vacancies
migrate to the new preferred sites conditioned by the new domain
wall positions. 1In other words the disturbed domain wall, hav-
ing taken up a new position, sinks slowly into an energy trough
at that position, loosing mobility and reducing domain wall
sontribution to the permeability as it does sc. The rate a2t
gnich the vagcancies ars redistributed or diffuse depends very
guch on the temperature, shorter time consStants being observed
it the higher temperature.

Permeability chaiges with time are cxpected to be logari-
thamic

faii-ﬂ T4 lom B {1.22}

= i e . . . 6C
where o I5 the relaxation time and I8 given by

Fl
-

O o= gEwEoww oxp (- VKD (1.23)
wary
fo = frequency fzctor = Lattice vibrational frequency
n = cation vacancy concentration
Bl ¢ = activation encrgy of cation/vacancy diffusion6

I ¥n-In ferrites Q == 0.7 eV. Reviews of the whole field of
disacenmnodation have been given by Braginski62 and Krupicka
and Zave’ca.63

One of the ways of defining the disaccommodation factor
showing the time dependence of Ay is

I = , (1,24
) ‘

u, —-1u
' ph

where Ay and A, are the /u'is at time ty and t2 respectively

wlter demagnetization,



1.6.3. Freguency Dependence of Trnitial Permeabllity

The real part of .uy is essentially frequency indepen-

dent till ons reaches the rescnance, Figure 1.9(a) shows the
rsal and imaginary parts of the initial permeability spectrum

for 2 high permeability ¥n-Zn ferrite. The fraguency of

. . . b
re8onance , frd is given by
¥ $ x

— .25
— — for <D owhsre I In ihs sritical
il T o r

diameter,

Under tThe =zction of a weak field the wall pinmed to the
grain boundary btulges and the form of this bulging would be
determined with respect to the need of keeping the cooperati-
vity of the domain walls through the whols torcidal sample,
in order to avolid the appearance of demagnetizing fields,

It has heen observed that the homogenous granular
structured materisle show relaxation and inhomogeneous grapu-

lay structured {big ani sSwall grains) materials show reSonance

(Fig.1.9(b,c)). According to flfrlobusbj

the resonance in inhono-
geneous waterials is obtained due teo the disturbance of the
éooperativity of the dsmain walls in 2 chain of grains.

The intsrgranular porosity does not disturdb the relaxa-
tion character because the domain wall may chooSe the best way
from one grain to anocther, by keeping off the pores, in order
to maintain its coantinuity through the material. The inclu=-
sions 3nd pores inside the grain 5ls0 wmay present relaxation
character, 1t is logical to think that the defecits in the
grains, if they follow 2 regular distribution, wmay not break

the cooperative action of the domain wall as far a8 the fro-
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. 65
quency reSponsg 18 c¢ouncarned,

1,0.4, Pield Dependence »f Initial Permeabiiity

For use as an -ir induetor, it is ideal if for tha
ferrite, B is proportional tn H. But, due to the hysteresis
present in all magnetic materials,

BiEY = ;.U._Ji-l - .3.1_513 F '3,2,‘{5 Foovanns (1,280

This makes the initial perweability dependent on the
applied field which introduces third hsrmeonic distortion, D
into the signal. It can be shown that6

_‘i'l"
3
T,

Ry
]
—

o=

where tan %h = hysteresis loss tangent.

It can be understood using simple Globus model that to
ninimise third harmonies, the ferrite should have pore free
grains of uniform size snd gond homogeneity.

1.7,  D2.C. RESISTIVITY

The electriczl conduction In ferrives is mainly due *to

bopping of electrons Joluvsd 9085 FITh GWLTiple VALSHCISS,

e paln contribution is due to electrom hopping between Fe5+

2 ions, Therefore the low resistance of Mn—4n ferrite

and Fe
i3 mainly associated with {:he relatively large concentration
of ferrous ions without which the lowest crystal anisotropies
can not be obtained

Ferrites are semiconductors, with thermally activated

nature of the conductivity mechanism, corresponding te =2

relation of the type

S - exp (TR D {1,285}
h-‘ - - ) - Enl .
where - ‘f' {resistivity at T2, and B . represents an
67

aetivation encrgy which, according to Verwey and De Boer is



which is subjected to an sliernating field of asmplitude H inid
fregquency f is
F, = W, _ % T QTEE 300 (1,313

(11} Bddy Current Losses

Ferrites are seumiconiuctors and commercial grades have
resistivities ranging from 10:item to >10 f:em at room temperat-

ures, Mn-Z2n forrites are low resistivity ferrites,

Cis

An altern2ting magnetic flux in < conductive medium will
$nduce eddy currents in that medium anld these will result in an
energy 1loss called eddy current 1oss. The magnitude of this
loss depends, among other things, on the conductivity, size 2mnd
shape of the medium and, as it is well known, may be relducsd by
gubdivision of the medium into electrically insulated regions,
e.g, laminations or grains,.

At low frequenciss, the eddy current power loss (volume)
g¢ensity is given wy
p .., LEDE A §

= v

2 g
i *

T -3 ~
10 wRtLA eh (1.32)
. P
where B 1s the peak value of the flux density, 4 is the average
grain size, ;= is then the bulk resistivity and 5 18 2 dimen-

f

sional constant ~~ 20 for spherical grains,

{iii) Residusl losses

Residual loss is defined as the loss which remains after
the subtraction of hysteresis and eddy current lossss from the

L o
tot3l losses, 63

There are probably Several loss processes
that contribute to residual loss and different processas may
apply 3t different parts of the freguency spectrum, Generally

speaking, the woll relaxetions contribute o bthese lossaes,

These wzll relaxations usu-lly have loss maxima at freguencies



above 1 HHz. However, a tall of these lesses may exdtand to
-lower frequencices., A8 this t21l asy 2180 vary to Some extent
with freguency, 1t way be difficult to distinguish betweon
gtis-current Losses and residual lossaes.

‘. - PP T & m
(iv}  FPower L083 in tne Winding

s3 in zn alternating magnetie field

.-‘\

4 conductor plac.
will have e.m.f. dnduce? in 1t and thesae will give rise to &ddy
currents and associatedl power l_osses.70 The magnetic fields
may be due To currents flowing in other condactors or due to
current flowing in tm conanetor in gquostion. The loSsSes may
be represented a8 an increase in resigfance of the current
earrying conductors above the vilue neasured with direct eury-
ent; this increase of resistance becomes larger as the fregueacy
inereases.

1.9,  MICRGITRJICTURE

In 5 numher of appiications the use of fer

21
—te
ot
&
Lif]
=tn
o
Ao
‘ —
M

rystals is either necoessary oy desived. However, 1t 18 very

liffienlt to prepare sufficiently large, homogencus single

rystals, especially when the chemical compnsition, neecded to

.

sbtain a desired electricil or magnetic property, is a shar

%

r

fefined one, Moreover, the shaping of single crystals is
lifficult,

The ceramic proceS® mukes

L poSs8ible to prepare comblex

) f

chemical compositions and shapesd mueh more econnmically. In

addition there are 3 number of cases whare the use of a poly-

erystalline material is required e,z., for obtaining high
71

ceerelve foree, for reducing edly current logsses, which

can te Suppressed by intermal laminations aleng the graian

. . .. 0D,86 e . -
boundaries, Thus, for most applications pelyerystalline



wmaterials, prepared by a ceramic wethod, are uzed,

In 2 ceramic process the Starting material is a powder
which is made into a demse solid by first compacting it into
the desired shape and then 8intering this compact at a2 high
temperature to remove porosity. The final microstructure de-
velops during the sintering process. During sintering densi-
fication and grain growth all occur 2% the same tlme and give
rise to a great variety of microstructurces,

1,9,1. Sintering and Grain Growth

Sintering in crystalline solids hag been dealt with in
detail wy Coble and Burke.72 Sintering essentially occurs ir
three stages. Thase three s5tages of sintering may be explainszd
by diffusion models in which the main assumptions made are that
the pores are vacancy Sources, the grain boundaries are vacancy
8inks, and the controlling mechanism of material transport is

tmlk diffusion.

(1) Initial Stage

Initially, the 'neck-growth® takes place hetween ths
adjacent particles while the grain growth is totally inhibited.
Atonie diffusion can be guantitaiively accounted for the
initial rate of neck glL‘DWth.?}

(i1i) Intermediate Stage

When the deansity 1s at approximately 60% of its theore~
tical vzlue, grain growth sets :hrl.?i‘:L The structure still hLas
1 completely continuous pore phase coinecident with three grain
gdges throughout the matrix, The grains in an ideal case then
have the term of a regulsr tetrakaidecatredron (a t4-sided
wlyhedron having six square facesS and eight hexagonal faces),

The lattice vacancies from the pores can be tramsported to the



groin boundarics where they get anninilated, As 3 result the
pores £ill up and the density incrcases with the logarithm of
time In gencral. Thne densification of the powder compacts in
this stage has been guantitatively modelled by Coble?5 based
on atom transport by diffusion.

The densification rate decreases somewhat due to an
inerease in the grain size. At about 95% of theoretical den-
sity the pore phase becomes discontinuous, terminating the
intermediate stage.

(iii) Final Stage

If discontinuous grain growth occurs, a large number
of closed pores, trapped inside the grains and isolated from
the grain boundaries cannot shrink any more., Then sintering
is practically stopped. If discontinuous grain growth can be
avoided, the last few percent of porosity are eliminated by
iischarging vacancies at grain boundaries, The compact theﬁ
sinters to a high density, and in some cases theoretical X-ray
density has baen zchieved.

A schematic representation of typieal structures obscr-
ved during sintering is given in Fig.71.,10. 411 the geometric
aspects of grain growth may be deduced from three general
principles.76
(1) Grain boundaries waich are essentially the areas of
mismateh (discontinuities) in the microstructure, represoent
locations with higher snergies, Therefore, a 'driving forcs!
exists which tends to reduce the grain boundary areas., A4S s
result, they form a2 threc—-dimensional array that is geometri-
cally similar to a soap froth,

(2) Al1 the grain boundaries have about the same surface



Fig 110 Schematic representation of typical struclures observed during sinlering.
All views are fwo-dimensionol except boliom center, which is a perspective view of
a c¢losed pore ai o corner where four grains meel Affer Coble and Bruke.



tensions they radiate at angles of 1207 from a peint at which

three of them meet., Topology reguires that the boundaries
extend from one three-boundary contact to another, and this
requirement generally introduces =2 curvature inte the grain
boundiry. The sarface temsion thsn causes the boundaries to
migrate towzrd their centers of eurvature., Six sided grains
nve £lat sides; all other grains have curved 3ides - convex
if number of sides is less than six and concave if number of
sides is more than Six., Thus the grains with more than 3ix
gides grow at the cost of those with less than s8ix sides
(Fig.1.11). A3 the grain diameter increasss, the curvature
of the grain boundary decreases. Therefore the velocity of
grain boundary deecresasss,

(3) Second phase inclusions on the grain boundaries will
fmpede grain woundary movement. Pores in the initial stage
5f the sintering process may also zocet 38 a Second phase

inclusion.

From these principles it follows, with 2 few simplify -

ing assumptions, that the grain Woundary veloclty, -, 1S
given by

PUIRE A R VI (1.3
where

J = avarage grain dizmeter

A = geometrical constant

87 =  interfacial energy of the grain houndary

M = amohility »f the grain woundary.
On Integrating, one geis,

AR A (1.3

3

}



Fig. 111

Topology of grains. A grain with six sides con have siraight
sides; fewer than six-sided grains curve outward and more
than six-sided grains curve inward. The more sides o
grain has, the more strongly curved ore ils boundaries. The
arrows indicate thai the boundaries migrate towards their
centre of curvature.



where Allo™ = K is - toupey ture dependent rate constant, D, is
grain size at time ¥ = O, Increasing the temperature causes

the rate K to inerease aceording 45 the Arrhenius relationship

£ = E, exp (- G/RDT (1,346

where Q@ 18 the activation energy for grain growth.
In generzl, however, the commnonly observed griin growth

7
d2%2 1s roughly described by Beck's enmpirical relationshirp

(1.37)

Equation 1.35 predicts that the exponent n = 2, In fact
avalue of n< % is usuqlly found, This discrepancy in 'n' is
attrituted to a rather incorrect assumption that the shape of
the grain size distribution curve does not change with time.

1,9.2. Pores and Inclusions

If the grain growth be unimpeded, the grains will keep
on growing aceording to Egn.1.37 until the sample becomes a
single crystal. But this is rarcly observed as in the presence
of pores or inclusions or both, 3 limiting grain size will

. S . 78
reach aceording to Egn.1.38 a8 given by Zener.

. d"
: R s B i, 1
Dypiy = = (1,33

where B .. 18 the limiting grain size, when a uniform disper-

sion of pores or inclusions of dilameter d; and volume fraction

i

f prevents grain growth, »f Is sone comstant,
wWhen a gralin boundary intersects an inclusion or a pore,

aportion of the boundary egual to the cross-sectional area of

the Inclusion or pore is eliminated (Fig.1.12(a)). A4s a result,

there 18 a Binding foree of the Inclusion or pere o the grain
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{a} Growth inhibition Pores or second phase inclusions
generally retard boundary movements because they infroduce

reversals in boundary curvolure.

70
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(b) ‘An illustration of the limiting grain size in a Mn-2Zn fernle
intered ot 1340°C  (Ref. 79)

Fig. 112



{2) The grain boundaries bteing disordered, have higher
registivity than the bulk of the grain therefore
the increase in the concentration of such barriers
like grain boundaries makes the 8yStem more resis-
tant to electrical hreakdown.85

(b) The formation of 2 high resistive layer of some
compound at the grain ®oundaries by the addition
of certain impurities or by the oxidation of the
grzin boundaries also results in the increase in
the resistiviiy and decrease in the high frequency
addy current losses.86

(i) Initial Permeawility, Coercive Force and HySteresis
Losses

The importance of grain size and porosity can be inter-
preted in terms of the existence of domain walls and-the effect
of interaction with grain boundaries and pores on the case aof
wall migration.

The pores or non magnetic inclusions make no contribue
tion to the magnetization and in 2ddition, when an alfternating
magnetic field 1s napplied, it causes cone or spike shaped
demagnetizing fields.S? For the same total porosity, a large
number of small pores produces z_ larger arez with demagnetizing
fields than does a small number of big pores., For intergranu-
lar pores, the adverse effects are much smaller, Globus and

42,88 have studied the effects of mierostructural

others,
features on variocus properties in details. They have conclu-~
ded that the Globus model can bs extended to the casc wﬁere

the domain walls are pinned at intragranular pores and D (grain
size originally) can be interpreted as the average distance

between the intragranular pores, D, i.e., the sSpan of the

p?



dgmain wall,
This explaine why the lncresse in intragranular porosite

causes the permeability to fall even if the average grain size

increases.

The effect of Intragranular porosity on H, has also baen
N
EjnSidered by Goodenough,ag Kerstemgo and Dijkstra and Wsert.g

Feraten eonsidered only surface tension effects of pores,
derived the cosrcive force, H, as

£ o o
L g ,7/% 1.39)

H.j e E

n

%ere p is the intragranular porosity and S a factor dependirg

fni the ratio of domain wall width, 5, to a2 pore diameter, 4.
[S]

. . by PR . A
The value 2f S is maximum when d=5, Dijkstra znd Wert con-—-
sidered spike formation at the pores and have arrived at siui--

lar conclusions although the functional dependence of H, on

and 4 according to them is different, as given below

H =

o

were Y3000 18 the wall energy of 180° domain wall of width

&8¢3and L is the length of the spike.

. 38 . ‘ §
Jain and others have experimentally found H, propor-

0.5

tional to Dg "7 in ¥n-Zn ferrites, where 'Dp is the average

-

pore to pore distance. According to them the Sy 18 given by
asmall displacement from the pinned position whereas for H.,
the domain wall has +o bow out considerably before breaking
way from the pores,

Since H, is very much a function of porosity, therefove

80 18 the area of the hysteresis loop i.e. the hysteresis

lysses. Therefore high hysteresis losses are encountered in



ferrites Aaving lncluzions or disScontinuous grain 2tructurs.

Tl

i) ROFPERTImS OF

1.10, t‘I“Iﬁ"f‘J\’JT u.T:" T,L‘l""rj P
A J\ I.EIT;‘VT

l-("’:‘

o 92 X . -
onoek found that in-in ferrites could be weful in

praciice because of their high initizl permeability and low
1o8s compared to other ferrite systens over a freguency range
of several hundred KHz, 3ince then = great deal of work both
of fundapental 48 well as of technologie~l nature has been

L*:Te Yo improve the magnetic properties »f Mn~dn ferrites,
5% o L. 93 56 24 ..

@aillaud,”” Shichijo, Chtz, Roess, Perduijn and
o}

a.ingChek’S to mention a few have extensively studied the
cwbole field of Mo-~dn ferrites, They found, in genevral, that
tee composition 28 well as the muynufacturing conditions have
tremendous role in determining the magnetic properties. They
also coneluded that ths extremely hish purity of the raw
materials used was very essentizl for producing high permec-
hility ferrites. ~’}ui.};3;-md53 found that in most cases,
iapurities proved to be poisonous for obiaining good magnetic
propertics,

Later, the effects of various impurities on the per-

-~ A L
. s - Sh-" {0
forsance 5f lin-Zn ferrites were stulied by several workers” ’

- o c . . 37,98
g seae benafielsl offects were brought into focus, f"'—k?.shlj +9

had shown that the resistivity and th: magnetic quality faectox

+

could be increased by ullng the correct eonbination of Cav aad

b102 additions., Hirotn ? arrived ot similar results for 20

and Ge02 additions., Cal qnd :J‘i(.i? 1iso proved to be utceful (o

El
L
100

Joing the disecommadatinn, substitutions of titoniuws

w!|tin in Mn-dn ferrites resulted in better performence fron
i

| 101104

o

L
lﬁ:ability point of view i,e. time voriation of permeability.
.}

5

i
l.qubnu and cthers showed that the addition of higher



ralence elements such as Sn influence the disacecommodation
spectrum of Mp-Zn ferrites in Such a way as if the Fe203 con-—
tent were increased, while lower valence elements such as ILi
a5 if the MnO content increasss. Stijutjes and others ' OP
showed that the solubility of small ions %o Ma-Zn ferrites is
linited on the side of small ionic radii and this property
eould be utilized in obialning increased resistivity and

reduced magnetic losSses,

Effects of additives on the microstructures were also
studied by a number of authors.107h109 Attempts were made to
loeate the distribution of impurities in the microStructure.106
Jilicy was found to hzave strong effect on the microstructure
promoting coarse crystallization11o because of its ability to
forw a grain woundary phase Said to be liquid at firing
mmmwatures.111-112

However, in #pite of the rich literzture available in
iis field, a systematic study correlating the microstructures
with important elceetrieal and magnetic properties for various
levels of doping a particular additive was found missing.
also mo8t of the work done has been confined in the directinn
of developing ferrites for low field applications., Little has
been done on the effects oL impurities on the high field per-
formance of Mn-4n ferrites., Recently Giles anad Westendorp109
have studied the microstructure and power losses of a Mn-Zn
ferrite a8 9 function of silica additions. The results obt-
iined by them were found to be very interesting and from the
wthoress's point of view the work needed further investi-

gation,

To £i11 this gap In literature, the effect of doping a



in-dn ferrite separately with threc inpuritiss - SiOz, 520,
and Sn02 on the microdtructurzs and various mapnetic proper-

ties has Dbean studied.



REFERENCES

1, E,¥%. Gorter, Philips Res. Repts. 9, 295-320, 321-365
403-443 (1954).

2, G, Blasse¢, Philips Res, Repts. Suppl. 3, 1 (19364).

3. 8,J,W, Verway et al, J. Chem. Phys. 16, 1091 (1948).

4, F, de Boer et al., J. Chem. Phys., 18, 1032 (1350).

5, J. 3mit, Solid State Com, &, 745 (1968).

6, 3. Roberts and A. Von Hippel, J. Appl. Phys. 17, 610-616
(1946).
7. 5,D, Dunitz and L.E. Orgel, J. Phys. Chem., Solids, 3,

318-32% (1957).

8, E.J.W, Verwey and £,L. Heilmann, Jr. Chem, Phys., 15,

174-180 (1947),

9. F. de Boer et al, Jr. Chem. Phys. 18, 1032-1034 (1950).

10, Ch, Guillaud and H. Creveaux, Compt. R. Acad., Se¢i., Paris,
230, 1256 (1950).

11, Ch., Guillaud and H, Creveaux, Compt. R. Acad. Sci. Paris,

230, 1458 (1950).

12,  Ch, Guillaud, J. Phys. Rad., 12, 239 (1951),

12, Ch, Guillaud and M, 3age, Compt. R, Acad. Sc¢i. Paris,
232, 944 (1951).

14,  E.W. Gorter, Proc., IRE, 43, 1945 (1955).

15, A, Broese van Groenou et al, Mater, Sci. Bng., 3 (1968-69),

317-392,

16, J. 3mit and H.P.3. Wijn, Perrites, Philips Tech. Library
(1959).

17, H, Forestier, Annales Chimie Xe Serie tome IX, 316

{(1928).



20,
21,
2.

¢k

.
58

2.

2h

30,
51,
3.
33
3,
%,
%,

i,

3.

J.H. Van Vlieck, Phys, Rev., 52, 1178 (1937).

J. Kanamori, in Magnetism, I, p.127, Ed. G.T. Rado and
H, 3uhl, Academic Press, New York (1963).

v.,J. FPolen, J. Appl. Phys., 32, 166 3 (1960).

V.J, Folen ani G.7?. Rado, J. Appl. Phys., 29, 438 5 (1358).
K. Yoshida and M, Tachiki, Prog. Theor. Phys. {(Kyoto),
17, 331 (1957},

A, Broesse Van Groenou et al, J. Appl. Phys., 38, 1133
(1967).

R.F. Pearson, Proc. Phys. Soc. (London)}, 74, 505 (1959).
R.P. Pearson, J, Appl. Phys., 31, 137 3 (1960).

J. Smit et al, J. Phys, Soc. Japan, 17 (Suppl. B-1)

268 (1962).

J.3. van Weiringen, Lanclt - Bornstein Tables, p.2942
(1962).

W.P. Wolf, Phys, Rev., 108, 1152 (1957).

J.H. Van Vleck and C. Kittel, Phys., Rev., 118, 1231
(1960).

Y, Syono, Japan J. Geophys., 4(1), 71 (1965).

J.B. Geodenough, Phys, Rev. 95, 917 (1954).

A. Globus, C.R, Acad. Sci. 255 (1962) 1709.

4, Globus, Thesis, Paris (1963).

P, Weiss, J, Phys., 6, 661 (1307).

F. Bloeh, Zeitz. F. Physik 74, 295-335 (1932).

C, Kittel, Reviews of Modern Physies, Veol.Z21,
pp.541-583, Oct. 1949,

5, Chikazuni, 'Physics of Magnetism', John Wiley & Sons,
Inc.,

L. Neel, Cashiers Phys., 25, 19 (1944).



B.
40,

i1,

§,

8.
i,
4i.

M. Kernsten, Z. Agnew Phy., 7, 397 (1947).

L.J. Dijkstra and C. Wert, Phys. Rev., 79, 979 (1950).
A, Globus, Proc, S.M.M, 2, Cardiff (1975), to be published
A, Globus, Supplement au J, de Physique 1977, Int. Conf,
of Ferrites ICF 2,

A, Globus and P. Duplex, C.R. Acad, Sci. Paris, 262-,
238, 1188 (1966).

A, Globus and P. Duplex, IEEE Trans. Magn., Mag-2, 441
(1966).

4, Globus and P. Duplex, J. Appl. Phys., 39, 727 (1968).
M, Kersten, Phys. Z., 44, 63 (1943).

4, Globus, "Magnetization Mechanism and Specific Poly-
crystalline Properties in Soft Magnetic Materials",
Invited talk, Soft Magnetic Materials, 2, Cardiff Conf.,
1975,

M. Guyot, These, Universite de Paris-SUD, Orsay 1975,

M. Guyot and A. Globus, Phys. Stat. Sol.(bd), 447 (1973).
B, Hoekstra et al, Intermag-78, May, 1978,

R. Backer, Zeit. F. Phys., 33, 905 (1932).

G.C. Jain et al,, J. Mater., Seci, 11, 1335 (1976).

Ch. Guillzud, Proc. IEER, 104 Suppl. B, 165 (1957).

M. Kersten, Zeit., F. Phys., 8, 313-322, (1956}.

U, Bnz, Physica 24, 609 (1958).

K. Chta, J. Phys. Soc. Japan 18, 684 (1963).

H,P. Peloschek and A.J. de Rosy, Proc. Intern, Powder
Metallurgy Magnetic Core Conf.,, ¥Wew York, June 14-17,
1965, p.61~71.

H,P, Peloschek and D.J. Perduyn, IEZE Trans, Magnetics,

4, 453-455 (1968).



59,

61,

62.

63,

64,

65,

06,

b7.

63,
89.

10.

—a
g
-

2.

13.
1.
15
7.

M.

A. Globus and P, Duplex, Phys. Stat, Sol. 31, 765 (1969).
5, Tida, J. Phys. Soc., Japan, 17, 123 (1962),

J.L. Snoek, New Developments in Ferromagnetic Materials,
glsvier Publications, New 8rk (1947), 54.

A, Braginski, Phys. Stat, Sol, 11, 603-616 (1965).
5.Krupicka and K. Zavetz, J. Apl. Phys. 39, 930-938 {(1968),
B.K, Das and P, Chaudhary, J. Mater., Sci, 13, 84 (1978).
A, Globus, C,R., Hebd. Séon. Acad, Sci 255 (1962), 1193.
E.C, Snelling, Soft Ferrites : Properties and Applicat-
ions, London ILIFFE Books Lid, 1969, Chap.II.

B, J,#, Verwey and J.H. de Boer, Rec. trav. chim. Pays

Bas, 55, 531-590

G.H., Jonker, J. Phys., and Chem. of Solids

Jan Smit, Magnetic Properties of Materials, McGraw Hill
Book Company, 1971, p.95.

V.G, Welsby, The Theory and Design of Inductance Coils,
Macdonald and Co, Ltd., London, 2nd Bdition, (1960).

C. Kooy and U, Eng., Philips Res, Repts., 15 (1960),7.
R.L. Coble and J.BE, Burke, Sintering in Crystalline
J0lids, Fourth Intern, Symp. Reactivity Solids, Amsterdam,
1960, pp.38-51, Elsevier, Amsterdam, 1961,

G.C. Kuczyanski, J. Appl. 21, 632 (1950).

R.L. Coble, J. Appl, Phys., 32, 787 (1961).

R.L. Coble, J. Appl. Phys., 32, 793 (1961).

I.,8, Burke, Grain Growth in Ceramics, in "Kinetics of
High-temperature Processes", #.D. Xinger (ed), pp.109-
120, Wiley, New York, 1959,

P.4. Beck et al.. Trans. AIME. 175. 372 (1948).



18, C. Zensr, Personal Communication to C.®. Smith, repoited
in Trans, AIME, 175, 15, (1948).

¥  &C. Jain et al, Indian J. Pure & Appl. Phys.l14, 87(1976).
H.C. Grahgm et al, J, Am, Ceram, Soc. 54, 548 (1971).

a1, G H.Jonker and 3tuijts, Philips Tech. Rev. 32, 79 {1971).

R Broese van Groeneu et al., Mater. Sci. Eng. 3, 317
(1968-69) .

8. B, Jofle et al., "Piezoelectric Ceramics", Academic Press,
New York.

3, KJ, Stanley, "Oxide Magnetic Materials", Oxford Univ.
Press, London and Wew York,

&, N, Hirose and H, 33saki, J. Am, Ceram. Soc. 54, 320 (1971).

%, . Kone,FPerrites: Proc. Int, Conf. July, 1970, Japan,
p.137.

8, £ Roess, Z.F. Angew Phys., 31, 124 (1970},

® 6.0, Jain et al, J. Mater, Sci., 11, 1335 (1976).

$. J.B. Goodenough, Phys., Rev. 95, 917 (1954).

b !

X, M. Kersten, Phys. Z. 44, 63, (1943).

. L[.J. Dijkstra znd C.A. Wert, Phys. Rev. 79 (1950), 979.

R, J.L. Snoek, New Developments in Ferromagnetic Materials,
Elsevier Publications, Inc., Wew York (1947).

#. Y. shichijo, Trans. Jap. Inst. Metals, 2 (4), 204 (1961).

% ¢, Roess, Proc. Int., Conf., Ferrites : Japan, 1970, p.203,

(1971}

$. D.J. Perduijn and H.P. Peloschek, Proe, Brit. Ceram. Soc.,
10, 263 (1968).

%, Ch, Guillaud and M. Paulus, Proc. Int. Conf. Magnetisn
and Crystallography, Kyoto, 1961, J. Phys. Soc. Japan 17,
Suppl. B-I, 632 (19671).



f. 1. Akashi, Trans. Japan Inst. Metals, 2, 171 (1961),

98, T, Akashi, N,5.C. Rssarch & Developm, B, 89 (1966).

9, 4. Hirota, Japan. J. Appl. Phys. 5, 1125 (1966).

0, 7. Hiraga, Proc. Int, Conf. Ferrites : Japan 1970, ».203,

!, J.2, Knowles and T, Raukin, Collogue C1, Supplement au
n® 2-3, Tome 32, Fe'vrier-Mars 1971, page C1-845, Journal
de Physigue.

jo2, J.5. Knowles, Philips “es. Repts, 29, 1974, p.93.

Wi, 4,0, Giles and F.F, wWestondorp, Collogue €1, Supple'ment
au n’ 4, Pome 38, Avril 1977, Page C1-47, Journal de
Physique.

‘W, AD, Giles and F.F. Westendorp, J. Phys. D: Appl. Fhys.,
Vol.9, 1976, p.2117.

165, T, Matsubara et al, Proc. Int. Counf. Ferrites: July 1970,
Japan, p.214,

e, I.G.%, Stijntjes et al, Proc. Int. Conf. Ferrites : July
1970, Japan, p.194.

07, T, Timura, Journal of the Japan Society of Powder and
Powder Metallurgy, 16 (1969), p.217.

‘%, G, Ros3i and J.B. Burke, J. Am. Ceram. 56,(12), p.654,1973.

10 4D Giles and F.F. Westendorp, Colloque Ct Supple'ment

au n’ 4, Tome 38, Avril 1977, p. C1-317, ICF-2, Journal

de Physique.

0, Y. Bando et al, Proc. 1970 Int. Perm. Magnet. Conf. HV4,
p.339 (1971).

‘i, €, Kooy, Seci. Ceram, 1, 21 (1961),

{12. F.M.A, Carpay et al., Sci. Ceram. 8, p.23, 1975.



CHAPTER - T1

NATURE AND HISTRIBUTION OF .'3i02, G802 AND
dn02 IN THD Mn-4dn PERRITE

2,1, INTRODUCTICH

The effect of impurities on the magnetic properties of
ferrites depends upon whether the impurities go in Sclid Solu-
tion with the ferrite or stay inscluble. If the impurity has
a 80lid solubility, the impurity ions cculd cccupy either
interstitial cr suvstitutional sites in the ferrite lattice.
Tis would result in lattice expansion or contraction depending
upon the size and type of the impurity ion, Lattice parameter
mesdurement, therveforeis aconvenient method to find whe ther
the impurity is soluble or not.

The in®oluble impurity, on the other hand, would not
affect the lattice parameter and would stay as a sSecond phase
(301id or Iiguid 17 e/, Jihe JFIStributicr ~F tPIS D7 R F
Biace in the microstructure is very important in determining
the ultimate properties of ji"ez:‘rites1 aS would be discussed in
fe forthcoming chapters.
el The Scanning electron microscope (SEN) with an X-ray

- (XM4) is an instrument that allows analysis of
Hvolumes of a sc0lid, in Situ.2 The region of analysis
Wali b: rin-pointed with an optical microscope and analysis
Baeichbouring microvolumes combined could show the distri-
Mo of 2 chemical element within the solid. The XMA is
hntally an instrument for anslysing regions of a s'olid
h k ! -um 4eress,

fuger electron spectroscopy (ASB3) or scanning Auger

Foprcbe (34M) is 2 convenient and sensitive method for



W

chemical analysis of a surface layer of a few nm thickness,”

These tools have been used to study the nature and dis-
tribution of these impurities 5102, Ge02 and SnO2 in the Mn-Zn
ferrite. |

2.2, EXPERIMENTAL METHODS

2.2,1, Proecessing of the iin~Zn Ferritaes

Mn~Zn ferrites (Mn0)28'2 (Zn0)18‘8 (F8203)53'O (MeOé}X,
where Me stands for Hi, Ge and Sn, were prepared using the
usuil ceramic techniques, The flow diagram of the various
steps involved in the ferrite processing is shown in Pig.2.2.1.
The basic composition (i.e. when x = 0) can be written as
4n

Mn564 .375 Fes 06 04. This particular composition is found

to be suitable as a core material with Curie femperature around

150%0. 4

(1) Wet~mixine of the Raw Materizls

The constituent raw materials of desired grade and
purity (Table 2.2.1) were weighed to give the proportions
required for the selected compositioné. Batches of 500 gms
were made for each additive level and weighing was carried
out to an aeccuracy of 10 mg. Tables 2.2.2 ~ 2.2.4 give the
detzils of the batches prepared,

In compositions'where small amounts of Impurities were
doped, following procedure was adopted to obtain homogeneous
nixing of the 2additive with the other main oxides

(a) FPirst a binary of the required additive oxide with

Fe203 was prepared #y wet mixing (1% for S5i0,,
5% for GeO, and SnOz).

(b) Appropriate amount of this binary was added in the

chosen composition taking proper account of its

Fe203 content,



A TYPICAL FLOW-DIAGRAM SHOWING VARIOUS
PROCESSES INVOLVED IN THE PROCESSING
OF FERRITES FOR THE PRESENT STUDY.

RAW MATERIALS
(Weighing as per composition)

¥
WET MIXING

{in rotory boll mill)

I

¥
DRYING AND LOOSE COMPACTING INTC ELOCKS
1
v |
PRE- S‘INTERZHG

3
DRY BALL MILLING
(for porticle size reduclion’
1

¥
GRANULATION
{with pure P VA]

!
COMPACTION
{inig !ur’o idal shape!

¥

¥
CONTROLLED ATMOSPHERE SINTERING

Fig. 2-2-1
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The raw materials containing wnown amount of the addi-
tive impurity were then wet Hall nillced for final mixing in

o

stiinless steel jar (1Sem ¥ 1Sem) with cylindrical stainlsss
steel bails (fom . x lem) and usSing demineralised water a3
mediwn, (OCrdinary tap water Should not be used as 1t could
contribvute varying amounts of a0 =nd 5102, up to 0.05 and
0.01 percent by weight, respectively), A powder to balls to
demineralised water ratio of 1:3:2 {hy weight) and miving to
£5,000 revolutions (speedi : 3000 rov/hour) gave guflicient
nizing of the vaw oaterials,

interines

w

(ii) Pre-

o]

A

AfTer wet wixing, the product was dried and fthen louse
ely compacted inteo dises of 4 com Alamciter at a pressure of

4 )
&) a - . . . .
1.6 x 107 Kg/a” using » hydraulic press. The pre-sintering
. G on s S
was done at 4 tempsreturc of 30070 for one hour in aix in »
biteh furnace., The heating and coeling rotes during the pre-

s , o,
firing wers kept =% 100 °C/hour.

(111) Particle Size Reduction 3 Dry Ball Willing

The pre-sintered ferrite was dry balil milled for
80,000 revolutions (Speed : 3000 rov/hour) with the help of

the same st:inless steel jars =nd balls with powder to brlls

s

ratio 2f 1:2 by weight.

The =wverng: particle size distritution o *the powdur
sbtiined was nmeasured on o TJ0Y0S LOEDL' particle silze
malyser., Thoe particles wers also viswed in 2 fransmission
elsetron micrvoscouve (7I3M 1 Fhilips & 200), Figure 2;2.2‘
wows the particle size distribution of the dry bzll miliel
sowdér, In this distribution the peak of the distribution

w2 obtained at O.0 Lowrn,



Number of pouriicles N (JL) —=

L _
i "I T R | i L

99 6462 40 32 28 28
Particie size in L —

(b)

Fig.2:2:2 Particie size distribution of dry ball- miilee powder



Up to this step, =an iron pick up from the jars and

pills was estimated %o Do .25 molil and this was adjusted

far while loading the initi-1l composition.

6]

(iv). Pressing inte Toreoidal Shane

To ensure 2 good flow of the powder and a reproducible
filling of thae d4ic, the powder was granulated Inte larger
; g g
1

i - ‘s X 5
sgelomerates using 13% polyvinyl zlcohcel solution. The

i

grannules werz tnen pressed into foroidal shapes (0D = 1émm,

. 6 2
17 = 10ua, thicknsss = 2mm) 2t o pressure of 12.0 x 10 Kg/m .

Sintering was carried out using a gas tight mufille
furnacs heated with silicon crrbide heating rods capadle
gring up to 140009. The sinterings were carried out at various
tetiperatures and tives in eithsr pure nitrogen or in oxvger.
“ltra high purity nitrogen {containing <5 ppm 05 by 7o lums )
nd gommereial zrade cxypen were used for this purposc,

Cociing was always done in pure nitrogen to avoid the oxidai-

on of 2xeess Terroud ions o ferric ions. A flow rate of

[ar

500 ml/min in genersl was maintained with the help of flow

The heating and cocling rates of the furnace wers

=
[ 4]
ot
[4
i~
¥4
L[]

mintained at 100°C/hour with the help of a ifemperature son-
troller-cum~projgrameer capable of contrnlling the temperative

_0
t¢ an accuracy of + 50,

2,2.2. Sgarning Bleciron Microscopy (384) and X-ray

Microprobe Anslyeis (XML

Seasning elociron microscopy and X-ray microprobe anzi-
yeers have proved to be very useful techniques to study meial

2,6,7 . . o . .
a The basic principle is the 3ame

and ceramic surfacea,
L Py " 7 * ]
for the S8 5nd for the X-ray micreanslyser, In both instro-

ments, the gveeimen is irrvadizted by o finsly focused ¢leetrom



bean. This releases sacondary elzsctrons, backscattered
alectrons, Auger e¢lectrons, characteristic X-rays, and several
other types of rgadiation from 2 small part of the specimen
(Fig,2.2.%3).

Generally, in the surface SEM, secondary electrons are
cpllected to form the image, In the microanglyser character-
igtic X-rays arec coilected. This can be related to the speci-
nen composition, The basic features of an SEM/XMA are

(1) Beam Diame ter

Normally in the SHM, a current of typically TO_” amp

is focused into 2 Spot of dizmeter 100 £ on the specimen.

The smallest beam diameter that has been achieved with 2 sur-
face SEM is 25 X. In the microanalysSsr a much higher besn
earrent {up to 1070 amnp) is employed to generate detectable
I-riy signals at the cxpense of o significant loss in spatial
resolution of approximately 0,1 to 1 .um.,

(1i) Magnification

Tthis is controlled by varying the size of the ares that
is scanned on the specimen. Magnifications can be varied ovesr
3 wide range, typically from 15 fe 190,000 times or more. Low
magnification _miorographs are wseful for identifying areas,
but they canno® be photographically enlarged 4o any extent
because of the limited number of resclvable lines on the
eathode—-ray tube.

(1i1} ZLow and High-resolution Surface ZEM

A low resolution image (such =as the X-ray image, the
luninescent image, or the induced-signzl image) is one in
which the resolution is limited to first order by the elect-

ron penetration into the solid specimen. A high-resolution
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method 15 one in which the signzal is obtained at the point at

whkich the primary clcctron enters the specimen. The secondary
electron image and the low Lloss image are both high resolution
iccording to thig definition.

(iv} Types of Image

(g

Images in the ©EM and the micro-analyser are obtained
by "looking 2t" the specimen aleng the incident beam and with
the apparent illumination coming from the signal detector.
Inus, if the collector is changed, then the field of view will
stay the S=anme, although in general the appearance of the imace
wiil be quite difrlferent., Variety of images would be obtained
in the SEk depending upon the signal chosen to display the
imags c.g.

(a) Seeondary Electron Image

This 1is the mozt generally useful type of image for
studying surfzace ftoposrzphy. It can zlsoc be made sensitive
tocrystal orientations, veoltages, and magnetic fields., The
detector in this case is sensitive o electrons that emerge
from the specimen with less than 50 eV energy.

(b) Backscattered Slectron Image

This 1is obtained by collecting electrons that leave
the speclmen with more than 50 eV energy. The appearance of
the béckScattarud clectron image will depend on the angle of
ineidence and on th: position and the ensrgy sensitivity of
the backscattercd =zlcetron detector, This image is greatly
Influeneed by the too £r=phy and the atomic number of the
8itz being viewed.S

{e) specinen Current lmage

In some cases, » useful image can be obtained by coll~



acting the current which flows betweoen the specimon and grouvnd
This reguires 3 larger beam current than is usual in the 3157,
and 5o this type of image 18 only useful If a larger beam
current must be used for Some other reason -~ such as, for
exampln,, in the microanalyser where the higher current migat
be nezsdad to give an acceoptable X-ray count rata,

(d) J-ray Imags

This is obtained by collecting the characteristic X-rays
and 18 used to 4isplay the distribution of cunemical elemenw iIn
the microanaslyser The ¥~ray detzction is carried out with <he
help of crystal speetropster using any of the two systems -

wavelength dispersiv. system or energy dispersive system, In

N

a wavelength dispersive Svsten, an X-ray spectrometer analysas

o)

the X-rzyS according to wavselength and they are detected by
proportional or scintillation counter, which records the arri-
val of individual I-ray quanta (protons}, By traversing ths
specimen with the electron beqm the analysis can be extended to
show the distribution of 1ts constituents, The distribution of
any element along i chosen line in the surface is given graiphi-
\1ly called the line scan. The instrument can zl1sp provice 2
pletorial representaition of the distribution »f ony elzmnent
within an area, with regions of high =wnd low concentration
indicated by light i stade on =« photesraph,

In an ensrgy dispersive aystoem, the electron heam I8
fooussed on 1 predetorained point and the intensities of
characteristic X-rays onittod ars anslysed. Ior this purpof .

the spectromzter i8 moter driven through the complots rance

ctoagles and the output i3 applied to a pen recorder, to give

B TR R . 7 = T SR [ SRR S SRRV 1) S I PRI N VIR R M- -~ Lo N



approximation the X-ray intensity is proportional to the concen-—
tration of the element, but deviations from linearity occur

owing to the influence of the other constituents on beth the
penetration of electrons and the absorpiion of X-rays.

4 Cambridge Stereodcan o4-10 SEM equipped with wavelength
dispersive X-ray mlcroanalyser was used for the work reportad.
Some Y~ray microprobe analysis were done on the CAMECA, M,S.46
(French make) electron microprobe analyser,

Folished pi:ces of sintered toroids were mounted on the
specimen s8tage with the help of =2ir-drying silver paint. The
specimen were not ziven a conducting coating in view of ftheir
semiconducting nature. Normally an accelerating voltage of
50 £V was used in order to have better collection efficiency
of Z-rays.

2.2.3. Auger Flectron Spectroscopy (ABS)

In terms of the physical processes involved, the Auger
electron spectroscopy technique is similar to the electron
rieroprobe technigue. Both are based on electron beam excit-
ation of the specimen and by focusing the beam, both can achieve
good spatial resolution., The difference between them is that
in the ¥~ray microprobe emitted X-rays are detected and in A3
emitted elecirons are detecﬂ:ed.9 In both cases, the energy of
the detected particle 1is characteristic of the parent atom and
ifentifies ‘ne a%omic specles pressnt., Toe 3urfice-toeciiic
nature of the Auger Spectroscopy technique results from the
very short {approximately 1@ 3) escape depth of the Auger
electrons. The rel tivaly leonger escape depth of the X-ravs
detected in the XA resulds in =an analysis depth of approxi-

mately 1 um for this teehnioue.



The difference in escapte depth (mean free path) betwecr
the X-rays and Auger electrons alsc influences the lateral
spatial resolution that ean he achieved by the two technigues.
he long mean free path of X-rays in a material limits the
lateral spatial resolution of AMA& to approximately 1 _um even
though the electron ®eam used for excitation can be made con-
siderably smzller, The very short escape depth of the Auger
glectrons, on the other hand, means thit the ares analysed in
ABS 18 essentially the size of the cross section of the ¢lect-
ron bemm {Fig.2.2.3). Therefore, the 4ES technique should be
capzble of considerably higher lateral spatial resclution *han
the XMA,

Surface elementzl composition is determined from Auger
spectra, Auger line sScans and Auger images. An fAuger line
scan 18 3 display of the zamplitude of a selected Auger signzl
35 the e¢lectron beam scans =2 Single line across the analysis
region; an Auger image 1s a micrograph obtained using a selec-
ted duger signal tc intensity-modulate a cathode ray display
38 the eiectron beam 1S scaned over the specimen., The Auger
spectrum reveals all elements present at the point of analy-
518.10

The denth distribution of the various elements of inter-
est can be determined using the thin film anslysis capabitity
of the instrument. This operating mode provides an automatic
readout of the changes in Auger signnl amplitudes as the sar-
face is sputter-etehed, providing 3 plot of composition versus
depth,

Speeimen cut from the ferrite samples were attached to

: fracture apparatus, ultrasonically cleaned and mounted In



the ultra-high vacuum part »f the ABS, The fine-grained g.wwply

v

fracture mainly =long the grain boundarizss, It is therefore

gaed pnssible by this method, to analyse the compnsition o >

1.12
gain woundaries, ° 7

The samples were ansiysed for AES at Physical Bleectranicr
Industries, Inc., USA on request., An electron gun with spo’
sze of 2000 1 (0.2 oum} was used. The Auger spectra were n-
tained wy using a primary electron energy of 10 KeV with =

peam current of 1-2 A,

2.2.4, Lattice Parameter Measurements

4 sintered toreild of euch batch was ground under clean

wwnditions using 2 pestle and a mortar. The ground powder

P

after sieving through 325 mesh sieve was mounted in the Det - -
dcherrer X-ray camera (114.6mm diza) and its X-ray diffragti
pattern was taken using an irom Sources and an exposure time I
about 20 hours, Lattice parameter was calculated using the

gtandard extrapolation met‘ﬂod.?3

2,3,  EBXPERIMINTAT RESULTS

2.3.1, Distribution of 5i in the Microstructure

(a)  Detection of 31

4t low silica levels, the etch pits or the particles

revealed by etching and any grain boundary phases present wova

too small { 1 (/um)j} to identily by nmicroprobe analysis,
the two highest silica concentrations, a distinct grey-coloared
second phase along the grain eoundaries could be seen aver -
ordinary magnifications in ..n optiesl micraszcope (ref, Pig.
3.3.1 in chapter III). This second phase was then analysc’
under an X-yay microprobe. Figure 2.%.%1. shows X-ray micic

anilyslis displays for 31 and other constitusnts for the gpe . 'nen



with a silica concentration of 1.28 mol% (or 0.64 =%t%). It is
clgarly indicated from this figure that the phass: Seen along
the grain doundaries is g Bi-rich phase and 51 is mainly dis-
tributed aiong the grain boundaries.

| Attempts were made to take X-ray line scans for 5i
Y083 3 grain and a grain Woundsary in order to see Si-rich
inclusions, Figure 2.3.2 shows two sets of X-ray line scans
for 51 and other constibuent elements across a grain, inclu-~
sion and 2 grain bounduary. Si-peaks are observed at the in-
clusions and at the grain Loundariess., Fe-line scans show dipg,
where Ui-peaks are chserved,

(b) Topography of Si-rich Phase

For this purpose various modes of operation of an 3EY
i.e, the secondary electron (S8) emission mode, the back-
scattered electron (B3E) mode and the absorbed specimen curr-
gnt (43C) mode were used. Figure 2,.%.3 gives the micregraphs
of 2 lump of the second phase preseunt at a threc grain boundary
intersection taken at different modss and at different acceler-
1ting valtages. The important features observed are1

(i) T

Il

54 images show that 1t is a typical case of charging

T

Mencmenosn 2t this second phase, wnich therefore appears to he
1 nmm-onducting phase, The bright regions are the highly
charged regions and shadows arvound may be due to inability of
the primary bteam reaching there, This 1s because of the stronz
negitive charge in thsz neighour s0d. The charging effects are
reduced %o 2 great extent 2t 30 KV as the penetration depth in
more here to rezch fthe ferrite present just below this phase,
This alsn indicates +the tnpography of this phase which 15

thick in the middle snd shallaw ot the coraers.



100w X100 Kk

Fig.
Zn Ferrite contoining 064 wi% silica. (b)—(e): X-ray micro~
anclysis displays of constituént elements of area shown in (o)

{a): Specimen current picture of selected area of the Mn~-
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(i1)  The BSE images show n contrast reversal as one goes from
10 KV to 30 KV, This is understandable as the BSE image essen-
tially gives fopographic contrast superimposed with elemental
contrast; and on top of this arc the pe8Ssible charging effescts,
The bright ares at 10 KV is bright on account of its topographyv
and charging, At 30 KV, wherc the charging is minimum, the
contrast is in agreement with the composition as Si has lower
hackscattering coefficient being lighter (2 = 14) than the
background elements.15
(111} The A3C im:ges give an information awout the absorption
power of the phase which 1s much less as compared to that of
the matrix, however, this effect directly corresponds to the
charging effects,
(iv) The SEM on its XMA mode shows this phase to be rich In
gilicon

In the sample with 1.23 mol% 510,  (or 0.64 wip S5i0,),
the area fraction (z vclume fraction) of the silica-rich
second phase was measured using 'IMANCO Quantimet 720' and was
conputed to Te 2.94%,

2,3.2. Distribution of Ge in the Wicrostructure

(a) Detection of Ge

Up %2 2 GeO, addition of 3.82 mol%, no second phaSs was
observed in tﬁe microstructure with the help of an optical
nicroscope,

Y—yay microanalysis (XMA) were carried out on the sample
eontaining 3.82 molé GeOz. The results d4id not show any pre-—
ferred segregaticn of Ge, Since the XMA resolution is limited
to abosut a micron, this sample was analysed under an Auger

nieroprobe,



Figure 2.3.4 shows -~ {(a)} a2 specimen current picture

O
Lt

a freshly fractured sample of the Mn-Zn ferrite containing

3.82 mol% GeO,; and (b) an Auger image for Ge of the same

area. It is evident from these pictures that there exists
Gte~enrichment at the grain boundaries, For a seml quantitative
inform2tion, pointes were cheosen on the grain boundaries and
also inside the grains on the fractured surface, Auger spectra
were taken on each of the points. Figure 2.3.5 shows differ-
ential Auger spectra (Q_%%El) obtained at point nos.1,2 and 4
on the grain Boundaries and point nos.3 and 5 in the grains,
Differentiating the spectrum removes the effects af the con-
stantly varying wackground encountered in AES, It is therefore
very uSeful for speedy element identification and simplifies

the detection of trace constituents,

Bach spectrum is showing a set of peaks, correspondiag
to each of the constituents, First peak on the left corres-
ponds to carbon contaimination which might have been caused
while polishing the specimen., The Ge peak 15 obtained at an
elsctron energy of 1149 eV,

From these spectra, the ratios of the peak to peak
heights of Ge and Zn were computed and are given In Table
2,3.17, These ratios were taken to eliminate the sensitivity
factor for each element /mich drops out when one is working
with ratios, These analyses reve:l that the grain boundary
of the GeO, doped (3.82 mol% GeOZ} ferrite is enriched with
Ge by a1 factor of 5,

(b} Grain Boundary Fhase

4 Watceh with higher concentration of GeO2 (6 mol?%

%02) W3S made In order to 'see' a second phase at the boun-
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FRACTURED SURFACE
SPECIMEN CURRENT PICTURE (1000 x)
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Ge AUGER PICTURE OF ABOVE AREA (I1C(LOx)
Fig 2:3-4
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daries similar to the one seecn In the case of S10,. An optical
aicrograph of the polished surfice of this specimen 18 shown in
Fig.2.3.6, & gray cnloured liguid like phase is observed at
the grain boundarics which is submicron in size, X-ray micro-
prowe point analygis were carried out on various points lying
o this second phase 2nd alsc inside the grains, TFigure 2.3.6
shows XMA point analysis =2t a point & inside a grain and at =2
point B on this graln boundary phase, It is observed that
three Ge peaks corresponding to X-ray energies of 1,24, 9.88
and 10.96 KeV are obtained at point B as against a very feeblse
9.88 Ge peak at point A, %o identify these Ge peaks, such analy-
518 were also ecarried out on 3pec-pure GeO2 shoem in Fig.
2.3.6(2).

These results indicate the formation of a Ge-rich phase
at the grain boundsries at larger concentration of GeO,.

Attempt was made to observe the phase contrast between
the ferrites and this second phase under the backscattersed and
absorbed specimen current mode of the SEM, Since Ge (Z2=32)
has atomic number vary close to those for Fe (Z2=26), Zn (Z=30)
and Uin (z=25), their backscattering coefficients15 are also
very close, therefore no conitrast f2r the two different phases
could bz odserved,

2.3.3. Distribution of on in the Microstructure

L-ray microanalysis earried out on Sn0, doped ferrites
evén up to a dopant level of 5,70 mol¥, gave no evidence-for
3n segregation., Figure 2.3.7 shows the X-ray microanalysis
display for Sn for the specimen with 5,70 mal% 5nO,. 4 uni-

Torm distribation of 8n in the microastructure is obhserved.
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2.3.4. Lattice Parumeters

Lattice parameters for the Mn-Zn ferrites doped with
various amounts of a1l the three impurities - 5i0,, GeO, and
Sn02 are Shown in Fig.2.3.8. Practically no change in lattice
parameter is obtained in the case of 5i0, up #o a level of
1,28 molk. In the case of GeO, 2dditions, slight decrease
in the lattice parameter is observed,

Sn02 additions, on the other hand, show a significant
increzse in the lattice parameter, 4t 2 level of 5.70 mol%,
a change of %.4% in the lattice parameter is observed.

2.4 DISCUSSICNS

2.4.1. Nature of 5102 in the Ferrite

AS reported in the results, a well defined Si-rich
prase was detected in the Mn-4n ferrite., 4t a silieca content
of 1,28 mol% 3i0,, the volume fraction of this phase was found
to be 2,94%. This increase in the effective volume fraction
clearly indicates the presence of a possible compound that
8ilica might be making with the host oxides, OEM studies
showed that this phase w=3 s 1iquid like phase, non conducting
in nature.

Silica has been found to exist as a liquid like grain

1,16-18 Bvidence

boundary phase in ferrites by Several workers.
for this woundary phase has also been obtained using electron
microprobe technigues and suger Speotro&copy.11 Giles and
Westendorp19 used a combination of etching, secanning micro-
scopy (S£M) and electron microprobe analysis to study the
silica phase in Mn-Zn ferrite, By etching away the ferrite
grains using concentrated hydrochloric acid, they could abscerve

white 'skeleton' formed by the grain boundary phase which was
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identified as pure silica or an =utectic containing silica
using microprobe and chemical anglysis. Guenching experiments
ghowed that the phase starts appearing at about 1250 C and
contained silicz in amorphous from while slow coonled ones
showed the presence of an cutectic, the silica part of which
was observed as . -crystobulite., The formation of -~ -crysto-
balite 18 difficult to explain since this does not usually
form below 147000,2O howaver, the conditions of pressure and
the influence of the surrounding cubic ferrite crystals on

the silica a8 it cools are unknown.

It was also concluded17 that the acidic oxides or 3lags
are the most suiltable additives for the formzation of a homo-
genous liquid layer.

Regarding the 801id solubility, silica is not expscted
to dissolve in the ferrite matrix for the reasons of the size
of di4+ ion. {t has an ionie radius—~-0,3%9 3 (see table 2.4.1).
mich smaller than the ions in the ferrite matrix. The various
factors determining the s551id solubility have been discussed in
section 3.4.1 of chapter IIT,

Lattiee parameters show practically no chsnge on 5i0,
additions. Even if some solubility existed, it is not pnssible
to locate the solubility limit since the raw materials usad
themselves contained silica (~-.€1 wt%) 3s an impurity. 4

2

Si-segregation even in the undoped fervite was observed (ref.

Fig.2.3.6),
2.4.2, Vaturs of Gaoz in the Eerrite
. +
Inttice parameter measurements show that Ge” has 2

Hmited solubility in the ferrite but comparing with the

a w1 . ] L3 z 1 + 3 -
corresponding 2i0, results, 1t can be sald that Ge4 is more



Table 2:4-1

Various lonic Radil and Colculoted Site Radii For o
Mn-Zn Ferrite .

lons /Site Radi { A)
Tetrahedral Site 0-52
Ociahedral Site 080

0% 32

Fa ' 067

Fe®" | 0-83

Mn*" 0-91 =.
- Zn®t | 083

Sit 039

Ge* 0 44

Sn®t 0-69




4+

snluble than S1 in the ferrite.

A limited solubility in case of Ge4+

is in fact expectad
on account of its small size (ionic radius~ 0.441) a8 compared
to the constitucnt ions in the ferrite (sse table 2.4.1).

Hirotaz1 doped appropriate mixtures of Cal-GeQ, in Mn-Zu
ferrites and found that it helped in achievine low 1osses aad
high guality factor. He interpreted his results arguing that
€a0 and GeO2 form GaGe204 ~ 3 8lag like compound along the
grain boundaries. According to him, the Ge4+ ions would gs
inte solution with the ferrite but the moment they encountered
CaQ, they would form caleilum germinate and flow towards the
boundaries, However, in the present case where GeO, has baen
added alcone, no significant solubility of GeO, is indicated.

It is thought that some amount Ged, might be forming a compount
with calcium which is present as 2 raw material impurity (
(about 5 ppm).

It is worthwhile 1o notice that in case of 1.28 molf
silica, about 3% volume fraction of the Si-rich phase was
obtained whereas even with 6 mol® GeO, much smaller traces of
the Ge-rich phase could be veen {(volume fraction could not be
measured here because of largs porofity). DPossibly it could
be due to the fact that unlike 310,, Gel, may not be formine
compounds with the host oxides and most of it might be staying
a8 pure GeOQ.

2.4.3. Nature of oSnC, in the Ferrite

Lattice paramster and amicroprobe analysis results
suggest that unlike 810, and Gel,, SnG, i3 not a second phnde
2 il

additive and therefore must be g2oing into solution with the

ferrite, The solubllity of Sn4+ in the ferrite is in fact



expected considering its size (ionic radius~,69 3). From
valency and 3izc considerations, the Sn4+ ion should prefer
setahedral B-sites. However, 1f one assumes a purely statiz-
tical distribution, then one third of the tin would lie on
A=sites and two third on B-sites, Such a situation is antici-
pated at nigh femperatures becausce there the distribution of
the ioms on A snd B sites 1s presumably random, But as the
ferrite is conled down, the tetravalent ions tend to migrate
o the preferred B-sites, This pracess is greatly facili-
tated By the presence of cation wacencies; a similar behsv-

. . . i 2 )
lour has been found in magnesiunm ferrite, It i8 also pro-

Ny e

bable that it procecds more slowly for the relatively large
tin ion. Thus if the vacancy concentration is very small, @
is likely th2t on cocling at a normal rate, the high lemper-

ature distribution of the tin ions becomes "frozgen in®,

23

Knowles has studied the distriwation of Tin ions in stoichio-~

metric and nearly stoichiometric ¥Mn-Zn ferrites and has exXperi-

nentally shown the presence of some tin ions on A-sites,

"

4 tin ion, when goes to an A-site will either displace
a Mn2+ or an F€3+ ion to a Besite, Know10823 has also shown
that with the substitution of an increasing amount of tin, the
results are generally consistent with the displacement to

. o D : . .
B-sites of some Fe 2nd an increasingly large fraction of

e OF . . . .
™, for, as the bn4+ content is increased the lattice con-~

. 2+, : .
stant increases also, and Mn ig a comeiderably larger ion

than Fes+.
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CHAFTER —~ ITT

EFFECT OF 5102L GeO2 ARD Sn02 ADDITION: ON THE
MICROSTRUCTURE OF THE Mu-~Zn FERRITHE

3.1, INTRODUCTICH

A knowledge of the microstructure of a2 polycrystalline
body is essential in any attempt to study and contrel its pro-
perties, This is particularly impcrtant in the field of cera-
rics, where the overwhelmingly important form is the polycry-—
stalline body, The control of microstructure becomes essential
in ferrites because most of the important properties are micro-
structure—~-sensitive as has been described in chapter I, The
rarious faclors that influence the microstructure of ferrite
moy be listed as - the impurities present, the sintering para-
1eters and the powder parameters i.e. particle size and distri-~
hutlon of the wvarious constituents.1—4 The effect of various
added concentrations of the three Impurities - 8102, GeO, and
hozon the microstructure has been Studied and discussed in
this chapter.

3.2,  EXPERTMENTAL METHODS

5.2,%, Metallographic Analysis

(1) Lapping and Polishing

The sintered torcids were carefully lapped on 240-,
400~ and 600 grit silicon-carbide wet papers successively.
ifter a proper cleaning, these were polished on a micero-cloth
wheel using 6 um, 1 uam and 1/4 .um diamond pasStes in succ-
gssion,

(ii) Gtehing
The lapped and polished specimen were ultrasonically

tleaned in trichlorcethylene and were then etched chemically



to reveal the microstructural details, Normally the etching was
done in 3:1 scolution of hydrochloric acid with ethyl alcohol wifth
ultrasonic agitation for a few minutes,

(1ii) Grain-size Measurement

The average grain size of the eitched samples was estimated
using a relationship derived by Fulman.5 For this purpose, regu-
larly spaced, parallel straight lines were drawn on the photomic-
rographs taken on a Carl Zeiss Light Incident 'Epityp-I1I' univer-
83l metallurgical microscope. The number of grains intersecting
a line of known length drawn on the photomicrograph were counted
and the average length, 1 of the intercepts of individual grain
en this line was determined for a number of such lines, The

sverage grain diameter d was obtained from the following relation

This method 1is valid only when the grain size distribution
is fairly uniform. In case where the grain size distribution is
non-uniform, the average grain diameter, d, was obtained from the

following relation

- 1
2 m

shere m is the average of the reciprocals of the diameters of
individual grains,

The average pore to pore distance was determined by divi-
ding the grain size with the sguare root of fThe average number of
pores inside the grain.

3.3.  EXPERIMENTAL RSSULTS

5,3.1. Mierostructure

(i) 3102 additions

Figure 3.3%.1 gives the microstructure for wvariouva additions
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of silica for the 'standard firing schedule! (127500/45 min in
T,). The microstructures observed agree well with the work of
diles and WeStendorp.6 Specimen with .04 mol% 3102 shows the
presence of duplex structure - the om<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>