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Abstracts

The magnetic and structoral properties of (Feig, Vi)rsP15Cip alloys have been studied by
measuring the magnetization and structural parameters. The samples arc fabricated by
conventional melt spinning lechnique at wheel speed of 25 mfsec. The as made samples
arc found to be ferromagnetic at room temperature and all of them go through the
magneiic phase transtlion between 500 and 600 K. The magnetic phasc transition of all the
studicd samples arc obscrved to be around the glass transition temperature T, which is
between 650 to 700 K. The DTA and TGA data have shown some exothermic peaks above
700 K indicating some structural phase transformation above this temperature, All the
studied samples have shown a small second peak at even higher temperature around 800 K
which may bc attributed to oxidation of the samples. Addition of Vanadium (¥} has
resulled in significant decrease in magnetirzation values. Addition of V is likely to have
incrcase in grain size in a matrix of ferromagnetic Fe panicles surmrounded by the
non-magnetic C and P atoms. However, an exceptional behavior was recorded for the
sample (FeasVisk:PisCip which has shown a remarkable increase in magnetization values.
The possible reason [or this unusual behavior may be altributed (o the formation of nano
grains initiated by vanadium. This enhancement in magnctization has becn supponied by
the magnetoresistance data which has also shown a remarkable increase inm the
magnetoresistance value for this panicular concentration of V. The EDS analysis shows
that addition of ¥V did not causc any stoichiometric imbalance in the alloy system.
Addition of ¥ is expected to increase the cocrcivity of the alloy system and enhance the
magnctic propermies. However, from this study it is found that the mle of ¥ is similar to
addilion ol a non-magnetic solute in a magnelic alloy which is depicted in the
magmetization curves of all the studied samples. The impedance measurements on all the
samples show a pronounced non lincarity above 10 MHz with the cxception of sample-3
in which comlaing 9 at% ol V. Further delailed studies are needed (o explain this behavior
of the sample. The ac. permeahilily studies show a systematic decrease in the ac.

magnetic response of the samples with increasing frequency.
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Chapter One

Introduction



1.1 Introduction

Magnetic amorphous alloys obtoined by rapid q.
magnetic materials with a wide range of tcchnological applications. 1hey also repregent a
significant challenge to the scientific understanding of magnetic materials, since most of
ihe exisiing theones of solids assume lattice periodicity. For these reasons, the magnetic
and other properties of amorphous alloys have been very actively studied over the last
decade. In recemt wears, increasing attention has been directed to the fundamental
understanding of the structural, thermal and magnetic propertics of the amorphous alloys.
It is not only scicntifically but also technologically imponant to achieve such an
understanding. since the amorphous alloys are, in many rcspects, so different from

conventional crystatline magnetic matcrials.

A real techmical interest developed afier Pond and Muddin [1.1] reported on the
preparation of contimious ribbons of amorphous alloy. Their method consisted csscntially
of directing a molten stream of the alloy onto the surface of a rapidly rotating drum. The
present slapes of work on arnorphous ribbons originate from the study of Duwez et. al.

[1.21 on the preparation and properties of amorphous alloys.

Theoretically expected retention of ferromagnetic behavior in amerphous solid was first
demomnstrated by Nowick et. al. [1.3] in their work on vacuum deposited Co-Au alloys and
soon Tsuel and Duwez [1.4] on splat-cooled Pd-20 at % Si containing some ferromagnetie
clement partially submitled lor the I'd. Simsen and Brambly [1.5] appear to have been the
first lo point out that the amorphous alloys. excepted to have no magnetocrystalline
anisotropy, should have very low cocreivitics. However, the early amorphoos alloys of
CoP. prepared by deposition methods had coercivities as high as 10-20 (800-6007 A/m.
these high coercivittes are now understood to have arisen from composilional
inhomogenctics demonstrated by Chi and Cargill [1.6] from small angle X-ray scattering
analyms and [from strain-induced magnelostrictive anisotropy. The melt-guenched alloys
of Fe-C appeared fo be compositionally much more homogeneous but still developed
coercivities of a few Dersteds (160 A/m), many orders of magnitude higher than in the Fe-
N1 alloys Amorphous alloys of Fe-Ni-P-B prepared by the melt-quenching technique as
nbbons by solidification en the surface of a rapidly rotating drum cxhibited cven lower

coercivities, in the order of 0.1 Oe (8 Afm}.



Luborsky et. al. [1.7} {irst demonstraied the reduction of cocrcivity in thcse: alloys, down
to less than 10 mOe (90.8 A/m) by suitable annealing and showed that the changes in
properties correlated to the relicving of internal strains. At that time Egami et. al. [1.8]
showed that annealing under 1enmle stress reduecd the coercivity of a Fe-Ni-p-B-5i alley

to 3 mOc (0.3 A/m).

lhere are two technologically important classes ol magnetic amorphous alloys; the
transition melal-meialloid {TM-M} alloys and the rare eanth-transition metal (RE-TM)
allovs. The TM-M alloys typically conlain about 80 atom % I'e, Co, or Ni with the
remainder being B, C, Si, P ur Al as glass forming materials. The presence of the
metalloids is necessary o lower the melting point, making it possible to quench the alloy
through its glass temperature rapidly enough to form the amorphous phase. The present
study involves the preparation of Fe based amorphous ribbons. In this ameorphous ribbons
P and € have been used as glass forming materials. Here the e have been partially

replaced by V, the general composition being (Feonx Vo7sP1:Cep [x=1.5, 3. 9, 15].

The melt-spinning lechnique has been used for the preparation of the ribbons. The
methods of the preparation of the nbbons are described in Chapter-2 along with the

procedurc and conditions for plass forming amorphous maienals,

The studies of the magnetic properties of amorphous rnibbong are signilicant for a varicty
of applications such as power penerator transformers, magnetic heads, magnetic shielding
cte. These applications may be determined by static {dc) or dynamic (ac) properties ol the

amorphous systcm.

Moreover, the temperalure dependence and the siability and cost of materials are to be
considered besides their magnetic properlics. The de and ac properties provided
characleristics suitable for different types of applications. Generally high electrical
resistivity. high mechanical strength, good carrosion resistimee, and absence of crystalline
anisotropy. structural defects and grain boundaries characterize amorphous nbbhons. The
magnetic properics such as samration flux densiby, Curie temperatlure, magnetostriclion
and induced anisotropy can be controlled by the alloy composition and a subsequent heat

freatment.

The high electrical resistivity and the small thickness of the melt-quenched ribbens lead to

low eddy current losses. The low hysieresis losses, results in very low core losses which is



of interest for power cleetronics at hiph frequencies. For application in small electronic
devices, the amorphous nbbons have somewhat poorer losses and permeabilitics than the
convenlional Fe-Ni-B ribbon. The design optimnzation requires lower cost of amorphous
ribbons, higher induction CDIII].:IHI'E:C] to I'e-Ni-B ribbons. Amorphous ribbons have many
refined applications also like development of magnetic bubbles for computer memory,
amorphous superconduclors ete. Research in the theoretical understanding, development
and application of amorphous nbbons can thus be profitable, especially at 1ls present new

phasc.

1.2 Aim of this Work

In Tecent years, amorphous alloys have received considerable experimental and theoretical
attention owinyg to their anomalous inagneto-transport and solt magnetic properties. These
materials are interesting from both the {undamental and applied viewpoints. Because of
various superior mechanical, mapnetic and electnical properties, in comparison with those
of the crystolline state, amerphous alloys form a class of technologically imporiant
materials. They have already been put into applications in the devices .., choke coils.
high frequency transformers and the magnetic thin film heads, reported in 1991 by
Yoshizawa ef «f [1.9].

The objective of this work is to smdy temperature and field dependence of electrical
resistivity, magnetoresistance, frequency dependent complex permeability and impedance
of {Feiop V7P 1sC1p magnetic atloy, and effect of Vanadium (V) there on. The studies
involved in the present work would provide uscful information about its potentials in high
frequency switching and sensor devices as well as high lemperature power applications. In
order to achieve ihe aloresaid objeciive, the foillowing main sieps are included n the

present work:

1. The I-¥ measurement for resistivity and magnetoresistance in different magnetic
fields at room temperature, high temperature and low temperature.

2.  The measurement of ac permeability and impedance at different frequencies.

The measurement of heat dilTusivity by an evacuaied heat pulse [or siudying ibe

142

information about the existence of a pseudo magnetic phase (anlilermomametic/

" spin glass).



The measurcment of magnctization in diffcrent magnetic field at room temperature
tor measurerneni the magnetic behavior of the samples.

The measurement of Thermal Analysis (DTA), Thermo Gravimetric Analysis
(TGA. Differential Thermo Gravimetric (DT{) for the investigation of thermal

response of the film.



Chapter Two

Preparation of Amorphous Ribbons



2.1 Introduction

Amorphous solid glass which has no precise meaning, it helieved from the long time ihat
amorphous Syslem could nol exist ferromagnetism. There are different methods produced
to prepare the amorphous ribbons. This trend abolishes after the discovery of metallic
glass by Dewez et. al. [2.1] and Gobonov |2.2] in the same time. ‘There argument was
based on the evidence that the electrome band structure of crystaliine solids Jdid not
changes in any fundamental way en transition on the liquid state. The first repor of an
amorphous metallic alloy appears to have been made by Brenner ct. al. {2.3]. A real
technological interest developed alter Pond and Maddin [2.4] reporied on the preparation

of continuous ribbons of amorphous alloys.

The lechnological interest developed afier Pond and Maddin [2.4] repored on the
preparation of continucus ribbons of amorphous alloys. The theorelically expected
retention of ferromagnetic behavior in amorphons solids was first demonstrated by Marder
and Nowick [2.5] in their work on vacuum deposited Co-Au alloys and soon there afier by
Tsuer and Duwez |2.6] m iheir work on splhit-cooled Pd-20at% Si containing some

ferromagmelic element partially substituled for the Pd.

The positive way to have the amorphous state of pure metal like Fe, Ni, Co ctc at low
temperature. Alloys of these melals with glass forming materials can be obtained in the
amorphous slate by cooling the melt at a relatively lower rate of mullion dogrees per

second which can remain in the metastable stale over an exiended range of temperature.

‘Iwo imporant classes of amorphous magnetic materials are being studied inlensively in
recent time. They are the transiion metal-metalloid (TM-M) glass and the rare-carth
transition metal glass (RE-TM} reported by T. Mizeopuchi |2.7], R. Alben ct. al. [2.8]
L. M. Gyorpy [2.9] and G. S. Cargil [2.10]. I|M-M glasses arc stable for composition
around 75-80% of T™M (Fe, Co, Ni etc. or in their combinations) and 25-20% of the
metalloid (P. C, 5, B or in their combinations). Typical composition for RE-TM glass is
RE33-TM6&7 where RE is one of the rare-eanh metals like Gd, Th, Dy, ¥ cte. and TM is
one of the 3d transihion metels ke Fe, Co or N1, Recently the metallonds m TM-M glass
are replaced by non-magnetic metals like 7, HY, ete, by T. Masumoto ef. af |2.11]. The
new amorphous and metasiable alloys prepared by such techmques were used in the early
works to explore the many possibilities opened up by these new rapud quenching

techniques.



2.2 Conditions to be prepared amorphous materials

In letms of viscosily and dilTusion co-elficient we cun Ond the conditions Jor Jormalion
ulass,
{a) Metals atomic bonding 15 metallic and viscosity 13 lower than the diffusion
co-eflicient and mobility is high.
(b} In the case of amorphous material viscesity is very high and the mobility and
the diffusion co-cfficient are low. Atomic bonds tend to be covalent as in the

case of silicate (8{0;}

2.3 Preparation technique of amorphous ribbon

There are vanious techniques in use to produce a metallic alloy in an amorphous state
where the atomic arrangements have no long-range periodicity. 1he different experimental

techniques developed to produce amorphous metallic glass can be classified into two

groups.

{a) The atomic deposition methods and

{b) The [ast cooling of the melt

2.3.1 The atomic deposition methods

Depositicn can be described in terms of whether the added atom is prevented from
diffusing more than an alemie distance before it is fixed in position due to cooling and
increased viscosity. The atomic depositicn methods include condensation of a vaporon a

cooled substrate by

(i} Vacuum deposition
{il) Sputler deposition
(i1} Electron deposition

{(iv) Chemical deposition

2,.3.2 The fast cooling of the melt

For producing of an amorphous stale by any of the liquid quenching devices, the alley
must be cooled through the temperature range from the melting temperature (T,) to the

gluss lransition temperature (Te) very fast allowing no time for crystallization. The {aclors



conbolling Ty and crystallization are both stwctural and kinetic. The struciural faclors are
concerned with atomic arrangement, bonding and atomic size effects. The kinetic factors
as discusscd by Turnbull [2.12] arc the nueleation, crystal growth rate and diffusion rate
comparcd to the cooling rate. The interest in this mcthod stems from the wide varicty of
alloys that can be made as well as from the potential low of cosl ol preparation. In the
pioneering work of Duwez et. al. [2.13], a number of devices has been reported for
obtaining the ncecssary high quenching rates and for producing continuous filaments. The

methods using the principle of fast cooling of melt techniques arc:

{iy  The gun technique

{iiy Single roller rapid quenching technique

{(iii) Double roller rapid quenching technique

{iv) Centrifuge and rotary split gquenching technique
{v) Tomion catapult technique

{vi) Plasma-jet spray techmque

{vi1} Filamentary casting lechnigue

{viii) Melt extaclion technique

{ix) Free jet spinning technique and

(x) The melt spinning technigue

Alihough the different methods used in prepanng amorphous metallic nbbons are
mentioned here, only the melt spinning technique which was used to prepare the

specimens for he present work will be discussed.

2.3.2.1 The Melt Spinning Technique

The metalhe glasses are prepared by several methods employing special techmigues
which involve rapid solidification ol the mell. Mell spimning 15 une such technigue used
1o prepare metallic glasses. Certain alloys such as metal-metal {CugeZriz) and
metal-meltalloid alloys (FeggBae PdagSizg) form glasses when they are quenched suddenly at
an ultrafast cocling rate of 10% to 10°K per second. In order to prepare the abowe
mentioned metallic glasses, the required quantity of metal-metal or metal-meallod
alloys are taken in a quarz tube in their stoichiometric ratio wt2:. A set of heater coils
surround the quanz tube at one end and the temperature of the heater coil is kept more

than the melting point of the alloy compound. Therefore, the melt of the alloy compound



is forimed at cne end of the quartz tube. The melt is kept above the melling point of alloy
until a hemogencous mixing in obtained. An incn pas is [lown through the other cnd of
the quartz tube after the homogeneous mixing is formed. The molten alloy llow through
the gullel of the quarix lube and 11 15 cooled at an ulirafast rale with the heip of a rotaiing
cooled copper cylinder. On impact with the rotation dnun. the melt is frozen within a few
millisecond producing a long ribbon of metallic plasses. The experimenltal set up used for

the above process 1s shown in Fig- 2.1

Inert Gas Fressure

Quartz Tube

Malten Alloy

Heater Coil

Rotating Cooled Metal Orum

Figure 2.1: The expenmental sat up used for the melt spinning technique

2.4 Experimental details for the preparation of amorphous ribbon

The meiallic giass nbbons are usually prepared n a fumace with an argon atmosphere
(0.2 1033 atms.). The buttons prepared are of ahout 50 prams each. Care 15 taken to
ensure thorough mixing and homopgeneity of the alloy composition, by turmng over and
re-melting each butten few times. The mother alloys, formed in the form of buttons in a
furnace by sudden cooling, arc then cut into small pieces and is inserted in the quanz tube.
‘The guanz tube is connected from the top by rubber *OQ° rings and metal rings to the argon

cylinder through a valve and a pressure pauge. After proper cleaning of the roller surface

10



and adjustimg 1ts speed to the desired value, as measured by siroboscope, the induction
furnace is powered using high frequency generator. When the melting temperamre is
rcached as abscrved through a protective spectacle, the injection pressure 15 apphed by
operung the pressure valve, To avond the turbulence of the wind, arising trom the
high-speed roller in distributing the melt puddle, cotton pad and metallic shield are usually
uscd just beneath the moller. To avoid oxtdation of the ribbon during its formation. an inert
atmosphere 15 created around the roller by a slow siream of helium gas. The speed of the
moller, the volumetne {low rale, the onfice diameter, the substrale onilice dislance, the
imeclion angle etc. are adjusted by trial and error to get the best result in respect of the
quality and the geometry of the ribbons. Important factors to contre! the thickness of

ribbens are as follows

Rotating speed

(b} Angular velocity. w~2000 rev/min.
{c) Surfacc veloeity, ¥ ~ 20 m/fs

(1) Gap belween the nozsle and rotating copper drum is ~ 100 to 150 um.

(if) Oscillations of thc mtating copper drum both static and dynamic have
maximum displacement of ~ 1.5 jun

(ii1} Pressure = 0.2 fo 0.3 argon atmosphere.

{iv} Temperature of the metal Tm = 15000C. The temperature should not excesd
180107 C otherwise quanz mube would melt.

(v} Stability is cnsured for the drop to fall on the surface of the spinning drum.

2.5 Factors contributing to glass formation

‘There are three interrclated factors that determine glass-forming tendency. These are
thermodynanic conditions that favor the liquid phase relative to the crystalline phase, the
kinetic conditions that inhibit crystallization and the preccss factors that arise duc to

expenmental conditions,

‘The thermodynamic factors for glass {formation are hquids temperature T at which the
alloy melts, the heat of vaporization and the free energy of all the phases that arise or
could potentially arise during solidification process. Viscosity of the meli, the glass
transition temperature I, and the homogenecus nucleation rate belongs to kinetic
parameters. The glags ransilion emperature 15 defined as the temperature at which the
super conled liquid takes on the ripidity of a solid of more specifically at which the

viscosity approached 15 poise.

1



Fastar Conl
astarLooing Enthalpy change E due to shaort
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Enthalpy change E due to lang
range order

Enthalpy  —————
i
~
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Fig 2.2: Temperature dependence of enthalpy H and 5 correspond
lo glass transtion and S correspond to the crystalline state

Processing parameters are the cooling rate. the helerogeneous nuclealion rate and the super
cooling temperature interval. The temperature of the glass transition 1s slightly depend on
ihe eooling rale al each cooling rate the glass will freeze in a different state of internal

emergy , shownm Fig 2.2,

At the melting point T, the enthalpy H of a crystal includes latent heat of fusion due to
long range order. In the case of rapid cooling of the mell, the free energy decreases since
long range order de not take place, thus leaving the system at a higher encrgy rate. Heat
treatment, relaxation and stability are thus imporiant considerations in metallic glass. 1he
glass-forming tendency alse anses from as size difference between the components in the

elassy alloy is a necessary condition for ready glass formation.

A sinple paramcter that expresses plass forming tendency is the ratio of the glass transilion
temperature to the melting temperature defined as higher values of T obviously favor glass

r
forination. I'or metallic glass to be formed by rapid cooling, T = T—” should be grealer than

0.45 by H. 8. Chem [2.14]. Based on alloy compaosition therc arc two major groups that
rapidly form glasses. In one of these groups the metal 15 form Fe, Co, Pd, or Pt and the
metalloid is B, C, 8i, Ge, or P, these melalhic glasses constitute soft amorphous magnelic

materials.

12



Chapter Three

Theoretical Perspective



3.1 DC Elcctrical Resistivity

The law of electrical conduction in metals is obtained trom Ohm's law which is given by
=2 3

Where, | is the current, ¥ is the potential difference, and R is the resistance, From laws of

resislance, we have

L
R= P37 32
Where p is the resistivity that is the characteristic property of a metal, L is the length and
A Is the eross-sectional area of the matenal under test (MUT}. Again by the definition of
eleciric figld, we know that the electric field, E is

_Y

E=7 33

Now putting the values from equation- 3.2 and 3.3 into cquation- 3.1, we pet

=4 34

2

In gencral the current density is defined. as the current per umt eross-seclional area of the

specimen, hence, the current density using equation-3.4, will be as:

=ak 3.5

Lo |

1=

o |t

Equation-3.3 is another form of Ohm's law, where o is the electrical conductivity, which 135
again the inverse of resistivity p. Since the dimension of resistivity is ohm-m, so the

conductivily o hias dimension {uhm—m}']_

Now we want to cxpress o in terms ol the microscopie properties pertaining to the
conduction electrons. These conduction clectrons arc rosponsible for the currcnt flow
under the influence ol electric field because the ions are attached w and vibrate about their
lattice sites. They have no nct translation motion, and henee do net contribute to the
current. For the purpose, lef us now ireat the motion of the conduction electron in an

electric field. In this regard we consider one typical clectron: The ficld cxens a force —<E

on the eleetron. Thete i1s also a frictional Toree due to collision of the {om - m* — . v is the
T

velocity of the electron and £ 1s a conslant called the collision time,

T4

s, "R



Using Newton's law of motion, we have

dv \E
m*dr——eE-m*; 3.6

Where m* [s the effective mass of electron. We see thai the eflect of the collision as usual

in friction or viscous forces tends to reduce the velocity to zero. If we consider the

d
steady-state condition for our purpose. then after purting Fr = (, thc appropriate solution of
gquation- 3.6 will be as;

v=—"E 3.7

m *

This is the sleady-siate velocity of the electran, which is also known as terminal velocity
that arises from the friction. [t is opposite to the clecuic field, E because the charge of
clectron is negative. When a field is applied to a metallic wire/or material under test, there
will be two different velocities assoeiated with the electron. The velocity appearing in
equation-3.7 is called the drift velocity. This is superimposed on a much higher velocity or
speed, known as the random veloceity that arises [rom the random motion of electron like
gas even in the absence of clectric ficld. This is due to the fact that the elecirons move
aboul and occasionally scatter and change direction. This random motion conributes zero
current and also exiss in the presence of electric feld, but in that case, there is an
additional net velocity opposite to the field, as given by equation- 3.7 v, and v, denote
these two velogities for distinetion. Now the curment density can be calculawed from
gquation-3.7. Since there s a charge (—-Nc¢) per unit volume, and since each electron has a
drifi velocity given by equation-3.7, i follows thal the amount of charge crossing per ynit
area per unit time is

N 21’

) 38
m*

I= — (Neywy= ~(Ne) - — L) =
m*
This current is parallel to the elecwic ficld, . Now comparing cquation-3.5 and

cquation-3.8, we get the expression fur the conductivity as:

2
Ne‘r

mﬂt

a= 39

From equation-3.9, it is seen that o increases as N increases. This is reasonablc bocause N,
the concentration, increases; there are more current carriers. The conductivity o is

inversely properrional to m* which is also expected, since the larger m* is. the more
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sluggish the particle, and harder it is for move. The proportionality to T follows because ©
is actually (he lime between two consecutive collisions, i.e. the mean free lifetime.
Therefore the larger T is, the more time the electron has to be acceleraled by the field
between collisions. and hence ihe large the drift velocity {equation-3.73, and also the larger
¢ 13, The time 1 is also called the relaxation time. To see the reason for this naming, let us
apply an electric Neld to the material long enocugh for a drill velocity vA0} to be
cstablished. Now lei the field is suddenly removed at some instanl. The drift velocity after

this instant is governed by the following relation with E=0 as:

dv Vv
m* e =—eF—m*—
T
v
DI‘I’]‘I*E=—I‘I‘I*— 310
T

The solution appropriate (o the initial condilion is now

{
vAT=VADE 3.11

Since tis the lime between two successive collisions, it may be expressed as:

rT=— 312

Where ! is the distance between two successive collisions and v, is the random veiocity. In

terims of these o becomes:

Ja'r'rfzil
#
m" v,

3.3

l.et us now discuss the origin of collision time. It scems natural to assume that the
frictional force is caused by the collision of electrons with ions. According to this
particular model of collision. an eleciron, as it moves in the lattice, collides with ions,
which has the effect of slowing down the elecirons momentumn. This model turns out to be
umenable because it leads to many points of disagreement with experiment. ‘T'o citc only
one: the mean frec path / can be caleulated from equation- 3.12. 1T we substitute ihe values
£ 2107 and v= 10° ms™, we find that / = 10%A. This means that, between rwo collisions,
ihe electren travels a distance of more than 20 times the inter-atomic distance, which one
would expect. But in closcd-packed structures, in which atoms are densely packed, it is

difTicult to see how the clectrons could travel so far between collisions. This paradox can
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only be explained hy the use of quantum concept. According to quantum mechanics, an

electron has a wave charaecter. The De-Broglie relation gives this wavelength in the lattice:

h

m*vr

A= 314

It is well known from the theory of wave propagation in discrete structures thal, when a
wave passes through a periodic lattice, it centinues propagating indelinmiely without
scattering. The effect of atoms in the lattice is to absorb encrgy from the wave raduale it
back, so that the net result is that the wave continues without modification in cither
direction or intensity. The velocity ol propagation, however, is modified. This is what
happens in the case of an electren wave in a regular lattice, cxcept that in this case we are

dealing with a maiter wave.

3.1.1 Electrical Resistivity

In general, the resistivity is defined as the reciprocal of the conductivity, i.e.

1 -1
p=F=¢

315
Using equation- 2.9, we get the expresston for the resistivity as:
m* 1 -
P ._E w ; .16

We know from the interpretation that 1 is actually equal to the probability of the ¢leciron
T

suffering a seattering per unit time. Thus, f relaxation time is = ID'ME, then the electron
undergoes 10 collisions in one second. But we saw that the electron undergoes a
coltision only because the lattice is not perfectly regular, We group the derivations from a
perfect lattice into rwo classes
a. Lattice vibralions {phonons) of the ions around their egqumlibriom position due to
thermal exciation of the jons.

b. All static imperfections, such as foreign impurities or cryslal defects.

Among these the latter group we shall take impurities as an example. Now the
probabilities of electrons being scattered by phonons and by impurities are additive, since

these two mechanisms are assumed (o act independently. Therelore, we may wrile

i_1r.1 317 ,

T T, T

J
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Where the [irst term on the right is due to phonons and the second term is due io
impurities. The former is expected to depend on T and the laler on impurities, but not on

‘L. If we now substitute equation-3.7 into equation- 3.16, we readily [ind

m* 1 ]
P=mtppn= 7 (—+—) 3.18
T T

From equalion- 3.18 it is seen that has split into two terms: a term p, is due to scattering by
impurities, which is independent ol temperature, called residual resistivity. Another term
added to this is py, arises from the scattering by phonons and therefore temperature
dependent. This is called ideal resistivity., Furthermorc, sincc crystalline defecls serve as
scattering centers for conduction electrons in metals, increasing their numbers raises the
resistivity. The concentration of these imperfections depends on lemperanure, composition,
and the degree of cold work of a meial specimen. In fact, it has been observed
experimentally that the total resistivity of a metal is the sum ot the coniributions of
thermal vibrations, impuritics and plastic delormation; that is, the scattering mcchanism
acts independently of one another. This may be rcepresented in mathematical form as

fallows:

p =+ pay t+ pg (plastic deformation causes by the magnetic annealing) 3.19

At low lemperature, scattering by phonons is negligible because the amplitudes of
oscillations are very small; in that region Tpr—» <0, pp—> @ and hence p = p; is a constant.
As temperalure increases, scatlering by phonons becomes more effective and poy(T)
increases; this is why p increases. When temperature becomes sufficiently large, scattering
by phonons dominates and p=p,(T). Tn the high-temperature region. poi(T) increases
linearly with temperaiure The part of p which is independent of lemperature is called
Matthiessen rule. 'rom equation- 3.19, it 1s expected that p, is proportional to the impurity
concentration N;. Resistivity linearly increases with temperature up to the melling poimt

fior the case of purc clement.

3.2 Magnctoresistance

The magnetoresistance refers 1o the change in electrical resistance of a specimen in
respense to the magnetic field applied o the specimen externally. 1 he resistance change

occurs with the magnetic field when the Dicld is sufficient encugh o change the orientation

18



ol the ¢lectrons of the atoms. In that case the path of the electron becomes curved and do
not go exactly in the direction of the superimposed electric ield. The change of orentation
of the atomic clectrons occurs such that the conduciion eleciron ind more mean free path
with less number of collision with the atomic ions and the atomic electrons, then the
resistance decreases other wise it increases or remain constant. When the resistance of a
material changes with the application ol the magnetic field then the material is said to have
the magnetorcsistance. The magnetoresistance usually expressed in percentage and is

calculated by the following way

R(B)— R(D)

ME% = = 10054 3.20

Where, R{B) is the resistance in presence of magnetic field and R{0} is the resislance in

absence of magmelic field.

All metals show some MR, but up to only a few percent. Nonmagnetic metals such as Au,
exhibils small MR, but the magniiude is somewhat greater (up to 15%) in ferromagnetic
metals such as Fe and Co. The semimetal Bi also shows ~18% MR in a trangverse feld of
{.6T which rises to a 40fold change at 24T [1]. Ca is merc typieal in the same very
powerful Tield (24T) gives rise (o change of only ~2% at room temperature. This is the
classical positive magnetoresistance that varies as B® (B=applied magnetic field} in half
melallic ferromagnets such as CrDaq, Fe; Oy at low temperature [2]. 1t is absent in the free
clectron gas |3] but appears when the fermi surface is non spherical. This MR originates
from the impact of the Lorentz force on the moving charge carriers similar 1o the Hall
Effect. Tis value is ~10% at 10T, A classification of magnetoresistance phenomenon is
based on the distinction familiar in magnetism between intrinsic composition and purity

and cxtrinsic properiies of the sample.

The phenomenclogy of the magnetoresistance efTect s similar to that of magnetostriction.
This effect can be classified into two calegories: onc is the part, which depends on the
intensity of spontaneous magnetization that commesponds to the volume magnetostriction,
The second is that change caused by the rotation of spontancous magnctization, which
corresponds o the usual magnelostriction. Mot interpreted this phenomenan in terms of
the scatlermg probability of the conduction electrons into 3d holes. If the substance is ina
ferromagnetic stale, half of the 3d shell iy filled up, so thal the scatiering of 45 electrons
into the plusd state of 3d shell is forbidden. This scattering is however, permitied in a

nonmagnctic state in which both the plus spin state and the minus spin state of the upper
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3d levels are vacant. Mot explained the temperature variation of resistivity fairly well by
this model Kasuya interpreied this phenomenon from a standpoint quite different from
Mott theory. He considered thal d electrons are localized at the lattice points and interact
with the conduction clectrons throngh the exchange interaction. At 0°K the potential for
ihe conduction electron is periodic, because the spin of 3d electrons of all the lattice points
point in the same direction. At finite temperature, sping of 3d electrons are ihermally
agitated and the thermal motion may break the periodicity of the potential. The 4
electrons arc scattercd by an wregularity of the periodic potential which resulis in
additicnal resistivity. Kasuya postulated that the temperature dependence of the resistivity
of ferromagnetic metal is composed of 2 monotonically increasing part due to latice
vibration and an anomalous part due to magnetic seattcring. the magnitude ol the later
being cxplained by this theory. The effect of high temperature has been treated in two
dilferent approaches. The first approach is given by Harris et. al. [4] considers a constant
exchanpe interaction beiween magnetic atoms and a random diswribution of the local
anisolropy field is considercd which changes with lemperature. The other approach is to
consider a distribution ol exchange integral is assumed in order to take into account the
fluctuation in the amorphous alloys as laken by Handrich [5]. Both the approaches are
unreahistic and in fact no rigorous theery of the high temperamure behavior for amorphous
material has been developed. We have determined the experimental power law from the

temperature variation of magnetization in the high temperature range.

3.3 Impedance and the phases

Electrical impedance. or simply impedance, describes a measure of opposition to a
sinusoidal alternating current {AC). Electrical impedance extends the concept of resistance
to AC circints, describing not only the relative amplitudes of the voltape and current, but
also the relative phases. In general impedance is a complex quaniily and the term complex
impedance may be used interchangeably; the polar form conveniently caplures both

magnitude and phase characteristics,

7 = 20% 3.21

where the magnitude gives the change in vollage amplitude for a given current amplitude,
while the argument gives the phasc diffcrence between voltage and current. Tn Carlesian

form,

Z=R+iX 392
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where the real part of impedanee is the resistance and the imaginary part is the reactance.
Dimensionally, impedance is the same as resistance. And hence the impedance is regarded
as the total resistance that a specimen shows, It is the tolal contribution from normal
resislance, inductive reactance and capacitive reactance. The first one is frequency

independent and the latter two are frequency dependent. The impedance is calculated as

Z=JR+x 2 +x]} 323

Where R is the normal resistance, X; is the capacitive reactance and X s the induclive
reaclance. The term impedance was coined by Oliver Heaviside in July 1886. The SI unit

iz the ohm.

3.4 Inductive Reactance

Reaclance is the imaginary part of impedance, a measure of opposition to a sinusoidal
alternating current. Reactance arises from the prescnce of inductance and capacilance
eilect in the solid, and is denoted by the symbaol, the 5] unit is the ohm. When there is no
capacitive cffect the the reactance solely comes from inductance eflTect. With the
application of a linear magnetic ficld to any substance, creales a circular current inside the
substance. And ihat circular current provides a kind of resistance to the linear flow of
furither charpes through the substancec. This resislance is known as mductive reaclange.

The induciive reaclance is calculated by
X, =24L 324

Where fis the frequency and L is a constant known as inductance.

The Physical significance of the inductive reactance

Determining the volrage-current relationship requires knowledge of both the resistance
and the reactance. The reactance on its own gives only limiled physical information about

an electrical componeni:

1. The value of the reactance is a lower limit on the magnitude of the impedance
2. A positive reactance implies thal the phase of the voltage leads the phase of the
current, while a nepative reactance implics that the phase of the voltage lagy the

phase of the current
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3. A reaclance of zero implies the current and voltage are in phase (the only
siualion in which a specific value for the either the magnimude or phase of ihe
impedance can he determined with knowledge of only the rcactance) and
converscly if the reactance 15 non-vero then there is a phase difference berween

the voltage and currcnt

3.5 Inductance

When there is an arrangement of circulating current, a constant, called induciance, which

cxists between change in curreni and the Mux linkage through the circulaling current.

3.6 Permeability

Pcrmeability is the degree of magnetization of a material that responds linearly to an
applicd magnetic field. Mapnetic permeability is represented by the symbol w. This term

was coined in September, 18835 by Oliver Heaviside.

In 5[ units, permeabilily is measured in henrys per metre. or newlons per ampere squared.
The constant value |, is known as the magnetic constant or the permeability of vacuum.

The permeablity can be given as

3.25

% | v

U=

Where, B is the magnetic flux density produced by the magnetizing force H.

Saturation

The slope of the lIne that is
tangent to the B~H curve at this
point is used lo determine a
materials raximuem permeability

H

Magnetizing Forcs

Figure-3.1: B~H Curve illustrates the pracedure to daterming the penmeaklity
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It iz clear thal this equation above describes the slope of the curve at any peint on the
hysteresis loop. The maximum permeabilily 15 the point where the slope of the B~H curve
for un-magnetized material is the greatest. This point is oflen laken as the point where a
straight line from the origin is tangent to the B/H curve. The relative permeability is

dclined as the ratio of the malerial's permeability to the permeability in froc space.

g = 3.26

Where, u, =47 x 107 H/m

The measurement ol permeability has significant role to detect hard magnetic materials as
well a5 sofi magnetic materials. For hard magnetic materials, the value of the relative
permeability is Tow thal in turn leads to have high coercive ficld. On the other hand, the
high permeability is the indication of solt magnetic materials that in turn leads to have low

coercive field,

‘The above discussion on permeability is only considering the application of static Tields.
The dynamic response of the magnetic domains to the exiernal field determines the
complex permeability. The value of complex permeabtlity provides the mformation about
the inertia of the domains, their distribution and mutual coupling. I'he phase lag berween
the applicd ficld and the response ol magneltic domains determine the real 1 and imaginary

11" parts of the complex permeability.

As the desirable properties for soff magnetic materials are high permeability and low loss
30 we have to consider the losses and resonance, which affeet the permeability of soft

magnctic materials in various ranges of frequencies. If a magnctic material s magnetized
by the alternating magnetic field, & = e’ . that magnctic flux density of A is generally
delayed by the phase angle & because of the presence ol foss and is thus expressed as

B = B e The permeability is then wil! be a complex one and can be expressed as:

B pelw® g , .
L] = =py -ju 3.27

AT e T,

where, n' iy the real part which is actually the encrgy storage part and p” is the imaginary

part which is called loss factor. This complex permeability 15 then related to two different
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magnelizing mechanisms. One is the spin rotaticnal magnctization and the other 1s the
domain wall motion. In order lo explain, we can consider the hysteresis loop, which is the
magnetizaticn race owing to the alternating magnetic field, applied w the sample. This
hysteresis implies the exisicnce of cncrpgy losses in the system and these loses is

proporiional to the area of the loop,

3.7 Heat Diflusivity

The rate at which the material bar gets heated in the transient heat transfer problem before
reaching of the steady state depends not anly on the thermal conductivity but also on the
thermal capacity and consequently is dillerent for different materiais. The rate at which
the lemperature of any part of the bar changes is determined by a quantity which has been
called hcat diffusivity or thermal diffusivity by Lord Kelvin and thermometric
conductivity hy Maxwell. If s denotes the specific heat and p the density {mass per unit

volume) of the material of the bar, then the heat diffusivity (D) of the bar is given by

Thermal Conductivity

" Thermal Capacify per unit volume

e D= X 3.28
R

l'he diffusivity is a measure of how quickly a body can change its twwmperature, it
increases with the ability of a body to conduet heal and 1t increases with the amount of
heat needed 1o change the temperature of a body {s). The higher the thermal diffusivity,
the faster the heat propagation. It has the dimension length™/time and has units of cm? 7.
For common rock material. K = 10™ em®'. A high thermal difTusivity inhibils convection,

All the three quantities on the right hand side of equation 3.28 as well as the thermal

diffusivity can be function of temperature.

3.8 Differential Thermal Analysis (DTA)

DTA means the differential thermal analysis. Differential thermal analysis is the process
of accurately measuring the diffcrence of temperamuee in between the test sample and (he
reference when both are being heated or cooled al the same rale under, {dentical

environment [Yiflerences in temperature between the test sample and reference may arisc,

24



when physical or chemical changes take place in the test material. The change of
temperatures are observed either by endothermic or exotherinic peak as a function of time
or temperature. These changes may doe to dehydration, transition from one crystalline
variety to another, destruction of crystalline latlice, oxidation, hydrogenation, melting and
boiling of the materials ete. chcc reference is uscd as a baseline which 1s thermally stable

and unreactive i.e. no reaction can take place with in the ref. sample.

3.8.1 The endothermic and exothermic reactions

Reactions are accompanied by the absorption of heat is known as endothermic process or
rcactions. Reactions of this type require a continuous supply of energy from the outside to
keep them going. For examnple, the decomposition of potassium chlorate into potassium
chloride and oxygen will ke place only so long as the compound is heated from outside.
Similarly, the reaction of hydrogen and iedine to from hydro-iodic acid takes place wilh

absorption of heat.

e.g. H; + 15 2HI1 1.2 keal.
Co+25 = C52 t.3 keal.

The compounds which are formed by endothermic reactions, such hydrogen peroxide,
H;O: and hydro-icdic acid, HI, are thermally unstable. This means that the internal
energies of the molecules of ;0 and HI tend to break the bonds holding the atoms

together.

3.8.2 Exothermic reaction

The reactions which are accompanied by the evolution of heat, is known as (he exothermic
reaction. Lxothermic reaction may proceed in the absence of any supply of energy from
outside. The buming of magnesium. carbon, methane, ctc, in air, are all exothermic

reactions.

eg O + O COy + 97 keal

Mg + 0, 2MoO + 148 keal.

Thus, carben will continue te burn in oxygen with the evolution of heat until the supply of

carbon or oxygen is exbausted. Ti may be noted here that compounds which are formed by
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highly exothermic reactions. such as carbon dioxide, magnesinm oxide, are siable towards

heat. These are said to be thermally stable. This means that a very high temperature is

required to separate them inlo their component clements.

3.8.3 Peak Area, Peak Temperature, Effect of heating rate

When no reaction oecurs mn the specimen then no temperature diTerence between the
specimen and the reference sample is observed but as soon as a reaction commences the
specimen becomes hotler or cooler than the incrt material and a peak develops on the

curve for temperature diffcrence againsi time (AT/A) or temperature (AT/T).

AT

¥

Tin°C

Figure 3.2. The DTA Curve explanation

Alomg the line AB the difference is zero sincc no reaction is occurring but at B an
endothermic reaction slarts and gives rise to the peak BCD with its minimum at C, where,

the rate ol heat absorption by the reaction is equal to the dilference between the ratc of

supply of heat to the specimen and to the inert material.

Peak areg (BC x DE) is proportional 1o the amount of rcacling material. The distance BD

is usually referred as the peak width and the distance EC as the peak height or amplitude.

The area encloscd by the peak has to be accurately determined for quantitative work. Tn
this method two tangents are drawn on both sides of the peak and a straight linge AB joined

the points of iangency. The arca enclosed by ABC formed the peak arca.
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Figure 3.3: DTA peak analysis

3.8.4 Peak area function

It is convenient to introduce a function.

i1

Wip)= [T -T(p.)d

Y

Where at the quasi-stcady state (i.e. no reaction begins in the time t<to the assembly which

attains a quasi-steady state), the temperature is given by
T=p~f

And t; s a tine sufficicntly Iong after the completion of the rcaction for the system to

have reiumed to the quassi-steady statc. We shall call W the peak area function.

Wiph= [t - £(p)-T(p.t)}dt

It areas below the base line are regarded as positive and those above nepative, the peak

ared 1s

AT, - (a1

= [i=/(p)+ £ () ~T(p0) + T(py e

by (AT = T{p1) = T(pz}
=—fp1) + {p2)

= JtBt~ FUp) = T(prtiyat = 151~ F(p))—T(pytyiae

=Wip)-Wip)
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The peak arca W(P,) — W(I'z) is proportional to the heat of reaction per unit volume of the

test sample.

The peak area is thus independent of (a) the heating rate, provided that it is linear; (b) the
ratc at which the reaction taken place; (¢} the specific heat of the test sample. It does,
however, depend on the conductivities of the test sample and of the other materials in the

furnace and on the conductance belween the surface of the block and the fumace wall.

3.8.5 Effect of heating rate

Peak arca increases with rapid change of temperature (i.e. rale of heating). Peak shape
change with finer particle size o more reaction centers. The random stacking of the layers,
coupled with disruption caused by removal of inter layer water, would be expected to
expase more nuclel to dehydration at any moment for a given weight of mineral as slow
heating ratc reduces the sharpness of the peaks unduly and very fast rates tend to causc

over lapping of neigh boring reactions.

3.8.6 Transition state

A chemical reaction is presumably a continuous process involving a gradual transition
from reactants to produce an arrangement of atoms at an intermediate stage of reaction as
though 1t is an actual molecule. This intermediate structure is called the transition state.

‘The reaciion sequences are as follow.

Reactants ———» Transition state —— Products

AH is the difference in energy content botween reaclants and products, so 1., is the

difference in encrgy content belween reactant and transition siale.

3.8.7 Activation Energy E,,

The minimwn amount of energy that must be provided by a collision for reaction to cccur
is called the activation energy. It is denoted by F,,. When heat is libcrated, the heat
content enthalpy H of the molecules them sclves must decrease, the change in heat
content. Ah is therefore given a nepative sign. (In the ¢ase of an endothermic reaction,
where heal is absorbed. the incrcase in heal content of the molecules is indicated by a

positive AH)
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Transition State

Enermgy—

Pmducts

Y

Proaress of Reaction —

Figure 3.4: Activation energy for a reaction ko start in DTA expenment

3.8.8 Change of Phase

A change of phase or phase change occurs when a crysialline solid becomes liquid or
when a liquid becomes a vapor, or when the reverse of cither of these processes takes

place.

3.8.9 The latent heat in phase changes

Puring a change of phase, heat is either absorbed or given out by the material undergoing
the chanpc withoul any alternation in the temperature. We thus define the latent heal of
fusion as thc amount of heat required to convert unit mass of solid into liquid al the
transition lemperature (the same amount ol heat is given out in the reversion process). The
latent heat of vaporization is ihe amount of heat required to converl unit mass of liquid
inte vapor at ihe transition temperature and the same amount is given out when the vapor

condenses.

3.8.10 Entropy and Disorder

Entropy may be defined in ilerms of the degree of disorder or randomness of a system.
Sohd crystalline has the regularity and symmetry of the distribution of the atoms which
are arranged in an ordered way over large distances. They are said to have “long range”

urder.
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It can be seen (hat at each phasc change there 15 an increase in the randomness of the
aloms and a comresponding increases in the cntropy, when heat is supplied at such a

temperarure that a phase change does not take place (T#Tg or T,,).

The increase in entropy is associated with the increase in temperature of the subslance.
This apain represenis an increase in the randomncss of the aloms, which are then subject
0 greater thermal agitation. Tn general an increase in entropy is associated with an

inerease in disorder.

From a thermodynamic point of view, the effect of pressure is often competitive with that
of temperature. In general, an increase in temperaiure tends to melt a solid and produce a
tess ordercd system, while an increase in pressure tends to maintain an ordered phase. ‘This
creates the possibility that an isotropic liquid phase of carbonizing system may be

lavorably transformed, under pressure, iuto an optically anisotropic liquid cryptal.

* TEMPERATURE
+ GONTROLLER

0°C Reference|Junction
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Figure 3.5: A Schematic diagrarm of the DTA assembly.
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3.8.11 Experimental set-up of the DTA apparatus

¢ DTA assembly consists of a sample holder to place the sample.,

s Thermocouples for measuring temperatures.

o A furnace to heat the sample

s A program controller to heat the sample at g uniform rate.

*  And a recorder for registcring the temperature difference belween the sample

and the eference material.

3.8.11.1 Sample Holder

Sample holder may be different sire and shape and made of different materials. The most
important prerequisile is that the sample holder should not jiself undergo any thermal

transformation and should not interact with the sample.

Usually the sample holder contains two cavities, one for housing the sample and the other
for the reference material. Several materials have been used to make ihe sample holder.
These malerials may be, sintered alumina, fuscd quarty, Vycor glass, Porcelain, Silica,
Zirconia, beryllia, graphite. Pyrophylite, Nickel, Platinum, Crucible, Silver, Aluminum,

inconel, Stainless Steel, depending on the temperature range.

3.8.11.2 Thermocouples

Thermocouple is used as a temperature measuring device. W measures the difTerential
wemperature as well as the temperature of the reference material or of the furnace The emf
of the thermo couple should be almost linear with respect to the changing temperature.

Depending on the diff-temperature ranges there arc various lypes of thermo couple used.

* A chmymel-alumal thermo couple uplo 1200°C

* A Copper-constantan thermo couple from -183 to 370°C
+  Platinum-platinum -+ 10% Rhodoum upto 1480°C

¢ Tungsten-molybdenum upto 2200°C

»  Tungsten-graphitc upto 2400°C

o  Tungsten-tungsten + 26% rhenium upto 2830°C

& A graphile-tantalum carbide uplo 3000°C

Thermo couples are connected is series forn and what is known as a thermopile this

method may be used 1o increase the clectromotive force of a thermo couple.
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The accuracy of the DTA interpretation is very much dependent on the measuring
temperaiure. The quantitative DTA requires calibration with substances that have known

thie latent heats of fusion. Various suhstances have been suggested for calibration.

3.8.11.3 Furnace

Furnaces are cither of vertical or horizonial type, They arc usually tulelar end halted hy
resistance elements. Various types of heating elements are used for temperatures up to

2800°C

3.8.11.4 Temperature Controller

A temperature controller is used just to control the temperature of the furnace. In an
awlomatic method the voltage input to the heating element is controlled by a variable

transformer through a synchronous motor.

3.8.11.5 Recorder

Various types of recorder are used for registering the differential tcmperature. In the
earlier studics the differential temperature was recorded by a sensitive galvanomeler or
was automatically recorded on a photographic paper attached to a rotating drum. Pointer
of scnsitive galvanometer & pholographic dram are rotating perpendicular lo each other.
Most of the commercial recorders available to day use electronic potentiometric recorders
that simultaneocusly record the dilferential as well as the temperature of the reference

mafterial.

# A DC Amplifier is used to amplify the differential signal before feeding to ihe

recorder.

3.9 Thermo Gravimetric Analysis (TGA)

The thermo Gravimetric analysis (TGA) are often called TG% and been done
wilh the experimeni of DTA at the same time to compare the result of DTA and
TG% 1o find out more accurately what happened in the test material at cach
rising temperatures. The TG% meansy the mass loss or mass gain at different
temperatures often calculated at percenlages. The TG% resulls are usually shown in
graphical mood in which the lemperature or time is ploited against mass change in

percentage. When any reaction occurs, the reaction may be endothermic or exothermic
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may also associated with mass change duc to evaperation of fundamental element from the
sample or may be the mass gain due to new formation of compound. The 1(% peak helps

to analyze the DTA curves motc accuraiely,

3.10 Differential Thermo Gravimetric (DTG)

DTG caleulates the rale of mass change at any temperature with respeet to the differential
change ol lemperature or time at that tempecrature. This calculation is dene in association
with a TG% analysis. It is donc for the following reason. Some lime in TG% curve, there
may be one peak due to two or more successive reactions that happens with in a very short
time interval and that cannot be delected with the TG peak. TG% gives one peak for very
close successive reactions. On the other hand the DTG peaks arc so useful tool that it can
diffcrentiate very clearly that closed reactions with giving separate peaks for cach of the

successive reactions.

In DTG analysis the j—T is plotted against Temperature T or time 1 in the other axis. Al

the peak the rate of mass loss/gain i maximum. The area under the DTG peak is
proportional o the mass change dbm. Height of the peak at any time or tempcrature

indicates the rale of mass change at that temperature.

3.11 Scanning Electron Microscopy

Elcetron microscopy takes advantage of the wave naturc of rapidly moving cleetrons,
Where visible light has wavelengths from 4,000 to 7.000 Angstroms, electrons
accelerated to 10,000 keV have a wavelength of 0.12 Angstroms. Optical microscopes
have their resolution limitcd by the diffraction of light to about 1000 diameters
magnification Electron microscopes, so far, are limited to magnifications of around
LOOO 00 diameters, primarily because of spherical and chromatic aberrations.
Scanning cleciron micrescope resolutions arc currently limited to around 25

Angstroms, though. for a variety of reasons.

The scanning clectron microscope generates a beam of clectrons in a vacuum. That
beam is collimated by elcetromagnetic condenser lenses, focused by an objective lens,
and scanned across the surface of the sample by eleciromagnetic deflection coils. The
primary imaging method is by collecting secondary electrons that are released by the

sample. The secondary clectrons are detected by a scintillation material that produces
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flashes of light from the electrons. The light Aashes are then detected and amplificd by

a photomultiplier tube.

By correlating the samplc scan position with the resulting signal, an image can be
[ormed that is strikingly similar to what would be scen through an optical microscope.

The illumination and shadowing show a quite natural looking surface topography.

There are other imaging modes available in the SEM. Specimen current imaging using
the intensity of the elecirical current induced in the specimen by the illuminating
electron beam to produce an image. It can oficn be nsed to show subsurface defects.
Rackscatter imaging uses high energy electrons thai emerge nearly 180 degrees from
the illuminating beam dircction. The backscatter electron yield is a function of the
avcrage atomic number of gach point on the sample, and thus can give compositional

information.

Scanming electron microscopes are ofien coupled with x-ray analyses. The energetic
electron becam - sample interactions generale x-rays that are characteristic of the
elements present in the sample. Many other imaging modcs arc available that provides

specialized information.

3.11.1 Working Function of SEM

The "Virtual Source” at the top represents the eleetren gun, producing a stream of

monochromatic electrons.

{a) The stream is condensed by the first condenser lens. This Iens is used 1o both
form the beam and limit the amount of current in the beam. Tl works in
conjunction wilh the condenser aperture to eliminate the high-angle clectrons
trom the beam

{b) The beam is then constricted by the condenser aperiure, eliminating some
high-angle electrons

{c} The sccond condenser lems Torms the electrons inte a thin, tight, coherent
beam and 1s usually controlled by the "fine probe current knob"

{d) A usecr sclectable objective aperture further eliminates high-angle electrons
from the beam

(e} A set of coils then "scan” or “sweep” the beam in a grid fashion {like a
television). dwelling on points for a period of time determined by thc scan

speed (usually in the microsecond rangc}
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() The final lens, the objective, focuses the scanning beam onio the part of the

specimen desired.

(g) When the beamn strikes the sample (and dwells lor a few microseconds)

intcractions oceur inside the sample and are detected with varions instruments

(h) Before the beam moves to its next dwell point these instruments cound the
nember of interactions and display a pixel on a CRT whose intensity is

determined by this number (the morc reactions the brighier the pixel}.

(1) This process is repeated until the grid scan is linished and ihen repeated. the

entire paltern can be scanned 30 times per second.

Elattin Elwitron Gun
Beam lfp—

N

Anoda
Magnetic
- Lens
TG TV
Focannes
Scanning
CoflE
Eackscattered
El=ciron
Detector
— Secondary
Eleciron
Detector
E“ge—- Speciman

Fig -3.6: Schematic diagram of an SEM

SEMs are patterned after Reflecting Light Microscopes and yield similar information
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3.11.2 Topography

The surface features of an object or "how it looks”, its texlure; detectable features

limited to a few nanometers

3.11.3 Morphology

The shape, size and arrangement of the particles making up the object that are lying
on the surface of thc sample or have been exposed by grinding or chemical etehing;

detectable leatures limited to a few nanometers

3.11.4 Composition

I'he elements and compounds the sample is composed of and their relative ratios, in

areas - | micrometcr [n diameter

3.11.5 Crystallographic Information

The arrangement of atoms in the specimen and their degree of order; only useful on

single erystal particles >20 micrometers.

3.12 Working Principle of Vibrating Sample Magnctometer (VSM)

The vibrating sample magnetometer has become a widely used instrument for detcemining
magnetic  properties of 2 large variety of materials: diamagnetic, paramagnelic,
ferromagneiic and antiferromagnetic. It has a flexible design and combines high sensitivity
with casy of sample mounting and exchange. Samples may be inlerchange rapidly even at
any opcrating temperature. Measurements of magnetic moments as small as 5x107 emu
are possible in magnetic fields from zero to 4 Tesla. Maximum applied fields of 2-3 Tesla
are reached wusing conventional laboratory electromagnets. Vibrating  ample

magnelemeters normally operate over a temperalure range of 20 to 1050 K.

Principle:

It a sample of any material is placed in a uniform magnelic feld, created between the
poles of a electromagnet, a dipole moment will be induced. TF the sample vibrates with
sinusoidal motion a sinusoidal electrical signal can be induced in suitable placed pick-up

coils. I'he signal has the same frequency of vibration and its amplitude will be
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proportional to the magnetic moment, ampliude, and relative position with respect to the

pick-up coils system.
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Fig. 1.7 Block diagram of Vibrating Sample Magnetometer,

The sample s fixed to a small sample holder located at the end of a sample rod mounted in
a electromechanical transducer. The transducer is driven by a power amplifier which itself
is driven by an oscillator at a frequency of 90 Hertz. So. the sample vibrales along the 7
axis perpendicular to the magnetizing tield. The latter induced a signal in the pick-up coil
system that is fed to a differential amplificr. The outputl of the differential ampiifier is
subscquently fod into a tuned amplifier and an internal lock-in amplifier that receives a
reterence signal supplied by the oseiliator. The output of this lock-in amplifier, or the
cutpul of the magnetometer itsclf, is a DC signal proportional to the magnelic moment of
the sample being studicd. The electromechanical transducer can move along X. Y and Z
directions n order to find the saddle point (which Calibration of the vibrating sample
magnetometer is done by measuring the signal of a pure Ni standard of known the

saturation magnetic moment placed in the saddle point.
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Chapter Four

Experimental Techniques



4.1 Techniques for DC electrical measurement with magnetic field

There are various types of clectrical methods Tor resistivity/conductivity measurcmenis.

Out of these, 2-probe and 4-probe methods are widely used in measurements.

4.1.1 DC electrical resistivity: 2- probe and 4-probe method

The clectrical conductivity s a technologically imporant paramcter. There are two simple
types of specimen and clectrode arrangements that are basic to volume resistivity

measurements:

»  One is a rectangular or cylindrical block with clectrodes on the ends.
» The other is like that used for dielectric measurcments where electrodes are

applied to either side of a thin disk.

The later is more appropriate for high resistivity measurement. Tn both cases, the volume

resistivity is related to the measured resistance B, between the clectrodes by

4.1

_RA
d i

where A and L are (he cross-sectional area and the length or thickness of the specimen
between the electrodes respeetively. A main problem is that of contact resistance.
Somehow we must connect ¢lectrodes between the sample and the external cireuit and this
invelves the making "contact” to the sample. Contacts are notorious sources of, resistance
{and noise). Moreover, as the contact involves an interface berween two dissimilar
materials, s [-¥ characteristics are frequently nonlinear, i.c., it may nol be ohmic. Any
glfecl of contact resistance should be avolded; provided (hat the contact resistance is much
smaller than that of input resistance of the volimeter. For accurate measurcment the
contact resistance may also reduced by pointing electrodes dircctly onte the surface of the
specimen insicad of relaying on pressure coniact with metal plates or foils. Suitable point,

are silver dispersion or aguadag (an aqucous dispersion of colloidal graphite).

For the measurements of high resistivity. the main problem is the leskage of current and
one can overcome this problem to a large extent by the use of an extra guard electrode on
the specimen. The standard way to scparatc out the sample resistance from the contact
resistance is to usc a 4-terminal potentiomeinic methods as in Fip-4.1. By separating the

current contacts froin the voltage conlacts we are able to distinguish the sainple resistance
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from that of the contacts and connecting electrodes. Let a uniform current density j is
established throughout tile conductor by a battery connected to the outer clectrodes. [f the
electric field L is determined by measuring the polential drops AV across two inner

electrodes separation the resistivity is piven by

£l
A __4
2. = NG 4.2

b [

Ar

Wow, if the conductor is not of uniform cross-sectional arca, but instead, had some narrow
regions and some wider regions, this expression no longer holds. In general, the measurcd

Tesistance is some weighted averape of the resistivity over the volume of the conductor.

- =

The "weighling" 15 delermined by the square of the current density, 7.7

!
i

Fig 4.1: Circuit showing a four-probe resistance measurement.

When current enlers a conductor through a point contact, the current density in the sample
immediately under the contact is very large [1]. "Downstream” the current quickly spreads
and at the exit contact, the current again must "Crowd" into the point contact. The
"ctfcctive” sample resistance (even if it did not include clectrode and conlact interface
resistances) it is not simply p{L/A}, due 10 the non-uniform current density. Even if we are
willing tr integrate the weighting function, it is critically sensitive lo the exact contact

arca, which is hard to determine.

The problem is avoided with a lour-probe measurement like that Fig. 4.1. The situation at
the current contacts has not improved. The improvement comes in that we measure the

voltage drop "downstream” where ithe current density has become uniform. Now the
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resistance may be uscd to caleulate the sample resistivity using the separation distance of

the voltage probes for L.

There is one other important kind of four-probe resistivity measurement that we wiil find
uscful. This involves setting four equally spaced point contacts down on the surface of a
“large” conducior, as shown in Fig. 4.2. Tet *a” be the probe spacing and ‘b’ be the sample
thickness. We assume thal the sample is infinite {i.e, its herizontal dimensions are much
larger than the probe spacing). A known current | is injected through the sample via the
outer two probes, and the vollage drop AV is measured between the inner two probes. We

may consider two cases:

(i) the sample is infmitely thick (i.e., h >>g), and

{ii) the sample is infinitely thin (i.c., h <<a),

=
»
*

Fig 4.2: Four-probe methed for measuring shest resistance

Now lel us try to visualize the current-density lines for this situation. Lincs of :; ook

much like tile clectric field lines for a dipole in 3-dimensions for case 1, and 2 dimensions

for case 2. Current entcrs the sample at the current contacts and quickly spreads.

Underncath the voltage conumets, the lines of j are determined, not by the nature of the

contacts, but by the dimensionality of the conductor. For these two cascs, the appropriate

integrals have been performed to give the sample resistivity in terms of T and AY.
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The results are:

-

h=<a: p= 1 (ﬁ) 4.3
{2y i

h>>a: p= Zm{%g} 4.4

lior the two dimensional case, the quantity p/h {which has units of ohms) is called the
two-dimensional resistivity, sheet resistance, or resistance-per-square. In many thin film
applications, one does not know the film thickness or resistivity only the sheel resistance.
The result is independent of the electrode area if the sixe of the contacts is much smaller
than the inner-electrode spacing, The 4-point probe measurements are very reliable and

ihey have been used extensively.

The techmique has limitatiens, however, for as more highly resistive materials are
examined, the point contacts are incapable of supplying currents that arc high enough to
make AV readily measurable. Furthermore, necessary input resistance of the voltmetet,
which must be greater than the resistance between the two inncr probes, become very
high. The practical upper limit of resistivity that can be measured by the 4-point probe

techniquc is about 10°* o-cm.

4.1.2 The Van der Pauw method

The Van der Pauw method is a technique for doing 4-probe resistivity and Hall efTect
measurcments [4.2]. In essence it provides all easy way to measure.

= Sheet resistiviby/ conductivity

= lall voltape

»  Hall mobility
From this onc can conclude:

*  The resistance/conductance provided the thickness of the sample is known

s Sheet carrier density provided the thickness of the sample is known

The contacts are on the boundary on the surface. The advantages of this method also
include its low cost and simplicity. I'he Yan der Pauw technique can be used cn thin
sample of matcrial and the 4 contacts can be placed anywhere on the perimeter/boundary,

provided cerain conditions arc met as given hereunder:
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* The contacts should be on the boundary of the sample (or very close to the
boundary as possiblc)

*  The conlact should be sufficiently small (or as close as possible)

*  The sample is to be homogeneous and thin relative to the other dimensions.

¢  The suriace of the sample is to be singly connected, ie., thc sample does not

have isolated holes,

Fig. 4.3 shows the four contacts on the circumference of the disc shaped (irregular shaped)
sample. Ior a fixed temperature, we definc resistance Rag op as the potential ditTerence is
Vi -V between the contacts D and C per unit current 1,y through the contacts A and B.

The currcnt enters the sample through the contact A and leaves it throuph the contact B.

Fig 4.3: The four eleclrical contacts on the circurmference of the rectangular shaped samplss.

Then
V.-V
Raﬁ,ru = r 4.3
IA.H
Analopously we define:
¥V -V
Ry g = 4 = 4.6
’ i,.

Van der Pauvw methed is based on the theorem that between R p,cp and Rpc,ps there exists

the simple relation:

smd md
exp{_FRAB'FD}+CKP(_F Ronid=1 4.7

where d 1s the thickness of the uniform disc shaped sample and p is the resistivity of the
material. II'd and the resistances Rau ¢y and Rgepy are known, then in Eq. 4.7, p is the

only unknown quantity.
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4.2 Impedance and permeability mensurement

Far the measurement of Impedance ond Permeability, Agilent 4294 A (frequency 75 KHz
to |10 MHz) impedanee analyzer hes been used. This impedance analyzer has different
modes for different measurements. For the impedance measurement the analyzer was
connected to a impedance measurcment test head nnd for the mensurement of the
permezbility amd inductance Lhe analyzer was connected to o magnetic material test head,
In all cases the analyrer with the test heed was first calibmated with » standard valued

speeimen provided from the source of the analyzer,

Figuro 4.4: Agient 42844 [mpedance Analyrer for magnetic and Dielectric measurement

4.3 Heat diffusivity measurement

A pew device s prduced for the nnluurcmcm of heat diffusivity. A glass made funnel is
used as & mzin chamber in which the measurcment specimen is retained. A bar of ebonite
material is used as a subsirate of 1he specimen. The specimen shape is o rectangular tamina
of dimension 15%1.3 mm®. [n the two rectangutar ends, hot ends of two thermocouples ore
placed. The other ends of the thermocouples arc kept in ice outside the chamber, which is
the 0°C reference. In one cnd of the specimen there is an electrical device that generates

large amount af heat. The whole chamber is evecuated by a rolary pump. Under evocuated
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condition heat pulse is given for a certain period of time at one end. ‘Lhe temperamres of
the both ends are recorded with time until the both end arrive at ihe same temperatures.
The ihermy eml change rate 15 caleulated from the ime base temperature curve of the both

end from which the thermal diffusivity of the specimen is measured.

The following figure shows the schematic of the device used for this purpose

Heat Pulss

Yacuum

a|dnadouuay |

g|dnooowsy]

1
1
|
Y

I
L_.al

Figure 4.6; Device arangemeant for heat diffusivity measurement
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4.4 Scanning Electron Microscope

Hitachi $-3400MN Variable Pressure Scanning Electron Microscope is used for grain

morphology and microsiructural characterization cquipped with LDS system.

Fig 4.7: External view of Hitachi 3-3400N Scanning Electron Micmscope

4.5 DTA, TGA and DTG mcasurement

For the investigation of thermal response of the film we have taken DTA, TGA and DTG
of the film. For this purpose we have used the lab facility of Bangladesh Council of

Scientific and Industrial Research, Dhaka
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Chapter Five

Results and Discussion



5.1 Micro structural Characteristics

The magneto-transport and the structural properties of (Fes.VrsPisCio have been
measured as o function of temperature, magnetic field and (requency  The electron
ditfasivity properiies of the samples have also been investizated through time decay of
monochromatic light pulse. The structural properties have been investigated through SEM,
DTA, TGA and the EDS measurements. The clectncal properhies and the magnehc
transport properlies have been investigated through measurements of electrical resistivity

and the magmeloresistance properties of the material.
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Fig-56.1{a) SEM micrographs of sample-1 (x=1.5)
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Fig-5.1(d): SEM micrographs of sampte-4 (x=15)

SEM images show a uniform surface texture of the samples, Funther details about the
surface marphology could net be swdied because of the low resolution of the SEM
maching. 1t is assumed that the microstricwure contains well defined grnin boundnries and
that the grains got smaller in size with annealing. The critical balance between saturation
magnelization and the grain size is well recognized through the magnetization datn and the
subsequent DTA and TGA analysis The balance between grzin size and the saturation
magnetization is govemned by D% law where D is the dinmeter of the particle. When D
approaches 10-20 nano-meler in size then the metenial shows 15 novel soft magnetic
propenties, The replacemem of Fe with V is to induce some magnetic coercivity in the
materiat, With proper precision measurements of hysteresis it ts possible to see this
feature. The zddition of V to Fe would reduce the magnitude of saturntion magnetization.
Howcever, a subsequent hysteresis loop broadening should reveal that the magnctic

coercivity has increased duc to the zddition of V.
5.2 EDS Spectra

The EDS detector measures emitied Xernys versus ther energy, The encrgy associated
with the emitted X-ray is charactenstic of the element from which the X-ray emitted. A
spectrum of the energy versus relative counts of the detected X-rays 15 obinined and
cvaluated for qualitative and quantitative determinations of the elements present in the
sampled volume, On this work EDS Specira pattern of the samples were taken al room
temperature wsing 2 Hitachi 5-3400N EDS machine. Samples analyzed by X-ray

fluorescence are shown in Fig-5.2 {a-d).
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Table-1: Semi-quantitative weight %

Sample Fe i P C
(Feog V1 ehrsP1sCro 57.17 0.23 8 40 4.21)
(Feg ValrsP5sC1a 54.36 1.85 823 3.56
(Fes1¥oyasPisCig 79.94 623 8,49 5.34
(Feas¥isrsPrsCin 77.23 7 84 853 6.40

From the above EDS spectra and table we observed that all the elements of the test
samples are present in their proportionat form Therefore no elemental Toss was detected
from this study. There is however a slight change in the composition due to the presence
of micro-voids mainly occupied by air which has formed some oxides upon annealing at
higher temperarurc. ‘These oxides are again elimimated upon anneahng at even higher
iemperature around the crystaliization temperature T, One of the studied samples has
shown anomalous behavior of rapid enhancement in magnetization values for higher V
content. The role of V in this particular case 15 contrary to the case for smaller ¥V content
where 1t was predicted that V' only helps in grimn growth, In this case the higher ¥V content

is thought to have enhanced the growth knetes of nano-grain formation. This s revealed

by the abrupt enhancement in magnetzation of the sample for higher ¥ content,
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5.3 The Impedance Measurement
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Figure 5.3{c) : Variation of Impadance and phase angle with frequency for Sample-3 (x=4)
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Figure 5.3{d) : Variation of Impedance and phase angle with frequency for Sample-4 (x=15)
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Figure 5.3 shows the impedance and the comesponding phase angle at different
frequencies The frequencics of measurements were sct up between 40 [z to 110 MHz
The impedance remained constant upte a cerlain frequency and has shown remarkable
‘norease afterwards This behavior limits the frequency range upte which the samplcs
could be used in ac circuits. In this case the impedance remamed constant upto 10 MHz
afierwards 11 began lo increase with increasing frequency reaching a maximum at 110
MHz Similarly pbase angle increases with the increases of frequency. It secms that after
100 MHz the phase angle reached a maximum and then saturatcd around the same
frequency In Lig 5 3(c) we observed that impedance remain constant up to 1 MHz then
decreases with frequency and minimum at 10.1 MHz thereafter sharply increases and
reached maximum at 100 MHz. Similarly phase angle decreases with frequency up to 10
MH. then increases with frequency and reached to saturation afier 30 MHz. lig 5 4 shows
the clectneal resistivity of the measured samples as a function of temperature. All the
samples show a drop in resistivity above 500 K which is close 1o the plass transition
temperature T,. the onset of crystallization with the crystallization temperature Tx heing

always higher than T, At higher frequency samples show a semiconductor behavior.

5.4 High Temperature Measurement

35,"“ L I L L B B WAL I T ]
E —— —ua —O—x=13 ]
sof T T o—x=3 |
:- e —w— =5 E
F e = \\ —_—n— =15 1
o 25 F Ty e ]
x [ C\ \\h% ]
E 20 N It -
E P R'“‘-*:n,_ :
S ¥ Rt S T 3
E 45 L T \ 3
= i "= v
= F \ ]
B 10 -
o E n——n-—u——m_.g____n____o_ — R :____-_-, ;
5L e
'..|.J.,.L.....|.....|.....r.....|....;l.,_:

300 3560 400 450 6040 550 £00

Termperalure in Kelvin

Figure 5.4: Resistivty vs Temperature Curve for Different samples
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Fig-5.4 shows the resistivity mcasurement with temperature. Here we observed that
resistivity remains constant upto 430 K thereafter decreases ‘The decrcase in clectneal
resistivity around 450K corresponds to the onset of micro-crystalliles formation. The
process continues upto the crystallization temperature T, where the resistivity shows a
sharp fall and the more ordered crysialline structures are cxpected to have forned around
this temperature ‘Lhis temperature also comesponds well the magnetic phase transition
temperature T, where the sample cnters into the paramagnetic phase. The reversibility of
the plase transformation is not expecled as typical for other metallic glass system in which
there is usually a thenmo-magnetic hysteresis when the lemperature is reduced to re-enter
into the ferromagnetic phase. In this study a similar thenno-m agnelic hysteresis formation
is predicted. The thermo-magnetic hystoresis 1y a measure ol the energy stored in the
syslem when thermal switching is done, This is a typieal behavior of conventional metalhic
glasses since the order-disorder mechanism is governed an the basis of the growth process

dunng melt-spinning

5.5 Magnetoresistance Measurement
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Fig-5.5 shows the MR% at room temperature for different Yanadium (V) concentration. Tt
Is seen [rom the figure that MR% decreases with increases of Vanadium conceniration up
to 9 at%e therealter it increases. The possible reason may be attributed to the formation of
nano-grains initiated by vanadium at higher concentration This enhancement in MR% has
been supported by the magnetization data which has also shown a remarkable inerease in
the magnetoresistance value for this particular concentration of ¥ The magnetoresistance
is governed by the electron spin-scattering centers. Dunng the demagnelization process
the magnetic domains and the conduction electron scatterings take pan to contribute to the
clectrical resistivity and the magretoresistance. Once the magnelic saturation is achieved
there s no domain motion as it has assumed a single domain. The only contnbution 1o the
electrical resistivity and the magnetoresistance comes at this stage is from the conduction
clectron scatlering due to the collision between themselves and the clectron mean free-
path is much tonger in this stage The temperature coellicient duning the demagnetization
process is usually negative. The only reason for this negative TCR Is the Tonger {ree-path
of the electron and there is no scattering of the conduction clectrons from the domain

boundaries.

5.6 Permeability Measurement

For the mcasurament of Dermeability, Aeilent 4294A (frequency 40 Iz to 110 MHz)
impedance analyzer has heen used lrequency was set up tfrom 40 Hz to 100 KHz as at

higher frequency penneability remain constant,
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Fermezbibty, Quality Faclor

Fig-5.6{c): Variation of Permeability and Quality facior with frequency for sample-3 (=9)
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Fig-5 6{a-d) shows the permeabilily of the specimen matenial al dillerent frequencies. The
ac penmeability studies show a systematic decreage In the a ¢ nagnetic response of the
samples with increasing frequency Some resonance peaks are (ound near 1 KHz (hat
means that magnetizalion will be maximum on that paricular frequency. Quality lactor

remains constant with increasing of frequency
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5.7 The Magnectization Measurement

The magnetization measurement of the fiims was done to observe its magnetic propery.
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Table-2. Data (or Saturation Magnetizaion of the samples

i Sample Sal Magnetization [a.u]
Sample-1, x=13 0.8
Sample-2, x=3 027
Sample-3, x=9 013
Samplc-4, x=135 008

From the study of magnetization we found that the addition of Vanadium (V) bas resulted
in significant decreasc in magnetization values Addinon ol V is likely to have increase in
grain size in a mabix of ferromagnetic Fe particles surrounded by the non-magnetic C and
P atoms. However, an exceptional behavior was recorded for the sample-4 (x=13) which
has shown a remarkable increase in magnetization values The possible reason for this
unusual behavior may be attributed to the formation of nanc grains intiated by vanadm.
This enhancement in magnetizalion has been supported by the magnetoresistance data

which lLas also shown a temarkable increase in the magnetoresistance valuc for this

particular concentration of V.
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5.8 DTA, TGA, DT( Anatysis
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Figure 5.8{a-d} shows the differential thermal analysis (DTA), thermo-gravimetnc

analysis {TGA) and differential thermo-gravimetric (D1G) of the films

DTA: In ihe DTA curve two exothermic rse is oocurred for sample 1, 2 and 3 and one

exothermic rise is occurred for sample 4 The peak values are given in the table below

Table-3: DTA peak values of the different samples

Sample 1* Peak (°C) 2" Peak (°C)
Sample-1 4296 445.9
Sample-2 396 449 5
Sample-3 440 2 451.3
Sample-4 460.8 -

The first peak attributed to the structural phase transformation and second one atuibuted to

oxidation at higher temperalure

TG %: In the LG % curve we observed that mass is slightly gained in all samples As
temperature is increased the micro voids which formed during the growth process of the
fbbon duting melts spinning is gradually climinated. This vesults in densification of ihe

matrix of the more ordered crystallites in the samples at higher temperature,
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5.9 Heat Diffusivity Measurement
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Figure 1{a-d) shows the heat difTusivity measurement curves The two curves indicate the
temperature rise and fall of the hot and cold end respectively The diffusivity is measured

{rom the temperature curve of the cold end by the formula

EI_ ; 2
o= ﬂﬁk— misee

r:'*l"

Where ts; is the half rise {ime of the cold end and A is the area of cross section of heat

dittusivity

Table-4: Calculated values of heat diffusivity for different samples

Sample Lleat diffusivity « in m*/sec <10
Sample-1 4.633
Sample-2 1425
Sample-3 1 684
Samplc-4 1 544

From the heat diffusivity measurement we observed that typical valuc is similar with

mctallic glass,
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Chapter Six

Conclusion and Future Work



6.1 Conclusion

The magnetic and structural properties of (Fein.¥ohrsP1sCrn (=1.5, 3. 9, 15) alloys have
been studied by measunng the magnelization and structural parameters. The samples are
fabricated by conventional mell spinnimg technique at wheel speed of 25 m/sec. The as
made samples are found to be ferromagnetic al reom temperature and all of them go
thiough the magnetic phase transition around 500-600 K SEM images show a uniform
surface texture of the samples and from the EDIS spectra we observed that all the elements

of the test alloy are present in thetr propormonal form

The impedance measuremenis on all the samples show a pronounced non lineanty above
10 MH. with the exception of (FeaVelrssCin Funher detarled studies are needed to

explain this behavior of the sample.

The magnetic phase transiion of all the studied samples are observed to be around the

glass transition temperature T, (630 -700 K).

T'he ac. permeability studics show a systematic decrease 1n the a c. magnetic response of
the samples wath wcreasing frequency, Some peaks are found near 1 KHz which means
that the magnenzation will be maximum on that particular [requency, In the quality Factor
curve we observed that the Quality factor {Q) 15 conslant with frequency with no loss

oceurred,

Addinon of Vanadium (V) has resulted in significant deerease in magnetization values for
all the samples but one, Addition of ¥ 15 hkely to have increased the grain size in a matnx
of [erromagnetic Fe pariicies surrounded by the non-magnetic C and P atoms However,
an exceplicnal behavior was recorded for the sample (Fegs VishsPrsCra whieh has shown a
remarkable increase in magnctization values The possible reason for this unusval
behavior may be atiributed to the formation of nano grains intiated by vanadium, This
enhancement in magietization has been supported by the magnetoresistance data which
has also shown a remarkable increase in (he magnetoresistance value for this particular

concentration of 'V

The DTA and TGA data have shown some exothenmic peaks above 700 K indicating some
structural phase transformation above this temperature. All the studied samples have

shown a small gecond peak at cven higher temperature around 800K which may be

71



—y

attributed to oxidation of ihe samples, '1he EDS analysis shows that addition 'of ¥ did not
cause any stoichiometric unbalance in the alloy system Addition of V13 expected to
increase the coercivity of the ailoy system and enhance the magnetic properiies. However,
from this study it is found that the role of V 15 similar to addition of a non-magnetic solute
in a magnetic alloy which 15 depicted in the magnetization curves of all the studied

samples.

6.2 Suggestions for future work

T he followinyz experiments can be carried out for understanding the inagneto-transpert and

Lhe structural pl’OpGl’liE‘i of {Fﬁmu.x‘\-'rx]?jPlem

1. Measurement can be done with high resolution of SEM 1o delermine the structure
of the samples clearly

2. Temperature dependent magnctic a.c. permeallity and magnelization may be
measured to determine the Curie Temperatre ().

3. XRD can be taken to detenmine the transformation of samples afier DTA and TGA
measurermnerit

4. HReistivity 1s to be measured with low temperature to determine the low
temperature bchavior of the samples

5 Samples are to be annealed o ehiminate the micro-veoids.

o

Exceptional behavior was found at 13 a% of Vanadium (V) 1in magnetizanon and
magnetoresistance measurements so investigation can be carned out around 15 at%

of ¥V,
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List of Symbols and Nomenclature

Stiffness Constant

Iron

Copper

Niobium

Tantalum

Silicon

Boron

Cobalt

Resistivity at room temperaiure.

Resistivity at any temperature {other than room lemperature)

MNormalized resislivity

Magnetoresistance

Magnetoresistance in percent.
Wall width

Mapnetoimpedance

Giant Magnetoresistance

Giant magnctoimpedance
impedance

Fesistance

Reactance

{uality factor

Dissipation factor

Inductance

Exchange intcraction length
Permeabilily in free space.

[niial permeability

Beal part of complex permeability
Imaginary part of complex permeability
Cocreivity

Anisotropy energy
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T
KG

MuT

MHz
GHz
FM

ZFC
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EQF

Saluration magnetization
(Grain diameter

Uniaxial magnelic anisotropy constant
Curie temperaturc

(ilass transition temperature
Kilogauss

Material under test
Megahertz

(Gigahertz

Ferromagnetic
Anti-ferromagnetic

Zero liield Cool

Field Cool

Relative Quality Faclor
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