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Report on the thesis entitled "Influence of additives on the magnetic and
electrical properties of iron-excess Mun-Zu ferrites” submitted by Md. Manjurul
Haque for the degree of M. Phil. in Physics.
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associated with me for his M. Phil thesis work During the eourse of his thesis work
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under different sintering conditions
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rate during the smtering processes on the initial permeability and loss factor of the
prepared samples. For the study of intrinsic magnetic properties like magnetic moment
and Curie temperature measurements have been made on magnetization as a function
of field Phase characterization of the samples have been done by X-ray diffiaction.

Microstructure study has also been performed to have information on gram size
distribution.

The results have established that the appropriate sintering  condition,
temperature, time and cooling rate are vital parameters to prepare high frequency
Mn-Zn ferrites as core materials with reasonable permeability and Minimum magnetic
loss Tn this study, the influences of additives on Mn-Zn ferrite? ‘{3;[5; ¢crystals were

mvestigated in a manner as the magnetic praperties of polycrystalline ferrites had been
improved by some additives.

The resuits have been well presented in the thesis with reasonable discussion
and interpretation. The studies provide usefll information and addition to the
processing of quality Mn-Zn ferrites of non-stoichiometric compasihion.
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Abstract

lron-excess Mn-Zn ferrite samples with and without additives are prepared by
cerantic method and are subjected to different sinlering conditions The
additives, used in this work are V;0s, TiQ; and CoO in the composition
Mg s g gyFezpstly and  CuQd substitutes i the  sample  Mng v
Lo dny poFe; 30y, For characterization and deterrnination of lattice parameters,
X-1ay  diffraction 58 camied oul. Curie temperature measurements,
magnelization measuremeuts, permeability measurements and microstructure
study are performed for the understanding of the magnetic properties of the
prepared samples as modified by compositional change, additives and heat
freatment.

N-ray diffraction results indicale Lhat samples are in good crystalline form,
From Cunc tonperature measurements, a decreasing trend in the Curic
lemperature is cbserved for the substitution of Cu?' for Mn®'. The Curie
temperature is found to be very sensitive for the additives like V.05, Ti(, and
CoO. The magnctization measurements reveal that crystal site preference can
stnificantly  affect (he saturation magnetization, M, The saturalion
magnetizatton increases for x= 0.03 in Mny-..CuZng»5Fe; 00, and then
decreases for further increasc of Cu® content. Saturation magnenzation
sipnificantly incrcases by the addition of CoO in Mny 5, Zng, Fes0:0,. But it
decreases for the addition of TiQ; and V;0; and the effect is drastic for V,0s
doped sample than for TiO; ones. The microstructure study show that grain size
increases with sintering temperature. The quenched samples have smaller grain
size and almost uniform in size.

From permeability spectra, it is noticed that sintering condition and additives
substantially affect the permeability values. Quenched sainples are found to
possess higher permeability. From 10 KHz (o 1 MHz, for all the samples the
penmeability is found to remain ahmost frequency independent. The loss factors
and quality factors are also calculated and this study revealed that sintering
condition 15 a determining factor Tor high quality Mn-Zn {emites. It has been
lound that the sample Mn;7.,CuZngnFesnsOy with x=0.15 has the besl
composition for high permeahilit}f.
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CHAPTER-1
INTRODUCTION

1.1 INTRODUCTION

Ferrites constitute a special branch of ferriiagnetics. Ferrites are double oxide
of iron and another metal. They have two unequal sublattices and are ordered
anti-parallel to each other. Each sublattice exhibits spontaneous magnetization
at room temperature, like the normal ferrmmagnetics. Because of unequal
magnitudes magnetization in the two sublattices the material has resultant
nagnetization 15 similar to ferromagnets. Again like ferromagnetics, these
ferriles have spontanconsly magnetized domains and show the phenemena of
magnetic saturation and bysteresis and have a critical temperature T, called the
Curie temperature, above which they become paramagnetic. But what makes
(hese materials mmore interesting 15 their very high resistivity. The resistivily of
ferrites varies from 107 to 10" ohm-cm which is about 15 orders of mapnitude
ligher than thal ol lferromagnetic iron. This outslanding property of ferrites
makes them highly demmandahle for high frequency applications. This fact was
first envisaged by S. Hilpert (1909) [11. Since tlhen the ferrites have become one
of the most attractive materials for high frequency applications. The fen:iles
were developed mto commercially useful materials, chiefly duning the years

1933-1945 by Snoek and his associates at the Philips Research Laboratories in
Holland.

The Mn-Zn ferrites is the most popular among the femites. Mn-Zn femtes
penerally have lower losses at high frequency in companson with Ni-Zn territes
and netallic magnetic inatenals. Commonly it 1s cateporized as non-microwave
fermite. The unique properties of non- microwave ferrites are high magnetic
permeability and high electrical resistvity, ‘i he resultant lower eddy cwrtent

tosses allow their use to higher frequencies than possible with metals. Non-



microwave fermtes which will hencelonh be referred to as fernites are used ai
frequencies from audio (o about 300 MHz As a soft magnetic materials Mn-
Zn ferrites have been proved to be smarl candidate of highesl rank. The
greatest advances for the Mn-Zn ferrites were made in the mid-sixties. The Mn-

7Zn feritc has a superior behaviour in respect of temperature dependent

properiies.

The requisites for modern ferrite are so many in nunmber that only extensive
research in this ficld can mect the huge demand of technology. The demanded
characteristics of the soft ferntes under study that make them technologically
useful are :

a) Excellent magnetic and electrical performance

i) Controflable mecharmical dimensions

¢ fligh gquality factor

d} Low cost

e} Large number of controllable parameters

In view of the great interest of Mn-Zp [errites, both for their technological
applications and theoretical understanding of the mechamsms involved. the
present work is aimed at finding the cffect of additives on the magnelic
characteristics like Curie temnperalure, permeability, loss facior, ele. of the
magnetic system. The maim objectives has been the search for the best suited
composition and preparalion parameters for optimum performance of ferrite

samples in respect of permeability and frequency response.

In this respect, Mn-Zn ferrites were prepared using non-stoichiometric weight
ralio and then snbjected to various sintering conditions. There are two serics ol
samples. In oue series, Mn-Zn ferrite samples were prepared with and without
different additives like V305 TiOs, and CoeO. In other scries, Mn-Zn femites

were prepared with the substitution of Cu®' ions for Mn®" ions.



Chapter-1 of this thesis decals with the importance of forrites, advantape of
fernite research and gives a glimpse of the present work. Chapter-1 also
contams a survey of others work in this field. |
The theoretical side is covered in Chapter-2. It deals with the theories of
terrimagnetism and the c¢rystal structure of ferrites.

Chapter-3 contams the methodology of specimen preparation and the detail
description of preparation procedure,

Chapter-4 describes the experiinental side and the description of different
measurements that have been performed on the doped and undoped Mn-Zn
ferrites samplcs.

The results and discussions are given in Chapter-5 and the conclusions diawn
from the ovcrall experimental results and discussions are presented in Cha prer-
6. Some of the cxperinental data and tables not included tn the main text are

given in the appendix.

1.2 FERRITES AND THEIR IMPORTANCE

Polycrystalline ferrites are still the optimum magnctic material in high and very
high frequency circuits and can not be replaced by any other magnetic
elements. These ferrites having high resistivity are used i a wide tange of
lechnological applications in madio frequency devices, high quality filters,
operating devices and transformer cores |2] because such ferriles arc relatively
inexpensive and more stable than competing materials, Ferites have (ulfilled
various needs of electronics industry becausc of their many advantages over
metallic matenals. Ferrites pervade almost cvery sphere of modern technology.
The present day technology owes a lot to the ferrite industry. Ran ging [rom the
very ordinary radio sets to the complicaied and exhaustive hardwires involved

in computers, [errites have found their way to prove their imporiance.



The outstanding property of ferritc which first attracted the allention was their
high electrical resistivity as compared to that of metals. As a vesult, at high
frequency application eddy current losses are negligible in fetrites compared (0
metals, Such intrinsic properties make the ferrites indispensible matenals in
teli-communications and in the electronic ndustry where frequency in the

range of 10" to 10" Hz have to be handled.

In the year around 1950, telephone industry was badly in need of a new
magnetic material to be used as load coils for their long distance lines and to be
used as low loss mapnetic materials in band pass filters . Ferrite inductors wetc
smart candidate for that requirements . So, ferrite and telephone technology
developed m close cooperation. Six (1952) 3] was the inlentive and lcading

promotor of this development,

One of the principal use of femite is m resonance circwit, Ferrile cores are used
as inductors. Controlling and minimizing the various loss factors. ferrite cores
became the very best inductors having high initial penincability and reduced
physical size. Ferrite cotes are also unporlant iu power wransformers, where
high saturation induction and low hysteresis losses are of principal importance,
The Mn-Zn ferrites on which the present thesis is concerned. presently finding
increasing application in Switching Mode Supply for small to medium power
level,

High frequency ferrite application can be broadly divided into (wo catcpories.
Microwave and Non-microwave applicalions. A Microwave ferrite can be
defined as highly resistive inagnetic matenals used at frequencics between 100
MHz and 500 GHz, the highest microwave frequency now in use. Microwave
ferrites are again of two types: Non-reciprocal and Reciprocal devices The
Non-reciprocal devices for which ferrites are almost irreplacenble have preatest
number of applications. These devices are essentially isolators or circulators

which perfonin the followiny functions:



s An isolators is mercly a wave guide section in which the incident
electromagnetic wave (from input to output) can propaeatc without
atfenuation but an electromagnetic wave coming fiom reverse dircctron will

be highly attenuated.

» An n-port circulator is a device having n ports or inputs and works in a

rather complicated mamer.

The devices of these type provide casy isolation between diffcrent channels of
g microwave cirenit which is cssential in present techniques for radar and radio
links,

The sccond category comprises ol reciprocal devices, e electrically
controlled phase shifters. On the other hand, the unique propertics of non-
microwave ferrites are high magnetic permeability and hrgh electrical

resistivity. These are the fermites used at frequencies from audio to aboul 500
MHz.

The computer technology got a new thrust when it was discovered that somne
polycrystalline spinel fernte can have a rectanpular hysteresis loop and
therefore can be used as computer memory elements. Until 1970 nearly all
main frame computer memories consisted of ferritc cores. Around 1968,

according to Jacobs (1969} [4] the yearly world production of ferrite corcs was

ahout 2x 10" cores.

Ferrites also play important tole in Particle Accclerators. The opeiation of these
large machines is based on accelerating umits consisiing of large transforners
designed as resonant cavilies. High frequency application, low eddy current

losses favoured fermntc cores for this application. The alternating pradient



synchrotron in Brookhaven contains 12 such cavities and each unit contains

about 300 kg of ferrite (Brockman e af., 1969} | 5].

Mn-Zn ferrites are widely used as core malerials for coils or transformers in all
electronic equipments including information and communication devices.
Recenlly they are used in compact and light weight and high efficiency
switching power supplies[iCF-7,p-38). Maguehcally soft Mn-Zn ferrites with
spinel structure are the most perspective magnelic materials used in TV scts
and videotape recorders[ICF-7,p-60]. Aparl from these fow cxamples of
specilic implementations of ferrites, we recall that the bulk of ferrite s used in
telecommunication and consumer application The main consumer products are
TV sets and radio sets in which such parts as the line transformers, deflection

coils, tuncrs and rod antennas contain fernte materials.

The on going ferrite research i1s unveiling nany mysteries that concern ihe
theoreticians and at the same mine revealipg many special propertics having
industrial importance. Perhaps it is not an exaggeration to say that the adveut of

medern technology thus thrives much on the advancement in ferrite research.

1.3 ADVANTAGES OF FERRITE RESEARCH IN
BANGLADESH

Soft ferrites are r;elariw.tiy cheap materials whrch i1s within our means and
technical ability to develop. There are large number of applications of these

soft magnetic materials where high frequency electromagnetic enerygy use is

mvolved,

At present, imported sofl ferrites are being used as high frequency transformer
matenals, inductors, antennas, recording heads, core in Switched Mode Power

Supply (SMP3) etc. Other more sophisticated applications arc i magnetic



recording tapes and in compuler memory. Research in this field will provide
wnfonmation 1n choosing appropriate materials for the above uses and uibmalely

high quality materals with desired characteristics.

At present. Bangladesh 1s totally dependent upon the imported ferrite cores and
other soft magnehc materials. If we can develop a forrite industry in our

counltry, thal may alleviate this problem,

The present thesis reports that the Mn-Zn ferrite samples that are prepared and
mvestipated have high permeabilily between the frequency range of 0.1 MHz to
5 MHz. The best quality video heads require ferrite cores that can show high
permeabihity 1n this frequency band. So, these Mn-Zn ferrite samples can be
used as vidco heads. Hence, if we can carry on our research in soft mapnetic
materials and in ferrites, Banpladesh can easily develop a profiable femite

industry and can thus strengthen its electronic industry.

1.4 REVIEW OF OTHER WORKS

Ferrites, the double oxides commonly expresscd by the peneral chomical
formula MO, Fe, 03, where M represents divalent metals, first conunanded the
public attention when S . Hilpen [1] focnsed on the usefulness of fertites at high
frequency. A systemnatic investigation was launched by Snoek [6] at Philips
Research Laboratory. At the same time Takai [7] at Japan was seriously
engaged in the research work on the same materials Snock’s extensive works
on ferrites unvelled many mysteries regarding magnetic propetties of fernites.
He was particularly looking for high permeability materials of cubic structure.
This particular sbucture, for symmetry reasons, support low crystalline
amsotropy. He found suitable materials in the form of mixed spinels of the type
(MZn) Fe,04, where M stands for metals like Cu, Mg, N1 or Mn, tor which
perimeability were found to be upto 4000 [8]. Here after starts the story of Mn-



Zn ferntes. Remarkable properties like high permeabilily, low loss feature,
high stability of permeability with temperature and time, high wear resistance,
controlled coercive force, low switching coefficient ete. have aptly placed Mn-
Zn fermtes as  highly demandable femtes to hoth researchers and
manufacturers. Every year a great deal of papers are being published on vanous
aspects of Mo-Zn ferrites. A larpe number of scientists and technolopists arc
engaged 1n research to bring about improvements on the magnetic pioperties of

Mn-Zn ferrites .

The sintering process 1s considered 1o be one of the most wvital slep m femte
preparetion and oflen plays a dominant role in many magnetic properties. Junzo
Tasaki ef af. [9] studied the effect of sintering atinospliere on permeability of
sintered ferrite. They found that high density is one of the tactors which
contribute to greater permeability, p. However, p decreased in an atinosphete
without O, at high sintering temperature where high density was expected. This
decrease 1n perineability 1s allributed to the vanation of chenvcal composition
causcd by volatilization of Zn. At low sintering lemperaiwe a high
penneability is obtained in an atmosphere without O, because densification and
stoichiotnetry plays a principal role in inereasing . At high sintering
temperature the highest p is obtaied n the presence of G; because the effect of

decrease of Zn c¢ontent can then be neglected.

Yuzo Shichio et. al. worked on vacuum sintered Mn-Zn ferrites [10] and then

investigation yielded the following results:

e In vacuum, gas content in a green compact of femte is removed and
homogeneons pgram growth occurs owing to the dilference in the
temperature ranges of spincl fonnation and densification so  that
homogeneous pore free grains can be oblained by sintering in vacuwm.

o {(rain growth can be promoted by finng the vacumin sintered fervite in an

cquilibrium  atmosphere. Therefore a high permmeability ferrite can be



obtained by Lhis method. rectangular hysteresis ferrites with superior
magnetic properties can be obtained also.
s Mapnetic properties deteriorate by machining and can be removed by

anncaling. Vacuuin is the best annealing condition for Mn-Zn ferites

A Mossbauer study of Mn-Zn fermtes performed by €. Michalk [t1] also
focused on the importance of sintering conditions. He showed that the Mn-Zn
formation process poes over an intermudiale Zn [lerrite phase durmg the
sintering of mixed raw oxides in air Moreover, at temperature below 600°C a
tetraponal phase ZnMn;0, was found using MnQs as raw materials for Mn
component. The Mossbauer study shows that Mn-Zn formation 15 completed by

800°C 1nstead of 1200°C for sintering i air,

Studying the electromapnetic properties of Mun-Zn ferrites, T. Nakamura[12]
supgested that both the sintering density and the average prain size increased
with sintering temperature. These chanpes were responsible for variations iu
magnetization, initial permeability and electncal resistivity. Both magnetization
and electrical resistivity decreases as sintering density increascs.

M. I. Tsay reported Lhat [13] the high permeabihity Mn-Zn ferrites produciion is
very difficult because of the evaporation of Zn at the other surface of sintering
cores under a reduced atmosphere, leading to a reduction in imtial permeability,
A low partial pressure of O, and long annealing lime uswally results in a uch
serious Zn gvaporation. In general the larger the size of Mn-Zn cores, the
higher the degree of product homogeneity obtained.

The microstructure study of Mn-Zn ferrites can provide substantial information
ou various mapgnetic properties. A. L. Struijts nade a delail smvey on this
waterj14]. Resuits are presented on theoretical and experimental studics of
sintering behaviour of ferrites. Low porosity ferritcs can be made when an
gxcess of anion vacancies is present. The sinterability 15 diastically decreased

in ferrites with an excess of catiou wvacancies. The ferntes also show



exapgerated pore growth, giving nse to a microstructure in which all pores are

intragranular.

High quality. high stability Mn-Zn ferritcs 1s one of the principal poal of
present trend of research. P. Mossman in his paper | 15] emphasise nnportant
stages in a mixed oxide process for the production of high stability. low loss
Mn-Zn ferrites. The influence of microstructure is discussed with special
references lo the eflects of porosity on disaccomodation and losses. Also
tentahve mechanism is given which accounts qualitatively for the observed
effects. Finally, optimurn microstructures are discussed in relation 10 very low
loss materials, having loss factors tanf/p =2x10" at 100 KHz and

disaccomodation factors DF=0.2x10°.

High permeability atlainment is certainly aflecied by the microstructute of the
femtes. E. Roess shows that [16] the very high penneabilities are restricted to
certain temperature ranges and the shapes of penneability versus temperature

curves arc strongly affected by any inhomogeneity in the ferrite structure,

A. Noordermer, M. T, Johnson et. al. showed {17] thal the nicrostructure and
m particular grain size is seen to stongly influence the complex inibal
permeability of Mn-Zn ferites with grain size varying between 0.2 and 9um,
Furthermore, the temperature dependence of pernmeability reduces with
decreasing grain size to the point where Hitle of the intrmsically temperature
dependent behavionr remains for the smallest grain sizes

Joscph Pankert et. al. provided a study on the influence of grain boundaries on
complex permeability in Mn-Zn ferrites [18]. In that paper. they developed a
[irst principle model for grain boundary. Furthennore, they argued that an
mcrease 1n the exchange energy is responsible for decrease in permeability and

nof an mereasc in deinagnetization energy.

1o



S. Yamada and E.Otsuki analyzed the power loss in Mn-Zn [errites |19]. Itis
disclosed (hat the power loss was able (0 be divided expenimentally mto the
hysteresis loss, the resistivity dependent loss component, and the resistivity
independent component by correlating (Py-Py) to 1/p, at T, According (0 the
estimated domatn size and driving conditions, the residual loss is altiibuted to

the resonance phenomena inside the domain wall due (o the high speed rotation

of spin inside the domain wall,

Shutchi Ida presented a paper on cation vacancy and ferrite[20]. He argued that
since fernites are berthoelide compounds and the iomic radii of Oy ion is
substannally targer than those of iron group cations most of ferrites have non-
stoichiometric compositions and crystal lattices contain cation vacancies.
Although the densities of vacancies are usually very small r.e. less than 107
they play substantial role i1n certain aspect of femites. In particular, the
magnetic relaxation of fermtes at low frequency is seriously related to the

cation vacancies.

P.J. Van der Zaag et al. .reported on the relation between grain size and
domain size in Mn-Zn studied by Neuiron depolarization[21]. This work
reports on the domain size detcrmination by means of Neutron depolanzation
in a series of polycrystallme Mn-Zn ferrites of varying grain size but altered
composition For ferrite samnple with grain size between 0.3 (o 3 wn, it is
found that the domnain size is identical to grain size i.e., no magnetic domain

walls are present within the prains.

Workmg on the relation between grain boundary siructure and hysteresis losses
in Mn-Zn fermtes, M. H. Berger[22] showed in his paper that the influence of
post sinfering thermochemical conditions on the bulk magnetic propertics of
Mn-Zn femites has been corelated Lo Lhe electical behaviour of prain

boundaries and to their crystallographic chemistry. Tl is concluded that in order

1i




to mininize the hysteresis losses, if is imperalive 1o keep the amount of
coincidence boundaries small and to maintain a high partial pressure of O,

during cooling,

Jenica Neawntu et.al. [23] reported in a paper on the influence of additives of
Ti* ions on the properties of Mn-Zn ferrites and [ound that the magnetic and
elecirical properties of high permeability fermtes with addition of Ti*' ions
improved Electrical rtesistivity increases while the loss Taclor tand and
disaccomodation factor decreases. Stroctural and wagnetic properties of high
permneabitity Mn-Zn ferrites with Ti*' ions confinn that Ti'' make pairs with

Fe®" ions and occupy (he octahedral sites in the crystalline lattice

Y. H. Han, J.J. Suh [24] presented a paper on the effect of sintering conditions
on the characteristic of Mn-Zn ferrites. The paper rcported that the sintering
temperature significantly changed the microstructure and effected the power
loss behaviour at the frequency range over 100KHz. The best power loss
characteristic at 100KHz, 200mT and at 500KH., 50mT werce obscrved i the
samples sintered over 1300°C and below 1250"C respectively. Those results
systematically indicated that the power loss depended on the grain size,
electrical resistivity and density of sintered cores.

N. Rezlescu et.al. studied the copper ions influence In Mg-Zn Teorrites {25]. m
that paper they showed that the incorporation of copper oxide into Mg-Zn
ferrite activates the lattice diffusion and makes it possible to reduce the
sintering tcmperature. The properties in these compounds are controlled by the
copper content. The optunum copper content was appreciated to be x=0).3
which is suflicient to promote sintering at Jow temperature (1050°C) and yield

a good density {4.5gm/om’).

Several workers have stndied the mfluence on the grain growth and

densification in soft ferrites for small additions of various oxides like V.0,
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SnOs und Ti0s,, either singly or in combination with each other {26-27], with a
view to manipulanng their clectrical/magnetic properties. It is already
esiablished thal defect characteristics hike wmpunty tons in the form of soiid
solutions, second phase precipitates, and generally exert a drag over (he prain
boundary dunng sintering . But a liquid phase, which wets the grains, provides

a fast ransport medium for the host ions, during sintering.

E. Rezlescu e¢t. af [28] have reported on “The influence of additives on the
properties of Ni-Zn fermte used in magnetic heads™. The additives were CaO.
Na;0, Zr0,, Li;O, K;0 and SbyO; . They found that the relative density
generally increases with increasing impurity content. The most hnportant
increase in the density was ohtained by the (riple additions of Na;0-CaQ-71(,
and Na,O-Ca0-LiyO. For these samples the bulk density attains 98% of that
given by X-ray. The best properties accepiable for magnetic heads waic in fact
obtained for these samples. They have also [ound experimentally that a higher
umpurity content {0.4-0.5 wt%) does not facilitate the denstficaiion of samples,
but, on the contrary, it deteriorates the magunetic propertics. Concerning the flux
density B, this decreases at the beginning with increasing impurity content. has
a minimum {or 0.1 wi% mpurty and then, for 0.2-0.3 w(% impurity, it
increases . However, the B values for the samples of Nay-Ca3-7r0. and
Naz0-Ca0-L1;0 are smaller as compared (o pure ferrite As most addilives are
inclined (o decrease the flux density, it is important to select both a certain kind
of and a certain amount of addifives. Coercivity 1s also alTecied by additives.
The coercive force increases with increasing additives content up (o 0.1 wit%%
addilive and then 1t decrcases; the LiyO has a litlle effect on the coercive torce
H, . The highest values of 11, were obtaincd by an addilion of ZrQ; . The
value of the coercive force H, varies between 21.4 A/m for the ferrite without
addibives and 41.2 A/m for the ferrite with 0.1 wi% Zn0;. Also, by a triple
addition of Na;O-Ca0-L1;0 a value of 22.4 A/m was oblained which is quite

near to that of the sample without additives . The initial magnetic penneabikity
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1’ decreases with increasing impurity content, having 2 mimimum for 0.1 wi%e
additive and then it increases for 0.2 wt% addihive. But, for the Li2O doped
samples, the imibal magnetic permeability ' increases contimuouslty and hus,
for these lerriles, the values of permeability can be obtaincd cxcecdmy those
witbout additives. In addition, the imifial magnetic penneability p' for the
sample with triple addifive of Nay0-CaO-Li;O was higher than that of the
fernite without additives. The frequency dependence of the mitial permcability
p’ for Na;0-CaQ-Li;0 added ferrite are higher than that of Ca0 or Na,G added
fermites or for a femte without additives at high frequency. The studied
impurities have a little effect on the specilic saluration magnetzation o, . It was
observed that for most of the samples, &, is a little lagher than for the sample
without additive, except for the Li,0 additive which gives a sliphily staller
value of the specific saturation magnetization o; . Also, regarding the Curie
temperature T,, practicaily , these are not affected by the additives. For all
samples with additives, the Cune temperature varies between 428 and 434 K,
whiic for the femte without addinves T, is 429K. The dc rvesistivity. p of the
sintercd ferritcs as a function of additives content was measured too. They
found that only an addibon of Na,O or CaQ increases the p values

comparatively with the p value for the ferrite without additives, other additive

had a little effect on the resistivity.

The mflvence on the grain growth and density of Ni-Zn ferrites in presence of
V505 have been studied by Kulikowski [29], Jain er a/.[26] and Gasiorek ¢f af.
[30]. Also M_Amanullah Choudhury, ef af [31] have studied on “The mfluence
of ¥V;0; on the overall magnetic properties of Ni-Zn ferrites”. They have
reported that the initial magnetic permeability p’ increases sharply with V,(0;
contenl, having a maximum for 0.7 mol% and then it decreases appreciably
with further imcreasing content to 1.4 mol% and 2.1 mol% . The lowest value of
coercive force H, 1s obtained as per highest density attained at 0.7 moi% agrees

with the lowest value of porosity achieved. The remavance aud maximum
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imduction By, also increase with increasing amount of V;0s up to 0.7 nol %
and then decrease. There 1s an appreciable increase in the static 1nitial

permeability with increasing amount ol V>0 at 0.7 mol %,

From this review work, it 15 observed that the magnetic properties like
perineability, Cune temperature, saturation inagaetization ele. are  dependent
on doping 1 a very complicated way and Lhere is not straghtforward
relationship Detween the pature and the quantity of doping on imagnetic
characteristics to be understood by any simple theory. These are dependent on
several Tactors like sintering conditions, preparation methcrd,l compositions eic.
In the present work, it 1s aimed at determining experimentally the magnetic
propertics as affected by sintering temperature, compositions and the nature of
doping , so that Mn-Zn fermtes with appropriate doping can be obtained in

respect of high frequency response with low loss and high permeability.

1.5 PRESENT WORK

Mn-Zn ferro-ferrites are well known as a class of ferrites showing good soft
magnetic properties upto frequencies of scveral MHz, A (urther allractive
property of the Mn-Zn ferro-ferrite system is the possibility to significanily
modify the magnetic propertics by introducing smatl amount of dopant 1ons
[32]. 1t 15 one of the most extensively used fermtes. The Mn-Zn ferrite has
found various uses in the high frequency region. High permeability, low loss
feature, high wear resistance, controlled coercive force cte. are  the [ew
examples of the remarkable characteristics possessed by the Mn-Zn ferritc. The
chemical aud magnecte struclure of Mn-Zn ferrite are well known, It is

[ertimagnelic and possesses a cubic structure

In the present work, our aim is to investigate varlous wagnetic propertics
exhibited hy Mn-Zn ferrite samples with and without dopants having the

general chemical fonnula
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Mn, Zngles. Oy

where a+b+c = 1 . The value of a ,b and ¢ are choscn in such a way that we can
have two distinct series of compositions. ‘Two series are  Miys,
Zng gaFes 050 ,and Mg 1,.Cuy ZngooFea 000y, In the first serics 1 mole % of
V05, TiO; and CoO are doped. In the second series, we used Cu®' ions

substuutes for Mn? ™.

At irist, the X-ray diffraction pattern has been taken to get the information
regarding the crystal smuctwe of the samples. The Curie iemperature
measurements are performed in order to have a closer view ou the ferrimagnetic
interactions between the magnetic atoms. The tapnetization measuretents
give a general view ou magnetic moment arrangements in different crystal sites.
The permeability mecasurcments are done i order to find the optimum
compositions, the best sintenng conditions and microstructure study is also
performed to have information on grain size distribution,

The physical properties of fairites depend sensitively on the chemnical
conposition, preparation conditions, sintering temperature and time, and
amount and type of additives [33]. As a result, it is possible to obtain a good
soft magnetic waterial by optimally choosing the additives. The magnetc
properlies are required to be improved for the forrite materials Some
improvement of Mu-Zn ferrite single crystals have been undertaken by
adjusting chemical compositions, their homogencitics and reducing resicual
stresses. In this study, the effects of additives on Mn-Zn fervites single crystals
were investigated m a manner as the magnctic properties of polycrystalline
ferrites have been improved by some additives, 'The main thene of (his thesis
work is to find an optimwn composition and a best sintering condition for tow
loss and uniform high permeability over a large fiequency range rather than
looking only for theoretical explanations of the complex mechanisms involved

in various aspect of Mn-Zn ferrite samples.
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CHAPTER-2
THEORETICAL BACKGROUND

2.1 THEORY OF FERRIMAGNETISM

The history of the development of theories of Ferrimagnetism is not very
ancient one, The substantial importance of magnetic oxides in high frequency
application was perceived as early as 1909 by S, Hilpert {1] . He made rigorous
investigations on varons oxides including somne special magnetic oncs which
arg called “fernite’. By the year 19135 the crystals shucture of ferrite was known.
This was independently done hy W.H.Bragg [2] in England and S. Nishikawa
[3] n Japan. A resourcefnl study on the chemistry of femites was done by
Forestier (1928) [4]. In spite of all these endeavowrs fernmagnetism had not
been marked as a distinct category of magnetistn until 1948. L. Neel came up
with his revolutionary paper and established ferrimagnetism as a distinct class
of magnetism.  practical importance they are second only to ferromagnetics

and are superior to them in seine applications.

As 11 is evident from ferromagnetism that, incomplete 3d shells in ttansition
and Af shells i rare-earth elements result in permanent atomic magnetic

moment, When they are all in parallel alipnment we pget ferrontagpeism . But

elements right next to the ferromagnetic transition clements (e.g. iron, cobalt,
nickel } such as Chromium, Manganese are not ferromagnetic. It has been
found that magnetic moments in these materials alternate from atoin to atom as

shown in Fig. 2.1(b). Such matenials are known to be Asfi-ferromagieiic, But

Fermimagnetisin is somewhat differeni from these Teromagnetism and

Antiferromagnetisin. It has following feamires:

1



1. two or more species of magnetic 1ons.

2. ordenng of all constituent ions.

L

a mixed scheme of ferromagnetic and aoti- ferromagnetic spin  coupling
of magnetic 1ons, and

4, anct magnetization

These matenals are said to possess _Ferrimagnenusm. The most important

ferrimagnetic substances are certzin double oxides of iron and other mctals.
These magnetic substances called FERRITES are developed into commercially
useful materials chiefly during the years 1933-1945 by Snock [5] and Tus

associates al Philips Research Laboralory in [Holland.

Albeit ferrites show some characteristics similar to that of ferromagneltic, there
are some niarked discrepancies. Unlike the fermmagnetic, ferrites are onic
compound and hence work as semiconductor, in most of the cases as isolator,

That’s why Feynman [6] used to call them ferromagnetic insulator.

Femntes have very high resistivity (at least million times that of a metal). This
high resistivity ensures their use in high frequency application where eddy
current loss minimization is hadly needed. Also, the magnetization curves
shewn in Fig.-2.2 shows that the reduced magnetization o, . oy of a (ypical
ferrite decreases rather rapidly with increasing temperature, whercas the value
of 0.0y for iron remains large until T/ T, exceeds about 0.8 . Furthermore, in
the paramagnetic region, the variation of the inversc susceptibility with

lemperature 15 decidedly non-linear, This shows that the Curie-Wetss law is not

sbeyed.

These several facts led Nee! to envisage a distinet forn of magnelic structure

for the femrites, Crystallographic studies have provided the clue that the cations

ina
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ferrite crystal ocoupy two crystallographically different kinds of positiou called
A sites and B sites. Neel made e basic assumption that the cachange
mteraction between these two sites 1s negative, ncaning that the spin
orieniation 15 opposite to each other This thing also happens 1n
antifcnomagnetisin. The  difference 1s that, in casc of femimagnetism
magnitudes of the A and B sublattice mapuetizations arc not equal and a net

spontatieous magnetization results.

The exchange interaction acting in ferrites 15 of a different kind. As pointed oul
by Neel, the cations are wmutually separated by bigger anions (oxypen 1ons)
which practically excludes a direct contact between the cation orbitals, making
any durcct exchange at least very weak. Instead, we encounter Super fxchunge
Le. indirect exchange via oxygen p orhitals that may be strong enough to order
the magnetic moments. The strength of this interaction depends on the degree
of orbital overlap of oxygen p orbital and transition metal d orbital. The
mteraction decreases as the metal ions move apart and the angie between them
decreases from 180" to 90" In Neel’s theory. the mteraction are iaken as
cfiective inler and intru-sublattice wmteractions A-A, -1 and A-B The type of
magnetic order depends on their relative strength The  theory of super
exchange as given by Anderson (1939, 1963} [7-8] and the semi empirical rules
provided hy Goodenough (1958} [9] and Kanamori (1959) [10] yield some
predictions concerning the sign and strengih of this interaction, It is found that
A-A interaction is weak compared to B-B interaction. But angle between B-[3
interaction is 90" thus making it weak compared to A-B interaction where angle
is 125" Thus anti parallel spin alignment takes in two sub laitices. The

nteraction cnergy density may be written as
U=-21 5.5, (1

IT the exchanye intregral, J in equation (1} is positive, we achieve

[erromagnetism. A negative J may give rise to anti-ferromagnetism or
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fermmagnetism. The mean exchange fields acting on A and B sites may be

written as

Ba =-AM, - pivly
Bn =My - v M (2)

All constants A , 4, v are taken to be positive. The minus sign (han

corresponds to an antiparallel mterachon The inferaction energy density is

U=-1/2 (Bp My By . Myy)
= 172 A M+ pMy . My + 12 v M

This 15 lower when M, 1s anti-parallel to M;; than when M, is parallel to My
The energy of antiparallei aligninent should be compared with zero, because a

possible sotution 1s Ma= Mp =0 . Thus when

AMa Ms > 12 0 MY oty MY
(4)

the ground state will have M, directed opposite 10 My . Under cortai
conditions there may be non-collinear spin arrays of still lower energy.

The susceptibility of ferrimagnets is readily formulated i we assign separale
Curie constants C, and Cp to the two sublattices. Neglecting intra sublattice

interachon we have femmagnets:

Sub lattice A Sub lattice B
By =-pMp Bp=-nM,
(3)
Ma T =Ca (B, - pMg) MpT = Cu (B - uMa)
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Here B, ts applied field. These equations have a non zero solution for M, and

M), in zero applied field if

T HCA

nCy T

Trom which the femmmagnetic Curie temperature T=0y 1s given by

Or=p{Cx CB]HZ

we s0lve eqn. (5} for My, and Mg to obtain the susceptibility at T8 -

M, + M C, + - :
_Ma B _(CarCpiT-zuc,C
’t"_ =
2
; i

B

-

(8)

This is more complicated than the Curie -Weiss law for ferromagnets al

=0 (6)

T

=8, The plot of 1/x against T is shown in F1g.2.3. Il is to be noted that the

reciprocal fermmagnetic susceptibility shows considerable curvatuie as the

temperalure approaches By and becomes infimte at 3
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2.2 FERRITES

The most important fermimagnetic substances are certain double oxides of lron
and other metal. These magnetic oxides arc commonly known as ferrres, The
general chemical comnposition can be written as MeO. Fe.O. where Me
represents a divalent metal ion such as Ni, Mn or Zn. The swudy of
crystaliographical experiment on ferrites has proved Lhat they can be taken as
direct descendants from 3 natural compounds the spinel, the garnel and the
magneto plumbite, The outstanding property of femites which makes thein
swtable for many applications 1s their high electrical resistivity compared to
that of metals. Their specific resistivity ranges from 107 to 10'" Q-cm which is

upto 15 order of magnitude mgher than that of metals like iron. High [requency

apphication thus demands extensive implication of ferrite industry,

2.3 DIFFERENT TYPES OF FERRITE

The magmetic femmtes fall into two groups of different crystal structure as

shown below:

FERRITE

I I

CUBIC HEXAGONAL

C.E. ['\"iD.Ft‘z()3 R HRO.GFEQU;

CUBIC FERRITES: These have the general formula MO.Fe,0; where M is a

divalent metal ion like Mn, Ni, Fe, Co, Mg etc. Cobalt ferrite CoQ.Fe 05 s
magnetically hard, bnt all other cubic ferrites are magnetically soft. These

fernte are said to have SPINEL structure and are often called ferre spinels
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because their crystal structure is closely related to that of mincral spingl
MgO.ALLO;. In case of ferrites the divalent 10ns replace Mg and (rivalent 1ons

replace Al In all cases the ionic radii of the substituting ion should be between

about 0.5t0 1.0 A [11].

HEXAGONAL FERRITES: These ferrites, essentially emnployed i microwave
frequencies, have hexagonal structure. They have an axis of syminetry, C and a
hiph magnetocrystalline anisotropy. The preparation of hexagonal ferrite 1s the
ceramnic technique and is almost same as that of spinels. During the pressing the
grains are oriented by a magnctic field in order o align the C-axis of all
crystalliles in the same direction. As a result, a sample sinilar to a permanent
magnet 15 produced. When a microwave field is applied 10 a plane
perpendicular to magnelization direction, a gyro-resonance effect s observed.

There are two types of this hexagonal ferrites: M-type and W -type.

M-type fermites are derived from Barium or Strontiumn ferrites, whose formulac
are BaFe|;0y and S1Fe;;0y¢ . By partial substitution of Al'' 1ons {or Ga' or
Cr’' ) for Fe'' ions causes the magnetization to increase and magnetocrystalline
anisotropy field to increase; where as by substitutions of tie groups Ti' Me®' o1
Ge*'Me?' (with Me™ = Co, Ni, Zn —--—----) for Fe'" ioms, causcs both the
magnetization and the anisotropy field to decrease. The combined substitution

of both result in better stability of anisotropy field , H, . with temperature [12]

W-type are derived [rom barium ferntes whose formula is NiBale,Oy7: Ly
partial substitution of A’  ions for Fe* ions, causing increment in
magnetization and auisotropy field, H,; whereas by partial substitation of Co®'
for Ni?' causes H, to decrease keeping magnetization unchanged. These fertites

are used in circulators with resonance frequencies lower than those of M-lvpe

112].

27



Besides (hese, there are few other ferrimagnetics of subslantial importance.
Among them y-Fe;O; called maghemite and Garnets are worth mentioning, -
Fe;0; has cubic stucture and 1s formed by oxidizing mapnetite. 1t 1s unstable
ang transforms o a- Fe,Oy (hematite} on heating above 400°C and v-Fe; 05 is

currently the most popular matenial for magnelic recording tapes,

On the other hand, Garnet, the semi precious stone, is a group of isomorphous
minerals with a comnplex cubic structure. The most common Garnet, Yttriwn-
tron garnet, the YIG, has important applications at very high [requencics, 1n

MICTOWAavE repion.
24 CRYSTAL STRUCTURE OF SPINEL FERRITES

The usual name Tor cubic ferrites is Spinel ferrite because its crystal structure is
similar to the mineral spinel MgALQ, crystallized in the cubic system. This
crystal structure was first determined by Bragg [2] and by Nishikawa [3]. The
smallest cefl of this spinel lattice having cubic SYmnictry contains eight

molecules or total of 8x7 = 56 ions. The large oxygen ions { radius zbout
i
1.3 A ') are packed quitc close together in a face centered cubic arrangement and

the much stnaller metal ions (radii ranging from 0.7 to 0.8 E.} occupy Lhe
spaces belween them, These spaces are of two types. One is Tetrahedral. calied
the A-sife because metal 1on 15 placed at the center of a tetrahedron with oxygen
atoms at the corner of the tetrahedron . The ather is Octahedral, called the B-

site because oxypen ions around it occupy the comer of an oclabedron as

shown in fig -2.4. The crystallographic envirorunent of
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A and B sites are therefore distinctly different. In  a unit cell there are 64
letrahedral sites of which 8 are filled and 32 octahedral sites of which 16 are
filled. A unit cell contains so many ions that it is better to imagine the unit cell
of edpe a to be divided nto 8 octants each of edge a/2 as shown [ig. 2.4, The 4
shaded octants have identical contents - 30 do the other unshaded oncs. ‘The
octants of bwo lower left in (¢} is shown in (d). As we already know thal the
general formula for spinel ferrite is MO.Fe,(3; the distmibution of divalent M
and tivalent Fe*' ions is very intriguing 1t was belicved that 8 M ions are i §
available A sites and the 16 Fe'' ions are in 16 D sites. In many cascs, the facl
s 50, as in mineral spinel, which is therefore known as a Nermal spinel, Barth
and Posnjak [13] have shown, however that this simple assumption is nol
always right. Employing X-ray diffraction, neutron diffraction iechnique and
from saturation magnetization magnitude at absolute zero it has been found that
spinels also ocour with 8 M ions in 8 of the 16 B sites and with 16 Fe'' jons

uniformiy distributed over the remaining sites. Phese are called Fnverse spinel,

XRD provided that Zn and Cd-ferrites are normal and ofher are inverse,
Neutron diffraction confirmed this. A completely norinal or nverse spinel

rcpresents extreme cases. The general cation distrithubon can be indicated as
Ms"Fers™| Mig™ Fern 10,

where ions on A sites are given in front of square brackets and the D sites ions
are within brackets, For a completely random distribution & =/ 3, for norinal
spinel &=/ and for mverse 5=0 . The quantity & is 2 measure of inversion. In

the case of some ferrites & depends upon the method of preparation.
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CHAPTER-3
SPECIMEN PREPARATION

31 METHODOLOGY OF FERRITE PREPARATION

The preparaiion of polycrystalline ferrites with optimum desired properties 1s
still & complex and difficult task. Knowledge and control of the chemical
composition, homogeneity and microstructure are very crucial. The preparation
of polycrystalline ferrites with propertics optimized has always demanded
delicate handling and cautious approach. As the most of the propertics nceded
for ferritc applications are nol intrinsic bnt extrinsic, preparation of samples has
to encounter added complexity. The ferrite is not completely defined by its
chemistry and crystal structure but aiso requites knowledge and control of
parumetci's of its microstructure such as density, grain size and porosity and
their intra- and intergranular distribution. It is well known that alinost all
fermtes decomposes at the elevated temperatnre if we want to mell them nnder
normal conditions. This happens because the oxygen splits off at higher
temperatwe reducing Fe* to Fe®. This necessarily implies (hat ferrite
preparation by melting, as in case of metals, is not possible. The normal
methods of preparation of ferrites comnprise the conventional ceramic method or
powder metallurgy, chemnical co-precipilation method and soi-pel method. In
this thesis work conventional ceramic method has cinployed for the prepaiation
of Mn-Zn femte for its relative simplicity and availability The powder
preparation process and smtering facility available at the Magnelic Material
Division, Atomic Energy Centre, Dbaka bas been utilized for the preparation of
samples. Three types of Mn-Zn femnte polycrystalline samples with and without
different dopants with general formula

MnZn,Fes. Oy

where a+b+c =1 , have been prepared by this method. The different samples

wilh varying a, b and ¢ dopant percentage arc shown in able-1 in Appendix.
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The propertics of Mn-Zn samples are influcnced considerably by sintering
temperature and dopants used in this process and 15 found that a closed
correspondence between different samples with and without dopants niay be

achieved
3.2 METHOD OF PREPARATION

The general preparation procedure of femrites compnses of following operations

as shown in the block diagram below and the detail of which are described

subsequently.
Oxides of raw Weighing by Dry mixing by Wet mixiing
materials o diffcrent mele || steel morar oy
percentage ball milling
¥
Milling Presintering |, Briqueting Drying
Pressing to Sintering Finished
desired shapes * Products

As a wholc the preparation procedure generally consists of four imajm steps
1 Prepanng a mixture of materials with the cations morg ov less in the
ratio corresponding to that in the final product
2. Prefiring the mixture to form ferrite.

Converting the ‘raw” ferrite into powder and pressing the powder into
the required shape.

fud

4, Sintering to produce a highly densilied product.
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Onc thing 1s to be remembered that, the sintering process 15 irreversiole in
tcrms of microstructure so that constant care must be maintained to keep
conditions constant prior to and during sintcring.

The following discussion will cover the important features of each step,

1.Preparing a mixture of materials having the right ratio of cations

The extent of work in this step varies greatly, depending on the starting
materials. When comnponent oxides are used, the corresponding step involves a
mere mixing of Lhe oxides by wet milling. To avoid iron contamination. mixing
15 done with stainless steel balls in a steel ball milling machine and a fluid such

as distilled water is used to prepare the mixture into a siurry.

The raw materials for the preparation of the Mn-Zn ferrite were oxides of iron,
nickel oxude and zinc oxide. The high punty of raw materials are given in the
analytical research grade as supplied by the manufacturer £ Mark of Gormany,
The constituent component in required stoichiometric propertions were
weighed first and then were thoroughly mixed using ceramic mortar and pestle,

The resultant powder were then ball milled for 6 to 8 hours to produce fine

powders of mixed constituenis.

2.Prefiring the mixture to form ferrite

The slurty prepared m step 1 is dried, palietized and then transferred to 2
porcelin crucible for prefiring at temperature between 900°C and 1250"C. This
was performed in Lhe fumace named Galferr Kamp at AECD. As far as the final
composition of e ferrite is concemed step-2 is most crucial because
subsequent steps would not change the composition substantially . For (his
Teason, 1t 1s important to understand how a ferrite is formed from its component
oxides. Few detail studies have repored on formaton on Mn-Zn ferrile

prepared by conventional mixed oxides cerumic metbods [1-8] The solid state
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reactions leading to the formation of flerriles actually achieved by counter
diffusion. This means that the diffusion invoives two or more species of 10ns
which tove in opposite direction imtially across tie interface of two contacting
particles of different component oxides. In 1965 Carter, Kooy and Reijnen [9-
14] madc carcful studies of the position of inert markers in diffusions couples
and computed that the counter diffnsion essentially involves the movemnent of
cations through a more or less rigid latlice of oxygen anions.

Dnring the prefiring stage, the reaction nf Fe;,O; with metal oxide (say, MO or
M’,0; ) takes place in the solid state to form spinel according to the reactions
[15]:

MO + Fe,O; = MFe;0, (Spinel}

2 M'50; +4 Fe,0; = 4M'Fe. Oy {Spiﬂt}) + (O,
The MnO creep into Fe;O; as below, to forn an intermediate phase NiFe,-

(}; at low temperature :
Fex 05 + MnO — MnFe O,
after that Zn 1ons are introduced by
(1-x) MnFe;(y + xZn0Q) + x Fe;0: = Mn,_, Zn.Fe, (0,

The mechanism jnst described for the formation of ferrites justifies the scparale
prefiring and sintering steps taken in the preparation procedures. The ferriie is
[ormed essentially m step 2 but the ‘raw” ferrite thus forined has poor qualities,
In order to produce chemically homogeneous and magnctically better inatenal
this prefired lump material was crushed.. These oxide mixturcs were  then
milled thoroughly for 6-8 hours to obtam hoinopenous mixlure. It is to be

mcntioned that the grain size can be reduced to = 1p by nornal bal! milling,
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However , 5ome [raclion of the particles in that case may be 1educed to cven

sub micron level.

3. Converting the raw ferrite intc powder and pressing the

powder

Besides reducing the particle size to = lp , grinding slso eliminates inira
particle pores and homogenmizes the ferrite by mixing (Int. Symp. React. In
Solids,Elsevier, Amsterdam}, To promote successful sintering in the next steps,
the powder must be well characterized aller grinding with respect to such
Tactors as particles size and distribution, particlc shape, homogeneity, adsorbed
gases, impurities and intraparticle porosity. Iron Gontamination due {0
continuous wear of the mill wall and steel balis need to be closely watched and
mimmized. Now to this ground homogeneous powder polyvinyl alcohol is
added as a binder. Pressmg the powder into compacts of desired shapes 1s done

cither by conventional method in a die-punch assembly or by hydrostatic or

isostatic compagtion,

We made use of the former one. Pressing a uniformly densc body by this
method 1s difficult owing te the friction gradient of the powder at the walls of
the die and between the particles themselves. This problem is somewhat
overcome by the addilion of extemnal and internal lubricant to the powder such
as stearic acid. Mainly, we made two types of samples - cylindrical and
toroidal.

Specimens were prepared by a hydraulic press with a pressure of 60 bar. The
die was designed and made in the workshop of AECD. This is tnade of non-

inagnetic stainless steel,
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4, Sintering

This 15 a heat treatment by which a mass of compacted powder is transformed
into a dense ohject. In this process atomic mobility of the compaci 1s sufficient
to permit the decrease of the free energy associated with the grain boundaries .
As the [inal major step in the preparation of ferrite product, sintering must
fulfall three 1equiremnents ; (1) to bond the particles logether so as to impart
sufficient strength to the product. (i) to densify the grain compacis by
eliminating the pores and (11} to homogenize the materials by complcting the
reactions left unfimished in the prefiring siep. The theory of heat trcatment is
based on the principle that when a matcrial has been heated above a certain
temperature, it underpoes a structural adjusiment or stabilization when cooled
to room temperature. In this operation, the cooling rate plays an itﬁpm‘tant role
on which the structural modification is mainly based. Sintering of ¢rystalline
solids i1s dealt by Coble and Burke and Zener [16-17] who found the following
empirical relationship regarding rate of grain growth:
d =kt*

where d is the mean gramm diameter, t is sintering fime |, n is about 1/3 and k is
a temnperature dependent parameter. For sintering our samples. we used a
programmable furnace NABER (Model-HT 08/16 Gennany) at AECD. The
temperature of the furnace could be mamntained within an accuracy of % 1'C.
For sintening we followed more or less the following progrwmnme The samnple
was first heated from lemperature of 24° C to 200° C in 30 min. time. Then it
was raised upto 600°C in S0 min. after that to 1150°C -1300°C in 130 - 135 mip.
tiune. The highest temperature was kept constant for a pened of 2 hour. Then
temperature was brought down to 600° C in 120 to 100 min, time [he

specification of the sintered samples are shown m table - 1 in Appendix.
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CHAPTER-4
EXPERIMENTAL

4.1 THE X-RAY DIFFRACTION

The X-ray diffraction {(XRD) provides substantial information on the crystal
structure. XRD 1s one of the oldest and effective tool for the determination of

the atomic arrangement in a crystal,

X-ray are the electromagnetic waves whose wavelength are in  the
’ i
ncighborhood of 1 A . The wavelength of an X-ray is thus of the same order of

magnitude as the lattice constant of crystals, and it is this which makes X-rays
so useful in structural analysis of crystals.
Whenever X-rays are jncident on a crystal surface, they are reflected from it.

The reflection abides by the Bragg’s law as piven below

2d sinf = nA

here d 15 the distance between crystal planes, 6 is the incident angle, A is (he
wave length of X-ray and n is a positive intcger. Bragg’s law also sugpcsts that
the diffraction is only possible when A< 2d.

The erystal souchure of our Mn-Zn ferrite samples were identified by taking
powder diffraction pattern of the samples with an X-1ay diffrachometer (Model
no.- JDX-8P JEOL CO., Lid, Tokyo, Japan) available at BUET,
Monochromatic CuK, radiation was used . The XRD patterns spanned an
angular deviation of 50", starting from 25° and cnding at 75" The interplanner

distance d was calculated from these 20 values of the dilfraction peaks usmg
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the Bragg’s relation. The lattice parameter ‘4> was calenlated by using the

following relation:

a A Jhi s k24t

" 25in6
where h, k and | are the mdices of the crystal planes. X-ray density p, was alsq

calculated using the lattice paramcter. The relation between p, and a is as

follows:

3

- M gm/cm
Py Na °

where N is the Avogadro’s number { 6.02x 10™ mol™), M is the molecular
weight, The difference between the theoritical density { measured by usual

nass and dimensional consideration) and p, gave us the measure of porosity.

4.2 CURIE TEMPERATURE MEASUREMENT

Curie temperalure measnrement is one of the most important measurements for
magnetic malerials. Curie temperature provides substantial information on
magnetic status of substance in respect of the strength of exchange interaction.

50, the determination of Curie temperature accurately is of great importance,

Our experimental set up for Curie temperature measurement is shown in fig.
4.1. We made use of the above experimental facilities available at Mapnetic

Material Division, AECD. The temperature dependent permeability was

measured by nsing
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induction method, The specimen formed the core of the coll. By varying
temperature, permeability of the substance as a [unction of temperature was
measured. When the magnetic state of the femite sample changes from
ferrimagnetic to paramagnetic, the permeabihty falls sharply, From (his sharp
fall at specific temperature the Curnie temperature 15 determined, This is the

basic principle used i our experimental sct up,

As shown in the figure, the circuit consists of two parts  The primary par
conststs of a low frequency generator, a inultimeter and a resistance in scrics.
The signal generator generates an alternating signal of [requency 200 KHz, A
voltage drop occurs at the resistance of 390 chm. This voltage drop is measured
Ly the voltmeler. The secondary part of the col compriscs of only voluneter.
The voltage induced in the secondary coil is measured by the voltineter. The
currenl measured by multimeter gives the field intensity H as given helow

_ 04n,ivf2
d

H (1

where n; is the number of turms in the primary coil, i is the current and d is

given by

— d, +d
d=l 2 5

2 {(2)
where d; and d; are Lhe inner and outer diameter of the toroidal sample From
the current and resistance value we obtain voltage E. This in tuns yields

magnetic induction B as given below.

Ex10®

B=——— 3
4n,fs ()

where 1, 15 the number of turns in secondary coil, f is the frequency of the

signal and s is given as

s =dh (d)

whered = Eiliéfiz-,ﬂléthﬁck:rzii{ﬁftfiiI(HtﬂciEEHTIﬂE



and h 1s the height of toroidal sample. Thus using equation (3) and (1) we
easily attatn the permeability

B_  EdxI0f )
H  4fo,n,x0.4xsxiy2 {

o=

At first we wind two wires in the torodial sample one as primary and the other
as sccondary coil. The number of tumns in each coil is 10. The sample thus
wound i1s kept inside the little oven with a thermocouple placed at the middle of
the sample. The thermocouple measures the temperatwe inside oven and also
of the sample, The sample is kept just iu the middle part of the cylindrical oven
50 that (he temperature pradient is minimized. The lemperature of the oven is
then raised slowly. If the heating rate is very fast then temperature of the
sample may not follow the temperature inside the oven and there can be
mislcading juformaton on the temperature of sample. The thermocouple
showing the temperature in that case will be crronecus. Due to the closed
winding of wires the sample may uot receive the heat at once. So, a slow
hcating rate was nsed to eliminate this problem. Also a slow heating ensures
aceuracy m the determination of Curie femperature. The oven was kept

thermally insulated from Lhe surroundings,

4.3 MAGNETIZATION MEASUREMENT

Magnetization is defined as the magnetic moment per unit volume. There are
various ways of measuring magnetization of a substance. In the present thesis
maguehization has been measured hy using a Vibrating Sample Magnetometer
{V3M). The measurements have been takeu at room temperature for a wide
range of magnetic field.

The V5M we used was buili up at AECD [1). A hrief description of different

seclions of the equipinent is given below.

19
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The measurement of magnefization is usually performed by measuring the
magnetic moment of a specimen and dividing this quantity by the volume or
mass of the specimen. The techniques for the measwements of magnetic
moment by the direct methods ¢an conveniently be classificd nto two

categories:

(¢) The measurement of the force cxerted on the magnctic moment of the

specimen by an inhomogeneous field and

(1) The measurement of the emf induced in the suitable coil system by
changing relative position of the magnetic moment with respect o the coil

system or by varying the magnetic moment

The technique of VEM used in he present measurement falls into second
category. The VSM is a sensitive and versatile equipment (or measuring the
magnetic moment, magnetization and magnetic susceptibility. The VSM was
invented by Van Oesterhout [2] and shimultancously and independently by
S.Foner [3-4]. The basic principle of VSM developed by Foner is based on the
flux change in 4 coil when the sample is vibrated near it. The sample, usually a
small disc, 1s cemented to the end of a rod, the other end of which is fixed 10 a

loud speaker cone (as shown in figure 4.2) ot to some other kind of mechamical

vibrator.

Current through the loud speaker vibrates the rod with the sample at ahout %0
cycle/ sec and with an amplitude of about 0.1 min in 2 direction at right angles
to the steady magnetic field. In this steady magnetic feld the specimen gets
magnetized and behaves as a magnet. Thus the osciilating magnetic ficld of the
sample induces an alternating em( in the detcction coils kept cemenied on the
pole piceces of Lhe electromagnet which penerates the steady magnctic field.

The wvihrating rod also camries a reference specitnen, in the form of a small
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permanent magnet, near its upper end, the oscillating field of this induces
another emf in two reference coils kepl near to the reference sample. The
voltages from the two sets of coil are compared and the difference is
proportional to the magnetic moment of the sample. The procedure makes the
measmrement insensitive 1o change in |, for cxample vilwating amplitude and
frequency. The VSM used in the present work to take the mapnetization
measurement 1s of Foner type. The Magnetic Material Division, Atomic Energy
Center, Dhaka desipned and constructed this Foner type VSM in 1986 The
measurcment of magnetization for all the samples were taken with the help of

this Foner type VSM.
4.3.1 Working Principle of the Magnetometer

A schematic diagram of the VSM used in the present worh, includmg the
various mechanical and electronic pans is shown in fig 4 3. The signal
generator {(8G) feeds a sine wave signal of 80 Hz frequency to the audio
amplifier (AA) which in tumn drives the speaker (SP). The output of the signsl
generator is also connected to reference channel input of the lock-in-amplifier
(LA} model 124A. The drive-rod assembly (R) tightly conpled to the vibrating
paper cone of the speaker vibrates in a vertical direction along its length ‘The
amplitude of vibration may be varied at will by changing the ain of the audio
amphficr. A permanent magnet (P) of cylindrical shape is fitted (o the drive-rod
at its lower end with the help of samplc holder (H). Two cylindrical sample
coils system (SC) with their axes kept verticaily arc placed on the opposite
sides of the sample and along the line joiuing the centers of the pole faces (NS)
of the cleccromagnet. They are connected in serics opposition and the net
output signal is fed into the lock-in-amplifier through a shielded cable This
pair of cotls is refered to as the sample coil system. Another paii of coaxijal
coils {RC) also connected to each other in serics opposition is placed

sytnmemically around the permanent magucet (P). This ¢oil pam is the reference
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Fig.4.2: Vibrating sample magnetometer ( Foner type }

47



514

5P

LEGEND

50— 5Somple- Coil system
56 — Sigaol Genergior
Abh— Audic Amplifier
RT — Ratio Tronsformer

[ . LA — Lock-in - Amplifier
P$— Phose Shifter

Ri.— Reference Ceoil system
R — Drive-rod ossembly

H — Somple Holder
P — Permonent magnent

LA 56

Fig. 4.3: Schematic diaggram of the electronic system of the ¥.S.M.




coil system. As the drive-rod assembly is vibraled with a particular frequency
and amplitude, the sample (8) mduces a signal of the same frequency in the
sample coil system. This signal is proportional to the dipole moment of the
sample. As the feld in the pole pap is gradually increased by increasing the
current  through the electromagnet, the sample beccomes increasingly
magnctized and induces a larper signal m the sample coil system till the sample
reaches the state of saturation magnetization, This signal directly goes to one of
the wnputs of the lock-in-amplifier. Similarly, another signal of the samc
frequency 1s induced m the reference coil system due to vibration of ihe
permanent magnet (P) Since the moment of the permanent magnel is fiaed, the
signal it produces is also of fixed amplitude for a particutar frequency and
vibration of amplitude. This signal 15 termed as the reference signal and it is
first fed Lo a unity gain phase-shifter nnit.

The phase shifler capable of continuously changing the phase from 0" to 360",
15 used to bring the reference signal in phase with the sample signal. From the
phase shifter the reference signal passes on to the decade ratic nansformer
(RD) of a constant input impedance. The output of this ransfosmer then poes to
the other input of the lock-in-amplifier. The output to input ratio of the decade
transformer can be accurately varied from 107 to 1. By adjusting the decade
transformer the amplitude of its output is made cqual to that of the sample
signal. The lock-in-amplifier is operated in the differential input mode and is
used as a signal detector. When the sanple signal and the output signal of the
decadc transformer are of equal amplitude and are in the same phase, the d.¢
meter of the luck-in-amplifier gives a null reading, The whole clecironic system
then correctly measures the ratio of the sainple signal and the reference signal
have a direct phase and amplitude rejationship. As a result the ratio of the
sample signal to Lhe reference sipnal is proportional to the magnetic moment of
the sample. The measurentent is insensitive to small changes i the amphtude
and frcquency of vibration and the pain of the amplifier. The accuracy of the
equipment depcuds mamnly on Lhe accuracy of the ratio transformer and the gain
of the ampiifier.

49



4.3.2 Description of Mechanical Design of the VEM

The various wtnechanical pars of the magnctometer are shown in deta! in the
[igure 4.4. The base B of the VSM 15 a circular brass plate of 8 mm thickness
and 250 mm diameter. A brass tube T of 25 mun outer diameter and 0.5 mm
thickness muns normally through the base such that the axis of the tube and the
center of the plate comcide. The tube extends 60 mm upward and 24 mm
downward from the base. There is a vacuum port on the lower part of ihe tuhe
120 mm below the base . The lower end of the tube T is joined to a brass
extension tube L by a threaded coupling and an ‘0" ring scal. Another thin
tube K made of gernan silver a2nd 8 mm inner diameter runs through (he
extension tube L from the coupling point C to about 50 mm below (he sample
position. Above the base there 1s a hollow brass cylinder M of {80 mim length
and 130 mmn inner diameter and having 40 mm wide collars al its both ends,
The lower collar seats on an ‘O’ ring seal which is situated in a circular grove
in the base plate. On the upper collar, therc rests an aluninium top N with an
‘07 ring seal. The brass cylinder M has a side port VP. This is again a Liass
tube of 41 mm diameter and 43 mn length. The port has a collar at the end
away from the cylinder, A perspex vacuum feed through is fitied at its end with

(3" ring seal. This port is comecied to the cylinder by soft solder.

Electrical connection from the audio anplifier 1o the speaker and from the
reference coil system to the phase shifter are taken via the perspex feed thiough

. By connecting the vacuum port of the tube [ to a vacuum pump the sample

environment can be ¢hanged.

The spcaker (SP) is fitted 25 mm above the tube T with the help of brass
stands. The lower ends of stands are screwed to the base plate while the rin of
the speaker 1s screwed on the tops of the stands. The speaker has a circular hole

of 10 mm diameter along its axis. An alwininium disc having female threads in
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it is fitled to the proper cone with araldite. The aluminium connector having
male threads on it and attached to the drive rod assembly fits in the aluminium
disc and thus the dniver rod assembly is coupled to the speaker. The drive rod
assembly consists of two detachable parts which are joined together by means
of alummium threaded connectors. Each parts is thiu Pyrex plass tubing ol 4
mm diameter. The upper part has a small permanent maguet (Py situated 100
inn below the aluminium connector attached 1o il At the lower end of the drive
assembly a perspex sample holder having quite thin wall can be fitted tightly
with the sample m it. A few perspex spacers arc also attached 1o the drive tod
throughout iis length. The spacers guide the vibration of the sainple only in the
verlical direction and stops side wisc or motion. The (olal lenpth of the drive

rod assembly is 920 nun.

The basc plate of the VSM rests on three leveling screws above a brass frame
which in terms rests on an iron angle bridge. The bridge is rigidly fitted to the
sidewall of the roomn. The brass frame is provided with amrangements with the
help of which it can be moved in two perpendicular directions in the horizontal
plane. The levelling screws are used to nake the drive vod vertical and to put
the sample at the center of the pole-pap between the samnple coils The sanple

can alse be moved up and down by the leveling screws.

4.3.3 Calibration of the VEM

There are uwsually two mcthods of calibration of a wibrating sample

magnetometer
1. By using a standard sample and

2. By using a coil of small size whose moment can be calculated for d.c

current through it .
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The V5M has been calibrated by using a 0.112590 gm sphencal sample of
Nickel of 99.99 % purnity. The sample was made spherical with the help of a
sample shaping device. 1t was then annealed in helium atmosphere at abouwt
900" C . The sample saturation magnetic moment has been calculated usin i the
available siandard data, The ratio-iransformer reading is obtained by actuat
measurements and thus from the equation 4.3 the value of the calibration
constant K is obtained. The accuracy of this calibration, however, depends on
the teliability of the standard Nickel sample, the accuracy of the tatio-
transfonmer and the gain of the amplificr. The equipment has been operated
repeatedly with the same standard sample and stability has been found o be

witlin 1 1n 1000,

4.3.4 Sensitivity of the VSM

The sensitivity of a VSM is usually determincd by the signal 10 noise ratio. Bul
because of comparatively low sensitivity of the lock-in-amplifier used in this
equipment, the noise level could not be mcasured. The maximum sensivity of
the lock-in-amplifier is 10 microvolt {tms}. So the differential method has been
used to measure the sensitivity. It is found to be about 10™ emu. It may be
mentioned here that the sensitivity of 4 commnercial VSM made by PARC |
Princeton Applied Research Corporation USA) is 5x107 emu. With the
sensitivity so far achieved of the VSM can be used for mvestigation of only
ferromagnetic, ferrimagnetic and strongly paramagnctic materials al room
lemperature. In order to extend its usefulness, .a more sensitive lock-in-
amplifier, a sample oven and cryostat are needed. Under the present conditions,

however, routine measurements at room temperature can be performed for the

materials mentioned abiove.
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4.3.5 Woarking Procedure of the VSM

The sample is fitted to the drive rod asseinbly and then positioned at abour the
midpoint of the sample coils by eye cstimation. The swilches of the
clectromagnet power supply unit, the signal generator, the audio amplifier and
the phase-shifter are {urned on. Nearly half an hour 1s spent for the warming up
of all the component units. The frequency of the sine wavc from (he signal
generator 1s set at 80 Hz. The gain of the audio amplifier is adjusted to mahe
the output signal driving (he speaker aboul 3 volts peak to peak. The signal
makes the rod assembly vibrate with sulTiciently large amplitude. The sigaal
produced in the reference coil-system is found to be aboul 5 mV peuak to peak,
The rod - assembly is made vertical by adjusting leveling screws. About 2
armperes or more current is passed (rough the elechromagnet depending on the
stzg and wnalerials of the specimen. The sample signal alone is (st seen on the
D.C meter of the lock-in-amplificr. The meter reading is maxmmzed by
changing the phase of the locking signal in the reference channel. The sample
signal is then optimized 1.e. it is maxinmzed by moving the sample wn the Z-
direction (vertical) and in the Y-direction and then miniinized by moving it in

the X-direction {field direction).

The locking signal in the reference channel is brought in ¢cxact quadiature with
the saumple signal to give a correcl null reading on the mcter. The two siunals
are then brought in the same phase to give a maximum rcading on the meter to

the right. Sonilarly, the reference coil signal alone is nexl seen on the meler .

The signal is first brought in quadrature with the locking signal with (he help of

the external phase shifter in such a manner that it gives a deflection 10 the left
on the meter when it is again brought in phase with the sample signal. The
lock-in-amplifier 15 then set in the differential mode. The null-reading 1s

obtained by correctly cqualizing the decade mansformer outpul with the sample
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signal. The reading on the decade transformer is then wwliplied by the

calibrahion constant to obtain the sample moment.

4.3.6 Measurements of the Magnetization

The measuwrements of magnetization of Mn-Zn ferrite samples wilh and without
dopants , .total mine in munber, were perlformed using a vibrating sample
rraguelometer as shown in fig.4.4. Samples in the form of thin disc of diameter
about 5 mm were prepared from the disc shaped Mo-Zn [errite samples, They
were then weighed. The specimens were then glued to the lower end of the
sample holder of the VS5M. The ineasurements of magnctizalion weie taken at
room temperature for different values of the magnetic field in the ranpe 0.1 KG
to 4 KG. The strength of the applied magnetic field was simulianeously
monitored with the help of a Digital Gauss-Meter (Model 811 A). keeping the
{tp of the Gaussmeter closed to a pole of (he electromagnet . The accuracy m

determining the field was estimated to be within one percent.
4.4 PERMEABILITY MEASUREMENT

For high frequency application, the desirable property of a [errite is the high
permeability with low loss. The present goal of tmost of the recent ferrite
researches is to fulfil this requircinent. Before going into the complexity of
permeability measurement, we take a detour through the theorics and

tnechanisms involved in permeability.
4.41 Theories of Permeability

Perineability 1s namely defined as the proportional constant between the

magnetic field induction B and applied intensity H:

B=pH {1)
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This naive delinition needs further sophistications. 1f a magnetic material 1s

subjected to an ac magnetic Lield as given bellow:

H — H[jem' {2}

Tben it 15 observed that the magnetic [lux density B expericnces a delay. The

delay 1s caused due to presence of various losscs and is thus expressed as

B= El}el{mt- i {3}

where & is the phasc angle and marks the delay of B with respeci (o . The

permeability 15 then given by

B BUB1{UJt_E]
J_[ = — B eeerre——
H ¥ Dclmt
_ Bnc“iﬁ
H,

:%:, [COs3-151n0)

= p'-ip (4)

B B, . . '
where i = —2cos8, 4" = —Lsind (5
1l il

The real pant p° of complex permeability p as cxpressed in equation (4}
represeut the component of B which is in phasc with H, so it corresponds lo the
nornal permeability. If there are no losses, we should have p = p'. The
imaginary parl u” comespends to that part of B which is dclaved by phase
angle 90" from H. The presence of such a comnponent requires a supply of
energy to mantain the alternating magnetization, regardless of the onpin of

delay.
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The ratio of p” to ', as is evident from cquation (3) pives

rr ! K
[ {EU,:. Hg}sind —tans ©)
K (Bg; Hyleosd

This tand 1s called the LOSS FACTOR. The ()-factor or quality factor is defined

as the reciprocal of this loss factor, i.e.

|
s t7)

Q=

4.4.2 Mechanisms of Permeability

The mechanisms can be explained as follows: A demagnetized magnmetic
material is divided into number of weiss domains separated by Block walls. In
each domain all the magnetic moments are oriented in parallel and  the
magnetization has its saturation value M, . In the walls the magnetization
direction changes gradually from the direction of magnetization in onc demain
1o that in the next. The equilibniom positions of the walls result from (he
~interactions with lhe magnetization in neighboring domains and from the
influence of pores, crystal boundaries and chemical inhomnogeneities which

tend to favour certain wall positions.

4.4.3 Wall permeability

The mechanism of wall permeability arises from the displacement of the
domain walls in small fields. Lets us consider a piece of material n the
demagnetized state, divided into weiss domains with equal thickness L by
means of 180" Bloch walls (as in the Ffg. 4.5). The wall are parallel to the Y7
plane. The magnetization M, in the domains is oriented altemately in the +2 or
-Z dwection When a field H with a component in the +2 direction is applied,

ihe magnetization in this direction will be favored. A displacement dx of the
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walls in the direction shown by the dotted lines will decrease the energy

density by an amonnt; ;
M H ,dx
L

This can be described as a pressure 2MH; exerted on gach wall, The pressure
will be counteracted by restoring [orces. which for small deviations may

assumed to be kdx per unit wall surface. The new equilibrium position is then

given by

the wall susceptibility 7, may be calcnlated. Let H makes the anglc 8 with «

direction. The magnetization in the 9 direction becomcs

2M d

(aM}g = cost?, and with H, = lcosf and

_ 2ZM_ H,
K
We aobtamin

d

_(MM)y aMs cos 0
@ H KI.

X
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4.4.4 Rotational Permeability

The rotational permeability mechanism arises from  rotation of  the
magnetization in each domain. The direction of M can be found by minimizing
the magnetic energy E as a function of the orientation. Major contnbuiions may
be due to the stress and shape amisoiropy. The stress may mtluence the
magnelic energy via the magnelostriction. The shape anisotropy 15 caused by
the boundaries of the sample as well as by pores, nonmagnctic inclusions and

inhomogeneities. For small angular deviations , and ay or M, where

E\=M):_FIIMS &.f.f.}'=;\’1\[r .flP'r'I\,

from the equilibrium Z- direction may be expressed as
L =Ep +1/2 ox Bxx + 112 o’y By,

Where 11 15 assumned that x and vy are the principal axes of the cnerpgy minimum
Instead of Exy & Eyy the anisotropy field H i and H ¢ are oflen introduced.

Their magnitude is given by

H% = Eyx /2Mg and H;" =E., 2My

H Q & H {", represents the stiffnesses with which the tagnetization is bound to

the equilibriun direction for deviations in the X and Y divection, respectively.

The rotational snsceptibihties ¥, and .. Tor fields applied aleng X and Y

directions, respectively are

Y= Mg/ HE L =Myl B
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For cubic matenals it is often found that H‘i and Hf‘ are equal. For o ; =

H f‘ = H" and a field H which makes an angle B with the Z-dircction (as shown

in Fig.4.3) the rotational susceptibility, %, in one crystallite becomes
Yo = Mg /11" 5in’0

A polycrystalline material consisting of a large number of randomly orented
grains of different shapes, with each grain divided into domains in a certain
way. The rotational susceptibility x. of the material has 1o be obtained as a
weighted average of .. of each crystallite, where the mutnal influence of
neighboring crysiallites has to be taken into account. If the crystal anisotopy
dominates other anisotropics, then H* will be constant throughout the matersal,
so only the factor sin’® (equation 9) has to be averaged. Snoek [3] assuming a

linear averagiug of ¥, . and found

2M
X . = - M
r - 3H
The total internal susccptibility
AM {Cos?8  2M g
=Xy T AT KL B

If the shape aud siress anisotropics can not be neglected. H" will be larper. Any
estimatc of ¥, will then be rather uncertain as long as the domain structure, and
the pore distribution in the material are not known. A similar cstimate ., would
require knowledge of the stiffness parameter k aud the domain width L ‘Fhese

parameters are influenced by such faclors as imperfection. porosity and

crystallite shape and distribution arc essentially unknown
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Fig. £.5: Magnetization by wall motion and spin rotation
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4.4.5 Techniques of Measurements of Permeability

Measurcments of permeability normally involves the measutements of (he
change in self inductance of a coil in presence of the magnetic core. The
behaviour of a self inductance can now be described as follows. Suppose we
have an ideal lossless air coil of inductance Ly, . On inscrtion of magnetic core
with permeability 1, the inductance will be pl, . The complex impedance Z of

this coil can be exptessed as

Z =R +)x = juLgn = jeoLy(p'-) u') {(12)
where the resistive part is

R= wLoy” (13)
and the reactive part 15

X = oLy (i4)

The 1.f permeability can be derived from the compicx impedance of a coil Z

{equation 12) . The core 1s usually toroidal to avoid demagnetizaiing effects.

The quantity Ly 15 derved geomelrically.

4,46 Measurement of Frequency Characteristics of Mn-Zn ferrite

Samples

The frequeucy characteristics of the Mn-Zn ferrite samples i.e. the permeability
spectra were investigated using an Hewlett Packart Impedence Analyzer of
model n0-4192ALF. The mean diameter and the thickness of the samples are
given 1n table 1.2 and 1.3 The measurement of inductances were taken in the
frequency range of 5 KHz to 13 MHz. The values of measured parameters
obtain as a function of frequency and the real and imaginary part of
permeability and the loss factor are given in table 5.1 to 5.18. ' 1s calculated

by using tbe followmy formula
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Lg = Ll'l’..l.ll
and
land = p"'/’

where L, is the self-inductance of the sample core and
1oN’s

L, =2e
T

where Ly 1s the inductance of the winding coil wrthout the sample core and N s
the number of tums of coil ( here N = 10 ), s is the area of cross scction as

given bellow
s = dh
where d =( d|~ d;)/2

I = height

aud d is the mean diameter of the sample given as follows

dy+d,
2

d=

wdﬁfﬂ‘é

‘ e £
g 2 ¢
4.5 THE MICROSTRUGCTURE STUDY ){/’//’Tjd—

The microstructure study of the Mn-Zn fermitc samples with and without
dopants were performed iu order to have an insight of the grain structures. The
samples of different composilions and sintered at different 1cmperatures were
chosen for this purpose. The samples were polished using the conventional
melallurgical process. Then they were elched. The etching solution contained
H;50, { concentration was 95%-98% ), C;H;04 { concentration was 10% ) and

water. They were mixed in the ratio of 2 : 1 1 respectively, While etching the

i3

L



samples n the etching solution, the teraperature of the solution was kept at
about 70" C to 80° C, and the samples were kept in the solulion for 30 mun. to

40 min. The etched samples were then visualized under a polarizing

——r——
A

microscope and then phntngra?hed, -
1:--—-——'''‘'-'''-'""='_""""-----..._

-——
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CHAPTER-5

RESULTS AND DISCUSSION

5.1 X-ray Diffraction

The X-ray diffraction patterns for the different Mn-Zn ferrite samples ate
shown 10 fig-51 to fig-5.9. The 20 values of thé diffiaction peaks
corresponding to different planes are shown in table 2.1. The caiculated values
of lattice parameter ‘a’ for differcnt samples are given in table 2.2 and table
2.3. An increase was evidenced in the lattice parameters (Table 2.2} with the
addition of V205, TiO; and CoQ additives. The lattice paramcters { Jable 2.3)

15 found to decrease with the increase of Cu’” content except for the sample for

copper content x=0.03.

The X-ray diffraction patterns of both the groups of samples clearly indicare
their single and spinel phase formation. Analyzing the XRD patlerns we notice
that the position of the peaks comply with the reported value[t] within
experimental error. The sharp peaks reveals that the samples are in pood
crystalline form. Also the clear peaks exhibit the presence of single phase m the
samples. The bulk density pp was measured by usual mass and disnensional
consideration, The X-ray deusities p, for different samples were calculated by
using the lattice parameter as stated in 4.1 of chapter 4 The porosity I’ of the

sainples was calculated from the values py and p; by using the following

expression [2]

P=1- ppf py

in Table 2.2 aud 2.3 the results for porosity, bulk density and x-ray density are
summarized. By subslituting Cu®™ ion for Mu®' ion into Mn-Zn [femites a
relatively higher density was obfained. The increase in density with Cu

substitution in Mg-Zu ferrites have Leen reported [ 3]. The density increase is
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caused by the lowenng of the porosity and by the sepregaled layer. It is
interesting to observe from the table 2.3 that the porosity values are found to
decrease with inereasing Cu®' substitution, thereby giving an impression (hat
copper substitution might be helping in the densification of the materials In the
cas¢ of samples with addinves it is obsreved that the density of the specimen
rather decreases and this effect is drastic for the CoQ additives compared to
V4Osand Ti0s

5.2 Curie Temperature Measurement

Curie temnperature 15 2 measure of exchange force in femmagnctics . it is the
tcmperature at which the thermal energy KT tending to disorder the system jusi
wins over the exchange energy tending to order the system mapnetically. At

this temperature, ferrimagnetic substance thus changes over (0 a paramagnetic

substance,

It has been observed that, whenever diamagnetic ions are introduced in the sub-
lathce, the Curie temperature decreascs. Zn substituted mixed formtes are
examples of this, The exchange integral for A-site i.c. J4, is almost negligible,
So, Zn substitution only weakens the A-B interaction effectively. 1f the number
of substituted ions is not too high, the overall ferrimagnetic airangement is not
destroyed even though somc loosely bounded spins may become locally canted
or distorted, at temperature T<Tc. For larger substitution. the A-B interactions
may become comparable 10 or even weaker than B-B interaction. In this way
the collinear ferrimagnets often change to canted ones. Both the local canting
and lonpg range non-collinear structures were reported [4] Qwing to this
reduced A-B exchange interaction with increasing Zn®' content, the Curie

tetnperature will drop. This was first found out by Forestier [5)].

Our Curie  temperature measurements involved the measwiciment of
permeability u, while varying the temperature, as already stated before At

Curie teinperature Tp the permeability i showed abrupt fall. The curves for
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vs T Tor our two series of samples arc shown in fig.5.10 to fig.5.11. Il is noted
(hat the samples of two series contain diflerent Zn®' contents. In A-series Zn®'
contents 1s 0.44 mole% while in B-series it is .22 mole %, 1t is obscrved {rom
the Mgures 5.10 and 511 that when mole % of Zn0O was higher, the Curie
temperature T, is lower. This is expected because of the inclusion of hipher
concentration of non-magnetic Zn in the material This is in harmony with the

theoretical and cxperimental Gindings.

Figure 5.10 shows the vanation of u with temperature T (or A-scries. It 1s
observed that when 1 mole % TiQ, was added the Curie temperature decreases
as cotnpared with that of the non-additives samples. 1t appears that the addition
of non-magnetic tetravalent Ti*" have an indirect effect on the propertics is (hat
the ¥e* content is increased. Since Fe?' on an octahedral sites contributes a
positive anisotropy, the addition of Ti** will effect a decrease in the Cune
temnperature[6]. But when 1 nole% CoOQ is added instead of Ti(); Curte
temperature increases. This can be explaincd on the basis of A-B interaction. In
the presence of sirong A-B interactions, greater thermal encigy is requited to
offset the spin alignment which results in higher Curic temperature] 7]. Here A-
B interaction between Fe - Cop®* and Mna2'- Coy’ ions wmay play a
significant role in increasing the strength of magnetic interactions in the case
of V;0s additive sainple the permeability dropped drastically { nearly 1/5th the
value of the non-additive samplc) and the change in permeability with

temperature was not significant. As a result T, for the V05 added sample could

not measured,

Figure 5 11 shows the variation of p with temperature T for Cu-substitutes
samples of the general composition My 39.,.CuZng 25Fe; 020, . where x= 0.0,
0.03, 0.06, 0.1G, 0.15 etc, It is noteworthy that the shape of the 1 - T curves
strongly depend on the snbstitute composition. 1t also depends strougly on the
preparation condition since these ferrites are in polycrystalline lorm and arc

prepared by ceramic technique. The Cure tenperalures show a decreasing
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wrend on substitution of Cu™* for Mn®* (fig-5.13). The decrcase of T, with an
increasing Cu®' content may be explained by a modilication of the A-B
exchange interaction strength due to the change of the Fe'' distribution between
A and B sites. The decrease of the Curie temperature is due to the weakening

of the A-B interaction.
5.3 Magnetization Measurements

Magnelization curve for the fermite samples are shown in fig -5.14 to fig.-5.15.

The measnmments for V;0s, TiO; and CoQ doped samples are shown in fig.-

5.14 and for CuO substituted samples are shown in fig. 5.15.

Magnetization in ferrite samples originate due to the difference in the magnetic
moments of the two sub-lattices. The larger the difference, the greater is the
resuitant mapnetization, because of lhe anti-parallel arrangements of the
moments in two snb-lattices. The magnetic moment of each sub-lattice arises
due 1o the presence of magnetic jons such as Fe®' Fe' , Mn® . Zn®'. Cu’’,
Ti''. V7", Co®' ete (as in our case) in Lhem. Different magnetic ions occupy
different sites 5o, as a whole, the btwo sub-latlices have their individual
resultant magnetic moments. The differences in magnetic moment between the
two sub-lattices pive rise to net magnctic moment which in turn yields
magnetization. Now the site preference of the magnetic ions is rather complex
since 1t is governed by many comnpeting factors. The principal dominating

lactors are;

(a) The ionic radius: Due to the small size of tenahedral site. smaller
tons mefer to stay there. lonic radii normally decrease with increasing valency.
As a result. divalent ions are bigger than the trivalent ones. So, it 15 expected

thal A site will be dominated by trivalent cations,

(b)_The electronic conliguration: Certain ions show special sitc
preferences due to their eleclronic configuration. For example, Zn®' jons show
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special preference to A site where their 4s, 4p electrons can form 3 covalent

bond with 6 2p electrons of oxyygen 10ns,

(c) The elecirostatic emergy; This is another factor which plays

substantial role in deciding a site for a cation. The electrostatic energy of spincl
lattice or the Madelung energy is the energy gained when ions are brought from
mlnite distance to the spinel lattice. [n normal arrangements the metal ions
with smallest positive charge are surrounded by 4 O3 jons and the metal ions
with higher positive charge are by 6 O; ions. This is clectrostatically most

favourable.

The above stated discussions reveal that. magnetization of ferritcs can be
seriously affected by preparation procedure, sintering condition. composition
etc. This is so in our measurments teo. In figure 5.18 it can be seen that the
magnetization measured at 1280°C sintering temperature varies with the
addifives. This dependence may be explained by taking into account the cation
distribution between tetrahedral and octahedral sites of the ferntes. The highest
magnetization comesponds to Co’* added samples. Since all the Mn®" ions and
Zn”" ions occupy tetrahedral sites while almost all the Fe™ ions are picsent at
octahedral sites, the strength ol A-B exchange interaction, due to Fe' ions. is
very weak, As suggested by Yafet and Kittel [8] , a strong anliferronagnetic B-
B interaction may, therefore, be present due to Fe'' ions al B sites which
decreases the magnetization of the B sites vielding lowest value of M, for
My Zn, Fe;04. Mossbauer study of CoFeyO, [9] shows that Co™' ions having
& magnetic moment of 3.5 p; , have a preference for octabhedral sites. Co® ions
may, therefore, lead to migration of Fe'' ions from B-sites to A-sites due to
preference of Co® ions for B-sites. The strength of A-B interaction thus starts
increasing which disturbs the balance of anti-parallel spins at B-sites (hus
increasing magnetization of B sites resulting in a significant ingrease in the nel
magnetization. When 1 mole % TiQ ; is added then magnetizalion decreases

slightly. It is known that Ti* ions have strong preference for B-sites. As non-
ghtly EP
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magnetic Ti' ions replace Fe™ jons of magnetic mement Spg in B-sites, the net
magnetic moment M=Mgp-M, decreases, hence decrcasing the magnetization. In
the case of V05 the magnetization decreases significantly. 1T Tike I, the V'
lons prefer B-site, the magnetic moment is expected to deacresc. However, the

eftect 1s found to be drastic for V05 doped samples than for TiQ, ones.

Figure 5.19 shows the variation of magnetization with Cu-snbstilution of the
composition Mg 1., CuZny 22Fes 060y . The saturation magnetization
ncieascs for x=0.03 and this starts decreasing with further inciease of Cu'?
ions. Neutron diffraction studies of Muy sZnyg 4Fe;Qy ferrites [ 10] vield the
cation distribution as (Mnye* Zng,”") [Fes' JO,% it shows that atl the Mn?'
ions and Zn®" ious occupy tetrahedral sites while all the Fe'' ions oceupy

octahedral sites. For the present ferrites, the cation distibution can be

writien as

(Mng 7, Zngs®' Fet™) [Cud Feg o 104 oo o (1

By substituting Mn®" ions with Cu®", having & magnelic moment of | p,,
on the octahcdral sites {B-sites), an increase of the magnetization of B sub-
lattice takes place. Thus, the initial increase of saturation magnetization for
0.03 mote® of CuO substitution may be explained as the veinforccment of
the A-B interaction thns helping the suppression of nepative B-B
qnteraction. The magnetization at B-sites is, therefore, increased thus
ereasing the net value of M, For Cu content, x-0.03, decrease of M, is

observed and the following explanations have been proposed:

+ the cation distribution differs from {1) i.e., when the value of x exceeds
0.03, M, again starts decreasing because the number of Fe'' ions migratiug,
to A-sites increases thus decreasing My and increasing M,

» some of the iron ions hehave paramagnetically in the B-sites 11, 12§;

» the formation of CuFe;O,4 nonmagnetic solid phase, nondetectahle by means

ol qualitative x-ray analysis.
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Fig 5.14: Magnetization curves for the samples Mnosi1Zny asFez,50, without and

with 1 mole % additives of V,0;, TiO; and CoQ.
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5.4 Microstructure Study

It 15 well known that most of the clectromagnetic characlensiics of a lemte
material strongly depend on the microstructure of the fired body. Core loss, as
one of the most important characteristic to any ferrite materials for switching
power snpplies, 1s dependent on the microstructne as well. Desired magnetic’

properties of ferrites could be achieved by the control ol inicrostruciure

The microphotographsof the samples are shown in fip 5 20 to fip 5.40. All the
photographs were taken by polarizing microscope at the Department of
Matennal and Metallurgical, BUET. The pictares were taken at 400X

magnification.

Figs. 5.20 to 5.31 are for the sainples of the comnposition Mng s Zny 4uFe; 050,
with different additives like V05, TiO; and CoO. Again Figs. 5.32 to 5.40 aie
for the samples of the composition Mny 7., Cn,Zny ;2Fe; 020y where x=0.0. .03,
0.06. 0.10 and 0.15. All these photopraphs for samples sintered al lemperatures
1227°C, 1188°C, 1365°C and quenched at 1300"C

The general conclusions that can be drawn from these photographs are as

follow:

i. The smterng procedure have meat influence on the microstructre. The
grain size of all the samples increased with sintering temperature, But lor
guenched smnples we had small grains. This 1s because the grains did not

get enough titne to grow.

2 Umformn grain distribntion is obscrved for the quenched samples This
unifonn distribution also corresponds to high permeability. Our permeability

spectra supports this result.

3 It seems that, for samples sinlered at lower temperature, relatively larger

number of pores was formed. This is deleterious to .



Fig 5.20: Mmmplmtograph for the sample M «Zan a50¢;040, sintercd 1 1227

( Magnificd 400 times )

Fig.5.21- h’TiCIDthIOg]‘aph for the sample Mo s1Zng yFe, 00, & ntered at 1365°C

{ Mapgmified 400 times )
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Fip.5.23. P\*Ilcruphumgraph for the sample M si.Zng . Fe; 150, with | ——

additives of Ti0), sintered at 1227°¢ ( Magnified 400 times )
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Fig 5.24: Microphotograph for the sample Mo <12 b cz0:00 with 1 male %o,

additives of TiO, sintered at 1365'C ( Magnified 400 times )
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1.5 25 Micropholograph for the sample MiosiZna yiFez 00 with T nle 2,

adiitrves of TiOy sintered at 1300°C { Magnified 400 times )
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. : ith 1 mule 8a.
Iig.5.26: Microphotograph for the sample MM niZne sife00: w

additives of CoO sintered ot 12277C ( Maymifted 400 times )

Fig.5.27: Micraphotogmph for the sample Mo 170 siFey050, with | mole %4,

additives of CoO simered at 1365°C { Magnified 400 1imys
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Fig 5.28: Microphotograph for the sample M siZin aiFez Oy with [ mole s,

additives of CoO sintered at 1300°C { Magnilied 400 times )

Fig.5 29: Mictophotograph for the sampte M 2. CuZny wFes 0, witl k=0 ¢

sintered at 1188°C { Magnificd 400 times )
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Fge .50 Microphotograph for the sample My 7. L1670 22Fe; 60 wirh x=1) ()

sintered at 1365"C ( Magiified 400 times }

Fig.5.31. Microphotograph for the sample M 5. CueZ i Fe, w0, with <=0 1

sintered at 1300°C ¢ Magified 400 times }
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: Fer ey with <= {)3
I12.5.32 Micropholograph for the sample M nCudig e

sintered a1 [188'C { Mapified 400 times )

Fig 5.33. h-]‘icr'ﬂphﬂmgm])}i for the sample M 7..Cu.Zng 1.Fe 00, with -t 13

sintered at 1365 Magnified 400 times )
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Fig.5.34: Microphotograph for the sample Mo 2.CuZay 2Fe, 10y with <=t U3

sintered at 1300"C { Magpnified 400 times )
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Fig 5.35: Microphotograph for the sample My 2. CuZna pFe 0y with =0,00

sintered at 1188"C ( Magnitfied 400 times )
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1.5 36 Microphotograph for the sampie Mo CuZiy s:FerO, with « 1 0o

sintered al 1365"C { Magnilicd 400 times )

Fig 537 hrh'cmph:)mgraph for the sample My CuZuy wloe, b 2y with =0 (g

sintered at 1300°C ( Magnified 400 times )
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Iig.5.38: Microphotograph for the sample M2 CuZnozaFe, w0 with x=(h 15

sinteved at 1188"C { Magnified 400 times )

Fie.5.39: Microphotograph for the sample Mty 1 CuZne ke, Oy will x=0_] &

sintered at 1188"C { Mapmficd 400 times, )
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Fip.5 40: Microphotograph for the sample Mo 2 CuaZin pFe e with x

sintered at 1188"C { Magmificd 400 times )
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5.5 Permeability Measurements

Permeability curves (or the two series of samples doped and substitution ones
are shown in [ig.-5.41 o [ig.-5.56. Fip.-53.41 to hyg -5.49 are the curves of o
and ' agamst frequency for samples sintered at dilferent lemperature and fip -
5.530 to [1g.-5.53 are the curves for the samples of different dopant percentages

and By, 5,54 to fig 5.56 are the curves for the sample smitered at different times.,

Permeability measurement comprises one of the mosl important part of the
present work, Actually, we were looking for an optimum composition in Mn-
Zn {errite, as well as the best sintering condition. Our alm was Lo attain the

following poals:
. Opiimum comnposition
2 Optimun sintering condition.

3. Maximum penineability.

4. Uniformity of permeability over a iarge frequency range

Looking at the permeability spectra we search for the above inention properties
w different samples. Fig.-5.41 to fig.-5.56 depicts the permeability spectra over
. lhe frequency range from 3 KHz to 13 Mz The reat part p° and imaginary
part pu”* of complex permeability are sbown m solid lines and dotted lincs

respectively. It is 1o be mentioned that, there are a large number of factors
associated with the domain motion and hence the magnetization process related

to our measured
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permeability of the ferrite samples. First and foremost comes the contribution
from domain wall movement and spin rotation in domains, The uncertainty of
the conmbution from each of the mechanism, howcver makes the theoictical
interpretation of the experimental results difficuit. For a spherical grain with
diametral and sphenically bulging walls, Globus {1975) [13] shows that the
intrinsic rotational permeabilily p® and 180" wall permeability 1™ may be

writicn as:

(1}

where M, is the saturation magnetization, K is total anisonopy. D 15 gran

diameter and -+ is the wall energy.
Total anisctropy K =K;+ Ao

where o is the internal stress. Since the wall cnergy v = K&, .where 8, 15 the

wall thickness, Then
n” = 14+ (3n/48,) (M2, /KD,

The rotanonal permeability 15 dependent only on intrinsic properties such as
M, K, and A, which are controlled by chemistry. [n addition the wali
penneability is micrestructumally sensitive to grain size and intragranular
defects such as porosity, secend phase, inclusions and dislocations that afTcet
the wall energy. So, there are too many paraincters invelved and i nany ways

they affect the permeability. 1t 15 thus difficult to explain the permcabibily

spectra quantitatively.

in preseni work, the measuremeuts done by changiug the sintening temperatures

for a particular sample giveu n fig-5.41 to fig.5.49 show a common feature.
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With the increase of sintering temperature T, p' is found to increase at first and
(hen decreases. Tlis is explaimed as due to lowering of domains wall energy by
casy domain wall. movements, This explanation 15 supported by our
microstruciure study. Since increase in prain size 1% associated with lower grain
boundary area which vanes proportionally with the square of the Iinea:rl
dimensions of grain, while magnetization increases is proportional to volume,

which increases as cube of the livear dimensions of the grawn. So for smaller
wan size the major confribntion shonld come from rotational permeabihity

Tis is also supparied by Joseph Pankert [14]. In his paper titied * Influence of
grain boundarics on complex permeability in Mn-Zn fenite” he suppested that
proceeding to smaller grains lcads to monodomain state where no domains wall
can exist instde single gram. The microstructure study disclosed that with the
ingrease 1 T, the grain size is increased, Thus for a large grain permeability
should increase as 1t varies proportionally wilth grain diameter. Thus higher p
tor higher T, can be accounted for The grain diameter D depends on the

sinfering time as the followmg relation hold good
D =ki"

where D is the average grain diameter, k is the proportionality constanl, n=1/3
and t is the sintering time. All the samples were sintered al different
temperatures. The sintering temperatures were 1188°C, 1280°C, 1365"C and
1300°C . The sintering time for the samples varies frum 1.5 to 2 to 4 hours In
case of all the samples except that treated at 1365°C shows expected increase in
penineabilitics. For the samples heat treated at 1365°C though the gian size
was ubserved to increase the penneability was found 10 decrease drastically.
We belive that the reason behinds this pbenownena is that the samples heat
trcated at higher temperature contains increase number of pores within the
grains which results sbarp decrease in penneability. Similar phenomena was

observed by Guilland [15]. He demonsteated ihat the permeability of a NiZn

100



fenite diastically decreased with increasing percentape of grains possessing

pores despite increcasing grain size.

It is intcresting to note that for all the samples, ‘quenched” from 1300°C gives
the highest penmeability. Quenching phenomenon needs special aftention.
When we qnenched the samples the gram size of the samples were lound to be
small. Because they did not get enough time to grow, The grains were also
unilorm in size. When the materials are quenched from an elevated
lemperature, the condition of the sample at the elevated tempeorature is nonnally
“frozen in®. As a result we get uniformiy distributed and microscopically more
homogeneous matenals with small grains which could rotate more easily due to
the small value of shape anisotropy. Thus a higher value of p lor quenched

matcrials can be accounted for.

Except for very low frequency the real part of of the permeability ' for the
heat frcated samples is fonnd to show constant unifonn value over (he
frequency range 10KHz to 2MHz. It is observed that as the permeability started
to deciease, the resonance frequency f, ( i.e. (he frequency at whiclh ' shows

peak) gets lugher. This really confirms with Snoek’s 1elation stated as
1t f,= constant

E. GG Visser [10] reported that below 1 MHz 1 is dominated by wall motion,
Between 1 and 3 MHz p’ 15 determined by rotational susceptibility ¢, and p"
by wall susceptibility %' Above 3 MHz wall motion 1s strongly damped and
the rclation Levomnes dominating precess in Mu-Zn ferrites. 7. Kimnura et. al
| 16] suppested earlier that, there should be a transition frequency Lelween 0.5
to 2 MHz above which the rotational process dominates. This feature is
attributed to natural resonance. This ceramic is thought to be a good candidate

for use in mnltitayer chip inductors
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We now look al the effect of additives and substitutes on the permeability i.e.
the initial permeability p'. Fig.-5.50 to fig.5.53 show the vanation of p' and p”

with [requency for different dopants. The ellect of addiftives 1.e. dopants are

¢ to change the densification of the ferrites therely changing the mechanical

propertics like hardness, evosion ete.,
» the additive can control the mobility of the porosity and

it can segyregate all the grain boundaries and control the giain prowth,

The effect of additives, however. is not monotonous because two apparenily
opposite eflects are produced by additives in respect of coercivity and inztial
permeability. When the grains me bomogencous and free of porosities the
coercivity pets lower and permeability increases. However this positive effect
on pertneability is countered by the smaller size of the crystallites. On the other
hand, with increasing addilives the growth of prain can be favoured with
associated mcrease in ptnneahi]il,}'.-But these prains may be separated by the
random segregation of additives which hinder the domain wall movement. I is
also noted that the effects of additrves on the magnetic propertics could nol be

separated from the miluence of compositional inhomopeneity.

We now concentrate our focus fowards Fig 5.50 to 5.51. Permeability at all
lrequencies was effectively reduced by addition of CoO. The mesence of Co
ions is expected to significantly modify its anisotropy and consequently the
measired penneability[17]. Globus[18] has given the following approximate

relation for (1':
w=M. dn/K,

Whete din is the average grain diameter and K, is the tnagnelocrystalline
anisotropy constant. Since addition of Co®” ions increases the value saturation

magnetization M, and gram size does not change significantly, an increase in
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the value of K, may be responsible for decrease of p’. Co™ ions, when present
n small quantity. conlribute to the positive value of K, and hence reduce p as
the host lattice posscsses negative anisotropy[19.20]. It was shown thal
permeabilily value was shightly reduced by addition of | mole?s TiO.. A low
value of p' is attributed lo high porosity of these sanples. It is alse dependent
on ofher factors like domam wall motion, size and distibution of pores in the’
crystallite and solubility of Ti'' ions. With the addition of I mole %% V,0; |
penueability decreased significantly. This is duc to the large effective grain

boundary thickness cotnpounded with the lower grain conductivity of the

sample.

Fig.3.52 to 5.53 shows the inflluence of the copper ions substitution on
perieability. One can observe that the perincability value increascs with
mcieasing copper content in the Mn-Zn-Cu feirite. We tried to correlate this
result with the influence of the copper content on the grain size. In peneral the
permeability is related to two different magnetizing mechanisms: the spin
rotational magnetization and the domain wall motion. Globus suggested that the
domaim-wall motion was alfected by the prain size and enhanced with the
mcreasc ol the grain size [21]. The grain growth being a result of interparticle
mass transport One explanation must be sought in terms of the inMuence of
Cu*' jons n the diffasion process. Of conrse, the grain boundary diffusion may
play an important tole in the grain growth during smtering, because the
activation cnergy for lattice diffusion is higher than for gramn boundary
diffusion {22},

From our penineahility measurements, we also calculated the loss factor tand or
D and the quality factor Q. Fig.-5.57 to fip.-3.67 show the variations of loss
laclors tand or D with frequency of the two series of samples sintered at
different sintering temperature T, , D is minimum for {requency upte 1MHz |
The nse in the value of D alter that can be associated with resonance

plicnomenon occuring in the domains. Brockman e/ af. [23] frst brought this



thing to notice. These mvesligations found that the loss factor D nises sharply
t.¢ the permecability drops rapidly at frequency about 1.5 MHz. This frequency
was found to be dependent om size of the core They explained this

phienomenon in tenns of the building up of an electromagnetic standing wave

propagaling in the naterial with relative permeability p and relative dielectric

- 1 . . -
coustant £ rednced by the factor J= as compared with that in vacuum:
oH

hence the wavelength is

C

Q—
fen

where ¢ 15 the velocity of light and f 15 the fiequency. For NMn-Zn ferrite,
;l*—]'[ﬁ, £ ~5x10%; il we assume £=1.5 MHz, the wave lengtlh is estimated to
be A=2.6cm. If therefore, the dimensions of the core is equal to an integer
multiple of the wave length A, the electromagnctic wave will resonant within
the core, giving rise Lo a standing wave. This type of phenomenon is known as
dimensional resonance. So the rise of D at frequency about 1 MHz can be
attributed to this phenomenon. If we now search for any effect of additives on

the value of D, we find from fig. 5.66 that the addition of 1mole% 190, and

V105 decreases the valne of D bul the addition of 1 mole% Co(Q increases the
value of D, Figy,ﬁ? show that the substitution of Cu®' ions for Mn®' ions

increase the value of D.

The quality factor or Q factor 1s shown in fig.-5.68 to fig-5.78. Fig.-3.08 1o
l1g.-3.70 are for the samples of two series sintered at different sintering
temperature and fig-5.77 to fig.-5.78 are for the variation of Q-valne with
different mote percentage of additives and CuQ substitutes. We have already '
defined Q faclor as the reciprocal of tand . So, these curves arc mere a
1ecipiocal representation of tand values. We first consider figs. 5.72 to 5,76 for
the Cu-snbstimtes samples of the composition Mng.,Zng2:C0.Fes w0, The

results that can be extracted from these fipure are as follows.

104



payausny - - = - - !
O GEEL--+ - - _
D 0RZL-- -
o [k me
payauesnn —e—
O Sotp—v—
O 0871 ——
D LEEL —e—
(Saut] panlop)-------- =1
(saut] dieys) =

‘sanpeIMiom

JIRURIE 32 paJapurs ORI duz T dupy sapdures i 10] sasnd uomsadsyy (TFS 911 1

==-={zH}W}} *Aousnbais

SRS w @ - om B W Ry o
b kY = 0
=T == = B = L= L ™ B, = SR oo T v [ e B o B i
S 2 E 3228828838288 8
I 3
T e
...... ll - -
- l.. ... -
X . *
K.:..;... '
T
T x *
L%
.
- -
-
o SADPPe ON |
P AS0 T P 0 150 _
O At~ RASE /A 4|

T 05
¥ ook

T 054

ole

T 05¢

T 00%

OsE

1 Ov

* 0Sf

<mmmmmmms=(, 10, SGngraunay

105



“samyerdury JIIRIP [B paryms SOl

JO BAAIPPE % SJOUL T Itk POV Ta 47 7 s gy sjdires s 1of seamo uotsadsy] TrE o

paysuann- - @ - -
0538 - * - -
DU0EEL - - -

payuSnT) —»—
oecgyL ——

20087 L —e—

SUIT PAIOP)--rme- =1
{s2uT] dreys) =7

afmmmn— {ZHMN ‘Aouanbaiy

" — — ate
L] 3 e [ [ie ] o =) 23] o - {ar ] =
= ] = L] =} e ] =] o [ i ] = L} £ <o ~d o on £ Gl ] -
[ ] ] = o = ] 2 = ] ] =] L) ] = = o = [ o = [ = r Lo [ pl P [y —+
[ ] [ ] (=) L ] = [ L] L) =] it o] L] L] [ = | it i} j=] L] = i ] = ] [ ] fobr] h

AP e T 55 e 3 ="y 0
T Ah 2 e . F...-””ﬁ.
R I o .
u_n...x-. " N |

-

4 aol

1 051

OC%A 10 wmp_ﬁ_nvm-w\w sjour §;
: wOmo.N 2 0 GN_W.GEZ

T ooe

1 052

goe

gmememm= (1T <Bppepeouniag

106



pAYIUSND - = - -
D LTTL -
D GoEL - e
o3 TA R R
L pRyDuEnND —=—
D LT ——

O st —w—

O 088l ——

{sau] panop)------- =1
(saurt dreys) =

‘Samerdnry JusIgrp e panyws Z0LL

JO SSAIIPYE 9 SJOW T Uy *OFTT8 I OIZ S Dupy s3[dwes ou) JOJ saAInd BORDAST (EFS AT

<-=—-{ZHM)} ‘Aouanbaig

— -t
Fa o £ o - ra
P = & = o o i =t in o =
= = o o o = 2 o P
g 8 &8 &8 8 &8 B8 8 88 8 8 8 8 o
a- u...' - J...Ln u...u._. mrnup..inuu‘ﬁ\ﬂll‘_:l.‘lﬁul.r;.-{.r D
+ ¥ A,
o *,
+ P I -
...q P
. + 04

wwOmem SATNDPE 9, u__uEm.

. B
.

R
sl

T o0e

oov

s TTLLI I S [ LT ITEE N

107



801

300

Mng 51 Zng g Fep 0504,
1mole % additives of CoO
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Fig 5.44: Dispersion curves for the samples Mg 1700 «Fe, o:0; with 1 mole % additives of

CoO sintered at different iemperatures.
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Fig 5.46: Dispersion cimves for the samples Mg 70..CtZimg 2Fe; 04 with x=0.03 sintered

at different temperaiures
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The samples sintered at low temperatwre and small duration of time { from
fig, it is 1241°C, 2 howrs) is of highest Q-value. This i5 probably due to the
growlh of less imperfections and defects in them than the samples sintered

at bigher T,.

The samples sintered at higher temperature 1288°C show a low Q value
consisiently, These saroples are sintered [or relatively longer times (4 hours)
than others. So, the number of imperfection nay increase in them 1elative 10

others, which may be yielding the phenomenon.

Smaller grain size is competent for larger Q-values. Both the samples
sintered at 1241°C and the gnenched ones have smaller grain size ( as is
evident from our microstructural stndies). These two are the owner of the

higher Q-values.

Figs 5.68 to 5.71 are the samples of addition of 1 moles additives of V.0s,

TiQ; and CoO. Again we observed that samples sintered at towest temperature

1£

. 1227°C arc the candidate for higher Q-values. Samples sinicicd at higher

temperatures 1365°C are the ones having lowcst Q-values.

Another intereshng thing that can be figured out from figs 5.68 to 5.76 1.,

both the cetnposition is that, roughly 100KHz to 2 MHz is the (requency region

over which Q-values is highest and shows aimost identical behaviour.
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Conclusions

6.1 Conclusions

Mu-Zu ferriles samples were subjected to various mvestigations, The analysis of our

experimental measurements indicate (he following results:

From the XRU patterns, it can be concluded that Mn-Zn ferrite samples are in good
crystalline form and the material formed 15 of single phase. Density calculation shows
that copper substitution helped in the densification of the matenials of the composition
By Cuedig Fe; w0y whereas the density rather decreased for the sample

Mot a1 &Nl 22030 with additives like Co0, V.05 and TiD:

From Curic temperature measurements, a decreasing trend in the Curie teiperature is
ubscrved for the substitution of Cu®' for Mn® The Curie temperature is tound to be
very sensitive for the additives like Ti(; and CoO. V305 in My s1Zng Fez 50 In the
case of | mole % TiO;added sample Curie lemperature decreased by 8'C. and in the
case of CoQ, T, mereased by 40°C. In the case of V505 added sample, T, couid not be

measured,

The results from the magnetization measuremenis reveal that crystal sitc preference of
cattons, sintering conditions, preparation procedure etc can significantly allect the
satuation magnetization , M, vatve. The saturation magnetization increases for x=0 03
in Mg .. Cu,Zng 3oFe; 1504 and then decreases for further increases of Cu?'. Saturation
magnetization significantly increases by the addition of 1 mole CoO in
Bl 51200 gsFea sy, But it decreases for the addition of Ti: and ¥ ,0s, and the effeq

1 drastic for V20« doped sample than for TiO; ones.

[rom permeabibty spectra, it is noticed that sintering condition and additives
substantially affect the permeablity value. Quenched samples are tound 1o possess
higher permeability. From 10KHz to 1 MHz, for all the samples the permeability was

found to remain almost frequency independent. The loss factor and quality factors are ,
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also calculated and this study revealed that sintering condition 15 a deternining factor

{or high quality Mn-Zn ferrites. They also show a slighi compositional dependence.

The mecrostructure study show that grain size increases with sintering temperature.

The quenched samples have smaller grain size but almost uniform in size.

In a nutshell, from the investigation crried out in this work we may apily draw the

following inferences:

a) quenching is the best sintering condition for obtaining matenals of higher

permgability,

b) the highest permeability can be obiained by choosing the proper compaosition and
mamtaining the best sintenng condition. The sample Mng 7. CuZng2Fer0y with

x—0.15 sintered at 1280°C exhibited the best composition of high permeability.

c} Pores have profound effect on various aspects of Mn-Zn ferrite. Control of

micrastructure 15 therefore essential for producing lechnologically useful matenials,
62  Further Suggestions

Some of our results arc interpreled in terms of changed anisotropy and
magnetastriction with composition and sintering However, experimental values of
these parameters are not known, Measurements of magnetosiriction and anisotrapy tor
these materials are therefore essential.

Since large number of parameters are involved in determining the oplimom
composition and sinlering condition, further work in this field is needed. For
anisotTupy measurements, single crystals of these ferrites are needed. Growing of

single crystal of these ferrites is another proposed research wark for the future
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Appendix

Table-1.1: Name of the Mn-Zn ferrite samples and thetr chemieal

formula
Series Name of the samples Chemical formulae
A-l Mng 5 Zng 447y 30y
A-2 My 5, 4ng gales 1Oy, 1 mole %
additives of V0,
A-Series A-3 Mny 5,20 44F €5 30y 1 mole %
: additives of TQ,
A-4 Mny ¢, 20y 54k ey 55t 1 mole %%
additives of Cul)
B-i B 0. C, Zng 52l ey g0y,
x=0.00
B-2 S LIESM ST T
x=0.03
D-Series 13-3 Mny 3 S0 Zny o Fes Gy,
x=0.06
B3-4 Mng 50, CU Lty 55Fe; 5y,
=0.10¢
B-5 Mg 7. CuZng 23 e 000,
x=1.15

Tablel.2: Specifications for teroidal samples of A-scries sintered at

1300°C.
Gengral formula Mo, 5, 20y 4, Fe; 00,
Additives Mean heighl | Mean ouler Mean inner d=d+d,/2 d=d,-d./2
h dia. d, dia, . {11t cim) {in cm)
{in cm) ( incm)} { incm)
No additives 0.480 1.005 {1.535 U770 0.235
1 mole % V,0, {1.341 ] 044 {(1.560 (h.802 0.242
1 male % Ti0, (.466 1.026 0.54% (787 ) 238
1 mole % Co(d 0,390 1.028 {.550 U789 .239
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Tahle-1.3: Specifications for toroidal samples of B-scries sintered at 1300°C

GEI'I‘.‘.I."HI fﬂ]‘mu]ﬂ h"ln"_'_',l"_lcu!Zﬂu EEFEI,“HDd-

Values o' x| Mean height Meuan vuler dia. | Mean inner d=d\+d,2 | d=d,.dy2
hiin cm) d dia. d, fire cm) {Incm)
{in em) fin cm)
Q.00 04987 1.00235 0.5325 07675 1.2350
{103 04850 1.0212 0.5425 (7818 0.2394
{106 0.4733 1.0337 05312 {7925 02412
0110 0.4800 1.0450 0.5537 0.7994 0.24356
.15 (0.4312 1.0225 0.5450 (L7837 0.2387
Table 1.4: Specifications for rod shaped samples
Samples Mean diameter Mean height Mass Density
{ in cm) {in em) {in gm) {in g_]nf"i.:l‘l11l}
A-1 1.3433 12475 8.30 4.6945
A-2 1.3616 1.1087 714 4.4222
A-3 1.3608 1.H25 6.6 4.4885
A I 3286 1.USET 142 4.8700
B-1 1.3250 1.0650 6.88 4 6358
B-2 1.3250 0.9987 6.60 4.7925
B-3 1.339] 1.1287 761 4.7806
B-4 1.3270 1.1412 7.58 4 3024
B-5 1.3233 1.2737 8.40 4.7761

Table-2.1: Summery of the XRD results

Major 20 values { in deg. ) observed in XRD) patiern

Al 75,90 35.16 42,58 56 36 61.80
A2 79,56 34.90 56.10 61.04
A3 29,59 35.04 42.54 56.18 61,78
Ad 29.48 34.80 4238 56 10 61.76
B-1 59.68 34.38 7734 56.00 61,50
B-2 79.56 34.54 4230 5508 61.50
B3 29.52 14.92 4748 $6.26 01,78
-4 29,56 3483 4248 56.00 61.58
B-S 29.60 14.90 4744 56.20 6172
(hkl) (220 311 (400 &1 (440)

14‘)_
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Tahle-2.2: XRD resulis for a-senes samples

Samples a(ind) px (ingm/cm’) | Caleulated density | Porosity %
pr ( in gmiem

A-1 B470 5143 4 694 3,730

A-2 8 520 5.069 4.422 12764

A-3 8500 5.096 4,488 11926

A-d 8520 5048 4 871 3522

Table-2.3: XRD results for B-serics samples

Samples a(ink) px(in gmfcm’™) | Calculated density | Porosity %
pe { in gm/em’)

13-1 3 528 4,992 4 686 6.129

B-2 & 530 4,994 4.792 4.045

B-3 8510 5035 4 786 4,945

B-4 8.326 5.012 4,802 4,189

B-5 8514 5042 4 776 5275

Table-3 1 Curie temperature for the samples

Samples Curie temperature { in "C)

Muy 5120, 948 €2 0504 160

Mng s1Znp adFes 504, 1 mole®o additives of V.05 ftot found

Mny 5,20y 44Fe3 0504, 1 mole®s additives of TiQ, 182

Mny, s1Z0g 45Fe2 050 1 mole?s additives of CoQ 230
Mng 7 Cueding 3oFe; 504 with x=0.0 297

Mnyg 7..CuZing 2oFeq 000y with x=0.03 270
Mitip 7. CueZing 20F ey 0pChy with x=0.06 255

Mg 7 Cuding aFes w0y with x=0.10 237

My 1..CuZny 2Fe; 0204 wath x=0.15 2472
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Table-4.1: Magnetization values for A-scries samples

Samples Field intensity (in Oc¢ )

300 {600 | 800 [ 1000 1600 | 2600 | 2600 | 2800 | 3000
Al 52.08 [64.67 |66.75 | 67.59 | 6884 | 69.26 | 6967 | 69.67 | 70.09 | Magnetsation
A2 23.62 [2789 [29.02 [ 2947 [ 30.59 | 3082 | 31.27 | 31.27 | 3127 | values in
A3 5430 [64.94 [66.92 [ 68.23 | 67.90 { 67.90 | 6823 | 68.56 | 68.56 | (con/p)
A-d 54.79 [ 73.68 | 74.88 | 76.10 | 76.71 | 77.32 | 77.32 | 77.93 | 75.54

Table-4.2: Magnetization values for B-series samples

Samples Field intensity (in Oe)
300 600 300 1600 | 1600 | 2000 | 2600 | 2800 | 3000
13-1 201 | 7V027 | 7416 | 7705 | 7898 | 7RSO 17898 | 7R.O% | 78.08 Mapnctization
| B-2 73.20 19632 | 9824 11002 [ 1026 }102.6 | 103.5 [ 1035 [ 103.5 | values in
8- 3439 | 64.94 | 6092 | 68.23 | 6790 [ 67.90 | 68.23 | 68.56 | 68.56 {emufpm}
B-4 5479 | 73.68 | 7488 17610 | 76.71 | 7732 | 77.32 | 7793 | 78.54
B-5 4241 | 6918 | 72,14 | 73.62 | 75.11 | 75.60 | 76.00 [ 76.09 | 76.09
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Table-5.1: Data for Permeability measurement of samnple A-1 sintercd at 1280"C

fikKHz) L Lg tané or Q=112 u T

(in Henry) | (x107% D

x 107
5 500 e B 32727 | e
20 490 0.103 9.708 32092 33.03
&0 4.84 (029 34482 6.7 Q.18
100 4.84 0.025 401004 316,79 792
200 4 %3 0.018 55.555 316.14 5.69
400 4 83 0.019 52.631 316.14 0.01
800 4 84 0.027 37.037 316.79 8.55
100 4,86 1.527% 0032 31.230 J18.10 10.18
2000 5.05 0.065 15.384 330.54 21.48
4000 5.30 0.295 3.389 346.90 102.33
6000 4.40 0.572 1.748 287.99 164.73
000 3.35 0.797 i.254 231.0% 184.15
10000 286 0.994 1.006 187.19 180.03
11000 258 1000 0.917 168,87 184.07
12000 2.34 1.186 (.843 153 16 181.65
130010 212 1.283 0779 i38.76 178.03

Table-5.2: Data for 'ermeability measurcment of sample A-1

sintered at I3II][I'“C

fiKHz) L Ly tand or Q=1/D iy w"

{in Ienry} | {x1 D'a} ()]

x 10
5 6.00 i AL LT 110 s S [P ETREEPRE
20 5.90 0.076 13.158 402.76 3h0l
80 5.83 0.0206 38.461 397.98 10.35
100 5.83 .023 43.478 V798 9.15
200 5.82 {.021 47.619 39729 8.34
400 5.80 0.029 34.482 395.93 11.48
800 5.83 0.051 19.608 . 397.98 2029
1000 3.84 1.4649 0.062 16.129 398.60 24.72
20100 6.00 0.130 7.692 4(19.58 53.24
4000 5.60 0428 2.336 38228 163.61
6000 4.41) 071e 1.391 30036 213.96
8000 3.37 0.5465 1.057 230,05 217.63
L0000 2.56 1.136 (880 V7475 148.52
11000 243 1.224 0.817 16588 203.04
12000 2.21 1310 0.763 150,80 197.63
13000 2.01 1.395 0.717 137.21 191.41
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Table-5.3: Data for Permeabitity measurement of sample A-2 sintered at 1280°C

(KHz) L L, and or Q=1/D B b

{in Henry) (}{1{]'8} D

x 107"
5 o0 |00 [ e | 67.00
20 1.30 - R7A0 | e
80 1.27 0.123 %.130 25.09 10.46
P00 1.27 0107 0 80 85.09 8.68
200 1.27 0.052 19.230 R5.04 4.42
400 1.27 0031 32.258 85.00 2.64
Gl 1.27 0024 41.666 85.09 2.04
RO 1 268 0.022 45,454 8496 1 §7
1000 1 267 1 40258 00N 47 61% 84,89 1.7%
2000 1,27 0.023 431 478 B5.00 1.95
4000 1.28 1.036 27.777 85.76 1.09
6000 1.30 0.054 18.518 87.10 4.70)
$000 1.346 0.087 11.494 90.18 7.84
10000 1.38] 0.144 6.944 97,53 13.32
1 1000 1.384 0181 3.525 92.86 6 Rl
12000 1.383 0220 4 545 B2.66 2038
13000 1.270 2641 3.83%1 a1.79 23.96

Table-53.4: Data for Permeability measurement of sample A-2 sintered al 1300"C

f{iHz) L (in Henry) | L, land or Q=1D Ty "

x 107 x19™  |D
3 200 1 e e 194,731 e
20 2.00 s | e {21374 mmmmm—aaas
50 2.21 0.050 20.00 714,71 10.73
100 221 0.040 25.00 214.71 .59
200 2.20 {.023 43 478 21374 4.49]
400 220 GOlL3 66 666 213.74 321
B00 2.21 (L0115 3.0006 214.71 3.22
1000 2.21 1.0293 L0116 62,500 21471 3.43
2000 2.23 0.025 40,000 216.065 5.41
40010 238 0061 16.393 231.22 14.10
6000 2.55 0.193 5181 247.74 47.81
2000 243 0.382 2.617 236.08 918
1000H) 2.15 0.361 1.782 2888 11718
1100) 2.0 0.641 1 560 19528 125,17
12000 1.87 0717 1.384 181.67 130,26
13000 1.74 {.790 |.260 169105 133.55
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Table-5.5; Data for Permeability measurement of sample A-3 sintered at 1280°C

fK1z) L {in Henry) | L, tand or Q=1/D 1 1"
x 107 (10 I)

5 5.00 el IR PR (C B0 T [E——
20 4,50 (Lo (IR 35,52 2811
80 4.76 0027 37.037 n2.97 8.18
[]4] 4.76 (1023 43478 30297 6.97
200 4,76 0.015 66,666 30297 4.54
400 4.78 (.013 6,923 302.97 3.94
600 4,80 {1.015 H6.666 30552 4.58
800 4,78 0.017 38823 304.24 517
FO0D 4 8Q 1.5711 0.020 50.000 305.52 611
2000 5.03 0.041 24.390 320016 13.12

| 4000 5.40 0.270 3.703 343.71 02.80
G000 4.50 0.541 [.¥48 286,42 15495
8000 3.66 0.747 1.338 232.96 17402
(10000 3.01 0.920 1.087 191,58 17626
11000 2,75 1.003 0.997 175.04 [75.536
12000 2.52 1.085 0.921 1660 39 174.03
13000 231 1.168 0.836 147.03 17173

Table-5.6: Data for Permeability measurcment of sample A-3 sintered at 1300°C

{KHz) L {in Henry) | L, tand or Q=1/D Ty '

v 10 (x10% >
5 4,00 e B L. AL L. e
20 4.10 0.103 .78 290.06 29.87
80 4.07 (.030 33.333 287.94 .67
100 4.07 0.020 iR 461 28794 .48
200 4.06 0.017 28823 28723 4. 88
400 4.06 0.7 58823 287.23 4. 88
600 410 0.4019 52.631 290.06 5.51
800 4.07 0.023 43.478 287.23 6.62
1000 4,08 1.4135 0026 38401 288 64 T.50
2000 4.21 0.050 20.000 297 .84 14.8%
400G 4,50 0.223 4,444 11836 7059
G000 4.00 0.447 2237 232 9% 126.49
2000 3.41 0.643 1.555 241.24 155.12
10006 2.87 0.811 1233 203.04 164.68
114300 2.05 {1.58%1 1.122 18748 16704
12000 2.45 0.969 1.032 173.533 167.95
13000 2.26 [.048 1.048 150 8% 167.56
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Table-5.7: Data for Permeability measurcment of sample A-4 sintered at 1280"C

fikllz} 1. {in Henry) | L tand or Q=1/D b B

x 107 x10% D
5 I Y [y pU—— 0823
20 97:1 R I QU PR— | TR
20 134 0.102 9.804 91.41 4.32
1} .34 ORI 12 345 o141 7 40
200 [.34 0.044 22,727 9141 44047
401} 1.34 (1.030 13333 0941 2
U0 1.34 (0.029 34 482 Gi.4] 2.63
800 1.33%9 0.031 32.258 491.34 283
1304 1.338 1.4659 0,034 20411 G127 3.1
2000 1.34 052 19 231 9141 4.5
3000 1.35 0100 10,000 0209 9,20
OO0 1.36 0.162 0173 v 77 15.03
OO0 1.3068 0.24% 4.6 93.32 23.24
10000 1.323 L6y 2710 ag 25 3330
110400 1.273 0438 2283 80.84 33.03
12000 §.209 0.507 1,972 5247 41.81
13000 1.138 0372 1,748 F7.63 44.40)

Table-5.8: Data for Permeability measurement of sample A-4 sintered at 1300°C

f(KHx) L {in Henry) | Ly land or J=11 Ty T

107 (x10%  |D
5 300 || | 253068 | ]
20 2.80 el IR 236,76 mmmm
30 2.83 0.0458 20,833 23930 11.48
140 2.83 0.040 25.000) 23930 .57
200 2583 0027 37057 23930 698
400 2.83 0.027 37037 23030 6,465
G0 282 0.03% 31.250 238.44 7.63
800 282 0032 25,641 21840 330
1000 282 1.1826 0046 21.739 23846 10,97
2000 282 0.045 11.764 23846 20.27
4000 283 0172 2813 235,30 41.16
HO00 2.84 0.282 3.546 24015 6772
|00 273 (.452 2212 230,85 104 .34
1 D000 238 0.070 1.479 201.25 136.05
110010 216 0,789 1.267 182.05 144,117
12000 1.96 0.898 1.113 165.74 148 %3
13006 1,77 E.004 0,996 42,67 15027
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Table-5.9: Data lur Permeability measurement of sample B-1 sintered at 1288°C

K H.) I {in Henry) | L, tand or Q=1/D 1% L

x 10° (x10M |D
5 3.00 etk EESEREREE et O1CY, SR [
20 260 | e mmmmmemeee F]G4TR | e
40, 2.60 0.048 20833 194,73 034
1040 2.60 0.039 25.041 194,73 7.54
200 260 0.024 41.666 194,73 4.67
400 2.60 0.020 30.000 L9473 359
H00 2.00) 0.021 47.619 [94.73 4.09
M) 2.60 0.025 41006 194.73 4,87
1{100) 2.61 1.3352 0.028 35714 195,47 547
2000 245 (1.050 20,000 198,47 .92
4000 2.84 0.142 7.042 21270 J0.20
6000 2.77 (1.355 2.817 207.46 73 064
8000 2.38 0.571 1.751 178.25 101.78
100300 2.00 (751 1.331 149.79 112.49
11000 1.38 0.832 1.202 137.06 114.03
12000 1.68 0.910 1.099 12582 114.50
13000 1.55 0.987 L0113 116.09 1i4.58

Table-5.10: Data for permeability measurement of sample B-1 sintered ¢ 1300°C

({KHz} L {in Henry} | L, tand or Q=1/D B u"

x 10 (x10™%) I3
5 700 SR VN 7Y T S ——
20 1 N S [ —— 22919 emmeme
&0 3.50 0.034 29412 229,19 7.79
100 3.50 0028 3574 22919 6,42
200} 350 0.019 52.631 22919 .35
40} 350 0018 55,555 229,19 4.57
GO 3.50 0.022 43,454 229,149 504
&00 150 AR 38401 229149 5.96
1000 3.50 1.5271 0031 32,258 224919 710
2000 152 (L0536 17.857 230,50 12,41
4000 3.09 0.124 8.004 241.63 29,96
GU00 3.80 (.281 3.538 248 84 69.92
Y H 3438 (0.495 2.020 227.88 112,80
1000} 2.96 (.700 1.428 193,83 135.608
11000 271 0.79¢ 1.25¢6 17746 141.26
12000 P48 {1885 P.125 102,40 14437
3000 2.27 {.980 1.020 148,65 145.67




Table-5.11: Data fin' Permeahility measurement of sample B-2 sintered at 1288"C

[[KH7) L {inHenry) | Ly tand or | Q=1/D ' "

x 107 10y | D
3 100 R e I L1 1 i ——
21 0 11 N e I et o 23008 | e
20 372 0.034 29.411 22411 7.62
100 3.22 0.029 34 483 22411 6.50
200 3.21 0.019 52.63 22341 4,24
400 321 {.018 55.553 22341 4.02
00 3.21 g2 47.619 22341 4.69
800 321 0.025 40,000 223.41 5.58
1000 322 [.4368 0.029 34.482 22411 (.50
2000 3.34 0,057 17.544 13246 13.25
4000 3.49 0.274 3.649 247 90 H0.53
GO00 2.90 .53 1.879 206,01 109.60
5000 241 L.732 1.360 167.73 122.78
10000 2.00 0.893% 1.113 13520 125.00
11000 1.83 0.974 1026 127.37 124,05
12000 1.08 1.048 (0.954 116,92 122 54
13000 1.55 1.121 {1,802 107.88 120,493

‘Table-5.12; Data for Permeability measorement of sample B-2 sintered at 1300"C

fiklIz) I.{in Henry) | Ly tand or O=1/D p' p

x 107 x10™% D
5 4.00 e | - - | 26941 —memmamaen
20 3.90 - - |- 262.68
80 3. 0.032 31.250 20403 R45
100 392 0027 37.037 264.03 7.13
200 391 RIARY 52.631 20335 5.00
400 3.91 TRINE 55,5355 26335 4,74
60 3190 0.027 43.478 262,68 6.4
800 3.91 0.028 35714 263.35 7.37
1000 3.92 1.484% (.033 30303 204 05 871
2000 3.97 (1.062 16,129 267.39 16.58%
4000 425 01649 R 280,25 453.38
G} 4.00 0.392 25312 20941 107.23
8000 3.43 0.013 1.631 231.02 141.062
10000 2.86 0,799 1.252 192.63 153.91
11000 2,01 0 ERS 1120 175.79 155 58
12000 2.4 0.967 1.034 61 635 156 31
13000 2.20 1.047 0.%55 145,18 i55.14
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Table-5.13: Data for Permeability measurement of sample B-3 sintered at 1288"C

fikHz) L {in Henry} | L, tand or Q=1/D N T

x 10°% (x10% | D
5 4 00 e R 274.55 e maae
20 390 267.69 R —
&0 3.86 0,034 29411 264 .64 90l
100 185 .028 15714 26426 740
200 385 0.01% 52.632 204.26 5.02
A1) 3.84 .01y 52.632 263.57 5.01
00 190 0,023 43 478 207.6G .16
R00 3.86 0.027 37037 264,94 713
1000 J.88 1.4569 0.031 32258 26632 R25
2004} 4.07 0.072 13.888 27936 20,11
40{1() 4.05 0.339 2.949 276.61 93,77
HOo00 330 059G 1.678 226 51 135.00
LAV 2.64 0.7y 1.255 181.21 144 42
10000 2.15 0.959 1.043 147.57 141,52
11000 2.15 0.959 [.043 147.57 141.52
12000 1.80 1.00% 0.811 123.55 35.66
13000 |66 1.163 {.859 11394 113.51

Table-5.14: Data for Permeability measurement of sample 15-3 sintered at 1300°C

f{KHz} L ¢inHenry} | Ly tand or Q=1/D 13 r"

x 107 (x10% D
5 400 || e e o ¥ B
20 3.80 - - [26374 | -
80 3.77 0.032 31.250 201.66 8.37
100 3.76 0.027 37.037 260,96 7.04
200 3.76 0013 55,555 260.96 4.69
400 3.75 0.017 58.823 26027 4.42
600 380 0.020 50.000 26374 5.27
800 370 0.024 41.606 260.96 0.26
1000 176 1.4408 0028 33714 260,96 T3
2000 3.82 (3.050 20.000 20513 i3.25
4000 410 0.142 7.042 284 36 40.41
G000 4.00 0.349 2865 277.62 UG89
00D 3.49 0.557 1.79% 24222 13492
10000 293 {.740 1.351 20336 150.48
11000 270 {1.824 1.213 187.30 154.41
12000 2.49 0.903 1.107 17282 156.06
13000 229 0.981 1.01% 158.94 135.92

158




Tuble-5.15; Datn for Permeubility measurcment of sample B-4 sintered at 1288"C

{KHz) L{inllenry) |1, 1118 or (=1/D i "

A 107 (10 D
5 4.00 e Bl I Y | v ———
20 3.80 wr | e | 240,35 S —
a0 3176 061 16,393 237.82 14.51
100 3.76 0.049 20,408 23782 11.63
20 3.73 0.029 24,482 23704 088
J00 375 0.022 45.454 23719 3.22
{1fH) 380 (.1122 45454 24035 57%
1] 376 0.024 41.6606 23782 5710
(ILEY 377 1.3810 2y 37037 238.90 .45
2000 .04 056 17837 24432 13.9%
4000 4,04 0,282 3.546 255,53 72060
6U00 3.40 0.525 1.904 215.05 112.90
000 199 0,709 1.410 176.47 123,11
10000 232 {1840 1174 146,74 124.5%
11000 214 {196 1104 13536 122,63
12000 1.98 0.958 1.044 125.24 114,97
13000 1.85 1.004 {1,996 L1701 11748

Table-5.16: Data for Permeability measurement of sample B-4 sintered at 1300°C

fikllz} L fin Henry} | Ly tand ar =10 0 L

x 10 (x10h D
5 4 00 mmmmmmmmmme | e [ 3040 e
20 3 Bl e I e RN L B
80 3.7%9 0.034 29410l 25517 8.07
11 374 0029 34 482 235,17 7.4
200 370 RHT 55,355 25517 .54
40 3.78 0a1s 660660 254,49 3.82
GH) 3.80 6.Oa17 58.823 255,84 4.35
800 378 0.019 52.631 254 49 4.83
1000 3.79 | 4853 0.022 45.454 255 16 5.01
2001(1 385 {0.038 26316 25021 HER5
4000 4.13 (114 8.771 2781 31.70
GG 4,10 (L2940 3378 27604 8171
000 370 0.486 2057 249,11 2] 06
16000 3.20 0.650) 1 538 21544 | (104
1100 246 0.725 1 374 (99,28 144 44
124100 275 0.745 1.25% 185,15 14719
§ 3000 2.50 0.8601 l.1&1 172 35 145,40
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Tuble-5.17: Data for Permeability measurement of sample B-5 sintered at 1288"C

HKHA L {in Heory) | L, tand or J=1/D n' n'

x 10 (xioh D
5 500 | T [T IRT |l
20 470 0.003 P1752 314,78 Mp05
80 4.03 0,028 35,714 31009 868
100 4.63 0 024 41,666 310,09 7.44
200 462 0,017 58.823 309.42 5.26
460 461 0.017 58.423 308.75 5.2
600 4.60 0.021 47.619 308.08 6.45
R0 4.63 0.025 400000 310,69 7.75
| 000 465 P4yl 0,029 34.482 311,43 G113
2000 493 0.077 12.987 330,14 25.42
4000 4.75 0.367 2.724 31813 116,75
£000 3.80 0.628 1.592 254,50 159.83
8000 3.01 0,820 1.206 20 59 167.12
10000 2.45 (.984 1.016 164.09 161.46
11000 224 1.049 0.953 150.02 157.37
12000 2.06 1.108 0.902 37.97 152.87
13000 1 90 1.163 0.859 127.25 147.99

Table-5.18: Data for Permcability measurement of samiple B-5 sintered ot 1300°C

T HZ) Viom lemy) | L, land or Q=11 I T

x 10 x10M | D
5 4.00 - 272.2%
20 %0 T 259.22 S -
B 379 0.033 23 Rng 238.54 833
L) 3.79 0.027 37.037 258.54 698
200 378 0.018 55355 237 86 4.64
4(H) 378 RERRS B2 300 23780 412
600 3.80 018 55,355 259,22 4 66
800 378 0021 47.01% 23786 541
141CH) 3.78 1.4059 0025 40,000 257 806 645
2000 3.84 0.043 23.256 261,95 11.26
4000 4.16 0.131 7633 283.78 377
G000 4.110) .336 2.976 279,640 03 97
030 3.56 0.536 1 BG5S 242 85 130017
10000 3.4 0.707 1.414 206,70 14613
11000 2.79 0 784 1.275 19032 149,21
12000 2.58 BT 1.167 176,00 150,83
13000 39 0927 1074

16




	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134
	00000135
	00000136
	00000137
	00000138
	00000139
	00000140
	00000141
	00000142
	00000143
	00000144
	00000145
	00000146
	00000147
	00000148
	00000149
	00000150
	00000151
	00000152
	00000153
	00000154
	00000155
	00000156
	00000157
	00000158
	00000159
	00000160
	00000161
	00000162
	00000163
	00000164
	00000165
	00000166
	00000167
	00000168

