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Abstract S - :

Nanocrystalline soft mapnetic materials constitute a new phase of condensed matter with highly
interesting properties which are mostly structure dependent. The hasic conditions of prepanng
nanoerystalline soft magnetic material has been studied by the dependence cd:' the nucleation of
nanocrystals on coruposition and the cooling process. This has been done by usiﬁg the principle
that nanocrysialline state can be attained by alloying which lead to two clearly separate stages
of crystallization with onset temperatures, Ty and Tpe. By annealing st temperatuie Ty such
that T, < T, < T\ only the phase formung above Ty is crystallized. The grain sixe dependence
of imagnetic properties lias been explained as due to the counter play of local magneto crystalline
anisotropy energy and ferromagnetic.exchange interactiou.

. Two sarples of nanocrystalline alloys of compositions (FepaCog 1) sCunNb3Siyg s By and
Feo Oy 5N b 25712 B1p have been studied Cu has heen used to help the crystallization process
and Nb to stabilize the navscrystals; Siand B are used as glass forming materials, I'e and Co
hawve been used [or use in high frequency and with high initial probabilities which have been
tailored by ¢hianging eomposition and heat treatments. The materials have been characterized
by Differcutial Thermal Analysis (DTA). Magnetization as a function of temperalure up (o
7000 ¢ starting from room temperature has been measured using Vibraling Sample Magne-
tometer [VSM)}. The Curie temperature of these specimens have been determined from % Vi
temperature curve. The results ave discussed w the model where microctystalline siructures
are assumed to he embedded randomnly in an amorphous matrix. The frequency dependence
of permeability of these samples has been studied by using an impedance analyzer ranging
from 100 Hx Lo 13 MHz. From the effect of heat treatment it has been found thal maximum
permeabilily and its frequency independenee can not be attained sirnultancously. The suitable
annealing temperatures for maximum permeability, for frequency independence of permeabuliiy

and for highest quality factor have been found ouf experimentally for these samples.
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1.1 Introduction T

During the last few years nanostructured magnetic materials have become increasingly impor-
tant for both theoretical understanding and technological applications. Nanostructured and
amophous magnetic matenials ane similar in many regpects, In fact amorphous nbhbous are the
precursor stale [or the preparation of nanossructnred materials in our method of preparation,
although other methods like vapor deposition and sputtering have also been used by others for
preparing nanocrystalline materials [1, 2, 3, 4].

The special advantage of nanocrystalline mapnetic materials over amorphous ribbons lie in
thelt bipher atabaliiy and elevated cnrie ternperature. Amorphous materials are meta stable
thermodynamically and tend to crystalize when wsed ak clevated temperature due to the de-
velopment of nucleation centers o1 growth of the nucleation centers already vrabedded in the
amorphous matrix during the preparaiion process. In fact this characteristics of amorphous
ribbons are used in our process of preparing nanvstructured mapmetic allovs. This par t.im;lar
method has been stimulated by the recent advances in material synthesis and characterization
techniques [5, 6). Since the unigue praperties of nanostructnred materials are dictated by the
dimensions of the crystallites,it is very advantageous to control the size of the particles by
controlling the anncaling temperature of the specimens. The magnetic softness or hardness in
respect of permeability is deteimuined by the grain size of the nanocryvstals which are embed-
ded 1 the amorphous matrix in our nanostructured sysiem. The single domain permanent
magnets ag theoretically proposed by Stoner and Wohlfarth [7], have no domain walls, becanse
the domain wall energy increases as 1he square of the radins of the grains while the magnetic

ansoliopy cucrgy increases as the cube of the radius. As a resnlt with decreasing grain sine a,

critical point iz reached when the incresse in the domain wall enerpy becones greater compare

to the anisotiopy encrgy. The high coercivity of single dormain permanent magnets 15 obtained
by mechanically locking the magnetized single domain particles. However, by reducing the size

of the magnetic particles much below this critical size. which is normally of micrometer order,

X ey
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we can produce soft mapgnetic materials. This happens because Lhe anlrotropy of the randomly
orientad particles of nanmneter dimensions are averaged out algebraically, giving rige to very
low magnetic anisotropy and associated magnetic softness. One further advantapge of this new
technigue of preparing nanostructured magnetic syslem iz Lhal one can play with different
comapositions and annealing temiperatures to control the grain size and their distribution and
thereby tailor the magnetic properties of thus new type of malerial. In choosing the compesition
one has to consider the magnetic components like Fe, Clo, N1 cle, the crystalizing component
such as Cu and the component Nb for stabilizing Lhe nanocrystals by inhibiting their growth
and glass forming materials Like siliconu, carbor boron ete. Nanocrystalline matetials are more
comnplex cotnpated to conventional materials because it conlaing nanocrystalline magnets em-
bedded in an amorphous misttix and as such represents surface, interfacial and bulk magnetic
properties. The nanesized magnetic particles are coupled by exchange force and ig suscepti-
ble to inter granular distance. grain size and theit distributions. Responds of nanostructured
magnetic materials to the frequeney of the external field can be controlled by varying the grain
sizess and their distributions.

The great scope of techmical applications of this material arizes from this freedom of tai-
loting the magnetic properties (8, 9, 10, 11]. The present work is therefore mainly aimed ag
Anding, out, erupirically of the complex permeability of two nanostructured magnetic syslems of

composzitions (FegaCop ) 7z 501 Nb3Si5 5By and FeqyCuy s N 551,80,

1.2 Organization of the Work

‘The preparation procedures are described in Cliapter 2. The theoretical aspects of the stability
of amorphous allovs, theorics of permeability and magnetization are disenssed in Chapter 3.
Chapter 4 contains the experimental details including Dilfercotial Thermal Analysis {DTA).
Vibrating Sample Magnetorneter (V3M), X-Ray Diffractometer and linpedance Analyzer,

The details of the resulis regarding I3TA . field dependence of magnetization and frequency
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dependence of real and imaginary parts of permeability are discussed in Chapter 5. It also
containg comments on the snitability of the specunens studied. in respect of relative quality
tactor, loss factor and the frequency range in which these materials can be used. Chapter 6

contains conclusion, achievement of works and future suggestion of this work.



Chapter 2

PREPARATION OF
NANOCRYSTALLINE AMORPHOUS
SOFT MAGNETIC MATERIALS BY
RAPID QUENCHING METHOD



2.1 An Overview of Nanocrystalline Materials

Nangerystalline neaterial can be considered az an olf-shoot of amorphons material. There are
many aspects of nanocrystalline materials which are common with those of aruoiphous mag-
netic materials.In fact nanocrystalline material is a composiie matcrial where nanocrystals are
embedded in an armerphows matrix. As a resull the magnetic characteristics of nanocrysialline
materials are contralled by both the nanocrystals and the amorphous medinm in which these
erystullites of navometer dimensions are set. Il s therefore important to analyze 1he properties
of aniorphous magnetic materals as a back ground for understanding the nanoerystalline mag-
netie systems. Moreover the preparation of nanocrysialline materials that has been followed in
the present work is by the formation of amorphous ribbons by melt spinning technique and then
by the crystallization of this amorphous ribbons by heat trealment at elevated temperature.
To facilitate the nucleation of the eryseallites and their stability, special composition has been
chosen.

Since the discovery of metallic glass in 1960 Ly Dewez et. al. [12] 1u the same year Gob-
anov [13] predicted the possible existence of ferromapgnetic ordering in noncrystalline solids
oni the basis of theoretical analysis. The interest in amorphous materials is increasine sicaclily
for technological application and scientific understandiug. A real technological intorest devel-
cped after Pomd and Maddin in 1969 [14] which is reported on the preparation of continuous
ribbons of amorphous alloys. The theoretical expected retention of ferromagnetic behavior in
amorphous was Atst dernonstrated by Mader and Nowick in 1965 [15] in their work on vacuum
deposited Co-Au alloy and soon thereafter by Tsnei and Duwez in 1966 [16) in their works on
split cooled Pd-20 at % Si coutaining some ferromagnelic claneut partially substiiuted for Pd.
Nanocrystalline ruaterials represent one of the most aclive rescarch iter in recent timnes for the
stomic tailoring of materials with specific propertics and property combinations. However, it is
still in its infancy since its emergence as a major maietials science has just begun at this stage

of development, there have been glimpres of exciting new propertics ltke super plastieity. giant
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magneto resistance (GMR), transparency in opaque ceramics, enhanced homogeneity, unusnal
sofl [erromagnetism and giant caloric clfects. possessed by meaterials which has been reduced
to nanometer dimension. In additien to the understanding of the unusual properties possessed

by nanc phase malerials, there ave three other associaled areas, which need serious attention

L. Identification and development of suitable preparation methaods, cspecially those, which

are scalable io providing large industrial guantiies of nanometer scale maletials.

2. Development of processing methods for mamnfucturing these materials into nseful size

and shapes without losing there desirable nanometer size feature and

3. Identification of proper characterization methods, whete the nanometer-size range of thege

materials falls yust below or at the resolution limit of the conventional tools.

Manocrystalline soft rmagnetic alloy have received considerable attention due to their ex-
cellent, soft magnetic properties [17]. Small addition of Cu and Nb into Fe-3i-B amorphous
materials changes considerably their crystallization process, which is executed under appropri-

ately controlled condilions.
1. The element. Cu is used for helping the formation of nuclei of ultra fine grains.
2. The clentent NIz is used to impede the growth of the erysiallites.

In this maietial, the nanocrystalline stute is composed of a fine structure of a-Le(Si)
nanaerystallites embedded in an amorphous matrix. The average size of w-Fe (Si) is usu-
ally around 10 nm. For such an average prain sive the exchange interaction dominates thi
maguetic behavior of randomly oriented crystallites guided by random anisotropy [18]. The
relation between alloy components and the rotating speed is of importance in fabricating the

high quality product. This new magnetic material of high quality is called fnemet.
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2.2 Properties of Nanocrystals as Determined by Prepa-

ration Techniques

The formation and structure of nanocrystalline graing are related to the chemical compositions
and details of Lhe heat treatruent. There are diverse heating techniques of which nonconven-
tional thermal treatment by jonle heating in vacuum is quite convenient (19, 20, 21]. This
method consists essentially in subjecting an amorphous ribbon to & current pulse of a few zee-
onds duration which forces the crystallization to occur at higher (emperatures in shorter time
than conventional annealing. The nanocrystalline structure obtained by this method displays
unproved mechanical and inagnetic properties in comparison with those obiained Ly conven-
tional annealing. The thermal heating temperature and duration determines the size and grain
boundary structure of the nanocrysialling systemn. Tlie grain size and the boundaty structure
in their turn determine the =oft magnelic properties of nanocrystalline alleys. The grain size
dependence of coercivity Is explained by random amsoliopy model where the nanecrystalline
materials are considered as single maphetic phase system by Herzer [1]. An improved mode! js
suggested by Hernando et. al. [22]) where a two phase situation is inftrodnced. This helps the
explanation of temperature dependence of coercivity  The difference Letween the two models
became important only at very low crystalized volume fraction or at temperatures elose 1o
the curie temperature of the amorphous phase, A nanocrystalline material can in fact show a
variety of phenomena rauging from soft and hard ferromagnets as well as supper paramagnets
depending on the ratio of the exchange co-relation lenpth T to the average crystallite size D

and volume fraction x. The complex permeability is also dependent on these parameters.
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2.3 Viscosity Condition for the Formation of Metallic

(Glass

In terms of viscosity and diffusion co-efficient we can find the condition for formation of glass.

1. The metals atomic bonding is metallic, the viscosity is lower than the diffusion co-eflicicnt

and mobility iz high.

2 Tn the amorphous state viscosity becomes high and the mobility and the diffusion co-

efficignt. decreases. Afomic bonds tend to be covalent as in the caze of silicate {Si(g).

2.4 Conditions Necessary for Preparing Nanocrystalline
Materials
The necessary conditions for preparing nanocrvstalline mailcrials are:

1. The maguetic properties are highly dependent on prain siwe; if 1he erain size is longer,
the magnelic anisotropy wonld be very high, which in turn will have diverse effect on the

sofl magnetic propertics specially the permeability,

2. Thete should be pucleation centers initiated for the crystallization process to be dis-

tributed thronghout the bulk of the amorphous matrix,
3. There must be a nucleation for stabilizing the cryseallites.

4. Nanocrystalline materials obtained from crystallization must be controlled so that the'
crystatlites do not grow too big. The grain growth should be controlled so that the grain

diaineter 18 within 15-20 nm.

5. The size of the grains ean be limited to nanometer scale by doping group-I1T metals
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= Nb W, Mo, Cr, Ta etfe.

6. The stability must be lower and the eryssailization temperalure must be higher.

2.5 Preparation Technique of Amorphous Materials

There are: various techmques in use to produce a metallic alloy in an amorphous state where
the atomic artangemnents have no long-range periodicity. The different experimental (echniques

developed to produce amorphous metallic gluss can be classified inio two groups:

1. The atomic depozition method.

2. The fast couling of the melt,

2.5.1 The Atomic Deposition Method

Deposition can be described in verms of whether the added atom is prevented from diffusing
mote than an atomic distance before it s fixed in position due to cooling and associated
increased viscosity. The atomic deposilion methods include condensation of a vapor on a

conled substrate by
1. Vacuum deposition
2. Sputter deposition
3. Electro deposition

4. Chemical deposition
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2.5.2 The Fast Cooling of The Melt

For producing an amerphous state by any of the liquid quenching devices. the alloy must be
ceooled through 1he temperature range from the melting temperature (Ty,) o the glass transition
temperalure (T} very fast allowing no tune tor crysallization. The factors controlling (F,) and
crystallization are both structural and kinetic, The strictural factors are coneetned with atonie
arrangement. bonding and atomic size effects. T'he kinetic factors ag discussed by Turnbull [23]
are the nucleation, erystal growth rate and diffusion 1ate compared to the cooling rate. The
interest in tlus method originates from the wide variety of alloys that can be made a3 well as
from the potential low preparation cost. In the ploncering work of Duwez et al [24] & number of
devives have been reported for obtaining the necessary hish quenching rates and for produsing

continuous filaments. The methods using the principle of fast cooling of melt, techniques are:
1. The gun techniques
2. Single roller rapid quenching techniques
3. Donble roller rapid quenching techniques
4. Centrifuge and rotary splat quencher techniques
5. Torsion catapult techniques
6. Plasma -jol spray techniques
7. Filamentary casting techuiques
8. Melt extraction techniqgues
9. Free jet spinning techniques

10. The melt spinning techuiques
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Although the differential methods used in preparation amorphous moetallic ribbons are men-

tioned bere only the single roller rapid quenching technique. which was nsed to prepare the

gpecimens for the prescntl work, will be discussed.

2.5.3 Rapid Quenching Method:

As shown in a schemalic diagram in Fig 2.1 the rapid quenching techinique apparatus consisis
mainly of 4 copper roller. an induction healer and a nowzle A variable speed ruotor drove the
woller via @*tooth Delt. The angular velocily was 2000 rev/min. Use of log wheel rotation enable
us to vary the surface velocity in the range of 20 to 30 m/s. The diameter of the copper tolle
was L0 em. The nse of copper for the roller material was chosen for its good condnctivity and
mechanical softness, which aflowed cleaning and polishing to be carried out casily. For room
temperature worl,, 4 showed no contamination of the ribbou from the roller materal and the
carcful preparation of the surface was more important than the malerial of the roller.

In this process the vibration of the roller should be well below the high frequency vibration of
the melt puddle to avold any influenee of it on the geometry and uniformity of the ribbon. One
has to be carcful and see that the ribbon does not remiain in contact wilth surface of the roller
for a whole revolution and be lit, from the back. A bigger diameler is thus preferred for the
roller . The induction heater coil is made of hollow copper tubing which is cooled simultanconsly
by elrcudating water through its inner whote The shape and diameter of the induction heater
as also its winding is 1o be adjusted to produce proper temperature gradient. This is to avoid
sudden cooling of the mell in ity way out of the crucible and blocking the nowele. The quartz
tubing having outer diameter 20 nm which i narrowed down conieally to 1min with a hole for
the noxzle 0.1 to 0.2 mm.

The nozzle geometry 18 aclected to minimize the conttaclion u the cross-sectional area of
the olten jet as it leaves the noszle orifice. Quartz tube is suitable for repeated use in several

suceessful runs and should be transparent to make the melting process visible.
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2.6 Experimental Details of the Preparation of Amor-

phous Ribbons

The amorphons ribbons are prepared n a [urnace in an argon atmosphere (0.2 to 0.3 atms),
‘Lhe buttons prepared are about 50 grams cach  Care is taken to cnsure through mixing and
homogencity ol the alloy composition, by turning over and remitting each Luiton few times.
The mother alloys which are formed in the form of battons in a furnace by sudden cooling is
then and is then cut in to small picces and is introduced 1n the quartz tube, The quarlz tube
is. connected {rom the top by rubber "o™ rings and metal rings to the argon cylinder through
a valve and a pressure gauge. Aller proper cleaning of the toller surface and adjusting ite
speed to the desired value, as measured by stroboscope the induction furnace is powered using
high frequency generator. When the melting temperatnre is reduced as observed through a
profective spectacle, the injection pressure is applied by opening the pressure valve. To avoid
the turbulence of the wind, arising from the high speed of the roller in disturbing the melt
puddle. cotton pad and mietallic shield are usually just bereath the roller. To avoid oxidation
of the ribbon during its fmmation an inert atimosphere can be created aronnd the roller by a
slow stream of helinm gas. The speed of the roller, the volumetric flow rate .the orifice diameter,
the snbstrate orifice distance, the injection angle etc.are adjnsted by trial and crror to get the

best, resnlt in respect of the quality and the cecmetty of the ribbon.

2.7 Important Factors to Control the Thickness of Rib-
bons

1. Rotating specd

{a) Angular velociry w = 2000 rev/min.

{L} Surface velocity v = 20 m/s .
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Nanocrystalline Amorphous Material | Thickness
{FED gCOﬂ 1 J 73 5(_: tiq f"n'r[t!;;S?:]_:],_f,Bg 22 L
FET.J] G“L[] r,;""l.'rbg gStuBm 20 LLi

Z. Gap between nowsle and rotasing copper drum A = 100 (o 130 pm.

3. Oscillation of the rotating copper dowu both static and dynamic have maximum displace-

ment 1.5 to b ym.
4, T'ressure = 0.2 to 0.3 argon atmeospharr,

5 Temperature of metals 7, =~ 1500° C. The temperature did not execed 1800% C: other-

wise quartz tube would he melted.

6. Stabulily was cngured lor the drop o the sutface of drum.

2.8 Examining the Amorphousity of the Nanocrystalline
Materials

To check the amerphousity of the nancciystalline sample, X-ray diffraction for such samples
with compositions of { FepgCog ) J7a 501 Wb Siga s By and FeqqCuy 3 Nb; 5521, By are taken with
Cn = K, radiation by the x-ray diffractometer (JDX-2 GEOL, JAPAN) at BUET.

Iigure 2.2 and Iigure 2.3 show x-ray diffraction pattern of the samples. No peak is observed
within the seanning range 300 to 1450 and hence the amorphousity of the saruples are conhirmed.
Although there are few small humps in the diffvaction patlern, there Is no reason to believe
that those humps are due to existing of crystalline pocket. These nanocrystatline ribbons were
alzo ductile and those cases for which low angle scattering appear and the broad dilfraction
peak are subdued there iz some presence of nanocrystalling phase. The average pattern of the

x-ray diffraction shows rhe amorphons phase of the samnple
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3.1 Stability of Amorphous Alloys

Amorphous alloys reproseut melasiable states and tend to transform into stable crystalline
phase. At {empetature below the crystallization temperature structiral relaxation elfect takies
place and is cansed by atomic rearrangements. The lormaiion and stability of amerphous elloys
arc inportant topics both for theoretical understanding and technical application. There have
been treated by Turnbull [23] and Takayama [26]) from thermodynamic view point. The ability

of an alloy to be quenched in to glassy state s generally measured by the quantity.
AT, =T, - T, (3.1)

Where 15, and T, are the melting and glass transition temperatures respectively . In a
simnilar manner the stability of the plass after formation is generally measured by the magnitude

of the gquantity.

AT, =T, — T, (3.2)

Where T, 18 the temperaiure for the onset of erystallization . As the temperature decreases
fiom 7T, the rate of crystallization will increase rapidly but then fall as the temperature
decreascs below T, Thos by quenching a molien alloy rapidly enough to a temperature below
1,. a quagi-rquilibrium amorphous phase can be obtained. There is no direct relation between
the ease of formation and the resultant stability of an amorphous alioy., The amocrphous alloy
coimposilion most favorable for glass formation is near the eutectic: the deeper the eutectic
Lhe bewter 1s the plass formation ability as noted by Cohen and Turnbull{[27)). At eutectic
point liguid is particularly stable against crystallization. The erysiallization is associatoed with
nucleation and growth process. Sinee the fovmation of an amotphous alloy depends on the
absence of long-range order, change of comnposition is expected to affect T, and 5. This
is hecause the lonpg range ordering of atoms depends on the free energy difference between

the ¢rystalline state and the amorphous state. The change of composition affects the growth
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kinetivs in a complicaked way, which can only he determined experimentally  I'he transifion 1o
the glassy state and the crystalline state s accompanied by an exothermic heat effect piving
rise to a sharp peak in temperature dependence of the exothermic heat, Therefore, differential
Lhermal analysis (DTA) is a widely used technique to study thermally indueed transformation
in amorphons alloys and e determine T, and T The magnitude of T and 7. are very different
for amorphous materials and depend strongly on composition. The activalion enerpy ranges
typically belween 2 ev and 6 ev [28]. The dependence of T, on the heating rate 5§ = d—f can
he used to determine the activation energy of erystallization [29], considering the fraction x of
arnr phous material transformed 1n to the erystalline state in time t and at temporature T, one

abtains for the first order rate process.

dr ‘
— ] ==xill—x 3.3
(5), === (33)
[or thermally activated process, the rate constant « obevs an Arrhenius type of equatinns.

=Lk
W= W HE (3.4)
Whete xp 18 a conztant and A I is the activation energy.Combineing Bqguation 3.3 and
BEquation 3.4 and nsing dr = fg—ij tf =+ %f]; dT with ;‘% dt = 0,one obtains
dr —AE
— = wpll —xje T 3.0
= = (1 - 2) (3.3)
At the peak of the exothermic hieat,the change of the reaction rate % iz equal to zero, yielding,

with T'=T;

K e = (g—é) 5 (3.6)

The value of 67, for the stability of amorphous alloys as given by Equation 3.2 is obtained
fronn DTA. The wvalues of £ also appear to correlate wetl with che nomber of atomie species in
the alloy. The more complex the alloy, the greater is £ Similar correlation between thermal

stalality as measured by T and &F appears to be small.
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3.2 Transition-Metal Based Alloys

‘The temperalure dependence and the Curie temperature rellect the strenpih of the exchange
coupling  The strucsural disorder in amorphous alloys induces an exchange Huctnation that
causes a pronounced flattening of the M, (T) curves. The temperature curve for the amorphous
allay lies substantially below thal for ervatalline compound. This reduction of M, was explained
in terms of the mean feld theory equation using an exchange [lucruation paramet et
! ((Eij Adi)®)
- Eq J. i

Which is defined according (o the A, inltoduced in Equation 3.7 and adapts values in the

(3.7)

range 0.4 £ A £ 0.6. The experimental data lies typically below the theorctical curve at low
ternperature and above it at high temperatures. The caleulated curve representing an overall fit,
was explained by kaul [30] and Pan ct. al [31]. This inadequate description of the experimental
data corresponds to the situation for crystalline alloys and has to be attribuied o the mean
-field approxbmations and the temperalure independent leeatmoent of A0 Tn general, A is a

function of temperature. Using the empirical relation

-(%)

Deviakion from the calenlated line oconr for T 2 0.2 T, to 0.4 T, due to the neglecl of

A=A (3.8)

critical Huctuations or the temperasure dependence of the spin-wave stifiness consiant. In
. . o 4 rpa
the corresponding erystalline corapounds, deviations from the T2 law ocour for 4" > 015 T,
4 -
However not all amorphous Ferro magnets obey the T2 dependence. In the case of Ni-based

allows, the weak itinerant ferromagnetism leads to a temperature dependence of M, as given by

v =0t (2)] -

Amorphous allovs containing Co exhibit sipnificantly higher T, values diue Lo the stronger
Fe-Co exchange as compared to the [e-I'e exchange. Amorphous Fe-Ni allovs show sharper

fall of m(T} arcund T indicating non-local exchange interaction and long range co-operative
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phenomena. It shounld be noted that the pronounced sengitivity of the exchange inferaction on

Lhe struciural dizorder gives rise to & dependence of T, one preparation conditions.

3.3 Theories of Permeability

The primary requiternent 13 the highest possible permeability,logether with low losses in the
frequency range of interest. The initial permeability p; Is defined as the derivative of induction

B with respeet to the initial field 1 io the demagnetization stale.

;r1=%~ﬂ—}ﬂ.‘ﬂ—&ﬂ (3.10)

At microwave frequencies, and also in low an isotropic amorphous materials, dB and dH may
be in different directions.the permeability then has a tensor character.In the case of amorphous
maletials condaining a large number of randomly oriented magnelic atoms the permeabnility will
he scalar. As we have

B = ;(H + M). (3.11}

and susceptihility

Mol m =t (3.12)

X=TH = 7Hu, m,

The magnetie cnergy density

p-——[H. B (3.13)

O
For time harmenic felds H = H simwtthe dissipation can be deseribed by a phaze dillercnee

& between H and B.In the caze of permeability, defined as the proporlional constant betweean

the magnetic feld induction B and applicd intensity Hy

B=uH {314}

This naive defimition needs further sophistication.Jf a magnetic material is subjected to an ac

magnetic ield as we gl
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(3.15)

Then it 18 obgerved thai the magnetic flux dewsity B experienees a delay. The 35 caused due to

the presence of various losses and i3 thus expressed as

B= Hﬂﬂt[wi—éj

(3.16)

Where & iz the phase angle and marks the delay of B with respeet 1o H. The permeability is

then given by

B
H= a
Bﬂet{m!-uﬁj
= “Hoe
_ Hgl‘_i_fﬁ
T I
B, B

= Emsﬁ — H—zﬁim'i

t -
= —ip

r

Where

and

B
L = =511
b=

(3.17)

(3.18)

(3.19)

The real part ¢ of complex permeability p as expressed in equation 3.17 represents the com-

ponent of B which is in phase with H, so it corresponds to the normual permeatsility  If there

4 . . i
are uo losses we should have = ¢ . The imaginary part g correaponds o that part of B

which is delayed by phase an from 1. The prescnce of snch a component requires a supply of

energy (o maintain the alternating magnetization, regardless of the origin of delay. I is useful
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to introduce the loss factor or loss tangent (tand). The ratio of g to u. as is evident from

gLl 1o Fives.

"
o Hﬂsmﬁ

En e
T T, CUS

= tand {3.20)

Thig taof s called the loss factor. The Q-factor or guality factor is defined as the reciprocal

of this loas factor i.e.
_ 1
T tand

(3 21)

And the relative quality factor = ﬁ%' The behavior of ¢ and g versus frequency is called the
permeability speetrum. The initial permeability of a ferromagnetic substance is the combined

effect of the wall permeability and retational permeability mechanising,

3.3.1 Initial Permeability of Nanocrystalline Soft Magnetic Materi-
als

For application in electronic devices. the nanocrystalline amorphous ribbon have better pertor-
manee than (he amorphons nbbons in other respocts Where the design optimization requires
Inwoer cost of the nanocry=talline alloys, their lower losses compare to the amorphous ribbons
al. higher frequencies, the use of the core materials will be favored. The colmple:{ magnelic
proportics of initial permeability gmay be strongly affected by the presence of an electiic
cirrent particularly in a ¢ condition. The measurement of magnetic properties as a function of
frequency and its analysis by means of the complex permeability fornalizing has recently lead
to the resolution of several aspects of the magnetization process [32, 33. 34]). The measure-
nient of complex permeability gives us valuable information about the nature of the domain
walt and their movernents.In dynamic messurements the eddy current logs 1@ very important
which ocenrs due fo irteversible domain wall movements that are frequency dependent. A large
nurmnber of pessible mechaniama can contiitmite to the magnetic loss such as local variation of
exchange energysurface detects. compaositional inhomegeneities.anisotropy ahd maguef ostric-
tion [35, 36] whose relative values are determined by grain size,grain orientation and thickness of

the sample. The present goal of most of the recent amaorphous 1ibbons researches iy to fulfill this
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requitesnens. Defore going into the complexity of initial permeability nieasurenment.we discuss in

short the theories and mechanism involved in frequeney spectrum of initial permeability

3.4 Magnetization of the Amorphous Ribbons

The saturation mnagnetization of material at a termperature of 0% K s one of its basic properties
Measurements ate nsually expreossed as avetapge moment per magnetic atom in unila of Bhor
magneton, gy of as specific saturation magnetization for the amorphous elloy, ¢, in units
of Am? /K g, The moments of rost amorphous allovs are lower than these of the crystallive
transition metals, which they contain. However the direct effect of the structural disorder on
the moments is very small. This points cut the importance of chemieal instead of atructural
disorder. The reduction is least in B-based plass and highest in P-based glass. The obscrved

moments on Thi-M glasses can approximately fitted to a formula

n= tyng Cpgg — Oy — 20y, — 305

3.22
Corag (3:22)

Where ptray i3 the magnetic moment of TM-M atoms, taken as 2.6, 1.6 and (.6 respectively [n
Bohr magnelon for Fe, Co and N1, C's are respeetive congentrations. This clearly demonstrates
the charge transfer from metalloid to d-hand of trangition metal and secms (o sugpeat that 1,
2 or 3 electrons are transferred from each of B. 8i (C. Ge) or P atom. The relative nuniber of
electrons donated can be listed as —P3C5) — S D0) — PialfaAly) — PPy — SigB13) — By
hased on the relative magnitudes of M,. Amorphous alloys are rather poor conducioms but
their Jd-clectrona are just as "itinerant” as in the crystalline transition metal alloys. Only
itinerant exchange between 3d moments is of importance in the metal-mefalloid alloys. Thin-
erant exchange arises because single site cxchange talen together with the inter site electron
hopping lerms produce a conrelation between moments on different sites.  This mechanizin
depends on the band structure and can lead to ferromapnetism. antifervornagnetistm or com-
plex spin arrangements. The thearetical tteatnent of spin ordering in ameorphons solids is &

much more dificull pooblem than the eegnlar crvatalline lattices and has not been satisfactorily
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solved. If the molecular field approximation (MFA} is used, even thaugh its use iz doubtiul,

the paramagnetic Curie teniperature can be expressed as

;o 25{(5 1)
3K

o EU'J;" {3'23]

Where 5 is the spin number is the Boltzmann’s constant and Jy; is the exchange indetaction
between atoms at the position r, and v,. and can be expressed in terms of the radial distribution
function.

I first case, 2 nnigque constant exchange interaction between Lhe magnetic atoms is assumed
and the amo phons nature of the allov is taken into account by calculating a random distribution
of the local anisotropy field [37] In the second approach to treating Lhig problem o distribution
of exchange inteprals is assumed in order to reflect the structural Buctuation in the amorphaus
alloy [38]. Bosh approaches predict that the M va. T eurve will flat below that for the erystalline
gounter part. The first model however predicts that amorphous alloys shr:;uld exhibit a structure

leas Mossbauer spectrum, contrary to the observed spectra.  Thus the second approach 18

prefevred of the various theories the molecular field approach (MFA) and mean field theories,

3.4.1 Low Temperature Behaviour of M, of Amorphous Ribbons:

The mean field theories do not account for local magnetic excitations and thus can not pro-
vide an accuraie description of the low temperature behavior of the magnetic properties.In
the quasicrystulline approximation and the long wavelength limit,the spin-wave energy can be

expressed by Keller [39).
Eyp =Ey+DE P+ FE 4 . (3.24)

Where K is the wave vector of the spin-wave wnd D and F are rhe gpin stiffness constants.
The presence of spin waves gives rise to a reduction of the average magnetization leading to a

temperalure dependence of the form

MAT) = M1 - BT T3 4 . ] (3.25}



e
Whoere M{0) 18 the saturation mowment. The cocllicients I and C are related to the spin-wave

stilfness constant T by

_ {3 [ oun N (£ NP

b=s (5) (MS(U}) (4@) wnd (3.26)
R T i gpr Kp \* .
=gk (5) (Ms{n}) (MD) 40

Whore g 18 the g-factor {~ 2.1} g is the Bohr mapneton, £ (%} = 2612 and £ () = 1.341
are the geta functions and {r?) represents the average mean-square range of the exchange
interaction. D is directly proportional to 1he cxchange constants. The T3/2 terms comes from
quadratic dependence of spin-wave on wave vector. With increasing exchange sirength, the
slope of M (T) versus T3/2 decreases are expected from experimmental resulis of alloys with

mereasing ..

3.4.2 High Temperature Behaviour of M, of Amorphous Ribbons:

The overall temperature behavior of reduced magnetization m = {:TZE% in T#I-M glass goes
Lo zero quite shartply at critical temperasure T, and in many glasses the phase transition i3 as

sharp ag i erystalline system. Neard,,
M () = (T, - T)* {3.28)

Where the 3 is a critical exponent. At intermediate temperature there is flattening. which
iz found in almost all TM-M glasses studied. The effect of high temperature has been treated
in two diferent approaches. The firzst approach 18 given by Harris et.al. {[40]) considers &
constant excliange interaction between magnetic atoms and a random distribution of the local
anisotropy feld is considered which changes with ternperatute. The other appreach is to con-
sider a distribution of exchange intepral is assumed in order to take into account the fluctuation
in the amorphous altovs as taken by Handrich [38]). Both the approaches are uorealistic and

infect no rigorous theory of the high temperatuee hehavior for amorphous materials has been
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developed. We bave determmined the experimental power low [Tom the Lermperatnee variation of

magnetization in the high temperature range.
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4.1 The Differential Thermal Analysis

4.1.1 Introduction

The technique of differendial thermal analysis is an important tool to study the structural change
oceurring both in solid and liquid magerials unden hean treatment. This changes may be due Lo
dehydration transition from one crystalline variety to another, dessruction of crystalline lattice,
oxidation, decomposition ete. The principle of differential thermal analysis (DTA) consists in
measuring the heat chenges associated with the physical or chemical chenges occurring when a
standard substance is gradually heated. This scchnique bas been nsed o determining the glass
transition temperature and crystallization temperature of our nanocrystalline soft magnetic
material.  The glase transition lemperature T, is defined as the terperature at which the
alloy passes from the solid to the liquid state. For our purposes it is sufficient to deseribe
I, as the temperature at which atomic mobility is great enough to allow diffusive atomic
rearrangement to oceur in a matter of minutes. The crystallization temperature T, delined
as the temperature at which crystallization occurs with long range ordering and is usually
determined by DTA technique by a heating rate of == 20° C/min. The DTA technigue has
heen used in determining T} and 7, of our nanoerystalline ameorphous solt magnetic material

with compositions (Fegg Cogilras Cy Nhy Sias By and Fry Cuys Nbas Sia Bop.

4.1.2 The Principle of Differential Thermal Analysis

The DTA technique was first suggested by Le Chateher [41] in 1887 and was applicd to the
study of claya and ceramics. DTA 12 the process of accurakely measuring she diflerence between
a thermoconple Pn;hucif!mi in a samnple and a thermoe-couple in a standard inert material such
as aluminum oxide while bath are being heated at uniform rate.

These dilferences of temperalute ange due to the phage transitions or chemical reactions
in the sample involving the evolution of heat or absorption of heat. The exothermic and

endothermic reactions are generally shown in the DTA trace as positive and negative deviations
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Figure 4.1: Heating Curve of Sample and Reference Substance
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Figure 4.2: DTA Curve
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respoctively from a base line. 50 DTA gives a continuous thermal record of reaciions accruing
in a sample. When a sample and reference substance ate heated or cooled at a constant rate
nder wlentical enviromment, their semperature differences are measured as a function of Lime
or temperalure {ag shown by the curve in Figuie 4.1- 4.2). The temperature of the reference
substanee, which s thermally inactive rises uniformly when heated. while the temperature of
a sample changes anomalouzly when there is o physical and chemical change of the active
gpecirnen al a patticular ternporature. When there 1s an exothermic reactio;'l there is a peak in
the Leperature ¥8 time curve, heat supplied from outside is consumed by the veaction  And
when the reaction is over, the sample temperature is different from the ambicnt., and il vises
rapidly to catch it up, and then it beging io change nniformily. The temperature difference
AT 15 detected, amplificd and recorded by o peak as shown 1in Fig 4.1 The tomperature in
the sample holder is measured by a thermo-couple the sisnal of which iz compensated for the
ambient temperature and fed to the temperature controller. This sipnal 15 compared with
the program signal and the veltage impressed to the furnace is adjusted. Thus the saople and
referenee substance are heated or cooled at a deswed 1ale. The terperatire in the sample holder
13 digitally displayed on the DTA-L0 {Differential Thermal Analyzer, Shimadsu Corporation,

.

Kyoto, Japan) and 12 also 1ecorded on the recorder

4.1.3 Apparatus

The apparaius of 1he differential thermal analysis consisig of a of a thin walled refractory
specimen holder made of sintered aluminmm with two adjacent cubical cosupar tinents of exactly
the same size, 1 cin in length (Figure 4.3) of which one is [or the reference [mert) material
and the other for the test rmaterial. The compartments are separated by a I mm wall. The
specimen holder 18 placed in the cavity of the heating blocks, which is operated in the center of
the cylindrical releactory tube of an electrical furnace. which supplies a uniform heating rate.
The futnace {9 x 6™ x 9" ddeep] is pealied with caleined china ¢lay The input of current into the

furnace is secured throuph the secondary of o variable transformer, which conlrols the current.
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Fine chromelalumel wires (28 gaupe) are used for thermocouples. A cold junction is used for
thermocouples leads and the ean.f is recorded E\]T;IUSt continucusly, while the temperatute of
the inert material is measwed ot 3 minutes interval,

It 15 cssenlial to use perfectly dry materials as otherwise errors will be introdueced in the
analysis - Approximately 0.1 g anbvdrony alumina is used 1n the reference cup and the sample
weights varies over a range 0.05 to 0.125 g; depending on their packed density  An average
heating rate of 10° C per minute of the furnace is maintained which gave satisfarior y 1esuits in
most cases. A block disgram of DTA is shown in Fig. 44 The thermal analysis runs generally
for L to 1.5 hrs. Thermal analysis curves are obtained by plofling heating temperature and the
difference between the termperatures of the test and the reference substances. From these plots
the reaction temperature could be deterrnined. Under siandard conditions of the experiment,
clharacteristics curves for dilferent composition 1ron-Boron amerphous ribbon were obtained.,
A sharp exothermic peak indicatrs Glass transition and crystullization temperature points,
usually  Exothermic peaks similarly give the temperatures of decomposition of phases and in
ceses typical endothermic curves afford nseful information about the seructural changes taking
place in the compound.

All experiments are run al atmospheric pressure in a continyous Aow of a purified inert LT
nsnally argon, Nitropen or helium., Gases are nonnally purged 1nto the furnace chamber at
the lower and through o purification t1ain in which oxygen and water are removed by heated

copper wool and exhansted from the top into a condensed trap for collecling the condensable

volatile products
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4.2 Experimental Determination of Complex Permeabil-

ity
4.2.1 Real and Imaginary Components of Complex Perrﬁeability

Determinations of permeabilily normally involve the measurcmentz of the change In self in-
tluctance of a coil in the presence of mnagnetic core. The behavior of a self inductance can now
be described as follows, If we have an ideal Joss less air ecil of inductance Ly , on insertion of
magnetic core with permeability g, the inductance will become pfg. The complex impendence

7 of this coil can then be expressed as

r

7= R+iX =iwlep = fwlgly — iyt ), (4.1)

where the resistive part is

R=wLyy (4.2)

and the reactive patt i

A= I.J.,-'Lﬂlu.l. (4.3)

The vf perrucabiltity can be derived from the complex impendence of a coil in Equation 4.1, The
core s Laken in the torcidal form to avold dernagnetizing ellects. The quantity Ly is described

gevmetrically as shown in section 4.2.1.

4.2.2 Preparation of the Samples for Complex Permeability

The amorphous ribbons were wound in to toroidal cores having onter and inner diameters
13 to 15 mm and with the talin of outer and inner diameters always kept less than 1.2 in
order to improve the homogeneity of the applied field, as also to reduce the possibility of
an inhomegeneous inductance regponse. A low capacitance with & to 10 turns was wound
around the toroids Lo aliow the application of magnetic felds over a wide range of amplitudes.
While measnuring the permeability of the amorphous 1ibbon cores at high frequency, the high

¢leritic resistance of these materials gencially precludes the troublesome skin effect found in

L
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ribbons, However, the cross-section of the amorphous ribbon core to be measured may have

tor be kopt small in order to avoid dimensional resonance phenomena. To avoid an increase
in resistance owing to sk effect, braided copper wire 18 used at frequencies higher than 100
KIlz. The thickness of the sepataie wire stands being adapted in the measuring frequency of
up to about 13 MHz. The thumb rule is shat.the wire thickness in microns must be smaller
than the wavelength iu meiers. At higher frequencies the capacitanee arising Dom winding
oives inaccurate values of R & 7T,. Tt is therefore, necessary to keep the capacitance of the
winding a5 low as possible. Frequency response characteristics were then investigated on these

ring shaped specitnens as a funetion of frequency.

4.2.3 Trequency Characteristics of Nanocrystalline Materials

The frequency characteristics of the amorphous ribbons saruples e the permeability specira
were investigated using an impedance analyzer(LCR bridge). LF 4192A Agilent technologies
Lt., Japan at BUET. The measurement of inductances were taken in the freguency range 005
Hz to 33 MH.. The vatues of measured parameters oblained as a funetion of frequency and
the real and imaginary parts of permeability and the loss factor. 4 is ealeulated by using the

following formula.

L, =Fy 'u: (4.4)
¢ Ly
= L_u (4.5)
anid
ILI.U
fand = — 4.6
p (4.6)
i = ptand (4.7)

Here L 18 ihe self- inductance of the sample core and

_ l‘:fl}‘!‘\‘rzsl

Lo of

-
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where Lg is the inductance of the winding coil without the sample core, N i3 the number of

turng of coil and S is the area of cross section as given bolow
5 =dh, {4.9)

where

_ (fg '—{Jr-l

i= 3

{4 10}
aud b is the heighl. And 4 13 the mean diameter of the sample given as follows:

s+ &y

d =
2

(4113

The relative quality factor is determined for the ratio g /tand.

4.3 .Experimental Setup for Measurements of Magneti-
zation

4.3.1 The Principles of Vibrating Sample Magnetometer (V.5.M)

All mapoetization measutemenls have bocn made on EG and G Prineeton appliced vessarch
Co. make vibrating sample magnetoieter (VM) [42, 43]. The principle of VSM is as follows:
when the sauple of a magneiic material is placed ina noiferm magnetic field, a dipole moment
proportional to the praduct of the sample susceptibility times the applied field ig indueed in the
gample. If the sample is made to under go a sinusoidal motion, an clectrical signal is nduced
in suitably located stationary pick-up coils. This signal which is at the vibrating frequency is
proportional to the megnetic moment, vibration amplitude and vibration frequency. In order
to obtain the reading of the moment ouly, a capacitor is tuade to generate another signal
for comparison, which varies in its meoment. vibration amplitudes and vibration frequeney in
the same manner as does the signal from the pick-up coil. These two signals are appled io
the two inputs of a differential amnplifier.And because the differsntial amplifier passes only

difference bhetween the fwo signals, the effeet of vibiation amplitnde and fregqueney changes are
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cancelled. Thus only the monent determines the amplicude of the signal at the output of the
differential amplifier. This signal iz in tnrn applied to a loek-in amplifier, where it 13 compared
with the reference signal which is al s internal oscillator frequency and is also applied to the
transducer which oscillates the sample rod.

Thus the out put of the Lock- in amplifier is proportional to the magnetic moment of the
sample only avoiding any noise of fregquency other Lthat of the signal. The Lock-in action yielda
an accuracy of 0.05 % of full scale, The absolute accuracy of this system iz hetter than 2%
and reproducibility is better than 1% Least measurable moment is 5 x 1074 ¢ann Variable
magnetic field 15 achicved with a Newpod, Electiomagnel Typen [77 with 17.7 e diameler pole
preces. The marmet is mounted on graduated rotating ase. The standard model iz modified to
provided an adjustable pole gap o order that the highest possible field streneth is available The

ficld can be varied from O 1o 9 Kg. The ficld s measured dircetly by using Iall probe.

4.3.2 Mechanical Design of the V.5.M.

The various mechanical parts of the inagnetometer are shown in the Figure 4.3 The base B of
the V.50 ig a circular brass plate of 8mm thickness and 250 mm diameter. A brass tube T
of 25 mm olet diameler and 0.5 mm thiekness runs normally through the base sueh that the
axis of the tube and the center of the plate coincide. The base and the tube are joined together
by soft solder. The tube extends 60 mim upward and 24 mm downward from the base. There
15 & vacum port on the lower part of the tube 120 mm below.

Fleetrical connections from the andio armplitier to the spealer and from the reference ol
syatemn to the phase-shifter are taken via the DPerapex feed-through. By connecting the vacuum
port of the tube T to a vacuum pump the sample environment can be chaneged. The speaker SP
1= fitted 25 mm above the tube T with the help of our brass stands. The lower ends of the stands
are screwed to the base plate while the rim of the speaker is serewed oo Lhe tops of (ke stands.
The speaker has a cireular hole of 10 mm diameter along the axis of it. An aluminium dise

having female threads in it s ftted to the paper cone with araldite. The aliuniniin counvctor
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having male threads on it aud attached to Lhe drive rod assembly fits in the aluminium dise and
thus the drive od assenbly is coupled to the speaker. The drive rod assembly consists of Lwo
driachable parts which are joinced together by means of alumininom threaded connectors Each
part i a Lhun Pyrex glass tubing of 4 mun diameter. Lhe upper parl has a small permanent
magnet Posituated 100 mim below the aluminium connectors attached to it At the lower cod
of the drive rod assembly @ Perspex sample holder having quite thin wall can be fitted tightly
with the sainple iu it, A fow Porspex spears are also aitached 1o the dniver rod throughout its
length. The spacers guide the vibration of the sample only o the vertical dircetion and stops
sidewize vibtation or molion. The total lengeh of the drive rod assembly is 920t mm up to the
base, The lower end of the tube T is joined to a brass extension tube L by a threaded coupling
and an o'nng seal. Another thin tube K made of German silver and of 8 mm inner diameter
runs through the extension tube L from the coupling point & to abont 30 mm below the sanpls
position. Above the base there iz hollow brass cylinder M ol 180 mm length aned 130 min inne
diameter, having 40 mim wide collars at s both ends. The lower collar seats on an o'ring seal
which iz situated in a circular grocve in the base plate. {n the upper collar, there rests an
aluminium top N with an o'ting aeal. The brass evlinder M has a side port VP, This is again a
brass tube of 41 mm diameter and 43 mm length. The port has a collar at the end away from
the cvlinder. A erspex vacuuin fesd-through is fitted at its end with o'ring seal. This port is
connecled 1o the eylinder by soft solder.

The hase plate of the V.8 M rests on three levelling screws above a Lrass frame. which in
turn rests on an iron angle bridge, The beidge s rgidly fitted to the sidewall of the room.
The brass [tame is provided with arrangementa with the help of which 0 can be moved in two
perpendicular directions in the horizontal plane.

The levelling serews are used to make the deive rod vertical and 1o put the sample at the
center of the pole-gap beiween the sample coils. The travelling screws can also move up and

down the sample.
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4.3.3 Electronic Circuits of the V.5.M.

The function of the associated electronic ewrcuits are:
1. Tu permit. aceurate calibration of the signal output obtained from the detection cuils.

2 Tu produre a convenient AC output sigual which is directly related to the input and

which can be recorded,
3. To pruduee sullicienl amplification for high sensitivity operation,

The block diagrain of the clectronic circuit used for the V.S.M consists of a mechanical
vibralot, a sine wave generator, an audio amplificr, a ratio transformer, a phase-shifter, a lock-
in amplifier, a pick-up coil system, a reference coil systemn and an electromagnet as shown in
Figure 4.6 The sanple magnetized by the electromagnet generates an eanf in the pick-up
roils P, The strength of this signal is proporlional to the mapnetization of the sample. The
vibrating perruanent magnet also generates an et c;f fixed amplitude in the saerounding
reforence cotls. This signal 15 stepped down with the help of a ratio transformer so that its
amplitude is equal to that of the sample signal. The two signals are then brought in phase
and put to the Lock-in amplifier. The Lock-in amplifier works az a null detector The ratio

transformer reading is to be calibrated using gpherical shape sample S of 99.99% pure nickel.
Sengitivity Limits

Limits of sengitivity are determined by signal to noise at the input cireuit, where notse is defined
as auy sipnal not arizing from the magnetic moment of the sample, The major sources of noise
are the Jobnson noise of the wire used for the pick-up coils, and the magnetic responses of the
sample holder, which superimposes undersigned signals in phase with the wanted signal. Use
of a minimum mags of weakly diamagnetic material for & sample holder, carefully checked to
contain no ferromagnetic impurities, is essential to minimize Uiis coherent neise contribution,

Corrections for the small magnetic contribution of the sample holder can then be made by
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measurements with the sample removed. This correction is much less than the equivalent case
wilk a moving coil systein. Our standard sumple used for calibration was spherical shaped
specimens of mass 0.0584 gm. The diferent Held susceptibility Az = 5 x 1071 conld be
ohserved after synchronous phase desection with bandwidth 22 2 % 1072 ¢ps. The other tests
used was small current at 81 [z or an alicrnating current 81 Hz passed through the coil which

remained stationary.
Stability Tests Differential Measurements

With ondy the Lock-in amplifier and the oscilloscope as a null detector, it was found that the
(105684 gm Ni-sample signal could be balanced reproducibly  Such reproducibility indicated that
the long time drilis cansed by the combined elfects of vibration, amplitude changes, and fre-
quency changes a bridge sample pogition and other offects were negligible. Chosen symehtonous
phase detector added differential changes abmt one-fenth Lhe sive that could be teeorded ro-

producibly.
Vibratiou Amplitnde

The pick-to-pick vibration amphitde hag been varted [om legs thao (0] mrm np 1o 1.0 mm
in order to examine crrors caused by amplitude changes. Snch tests show that the measured
magnetic moment varied less than 0.5% over these range of amplitude, although at higher

variation of amplitude, becavse of the larger signals ovolved.
Image Effects

Image elfrets were also examined with a small vibrating coil carrying a de current. The image
¢lfect was no greater than 1% for fields up to 5 Kg produced in an air gap of 3.6 cm. Undoubt-
eadly, Lhere is an image induced in the magnet poles. It appears. however, that when the sample

iz vibrated, erldy current shielding reduces the effective image vibration.



Vibration Frequency

The vibtaiion {requency is not critical. High frequency operation s limited by the driving
mechanism and capacitive shunliog in the detection coills. Frequencies of 100 Hz or less pearmit
i hee use of Inexpensive components and inininize eddy current, shiel-dmg by the vacuwn chamber.
The measurements are completely independent of eddy eurrents in the surrounding paris, if
measurements and calibration are made ai the same lemperature. The thickness of conducting
parts has been minimised, so that the temperature dependence of penetration depth is less

than 1%,
Vibration Problems

Mechanical coupling between he vibrating system and the fixed detection coils must be avoided.
Although the coils are arranged for minimum sensitivity to external vibration, a noticeable
background signal is obtained when the vacuumn chamber contacts the detection coils. Such
mechanical effects are difficnlt to eliminate eclecuronically, becanse the spirions backgronnd
signal hag the same lreguency as the sample signal and maintaing a constant phase dificrence
with respect to the sarmple signal.  Usually the magnetometer and detection coils are both
supported by the magnetic coupling, so that some mechanical coupling may be noticed at

highest sensitivity.
4.3.4 Calibration of the V.S.M.

There are usually two mechoeds of calibraiion of a vibrating sample magnetometer [V.5.M)

1. by using a standard sample and

2. hy using a coil of emall size whose moment can be calenlated from the magnitude of the

d ¢. current through il

We have calibrated our V.5.M using a 0.0584 g spherical sample of 99.99% pure nickel. The

sample was made spherical with the help of a sample-chaping device. The saturation magnetic}
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moment of the sample has been calculated using the avalable data. The ratio transformer

teading 13 obtamed by actual measurement from the relation
M=KK {4.12)

Where M is magnetic moment, K is saturation ratio transformer reading and K is V.5.M.
calibration constant. Bul

M=o {4.13)

Where 5 is the specific magnetization and m 12 the muss of the sample. From Equation 4.12
and Fquation 4.13 calibration constant is given by

hT
KI

K= {4.14)

The accuracy of this calibration. however. depends on the reliability of the standard nickel
sample; the accuracy of the ratio tranzformer and the gain of amplifisr. The equipment has
been aperated repeatedly with the same standard sample and stability has been found to be
within I part in 100,

The absolute accuracy of the instrumeni depends on the knowledge of the magnetic prop-
erlirs of the calibration standard and reproducibility of the sample position. When the sub-
stitution method of calibration 12 used, the major error 1%, i3 introduced by the estimation of
slandard nickel sample. The relative accuracy of this instrument depends on aceurate calibra-
tion of the precision resistor divider network. The total error here can be kept less than 0.5%.

A typreal calibration curve of magnetic field Vs ratio transformer reading is shown in Fipure 4.7

Calibration Data

1. Beferonee sigual with phase shifter and decade transformer in connection:

104 ¥V
20

1
Ve, = 557 % x 19 = 951 V x 100 = 0.95 mV {4.15)

0.0

2. Reference sipnal with decade transformet in connection:

Viep, = ﬁ * 11y V =1.1mV {4.16)
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3. Reference signal with direcl conncction:

Y Vier, = 13 x 0.1 ;nV = 1.3 mV (417)

Saturation decade transformer reading for pure Ni at 200° C 15 given as K = (0 4386,

Specific magnetization for pure Ni at 200° C is given by 7, = 54.75 Am?/Kg.

Mass of the pure Ni-sample = 0.0584 x 1072 Kg.

Magnetic moment M = ma = 3.1975 x 1073 4m?2

And hence V.5 M. calibration constant is found as

K= lﬂ = 7.2 x 1073 Am? (4.18)

4,3.5 High Temperature Magnetization Measurements

Mapgnetization measurements al temperature sbove room temperature were done using a high
temperature oven assenbly {EG and G. Princeton Applicd Research Co.). The oven consists
of an electrically heated outer tube assembly with vacuum and reflective thermal insulation.
The heater consists of an integral bifilar wounding heating coil with a resistance of 80 ohms.
The winding is theretors non inducting. The saraple holder consists of a quartz tube extension
attached to a sample cup. During operation of the high temperature assembly evacuation is
aceompanied by continuous How of nitrogen pas to climinate reaction of the sample with oxygen.
A ¢hromel- alumel thermocouple is used 25 a temperature sensot and the highest temperature
that can be achicved is 5007 C.

All the measurements of temperature dependence of magnetization were plotted using LI-
SEIS make X-Y Recorder model LY 13100, The magnetic monent from V.8.M and temperature
{from thie potential differences in volts iaken from panel meter are plotled on X-Y recorder.

Magnelic inoment can also be plotted as a function of Lime. A graph paper remains gtonck on
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an electrically charged plate during the plotting in X and Y scales are calibrated and can be

recuced or enlarged as per need.



Chapter 5
- RESULTS AND DISCUSSIONS
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5.1 Differential Thermal Analysis (DTA) Results

Nanocrystalline amorphous ribbons prepared by rapid quenching ruethod have been gubjected
to dilferential thennal analyais nsing a Shimadzu thernal analyzer. The DTA of as-cast samples
with a heating rate of 20° ¢'/min are presented in fig 5.1 and 3.2, There appears two exothrrmic
peaks, which corresponds to the crystallization of ¢ — Fe[St) and Fea D(N®) phases rospec-
tively. DTA is a direel and effective techoigue for analyzing kinetics of the nanocrystalline
materials in respect of phase transitions. The change of composition alfecis atumic ordering
ithrough nucleation and growth of waystallites. The first erystallizasion phase, with the sort
range ordering of atoms, is associated with chanpe in the {rec cnergy of the systoin. The long
range ordering of atoms depends on the free cvergy difference between the crystalline state and
nanocrystalline amorphous state. The change ol composition afects the growth kinetics in a
complicated way. which ean only be determined cxperimentally. The compoesition of the alloy
affects both the primary and secondary erystallieation phases 77, and T, because the time
needed for the constituent atom to have long range order dependz on Lheir bond cnergies C.
L. Chen et. al. [44] and K. Moorjani of. al. [45]. Crystallization phase are affected by the
heating rate as well as by composition. tl;E formartion of nucleation centers and their growth
need to bo inhibited to avoid crystallization. Only the effect of composition on the stability of

the crystalling ainorphous state is thus studied by keeping the heating rate constant.

5.1.1 Differential Thermal Analysis (IDTA) of Nanocrystalline Sam-
ples

The two specimens. sample 1 and 2, with compositions of (FepaClog ) )7asC 0 NS08y and
FeqaCuy o by 554, By, respoctively have been examined for their stability and erysiallization
process by Dilferential Thermal Analysis.

For the sample 1 {Figure 5.1) the crystallization temperature for primary and secondary
cryslallisation ooour at Lemperatures 6359 ¢ and 715° € I\'urmaily Cu and Nh are hardly

soluble to the o — Fe{S7) phase at 635" €. Rapid quenching technique forces the Cu and
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Nb elements in to the atomic matrix. At high concenfiaiion i n — Fe, which leads to a

segregation of Fe and Cu atoms and results in forming Fe-rich and Cu- rich regions. In the
Fe-rich region the crystallization temperature is low, so that the noelen of crystallizasion can
eaaly be created when the nbbons are thermally anoealed. The presence of Nb however cre-
ales around the o = Fe{5:) eraing of Nb-rich region with higher crystallization temperaiurc.
This may eccur al 715° C. suppressing the growth of the grains. The secondary crystallization
temperature T, corresponds to the fotmation of FregH(NH) phase. As o result of doping of Cu
and Nb, ultra fine grains are formed which are homogensously distributed n the body of the
nanoerystalline material. This model is in keeping with the finding of M.A. Willard ef.al [46].
The primary crystallization temperature T, is quite prominent and the secondary et yatallina-
tion temperature Ty, s not 500 This s because, the exothermic reactions corresponding to
Ty, is relatively much more vigorons compare to that in 75, At higher temperatures theree
are some endothermic peaks, which can be elated Lo transitioms to BOC to FCO structures
and complex rearrangement of crystallites in the amorphous mateix. For our magnetization
moeasuremnents, however, these structural changes are not considered to be important, because
magnetic ordering 1s mainly confrolled by sort range order,

For sample 2 (Fignre 5.2}, two exothermic reactions :I;unu&punrling to the temperatures
553% € and 6857 C are related to crystallization of o — Fe(S7) phase and Fey B phase respec-
tively. These peaks are quiie broad and prominent. Structural phase change in FeqyCuy s N 5572 H,
alluys enables us to explain changes in the houndary enervgy bhronght about by heat treatment.
Both the peaks, which correspend to release of heat al these teinperatures, correspond to or-
dering of atoms By repeating the DTA of the samples after crystallization 11 was olserved that
the resulis are not reproducible. This 15 quite expecicd hecanse the specimens were subjected
to irreversible transformations. No ruagnetic measurcments have been done on these samples,

as their chemical compositions are undetermined [4€]. |
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5.2 Specific Magnetization Measurement of Nanocrys-

talline Amorphous Ribbous

The magnetization of thin napocrystalline malerials of sample 1 and 2 with compositions
of (FeasCooilrsCuiNiaSias By and FreegCu) s Nba 35110 Hp. respectively are measired as
a function of magnetic field using a vibrating sample magnetometer (V.5.:M} [42]. The ribbon
samples were cut into circular shapes. weighed and glued to a standard sample mount. The
magnetometer was nsed as field measuing deviee, which was not affected by the presence of
sample for its low snsceptibility. The lock in action of V.S.M yields an accuracy of 0.05% of
the full scale. The absolute accuracy of this system 18 better than 2% and the reproducibility
is hetter than 1%. Least measurable mement is 3x107* em. The proportionality constant
accountng for the partienlar eoll geometry and susceptibility is obtained by calibration with a
high purity eireular disk shaped nickel sample. The sample has a saturation moment of about
54,75 Am? /kg with a saturation Aux of about 4 Kg. A relative accuracy of aboni 1% is obtained

with the deuble coils; the abselute aceuracy depends on the calibration method

5.2.1 Field Dependence of specific magnetization at room temper-
aturc
As prepared nanoerystalline materials with composition of (Feg yClop )7z s Gty Wha Sty Dy and
FeaCuy < Nby 550200 have been studied for their speedic magnetiration as a function of feld
at room temperature and is shown in Figure 5.3, Magnetization is also evaluaied as a func-
tion of field to find the fleld dependence of magnetization on the domain structure. Specific
magnetization is observed to be 113 Am®/Kg for nanacrysialline tibbon with composition
(FepaCop s sCo NS s Dy and 138 Am? /K g for nanocrystalline ribbon with composition
FeqyCuy s M8y 350, By 8t room temperature. The saturation magnelization for these ribbons
has higher values for higher percentage of iron, This is quite understandable from the considera-
tion of higher contribution of magnetic moments in won-rich ribbona, while it 35 quite consistent

with the results of crystalline Co-Fe alloys and ig cxplained as due to higher magnetic moment
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of Fe-atoms. The saturation field fur both the samples is around 500 Gauss. The experimoen-
tal data shows that these materials are quite sofl masnetically and their magnetizations are
almost ficld independent above 1000 Ganss. The saturation field decreases monotonously with
increasing Mh content but the soft magnesic properties are greatly improved with increasing Nh
content. This result indicates that the soft magnelic properiies are not improved remarkably
by the single Nb or Cu addition but are substantially improved by the simultaneous addition of
Cu and Nb. It is observed that addition ol coball by a small fraction [ e. replacing iron by 10%
of cobalt decreases the magnetic moment significantly, The increase 1o specific magnetiszation

of Fergig 5¥b 5 595080 18 quite in keeping with Slater Pauling curve [4?].

5.2.2 Temperature Dependence of Magnetization of Nanocrystalline
Amorphous Ribbons

Temperature dependence of magnetization ol the nanocryatalline magnetic specimens is mea-
sured by using a V.5 M from room temperature to 800° € is shown in Figure 5.4 and Figire 5.5,
It ig ohser 1.'(:;[1 that. with juercasing values of Fe in the nanocrystalline alloy the magnetization
increases. The sample (emperalure was swept with rate of the 30° C/min or left steadily at.
elevated temperatures with fluctuation of the less than 0.5 C.

From the results of magnetization as dilevent temperatures S5 has been calculated for the
two samples as a function of temperature. These are shown in Figure 5.6 and Figure 5.7 for
samples 1 and 2, respeetively. From the muaximum value of the slopes of the % V5. tempera-
ture, the Curle temperatiures have boen caleulated The Curie temperstures for the samples 1
and 2 are found to be 595" €' and 635° € respectively from the magnetization VS, temperature
slopes, However, the determination of the Curle temperatures is a hit uncertain because these
materials are not single-phase materials. At high temperatures there g segregation of iron and
cobalt and I'e-Co alloy cryarallies, which have different Curie temperatures. Moreover each

of two systems 1 and 2 are composites because the nanocrystals are crubedded in amorphous

matrix. The experimental curves however show smooth variation of slopes with asymptotic
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natyre around 700° C. Although the T, of Co (1037% €} is higher than that of Te {T70° &)

in the amorphons state, exchange igteraction between the magnetic ons 18 increescd by the
replacement of Co by [eg quite contrary to the erystalline state. Since the racchanpe interaction
in the nanocrystalline ruagnetic material 13 of the RKIKY type. which oceurs wiu the condnction
electron, the distance from magnetic atoms is very imporlant. It is Lhus likely that Fe-based
metallic glass can be gained by adding to the traditional slloy composition smal] amounts aof
Cu and Nb Temperature dependence of Finemet amorphous ribbons leads Lo a forrotiagnetic
transition temperature up 10 certain range. There is & good correlation between eryatalliza-
tion phase transformations as obtained from Figure 5.1 and Figure 5.2 and T, obtained from
Figure 5.4 and Figute 3.5 for two sarmples. The former [erromagnetic transition temperature is
aseribed to the Curie temperature of amorphous matrix and the latter to the one a — Fe(S1)

nanocrystalline particles.

5.3 Dynamic Magnetic Properties of Nanocrystalline Amor
phous Magnetic Materials

Dynamic magnetic propervies ol as-gquenched nanocrystalline camples 1 and 2 with compositions
(FepaClony)rasC 1) N3 8113 5By and FeryCiy o Vb 5 59195, respectively have heen determined
using LF impedance analyzer (LF impedance analy zer. 41924, Range & Hz -13MHz, Agilent
Techuologies Japau limited, J apan). Frequeney speetrum of complex magnetic characteristics,
like real and imaginary parts of initial permeability, loss factor and relative quality factor are
analveed. Frequency uieasurements were perforined with an impedance analyrer, in the range
0.1 KHz to 13 MHz al room temperature with very low Beld { B = 0.1 A/m). All the starting
as-quenched samples were nanocrystalline and their magnetic properties vary little with Nb
concentration, while the complex permeability of the saruples changed largely due to anpealing
. Nanget ystalline sample with low pereentage of Nb loosed the soft magnetic property, 80 that
its complex perteability spectruin changes the cotresponding values of the as-guenched state.

Ou the contrary our sample with 2.5 to 3%Nb, the thermal treatment improved very much
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the hazic soft wagneile properties. Our ‘den is that the ultra fine grains might be produced if
the composition is Auctuated in the alloy. becanse the fluctuation can ereate marty nuclel sites,
which became the nuclei of the crystals in the alloys. Cu is preferable additive to form thes
mclei sites. but it is hardly solid soluble in Fe'at room temperature. However, some amoiit
of Cu can be forcedly dissolved by means of a rapid quenching technicque, and nanocryslalline
grain struclure can be achieved, As nanoerystalline amorphous ribbon can be obtained from
thin ribbons as in the case of amorphous 1bbons, it is inferred from ils low eddy current loss
that the high irutial permeability and Iow ecore loss in the high frequency range are achieved.
The core loss of nanecrystalline sample 1s arnaller than those of the Fe-based alloys and ferrites.
‘The annealing temperature and aunealing time are both important parameters in controliing
the frequency spectnilin ICRPONS: of permeability of the nanocrystalline sample as observed
from; the results of Figure 5.8 and Figure 5.9. The effect of annealing on complex permeabilily
apises because two factors of apparently opposite nature influemce the permeability. One is the
rergoval of local defeets in homogenously and stresses that hinder the movement of dumains
by pinning effeet and the other 13 the growth of the nucleation centers of crystallites thal also
Linders the movement of domain walls. Since effect of annealing is to remove the pluning
conters of the hrst kind and to enbance the growth of the pinning centers aof the second kind,
the resull of annealing depends on the composition of the nanocrystalline amorphous tthhons

and the conditions of preparation of the az-quenched samples.

5.3.1 Frequency Dependence of the Real Part of Complex Perme-
ability of cumpusitiun of (FEQLQCGQLI)T3_5C‘TH1 f\rngilglaBg with Dif-
ferent Annealing Temperature and Annealing Time

The real part of complex permeability of nanocrystalline soft uagmetic zample with composition

of (FegyCop 1)73,56‘u1_-“-"b,-;,‘5’£ 125 g has been mcasut od ay a function of frequency from 100 Hz

to 12 MHz using impedance analyzer. The measurement lias been done on se-cast specimen

and algo on samples annealed at 200° C for onc hour.at 450° ¢ for one hour and at 450° €
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for & minntes. The annealing process leads to the increase of the grain size. However, with
concentration of &b = 3%, the grain size incieases slowly with annealing tempetature 450° C
and annealing time 5 munutes, whereas with the increase of the annealing time there is an
incriases of the graiu size of nanucrystalline samples. These confirn the role of Kb in the delay
prowth of the o — Fe{S1) phase The purpose of thix experiment was fo determined empittcally
the optimum annealing tempetature, annealing time corresponding to maximum permeability,
constancy of the permeability and maximurn frequency range over which the garmple can be used
as woft magnetic material. Figure 5.8 representing the resulls show that as-cast gpecimen has
Ligh relative permeability of 12500 at 100 Hz At 1 KH7 there is a slight diop in permeability
but the value remaing above 11300 up to 100 KHz, decreasing rather slowly and smoothly. At
13 MHz frequency, permeahbility goes down to AO00. The specimen annealed at 200° € for Lhou
reduces the permeability to 9500. However, the frequency dependence becomes more amooth
remnaining almost constant up to 100 KHz and then falling at & constant raté to a value of 2200
at 13 MHz The sample annealed at 4508 € for 1 heur brings a sudden drop from 6200 to 2000 in
permeability around 900 Hz and the overall permeability has a low value in the range of 1 KHz to
13 MHz. The hest response of the sample 18 obtained when the annealing tomperature 4500
and annealing time is only 5 minutes. The mexipmm permeability realized is 14000, which
remnaing almost nniforn up to 100 K1z, Beyond this frequency permeability {alls more sharply
than the as-cast specimen and the value hegomes only 2000 at 13 MH~. Intercstingly this value
of the permeability at 13 MHz is the same for both the specimens annealed at 450" & but with
different annealing time, the interval being 1 hour and 5 mimutes respectively. The frequency
respouse of the samples annealed at different temper atures can in general be explained in terms
of the prowth of crystallites and their size distributions. The increase in penpeability due to
anncaling at 450° & for 5 minutes indicates that 1his high temperature anpealing removes the
loeal defects as ereated duting the preparagion of the sammple.which facilitates the domain wall
movement, This explain the permeability response of (Fe-Co)CuNbBiB-alloy with Nb cuni.fﬁt

ol 3%, annealed at 450% ¢ The imtial permeability is a maxinum and the soft magnetic

f#.
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properticg are good. However, the size of the crystals are related to their response to [requency,
since cach crystallite is coupled to the matrix with a stiffiess constant giving rise to kS own
natural frequency. The nature of the frequency dependence of permesbility of a specimen al
diferent teruperature may be explained in terms of grain growths as controtled in a COTUDIEY Way
by annealing temperature and anpealing time. The best performance of the sample annealing
a6 4507 € b with annealing time of only 5 minutes inclicates that anpealing temperature and
annealing time are both very critical and can be ebtained only ewnpirically by trial and error

method

5.3.2 TFrequency dcpendence of the Real Part of Complex Perme-
Hblllty of CDIﬂpDSitiDH of Fﬁ74C*u1 5hrbg_5jgimBlﬂ with Different
Annealing Temperature and Annealing Time

Magnetic permoeability tor its real part has been measnred in a nanoerystalline sample of com-

position FergCuy s Nb e S0 Hp for different frequencies in the range 100 Hz to 13 MHez. The

results of the as-cast sample and samples annealed at temperatures 2007, 330° C, 5500 € for

5 minutes each, are shown in Figure 5.9 The results for anmealing time 1 hour are shown in

Figure 5.10. When the annesling time was b minutes, the results show that there ia consistent

increase in the permesbility value with increasing annealing temperature. From the conslancy

and high value of permeability over a long rauge of frequency the best anmealing temperatuie is
fornd to be 530° C. The permeability Temains as bi gh as 12000 up to Lhe frequency 1000 KHz
for this sample. The values of the initial permeahility were determined for frequencies up to

1000 KHz for this sample, which was annealed in the optimum regirmme. This slloy is snitable for

making magnetic core in the pulse transformer., which works well at frequencies around 40-60

KHz. The prrmeability then (alls sharply with incressing frequency. For other annealing tem-

peratures the samples show decreasing permeability with increasing frequency. These results

can Le explained as due to different distributions of nanocrystals in respeet of their volumies.

When Lhe grain sizes are such that they respond to different frequencies differently because of
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iheir diffrrent natural fregquencles, we can gev frequency dependence of permeabilily. With the
annealing time of 1 hour the annealing ternperatures were taken as 200° ¢, 350° ¢, 530" C,and
615" €. We observed maximum permeability for the sample annealed at 200" C. The initial
permeability was measured for the alloys annealed for 1 hour with annealing tewperature up
to 615% O, with boron content the magnetic hardening occurs, It can be expected that Nb
concentration increases the size as well as the maguetocrystaliing anisotropy a3 a result the
permeability decreascs, the valne being 10200 in the low frequency range. The performance
of thiz annealed sample is better than as-cast sample and with increasing annealing temper-
ature the permeability is observed to docrease. There i« a drastic fall in permeablity, when
the annealing Lemperature 13 515% . However, in respect of uniformity of permaeability with
frequency independent value, the sample anncaled at 5507 € is the best in its performance. Al-
though the permeability is 5200 for this sample, this value remains constant over the frequency
range 100 Hz to 1000 KHz.

From the resutts of Figure 5.8 and Figure 5.9 it is evident that apnealing temperature
and annealing time are both important parameter in controlling the requency response of

permeability of the sample. The besi. choice of these two parameters depends on the desired

characteristics of the material in respect of pesmeability value and Iis frequency dependence,

5.3.3 Frequency Dependcnce of Imaginary Part of the Cnmpléx Per-
meability of compaosition (FegaCona)s <Cug NbgSi13 585 with Dif-
ferent Anncaling Temperature and Annealing Time

The effect of heat treatment on the complex permaeability and its frequency dependence for the

sample of composition of (FenaCoy 7350y N Bs.ST 3 5.5 18 shown in Figure 5,11, These results

are quite complimentary to the resnlts for the real part of the complex permeability of the
sample. The ugefulness of the resubla of complex permeabilitics lie in the tletermination of the
emality fuctor of the sample. The complex permeabilily for all the samples at low frequencies

has relasively high value and corresponds (o high loss factor and lower quality factor as shown
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in Figure 5.12 and Figure 5.13.

Relative Quality Factor

The frequency dependence of relative quality factor of the different annealed samples are shown
in Figure 5.12. The relative quality factors as controlled by the real part of the initial cotuplex
permeability have quite high value in the range 75 KHz to 3 MHZ for as-cast sample and S0KH«
io S00KHz for the sample apncaled at 400° ¢ with 5 minutes as annealing time. The quality
tactor of the as-cast sample appears to be the highest in the range 50 KHz to the highest
frequency. However. from the consideration of the nnitormity of the quality {actor with respect

to the (requency. the sample anncaled at 4507 ¢ for 5 minutes is quite satisfactory.
Loss Factor

The 1esults of the loss factor of the samples annealed al different vemperatures are shown
in Figure 5.13. The frequency range witin which the loss factor has a reasonable low value
ig from 50 11z to 1000 I{Hz. Loss factor has high value both in the low frequency Tange
and high frequency range . The origin of the loss factors can be attributed to various domain
deferta, which inelude non-uniform and non-ropetitive domain wall motion, domain wall bowing,
localiznd variation of the lux density and nucleation and annibilation of domain walls, At low
frequencies the loss is controlled by hysteresis losses and at high frequency the (ux penetration
becomes low and loss is controlled muinly by interaction botween the grains. This can be
explained as due to the increase in phase lag between the applied fiel] and the induced magnetic
Hux. The natural frequencies of the domaing in respect of the respouse to cxternal field differ

from the {requency of the appled field in thiz frequency range.

Real Part vs. Imaginary part of the complex permcability with composition
(FepoCoparssCua N2 5713 5B

The ratio of ¢ and " i3 shown in Figure 5.14. For the value of ¢ from 3000 to 11000 the

complex permeability y" lies betwecn 2000 to 4000 and as such remain guife steady. For low
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frequencies, if the applied field iz lower than oT cqual to propagation feld. o short vertical line is
observed. The initial permeability 18 determined ag 12505, The complex perrcabilily increases
sharply beyond 11000, from its relatively steady value of 3000. While the real permeability
changes from 11000 to 12000 the commplex permeability Increases from 3000 to 11008 in the
transition region. This curve provides col nplementary information in respect of lass [actor and
the range of the real part of Lhe complex permeability. One can therefore find out the range of

prrmeabulity. which can be obtained without huaving excessive loss.

5.3.4 Frequency Dependence of Imaginary Part of the Complex Per-
meability of composition FeryCu s NbosSineBg

Figure 5.15 shows the frequency dependence of ¢” for the as-casi sample and samples anncaled

at 2007 ¢, 350" € and 550° € with annealing time of & minutes each. Annealing for & minutes

inereases the value of g for a)l the anmealed samples compare to ihe as-cast sample. The

frequency dependence of y" of the samples annealed ab Jifferent, temperatures can be attributed

to the growth and distribution of the crvstallites.

Figure 5.16 shows the vatiation of y with {requeney for different samples anncaled at
200° ¢, 350" ¢, 550° C and 615° C for 1 hour. The inciease in apncaling Lime brings abcmtl
sinootlness in the variation of o with frequency. This is explained as due fo the stabilization
of the erysiallites. Although there has breen an increase in the value of 4 for all the annealed
samples, the sample annealed at 615° O shows an improvement in the reduction of ¢ and also

in its frequency dependence.

Frequency Dependence of Loss Factor of FenCusNhsdneHi for the as-cast State
and for the Specimen Anucaled at Differeni Termperatures for 5 Minutes

The sarmple with compuosition of FegCtey 5N by 5 S112 By 1o the as-cast condition and for an-
nealing at temperatures 200° C, 9500 ¢ and 530" € for 5 minures have heen studied for the
dependence of loss factor on frequency {Figure 5.17). The loss factor in seneral is found to he

high for !l the sanples at low frequency as well as for high frequency. The loss factor arises

<

T
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dne to eddy current loss as well as for the phase lag of the spin orientation with respect to the
extornal ficld. Since these nanocryatalline materials ate conducting the net loss factor given by
tand is quite complex. L is dilficulr to separate out the contribution from the eddy curtent loss
and the phase lag of the spind with 1espect 1o the feld. Tor all the specimens the minimum
logs oceurs around 100 KHz For the as-cast specimen the range of frequency for which the
logs fuctor is nuinimim and remaing almost is constant in the range 50 KHz to 800 KHz. The
increagse in the loss factor .';u.ui 1ts dependence on fiequency for the different samnples can be

attributed to the distribnition of grain sizes as affected by aunealing.

Freqnency Dependence of Loss Factor of FewyCy s Nbo 5811281y Annealed at Diflerent
Temperatures for 1 Hour

The loss factor of the sample 2 with composition of FecaC1iy s Nbg 584, 810 anncaled at 200° O,
350" ¢, 550" ¢ and 615" C for 1 hour has been studied for its frequency dependence {Fig-
ure 5.18), Tt is observed that the increase in the annealing time brings ahowl maore uniformity
in the loss factor. The loss faclor however increases for the annealed samples indicating that
longer annealing timie causes farther growth of crystallites and their stability. As a result,loss
1= conirolled mainly hy interaction between arains.the size of grains and grain orientation and
as such the specimen thickness becomes important. The precipitation of very small percent
of particles improve the high frequency losses and prrmeability. The phase lag between the
nduced Hnx and the applied hield incroases bnt with more congistently with the increasc of

frequenay.

Real Part vs. Imaginary Part of the Complex Permcability. with Composition
I*"r:;.‘Uul_;,Nbg 551‘-]2513

,u” V3 ,Lf for sample 2 with composition of Fe-gCuy sNby 5512 By 18 shown in Figure 5.19. It
s ohserved that the ratio of s VS. p remains slmost steady np to the value of 1 equal to
6000, As we go for higher values of ¢ beyond 6000, i increases quite sharply from 300 o

gbove 4000, while ¢ changes from 6000 to 8000, Fur low freuecies, if the applied field is lower
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than or equal to the propagation fickl, & shotk vartical line is observed, The inisial permeability

determined from the intersection of j -axis is 3870

Frequency Dependence of the Ttelative Quality Faetor for samnple 2 with Composi-
tion of Fe-1Cuy2NbanSihi2 B

The frequency dependence of the relative quality factor of the different arninealed samples are
shown in Figure 3 20. Except [or the sample annealed at 5507 € all the samples show maximun
quality factor around 100 Kllz. The samnple annealed ab 5500 ¢ shows maximum guality {actor
around 1000 KHz. This gives a choice of anncaling temperatute depending on the operating
frequency of the specimen having com position of Feog, Oy s NDo 5 St1aB1p. The relative guality
factor vs. frequency for the sample annealed at 1 hout is shown in Fignre 5.21. Anncaling for
longer time 1educes Lhe quality factor in general, ‘The maximum reduetion ocours when the
sample is anncaled at 615" . The relative quality factars as controlled by initial permeabilicy
Liave quite high values in the range 70 KKllz to 400 K H« for as-cast sample and 500 KHz w0 3
MH> for the sample anncaled at550" € for 1 hour annealing time. However it is observed that

when the quality factor is lower. 1l 15 more independent. of frequency.

5.4 Annealing Temperature Dependence of Initial Per-
meability at Constant Low Field for Sample 2 with
CDH]pDSitiDIl of F€74GU1P5N-ITJQF55%'HBLU

Figure 5 22 shows the effect of annrcaling on the jrutial permeability of nanocrystalline sample
with composition of FepyCuy 5Nz sSi12Bin. The initin! permeability of the sainples affected by
annealing at different lemperatures with annealing time of 1 hour is measured at low {requency
100 Hz and in an applied feld 0.11 A/m. Figire 5.22 observed that the initial permcability
incresses fronn 8600 to 10000 when the specimen annealed at 200° 7. The significant increase in
the initial permeability of the annealed samples as observed with respect. to the as-cast samples

is cxplained as due to the removal of local sirain and cnergy barriers in the sample This
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suprovement. in the initial permeabilivy is due to the rermoval of small barriers in the domain
wall moiion. However. with an inercase in the annealing temperature the initial permeability
decreases rather drastically, becoming very small when the annealing temperature is above
6007 €. Thus is explained as due to the growth of crystallites whose houndaries create obstacles
to the domain wall motion. For auncaling temperatures which are above or near the Curic
teruperature, the absence of domain walls leads to & random distribution of the short range

order vonfiguration and hence, to a significant. decrease in domain wall spinning.
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Nanoucrystalline alloy as thin as 20-22 nm of amorphous state can be prepared by ell spin-

ning technigue. The nanoerystalline alloys with high yuality soft magnetic properties have
heen preparcd by anncaling amotphous ribbons. The compesitions of the starting alloys were
Fo-Cu-Nb-B-§i and FeClo-Cu-Nb-B-8i. The suitable concentrations are 1% of Cu and 2-3% of
Nb. In the technique we have usel amorphous ribbons are prepared by melt-spinning technigue
and the amorphous system is then heat-ireated to nroduce nanocrystals within the amorphous
matrix. By this merhod, even within a single sample oue can produce zoft or hard ferromagnet
or super paramagnet. The guiding factors are the ratio of the structural co-relation and the
disi ribution of length and size of the embedded nanocrystals. The chemical composition of the
starling material contains magnetic elements like e, Co and Ni; Si and B as glass {orming
material: Cu as erystallizing component and Nb for stabilizing the crysiallites. Nanostructured
materials have somp features common with the amorphous sneh as magnetie softuess. high
slectrical resistivity and low dimensionality, This i3 becanse nanostruciured materials have
amerphous matrix [lowever, there are special advantages of mrnogiructured matenals in te-
spect of high magnetic moment, high Curie temperature and high operational temperature. By
heat-sreating the nanoerystalline material a favorable frequency dependence of permeabilily
and low cddy current, losses can be obtained. The highest permneability 11 our sample with
composition {Feg oCopyjrysCuiNbgSivy s By 18 12595 anct for the matlerial with composition
FeryCliy sNbp 55ty Iy i 8870, The maximum frequeney for which the samples 1 and 2 can
be uged i quite high, being closed to 13 KHa., The frequency respomse was confr olled by heat
treatment. which in its turn controlled the grain size distribution The greatest advantage
of nanostructured magnetic material lies in the freedom of tailoring its magnetic softness and
hardness as also its frequency response. The nanocrystalline alloy after heat-treatmoent between
5300 C -600° (O has a structure of a — Fe(S4). The grain size is about nanometer scale, which
argws slowly while Lhe annealing temperature increascs, This nanocrystalline alloy is suitable
for magnetic core in the pulse transforyuer, which works well af frequencies of B0-100 KHe.

The saturation magnetization for nanocrystalline samples has slightly higher value for higher
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nercentage of iron, The Curie tewpetature, T, of Lthe main phuse is extremely high and indicates

that the sample is not in the amerphous state. It can be expected that nanocryslalline matetial
can he applied to many kinds of high lrequency uses,because of itz high saturation flux density,
low magnelostriction and excellent soft magnetic properlics in a high frequency range.

The crystallization phasze separation has been measured by DTA method. First erystal-
lization phase T, indicates stability of amorphous siate in respect of structural stability and
magnetic ordering. T, of value 553" (7 iz obwerved for FenaCuy 5N 551105, when Co-atoms
replace iron-atoms in the Fo-Co-Nb-3i-B system, highest Tr, value of 635" C iz observed. The
naghetic properties of nanoerystalline materialy are superior (o those of Cn-based alloys. The
advantages realized are higher saturation induction and better therrnal stability with soft mag-
netic properties at application temperatures.

Nanocrysialiine materials are beeoming inceasingly important for their potentials as a new
magnetic materials both for theoretical understanding and technological applications. The pos-
sible applications are as inductors, recording media, high-density information storage, magnetic
heads, and high frequency transformer ete. These possibilitics have drawn the attention of the
developed countries like America, Japan and countries of Europe to thizs material.

There is much scope for further research ou this material in respect of controlling the mag-
netie characteristies by changing composition and heat treatment. The maguetic permeability,
saturation magnetization, Curie temperature, magnetic anisolropy, magnetostriction and coer-
civity are all controllable by choosing appropriate compomtion, altering preparation techoique,
selecting the temperature and duration of the heat treatment. Certain important parametors
like magnetic. anisotropy and magnetostriction need to be studied in detall for their variations
with the preparation Lechniques, composition and heat treatment. Mossbaur study will provide

information regarding the distribution of the iron atoms and the hyperfine fields.
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