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Preface

This thesis presents the effect of Molybdenum (Mo) substitution in the

Feh»Ni|4B:Si|,, metallic glass system through a study of electrical transport, magnetic,

thermal and chemical properties In the present work a series of amorphous alloys

Fe(,i<Nii4.xMoxSi2Bi6 ( x - 0,1,2,3 and 4 ) are systematically investigated Because of

the unusual combination of various physical and chemical properties associated with

these Fe-rich metallic glasses, they have become potential materials for scientific

investigations and technological applications

This thesis is essentially divided into six chapters

Chapter I gives a brief introduction to the field of metallic glasses and a

discussion on glass formation, preparation techniques and disorder in the glasses An

overall review of the important physical and chemical properties of these glasses and

their applications in this context are discussed A brief review of the work reported on

this system is also given

Chapter II describes the measurement of electrical transport properties through

electrical resistivity measurements of the samples under study The chapter begins

with a brief introduction of electrical transport phenomena in metallic glasses Various

theoretical models are given and analysis of the results based on more recent

theoretical concepts is presented Analysis of results in terms of composition and

temperature variation is clearly presented

Chapter III deals with Mossbauer measurements on the samples used in the

present work A brief introduction to the Mossbauer Effect and hyperfine interactions

is given which are relevant to the work done A brief review of various Mossbauer

parameters and their physical interpretation is given Details of analysis are presented

and information about hyperfine fields , hyperfine field distribution, isomer shift etc , as

a function of Mo concentration and temperature is obtained and the results are

discussed Magnetization studies at room temperature using VSM and at low

temperatures in the range 10-100 K using Lakeshore ac Susceptometer are also

presented towards the end of the chapter

Chapter IV presents details of crystallisation studies on the samples chosen for

the present investigation, using Differential Scanning Calorimetry, (DSC) A brief



introduction to DSC technique and its importance in understanding thermal stability

and crystallization of metallic glasses is given Crystallization temperatures and the

related kinetics are studied as a function of Mo content and a discussion with respect

to the thermal stability of these samples is presented Though measurements are

mainly restricted to the non-isothermal method, the isothermal kinetic parameter, the

Avrami exponent is also deduced along with the activation energies

Chapter V gives a detailed study of chemical stability against corrosion

resistance of the samples under consideration Measurements in different acidic media

are made by electrochemical methods using potentiodynamic polarisation and ac

impedance spectroscopic techniques These techniques are emphasized with the

necessary basic theory in this subject area Data is analysed using the latest software

techniques available and results are discussed in detail

Chapter VI gives overall conclusions of the present studies, emphasizing

certain unresolved problems and work which can be taken up in future with further

experimentation



CHAPTER I

Introduction

Introduction

A solid with liquid-like atomic arrangement is called glass, or alternatively an

amorphous (non-crystalline) solid Though glassy solids are known since long time,

their preparation and characterization with desirable physical and chemical properties

has been the subject of relatively recent studies [1-4] Glasses do not exhibit long

range periodicity of atomic arrangements found in crystalline materials They are

'amorphous', or have liquid-like atomic structure and over distances of more than 5

atomic spacings, the correlation between the positions of the atoms is completely lost

Thus, amorphous alloys arc characterized by structurally disordered networks in which

each atom constitutes a structural unit In crystalline material lattice periodicity and

crystal structure play a decisive role in determining the basic properties where as in

amorphous alloys structural disorder leads to changes in their physical and chemical
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properties In order to freeze a liquid-like structure while solidification process is

taking place, it is necessary that the quenching rate must be high enough to arrest the

atomic movement suddenly and restrict nucleation and growth of microcrystallites

Metallic glasses which are stable at room temperature and above could not be prepared

until ll>60 Around this time, Klement, Willens and Duwez [5] discovered accidentally

that the melt of an alloy of gold and silicon (AUMSIM) when rapidly quenched, at a rate

of * 106 K/s, was amorphous and showed glassy or liquid-like structure when examined

by X-ray diffraction and was stable at room temperature too. The discovery of glassy

metals which can be prepared by rapid quenching of certain alloys and are stable at

room temperature started a new era of research and development in this area In

particular, metallic glasses exhibiting ferromagnetic behaviour have attracted a great

deal of attention by way of understanding the fundamental properties that govern their

behaviour and looking into the possibilities of using them with numerous advantages

from technological point of view [1,2]. Metallic glasses have contributed a great deal

in enhancing our knowledge of the solid state and they have also been exploited for

potential applications Variation in composition of the metallic glasses is used as a

means to vary their physical and chemical properties of interests to physicists, chemists

and technologists The growth of interest on the subject of amorphous alloys since its

discovery is indeed phenomenal The explosive literature on the subject in general, and

amorphous ferromagnetic alloys in particular, is an indication of the importance gained

by the subject [6-12]

In this chapter, we provide a brief introduction to glass formation,

classification, preparation and characterization of metallic glasses with some of their

important properties and applications which lay the foundation for our motivation to

take up the present investigations

1.1 Glass Formation

The basic criterion for the preparation of glasses is that the cooling process

should be fast enough that the crystallization is by passed quickly This is best

illustrated in the Time-Temperature-Transformation (TTT) diagram [13], shown in

Fig | . l , in which the time for the onset of crystallization in an undercooled melt (i.e ,

at a temperature below the equilibrium melting point, Tm) is plotted against the
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temperature An essential feature of this (TTT) diagram is that as the liquid is

undercooled below the equilibrium melting point, the crystallization rate does not

continue to rise indefinitely but reaches a maximum at a temperature Tn Consequently

if the liquid is quenched from above Tm to well below Tn in a time less than the

minimum time tor crystallization, tmm, the undercooled liquid is retained and, at Tp, the

glass transition temperature, the configuration is frozen to form a glass As the

temperature is lowered further and further below Tm, the difference in free energy

between the liquid and crystalline phases increases and hence the time for

crystallization decreases At the glass transition temperature, Tp, (typically defined by

viscosity > 10H Poise), crystal growth becomes almost impossible and the liquid

remains frozen in a single configuration At sufficiently large cooling rates even the

nucleation can be eliminated

When a liquid is cooled from a high temperature, its specific volume (V)

changes discontinuously at or below the melting temperature Tm This is illustrated in

Fig 1.2 [14] If the growth of the nuclei is absent or low, the volume of the

supercooled liquid continues to decrease till Tj., where a remarkable change in the

slope of the V vs T plot occurs The glass transition depends upon the cooling rate as

shown in Fig 1 2 TM increases with the cooling rate and so does the specific volume

of the glass formed Difterences in volume are typically only a few percent but these

have enormous effect on the properties of the material A sample in the glassy state is

in a thermodynamically metastable state, and therefore with time its configuration

tends to change towards the equilibrium state of lowest free energy Therefore, the

structure of a glass is dependent on its thermal history

Marcus and Tunbull [15] have proposed an empirical criterion for the

formation of metallic glasses They have suggested that the glass forming ability may

be related to the depression of the melt temperature, Tm below a certain average

temperature, Ta of ideal solution liquidus The criterion for the formation is that (T a -

I'm)/Ta > 0.15 to 0 2 A typical example is shown in Fig 1.3 where the dotted line

represents temperature Ta Another criterion for the ease of metallic glass formation is

that if a liquid has reduced glass transition temperature T ^ f - T / T m ) > 0.7 then the





liquid can be rapidly cooled (cooling rate - 10" K/s) to prepare glass without much

difficulty [ l&l On the other hand, if T^,<0 5 then it is very difficult to cool the liquid

into a glassy state This criterion is related to the one previously given by Rawson 117J

based on the ratio of bond strength to T,,, Glass formation is easier in a

multicomponent system compared to a single component system, since the ratio of the

bond strength to liquidus temperature will be greater for all intermediate compositions,

and largest at the eutectic composition (the composition at which the system is

invariant with all the phases in equilibrium and has its lowest melting point)

1.2 Classification of Metallic Glasses

The two important classifications of metallic glasses are made either by their

composition or by some chosen property, e g , magnetic properties of these glasses

The first classification [\b] has four categories

1 The first category consists of transition metal - metalloid (I'M - M) glasses This

group combines one or more of the late 3d - transition metals (Fe, Co, Ni) with

one or more of the metalloids (B, C, Si, P) in an atomic ratio TM M 80 20 A

typical and important example of this group is the FewiBjo metallic glass

2 In the second category of metallic glasses an early transition metal combines with a

late transition metal (TE - TL), e g , Nb^iNi,,,)

3 The third category of metallic glasses are made up of simple metals like Ca - Al

4. The fourth category of metallic glasses are of rare earth - transition metal (RH -

TM) combination e g , Gd - Co alloys

Alloys cannot be formed in the amorphous state over the entire concentration

range using liquid quenching techniques but are formed within a narrow concentration

range generally centered around the deep eutectic points in the alloy phase diagrams

The width of the concentration range over which a particular alloy series can be

formed in the amorphous state also depends on the type of preparation technique used

Based on the magnetic state of metallic glasses (on which the electronic state

and electron transport property depend heavily) another classification has been

proposed by Mizutani [18] According to this classification these metallic glasses are

then categorised as
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1 Ferromagnetic ( e g , FdmBw, FewNLioBn etc )

2 Weak ferromagnetic ( e g , NiY and FeZr systems)

3 Spin glass ( e g . FexNiWi.xPi<,B4)

4 Paramagnetic (e g , Cu-Zr, Nb - Ni) and

5 Weak paramagnetic or diamagnetic ( e g , Mg - Zn, Pd - Si)

1.3 Preparation Techniques

Amorphous alloys can be prepared by a number of techniques The basic

procedure is to rapidly quench the metallic system either from its vapour phase or

liquid phase on a heat sink so as to bypass the crystallization quickly to produce

noncrystalline structure akin to frozen liquid These techniques are broadly classified

into two categories (i) melt-quenching and (ii) deposition techniques Melt-quenching

methods include, (i) splat-cooling, (ii) roller-quenching, (iii) spark erosion and (iv)

laser glazing [l l)-24| Fabrication of amorphous alloys in a concentration range away

from the eutectic point is facilitated by the deposition techniques which include

vacuum thermal evaporation [25] and sputter deposition [26] Other occasionally used

techniques are electrodeposition [27], ion-implantation [28] and solid-state diffusion

[29]

Splat quenching is the simplest form of melt-quenching In this method, a

liquid alloy droplet is squeezed between a rapidly moving piston and a fixed anvil

Alloys obtained by this method are in the form of thin discs (1-3 cm in diameter and

20-60 a.m in thickness) Laser quenching [30] is another from of melt quenching

technique In this method, a short and highly intense laser beam is used to melt a

portion of a thin metallic surface, which is then cooled rapidly by the surrounding

crystal The cooling rates achieved in this way are in the range of I01" to 10'^ K/s.

Another simple and popular technique is melt-spinning This method employs a jet

from which alloy melt is dropped onto a rapidly moving wheel made of a material with

high thermal conductivity such as copper, shown in Fig I 4 Continuous ribbons of

amorphous alloys are obtained by this method and higher cooling rates (10* K/s) are

achieved compared to splat-quenching

The above mentioned melt-quenching techniques are useful to prepare
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ribbon

Fig. 1.4 Schematic diagram of single roller quenching technique.



amorphous alloys in a narrow concentration range around the eutectic point

Preparation of amorphous alloys in the concentration range away from the eutectic

point requires techniques such as thermal evaporation [25), in which metals

constituting the alloy arc evaporated in vacuum and condensed on a substrate by

removing them from the source under bombardment with energetic inert gas atoms

When very high cooling rates of the order of 1014 K/s are required, ion-implantation

technique [28] is used It should be noted that all the present methods produce

metallic glasses which are very thin, a drawback for many practical applications A

new technique of solid state diffusion by Johnson et al [29] to produce thicker metallic

glasses is found to be very promising

Most of the metallic glasses prepared earlier were binary and ternary alloys

Later, metallic glasses with four to six constituents have been prepared for commercial

usage, as well as for research purposes to investigate the effects of additional

components as the alloy shows improved thermal stability and other properties

1.4 Characterization

Metallic glasses are characterized through a study of their structural, physical

chemical and other properties Techniques such as X-ray, electron and neutron

diffraction are mostly used to characterize them The simplest way of determining

whether the atomic structure confirms the amorphous state or not is to take an X-ray

diffraction pattern The X-ray diffraction pattern of an amorphous solid typically

consists of diffuse rings or a broad peak at low scattering angles (20 values) It is not

possible at once to distinguish between a microcrystalline structure and a

homogeneous random distribution of atoms on the basis of diffraction patterns alone

A more refined X-ray technique, known as Extended X-ray Absorption Fine Structure,

(EXAFS), is particularly useful to probe local atomic structure of amorphous alloys

131J. Another extremely powerful technique for probing short range atomic order of

amorphous alloys is neutron scattering Since neutron scattering amplitude of an

individual nucleus varies with different isotopes and their spin states, coherent and

incoherent scatterings take place depending on whether the neutron waves scattered by

different nuclei interfere with one another or not While coherent neutron scattering

provides useful information about the collective structure and atomic pair correlation



function, the incoherent neutron scattering gives important clues about localised

vibration and atomic diffusion Techniques such as nuclear magnetic resonance

(NMR) and Mossbauer spectroscopy are useful in probing nearest-neighbour

environments and magnetic hyperfine fields as they are more sensitive to variations in

the local environment Various techniques such as atomic absorption spectroscopy, X-

ray fluorescence, electron microprobe analysis. Auger spectroscopy and secondary-ion

mass spectroscopy are available for analysing the chemical composition of metallic

glasses

1.5 Atomic Structure

1.5.1 Structural Models

A number of theoretical models have been proposed to describe the atomic

arrangement in amorphous alloys Bernal [32] introduced the idea of dense random

packing of hard spheres (DRPHS) to simulate the structure of mono-atomic liquid

metals In this picture there exists a random distribution of atoms such that only weak

correlations exist between spheres separated by five or more sphere diameters This

work was followed up by Scott [33] and Finney [34]. who concluded that the

maximum density of a hard sphere non-crystalline packing was 0 6366 * 0 0004 With

this model it was possible to calculate an accurate radial distribution function, which

reproduced the split second peak But this model was not entirely successful as no real

amorphous alloy can be thought of as an experimental realisation of the hard-sphere

model or consisting of only one species of atoms

Subsequent models improved on the DRPHS model by considering realistic

softer potentials and observing structural changes when two (or more) components

and their chemistry are considered One such model is due to Gaskell [35] who first

built the required chemical ordering and then allowed relaxation processes to bring in

the dense packing constraints. He used trigonal prismatic units as basic building blocks

as compared to the tetrahedral structures of Bernal This type of chemical ordering is

at the expense of packing constraints like large cavities These constraints are then

manipulated by computer-relaxing the whole assembly Gaskell successfully applied

this model to a-Pd8oSi2o and related TM - M alloys
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Besides these models, several other models [36,37,38] which involve computer

simulation and allow for the interplay between local chemical ordering and overall

packing constraints of high density structures, have been put forward

1.5.2 Short Range Order

Fig 15 shows the difference in behaviour of structure factor S(q) vs q for a

liquid, a glass and a crystal from diffraction experiments From this figure, it is seen

that a crystalline solid is characterized by sharp peaks These sharp peaks are replaced

by a broad peak followed by smaller broad peaks, in glass or liquid indicating that the

long range order present in crystalline solids is absent in glass or liquid It is

interesting to note that the broad peaks in S(q) behaviour of a glass which are similar

to that of a liquid, clearly bring out the similarities between glassy and liquid structures

at the atomic level, although there are subtle differences present The atomic order in

glasses seems to extend only for two or three nearest neighbour distances and is

classified as short range order (SRO)

In amorphous solids, atomic positions are strongly correlated in the nearest-

neighbour shell but are uncorrelated beyond a few interatomic spacings In other

words, glassy alloys possess short-range atomic order but no long range atomic order

and the structure of these solids resembles that of liquids from which they have been

obtained by quenching Short-range atomic order or simply short -range order (SRO)

varies from one amorphous material to the other and is of two types compositional or

chemical short- range order (CSRO) and geometrical short- range order (GSRO) In

many glassy alloys, the chemical composition on a local scale is different from the

macroscopic average and this deviation is called CSRO The CSRO is confined to the

first nearest-neighbours and hence can be described in terms of the deviation of the

nearest-neighbour composition from the average The topological short-range order

(TSRO) describes the short-range order in the atomic positions regardless of the

chemical activity of individual atoms This type of SRO is present in all the glassy

alloys including the single-component glasses made up of one kind of atoms only In

addition, geometrical distortions, which are independent of topology, can also occur in

such elementary glasses and the corresponding short-range order is known as

distortion^ short-range order (DSRO). Therefore, the geometrical short-range order



Fig. 1.5 Schematic plot illustrating the difference between x-ray structure factor
of a liquid, a glass and a crystal.



(GSRO), which characterizes local atomic structure includes both TSRO and DSRO

1.5.3 Types of Disorder in Glasses

All glassy or amorphous materials are characterized by a complete lack of

translational symmetry but the degree and type of short-range order or locaJ order

varies from glass to glass Different types of short-range order give rise to various

kinds of disorder that have a direct bearing on the magnetic properties of these alloys

[2,39] and generally a glass is characterized by the presence of all types of disorders.

(i) Topological Disorder

Topological disorder is intrinsic to the amorphous structure and it results when

translational symmetry in the positions of atoms is completely absent and the nearest,

next-nearest neighbour coordination number varies from site to site A topologically

disordered structure cannot be ordered back into a crystal

(ii) Chemical Disorder

When different types of atoms or molecules occupy the lattice sites without

disturbing the periodicity of an ordered structure, chemical disorder results. In such

cases, the translational symmetry of the atoms or molecules is broken by the chemical

identity of the objects that occupy the lattice sites If the concentration of one species

of atoms is increased at the expense of the other in a binary or quasi-binary alloy

further complication can arise The disorder that results by changing the composition

is known as compositional disorder Compositional disorder includes substitutional

disorder A similar situation can also occur in a structurally disordered lattice Thus,

chemical and compositional disorder can occur in both crystalline and amorphous

solids

(iii) Site-Disorder

The fluctuation in the coordination number arising from the random occupation

of sites in a regular crystalline lattice or an aperiodic amorphous network constitutes

site disorder.

(iv) Bond Disorder

Bond disorder results when wild variation in the bond lengths and bond angles



destroy the periodicity of the lattice or long- range atomic order The bond-

disordered network remains topologically equivalent to the crystal

From the above description, it is clear that the site- and bond-disorder are

included in topological and chemical/compositional disorder, and the terms

"amorphous" and "disordered" cannot be used interchangeably All amorphous solids

are disordered but all disordered systems need not be amorphous While the

topological disorder alone is specific to amorphous solids, the other types, i.e., site-,

bond-, chemical- and compositional disorder are found in both crystalline and

amorphous materials

1.6 Electronic Structure and Transport Properties

To understand the physics and chemistry of metallic glasses, it is necessary to

obtain information about their electronic band structure and transport properties

(electrical resistivity etc ) The ideas of Bloch's theorem and reciprocal space

breakdown for glasses since there is no long range lattice periodicity Hence it is of

interest to study the effect of lack of crystalline periodicity on the band structure of

these materials Since a number of physical properties of solids like electronic specific

heat, superconductivity, magnetic susceptibility, ferromagnetism e tc , are directly

related to their electronic structure, the usual experimental methods, viz, ultraviolet

and X-ray photoemission spectroscopy, Auger electron spectroscopy, soft X-ray

spectroscopy and optical reflectivity which have been applied to study the band

structure of crystalline solids have also been applied to glasses to study the same

These studies have shown that the valence bands show distinct bonding effects which

are directly observable in the valence band spectra Besides this information on the

valence bands in many metallic glasses, information on the density of states near Fermi

energy, EK has also been obtained It may be noted that the density of states at l.( is a

very important parameter for solids to understand many of their electronic properties

including specific heat Detailed survey on the electron spectroscopy of metallic

glasses has been given by Oelhafen [40]

Electronic transport properties, like, electrical resistivity (p) Hall coefficient

(l<ii) and thermoelectric power (S) provide valuable information about electronic

transport and electronic scattering mechanisms in solids and particularly metallic



systems Electrical resistivity has been the most investigated electrical property of

metallic glasses since their discovery [18,40,41] Data on Hall effect and

thermoelectric power in metallic glasses is not of the same magnitude as in the case of

electrical resistivity

The electrical resistivity, p, of metallic glasses at room temperature is of the

order of 80-420 |iQ-cm, which is high in comparison with that of their crystalline

counter parts The resistivity varies by less than 7% in the whole temperature range

between 4.2-300 K. A sudden drop in resistivity will be observed at the crystallization

temperature, usually much higher than room temperature in most cases Furthermore,

on heating, the resistivity of the crystalline sample increases more rapidly and changes

at the melting point, Tm Temperature coefficient of resistivity (TCR), a, defined as

, is typically of the order of 10'4 K 1 and it can be positive, zero or negative

depending upon the glass composition and the temperature interval It has been

possible to change the sign of TCR by continuously changing the composition of many

metallic glasses [42,43] The resistivity values in the liquid state lie in a region which

can be obtained from a rough extrapolation of the glassy state data, with the difference

that the magnitude of a in the liquid state is lightly greater than that in the glassy state

This point suggests that the theories developed for explaining the electrical resistivity

of liquid metals can just as well be applied to metallic glasses Also, the magnitude and

composition dependence of p of metallic glasses and its temperature dependence above

Debye temperature. On have been found comparable to liquid metal data [44]

Therefore, theoretical models which have been earlier used to explain liquid metal data

on electronic transport properties have also been applied to metallic glasses with

reasonable success

One of the important features of p(T) behaviour in metallic glasses is that many

of these materials show a resistivity minimum at low temperatures (T<25 K) and some

even at higher temperatures Attempts to explain this widely observed effect have

been made either by invoking Kondo effect mechanism [45,46], the existence of two

level system (TLS) [47] or spin fluctuations [48]. However, there are difficulties

associated with these theoretical models which have been discussed in detail by Harris

and Strom-Olsen [49] Later, it was recognised that disorder plays an important role
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and electron-electron interaction and quantum interference effects do appear in these

materials modifying the resistivity behaviour at low temperatures [49-52]

1.7 Magnetic Properties

In the recent years, magnetic properties of amorphous alloys have been a

subject of intense experimental and theoretical interest In the initial stages, scientific

interest in such non-crystalline systems was mainly because of the attractive

technological prospects that these alloys were supposed to offer A complete success

in the realisation of the envisaged technological applications has, in turn, triggered off

intensive research activity regarding the fundamental properties of amorphous alloys

When viewed in retrospect, a study of the magnetic properties of amorphous materials

was, initially not given serious consideration due to the belief that magnetic ordering

and structural disorder are incompatible with each other The possible existence of

amorphous magnetism was first explored theoretically by Gubanov |53J, who

predicted that amorphous solids would be ferromagnetic on the grounds that the

electronic band structure of crystalline solids does not change in any fundamental way

upon transition to the liquid or amorphous state (implying thereby that the band

structure is basically controlled by the short-range order) Ferromagnetism, which is

sustained by direct exchange interactions between the nearest-neighbour spins, should

not, therefore, be destroyed in the corresponding amorphous solid The predictions of

Gubanov were experimentally verified only after the first amorphous alloy, stable at

room temperature, was prepared by Duwez and coworkers [5 | by rapid quenching of

the melt of Cu-Ag alloy Of particular significance was the work of Duwez and Lin

[54] on liquid-quenched amorphous Fe-P-C alloy, which exhibited properties like high

saturation magnetisation, low coercive field, high Curie temperature and good stability

at room temperature against crystallization This theoretical prediction was also

confirmed experimentally when metallic amorphous ferromagnets were obtained by

vapour deposition of Co-Au [55], by splat quenching from the melt of PdmSin [56]

alloys containing ferromagnetic impurities and by the electrodeposition of Co-P [57]

The discovery of ferromagnetism in amorphous solids led to large scale scientific and

engineering investigations Since then numerous iron-rich metallic glasses, which are

ferromagnetic at room temperature and above, and which show excellent soft
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ferromagnetic properties [58,59] i.e., high saturation induction (- '0 T), low coercivity

(<3 Oe) and hysterisis losses etc have been produced and they seem to be very good

for a large number of applications

For magnetic order to exist in a solid there must be magnetic moments

associated with unpaired electrons in the atoms and an interaction to couple them

together Except for so called weak itinerant ferromagnets, the above conditions

remain valid for magnetic order to exist in a vast majority of metallic and nonmetallic

solids For ferromagnetic order to exist, the exchange interaction, to couple the

moments together, must be positive and in principle, there are no fundamental

differences between glassy and crystalline ferromagnets However, disorder in

amorphous solids leads to smearing effects in some of the properties, and in the

ferromagnetic state, magnetic and non-magnetic atoms can coexist Besides this, the

chemical and bond disorders in amorphous solids lead to a distribution both in

magnetic moments and the exchange interaction, thereby affecting the magnetic

properties of metallic glasses This is in contrast to the crystalline solids which show

unique values for these parameters Differences in Curie temperature etc , are also

there even when one considers an alloy with the same composition, in crystalline and

glassy states. On the other hand, anti ferromagnetic interactions in a disorder lattice

produce quite a different and novel result and it has led to discovery of non-collinear

magnetic structures, classified as speromagnetic, sperimagnetic and asperomagnetic

structures [2].

The structure of glasses is normally considered to be isotropic on a long range

scale, and therefore, the magnetisation vector in ferromagnetic glasses should, in

general, be free from special magnetic anisotropy The random electrostatic fields, due

to random atomic arrangements, create local anisotropies via spin-orbit coupling,

giving rise to a variation in the orientation of magnetic moments However, in

practice, thus most amorphous ferromagnets behave anisotropically [1] Certain

mechanical treatments like cold rolling, magnetic field cooling and stress annealing can

induce additional anisotropy Similarly, relaxation due to annealing or by some other

method as well as crystallization result in changes of magnetic properties and therefore

one has to be careful and certain about the thermal history of magnetic glasses before

interpreting results or considering applications
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Choosing the basic binary Fe-B alloy system, which was found to have

excellent soft magnetic properties, it has been possible to prepare metallic glasses

having different magnetic and other physical and chemical properties by partially

substituting Ni, Co, Mn, Cr and Mo for Fe and/or C, Si, P, Al and Ge for B (60-65]

Glasses of suitable composition and method of preparation exhibit ditTerent types of

magnetism observed in crystalline materials dia-, para-, ferro-, antiferro- and

ferrimagnetism and the more exotic types of magnetic order discovered in recent years

For example, Pd«oSi2o is a paramagnet, Pd78Sii6Cr6 a diamagnet, while Mn7sPnCio is an

antiferromagnet However, they are soft ferromagnets, such as some transition metal-

metalloid alloys, which are of great interest, because of their potential applications

The structural and chemical disorder present in amorphous/glassy alloys give

rise to a large number of nonequivalent atomic sites in the material As a result, all

microscopic directions become nonequivalent, although the overall effect is such that

the material behaves in an isotropic manner, in the sense that the response of the

material to a small applied field is isotropic In these glasses, the random atomic

arrangement also modifies various characteristic magnetic parameters such as the

exchange interaction, the magnetic moments, the orientation of the electric field, the

hyperfine field etc These parameters exhibit a distribution of values rather than the

unique values observed in the case of crystalline ferromagnetic materials This has led

to the current research effort, aimed at investigating the magnetic properties of these

materials at the atomic level The experimental techniques suitable for the study of

magnetic properties of a ferromagnet are (a) magnetization [1,66,67], (b)

ferromagnetic resonance [68], (c) low field susceptibility [I], (d) Mossbauer

spectroscopy [69,4] and (e) nuclear magnetic resonance [70,71 ]

The first three techniques give information on average bulk properties and are

applicable to all materials The other two techniques provide information at the atomic

level and are applicable only when nuclei of one of the elements in the composition are

appropriate probes for the technique These two techniques probe the individual

moment carried by the magnetic atom Since most of the ferromagnetic metallic

glasses are iron rich in composition, the well celebrated 57Fe Mossbauer spectroscopy

has been extensively used to study magnetic interactions in iron rich metallic glasses

Several excellent reviews have appeared in literature on the magnetic properties
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and the process of magnetization in amorphous alloys and of potential applications of

these alloys [9,66,72-74] Since then, a huge amount of data on the fundamental as

well as applied properties of amorphous alloys has accumulated and their physical

implications have formed the subject of several books and review articles [1,2,59,75-

78] A complete bibliography about amorphous magnetism and magnetic materials has

been compiled by Ferchmin and Kobe [79,80]

1.8 Crystallization

The glassy state is essentially a metastable state. Hence it inherently possesses

the possibility of transformation into a more stable crystalline state Depending upon

the external conditions like heating, stress etc the system (glass) tends to relax

towards a more stable state which either could be another metastable state of lower

energy or an equilibrium crystalline state [66] Such external influences can change the

magnetic, electrical and mechanical properties of these glasses, depending upon the

intensity of the influence and the duration for which it is applied However, during

crystallization the most promising properties of metallic glasses e g , excellent

magnetic behaviour of the high hardness and strength, combined with ductility and high

corrosion resistance, have been found to deteriorate drastically Therefore,

understanding the micromechanisms of crystallization, to impede or control

crystallization, is a prerequisite for most applications, as the stability against

crystallization determines their effective working limits There have been enormous

effects to improve thermal stability of metallic glasses by changing their composition

i e , from binary to ternary, ternary to quaternary etc , and by substituting different

transition metals and metalloids to the basic iron-boron system

The work on crystallization behaviour of metallic glasses has contributed to

enhance our understanding of glass formation, factors affecting thermal stability and

nucleation and growth process during crystallization Excellent reviews have appeared

in this area which cover a wide variety of research topics and results obtained [81-83 J

1.9 Corrosion

During the last two decades a great deal of effort has been made to

characterize and understand the general corrosion behaviour of metallic glasses, in
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particular TM-Metalloid metallic glasses [84,85] It has been found that glasses of

certain compositions of Fe-rich metallic glasses have, far superior corrosion resistance

compared to their crystalline counterparts [85,86] Because of the high corrosion

resistance, in addition to the unusual combination of various advantageous physical

properties, these glasses become potential candidates for technological applications

However, the application of these alloys is viable only when their chemical stability is

guaranteed So, in order to improve the chemical stability against corrosion, corrosion

behaviour of these glasses has been studied extensively by adding metalloid elements

like P, Cr which act as strong passivators 187-91] Although strong influence on the

corrosion behaviour has been noted, it is still not clear as to whether such effects are

results of their amorphous nature or chemical homogeneity It will be generally

difficult to dissociate these two aspects The experimental results have indicated that

high degree of homogeneity, both compositional and structural, confer greatly

improved corrosion resistance on the glassy alloys However, composition also plays

an important role in the determination of their corrosion behaviour [92,93], Thus,

further understanding of the relative importance of the amorphous structure and

elemental composition in the corrosion resistance of amorphous metallic alloys will be

useful

Much interest has been centered on the effects of different alloying elements

like metalloids P, B, Si, C and metals like Cr, Mo, W, Nb etc , on the corrosion

resistance of Fe-based metallic glasses, due to their good soft magnetic properties In

particular, the effects of Phosphorous, P and Molybdenum, Mo (with or without Cr)

on the promotion of stable passive films have been investigated by several authors [87-

91]

It is well known that P offers excellent corrosion resistance to glasses [92] and

the addition of Ni is considered to promote the formation of a passive film in the

presence of Cr, thus providing good corrosion resistance [89] Already much work

has been reported on the effect of addition of P and Cr and in the absence of both these

elements the corrosion resistance of these glasses significantly decreases Hence it is

thought worthwhile to examine the corrosion behaviour of Fe based metallic glasses

free from P and Cr and having low Ni content, which are generally preferred for

magnetic applications
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1.10 Applications

Metallic glasses exhibit excellent mechanical and soil magnetic properties and

offer tremendous potential for industrial exploitation [2,9, 16,40,94,95] They have

potential application in power distribution transformers, magnetic shielding,

transducers, magnetic heads for audio, video and data recording and magnetic sensors.

The large variation in the saturation magnetostriction constant, Xs, as a function of

annealing treatment can be exploited by metallic glasses as electronically controllable

acoustic delay lines which are important components in radar, computers and all signal

processing equipment [96,97] With Nd-Fe-B metallic glasses there is a possible

replacement for the costly Sm-Co* permanent magnets [941 Their mechanical

properties are being utilized in applications for brazing filler materials, strengthening

fibers in composite materials etc [40] While possessing the most attractive soft

magnetic properties and highest mechanical strengths, Fe-B based glasses easily rust

even in air at room temperature By the addition of Cr they can be made corrosion

resistant without much degradation of their magnetic properties [98 J Metallic glasses

with good corrosion resistance are used in applications, such as magnetic separators,

chemical and mechanical filters, marine cables etc Extremely high hardness and

chemical inertness make glassy alloys possible candidates for surgical implants, razor

blades and cutlery [9] Addition of Mo to iron rich metallic glasses has been reported

[99] to be of great use in high frequency applications The limitations in the

production of thick metallic glasses has been overcome to some extent by optimising

certain parameters with utmost care while producing them 1100]

Thus the excellent soft magnetic properties combined with the high strength,

bond ductility, toughness and corrosion resistance, make metallic glasses attractive

materials for several applications [I01-103]

1.11 Aim and Scope of the Thesis

Motivation

In Fe-based metallic glasses, a number of substitutions by Ni and other metals

have been made to change their magnetic properties. Some of the earlier reports

suggest that the substitution of a non-magnetic element, in Fe-rich metallic glasses
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shows a similar behaviour of transport and magnetic properties as observed with that

of Cr substitution, an anti-ferromagnetic element For comparison here we show the

resistivity behaviour with temperature and Mossbauer spectra of similar alloys

containing Mo and Cr separately in Figs 1 6 and 17 Only limited work has been

reported on substitution of the non-magnetic metal Molybdenum (Mo) in such

systems As such, with a view to find out the changes in the physical and chemical

properties of amorphous Fe6gNii4.xMoxSi2Bi6 alloy series (x=0,1,2,3 and 4) in which

Ni has already been replaced partially for Fe, due to the effect of substitution of Mo, a

non-magnetic metal a systematic study was undertaken Also, the effect of Ni or Mo

substitution on magnetic properties of Fe-B and Fe-B-Si glasses is found to be quite

drastic in the sense that the Curie temperature and other magnetic hyperfine

parameters decrease drastically. It has been pointed out that Fe-based alloys with less

Ni content and without phosphorous, P are preferred for magnetic applications

However, application of these glassy materials for practical purposes is viable only

when their thermal and chemical stabilities are guaranteed It is well known that

addition of P to Fe-rich metallic glasses results in very good corrosion resistance and a

high content of Ni can also promote corrosion resistance In the absence of both these

elements, corrosion resistance of these glasses significantly decreases Hence it is

thought worthwhile to examine the corrosion behaviour of the metallic glass system

which is free from elements like P and Cr and having low Ni content Also not much

work has been reported in such systems For any long term practical application,

which is based on the glassy state of Fe-rich metallic glass, it requires a very stable

glassy state As many of the promising physical and chemical properties of these

materials deteriorate due to crystallization, understanding of the crystallization

behaviour and the thermal stability against crystallization of these materials is of

importance both from fundamental and technical point of view Understanding the

mechanisms involved in the crystallization is therefore valuable in controlling

crystallization, as the thermal stability against crystallization determines their effective

working limits for technological applications Some of the earlier reports indicate that

Mo seems to enhance the thermal stability of these glasses Another important factor

is that it has been reported by Hasegawa et al [99] that in addition to their use in

transformer cores, tape heads and magnetic shielding commercially, Mo substituted Fe-
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Fig. 1 6 (a) & (b) Temperature dependence of normalised resistivity of Fe>o-xCrllB2o

and Fe«o.xMoxB2o alloys respectively.



Fig 1.1 (a) & (b) Mossbauer spectra at RT of Fego-xCr̂ BM alloy and the corresponding
spectra at different temperatures for the alloy FerjNfchBM with their
P(H) distribution curves respectively.



based glasses having remarkable soft magnetic properties combined with high

resistivity and improved thermal stability are quite useful in high frequency

electromagnetic applications (>100 kHz) where conventional magnetic alloys cannot

be used due to excessive eddy current losses. With the above factors in mind, it is

therefore considered to be interesting to choose this particular system for the study of

effect of Mo substitution on the various properties mentioned above

Objectives

The main objectives of the present work are as follows

• To verify the amorphous nature of the samples using X-ray diffraction (XRD)

technique and a typical diffractogram for one such sample is shown in Fig. I 8

• To study the changes in electrical resistivity and its temperature dependence as a

function of Mo concentration in the system chosen, in the temperature range 10-

300 K using dc four probe method

• To study the changes in the magnetic properties as a function of Mo and to find

out different magnetic hyperfine parameters and their temperature dependence,

using magnetization and Mossbauer effect measurements The experimental setups

used are VSM and Lakeshore ac susceptometer for magnetization at room

temperature and low temperatures respectively and Mossbauer spectroscopy

• To investigate the crystallization behaviour of the samples chosen using the well

known DSC technique, which gives quantitative information about the heat

changes occurring, thus enabling us to determine the crystallization kinetic

parameters precisely

• To study the corrosion behaviour of the samples chosen through electrochemical

corrosion methods, using potentiodynamic polarisation and ac impedance

spectroscopic techniques

In all the above, results have been analysed mainly as a function of composition

and temperature and the effect of the substitution of Mo is discussed A discussion of

the results is presented in the light of the current theoretical models

The results of the present work include

i Determination of (1) Absolute resistivity at RT, p(RT), (2) Temperature
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coefficient of resistivity (TCR), a at RT, (3) Temperature corresponding to

minimum resistivity, T,mn, (4) Debye temperature. On, (5) pmag, magnetic

contribution to resistivity, and the dependence of the above parameters on Mo

concentration

ii Determination of various hyperfine parameters viz., effective magnetic

hyperfine field, Hen, average and peak fields, Hav and Hp, and the hyperfine

field distribution, P(H), isomer shift, 8, and magnetization axis as a function of

temperature and other Mossbauer parameters

iii Determination of room temperature magnetization, MS(RT) and spontaneous

magnetization Ms(0) and their dependence on composition and the existence of

the spin wave excitations through bulk magnetization measurements

iv Determination of various crystallization kinetic parameters viz, onset and

crystallization temperatures, activation energies, as a function of Mo

concentration and heating rate and an estimation of Avrami exponent, n

v Determination of polarisation resistance, R,,, and other related corrosion kinetic

parameters, like corrosion potential, Ecorr, corrosion current density, icon, Tafel

slopes pa and pc A correlation is made between the values of" polarisation

resistance obtained from potentiodynamic polarisation and ac impedance

spectroscopic measurements

Apart from the introduction chapter, the thesis contains five chapters The

second to the fifth chapters describe the results of the present work and discuss them

under the headings of electrical resistivity, Mossbauer and magnetization,

crystallization and corrosion respectively The thesis presents the details of

experimental arrangements and related details wherever necessary in the respective

chapters At the beginning of each chapter a brief discussion of theoretical background

and important models widely used to interpret the data obtained is included Each of

these chapters includes a thorough discussion of the relevant experimental results and

the conclusions are summarized References are listed at the end of each chapter

The last chapter contains the summary of the results of the present

investigations with overall conclusions and towards the end some suggestions for

further work are also indicated.
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CHAPTER II

Electrical Transport
Measurements

2.1 Introduction

Detailed investigations on transport properties of solids provide valuable

information about the electronic structure and various scattering processes that are

responsible for the electronic transport Glasses, produced by rapid quenching, also

show a fill] spectrum of electronic behaviour similar to that of crystalline solids That

is, glasses show properties, which range from those of a superconductor, normal

metallic conductor, semiconductor to that of an insulator Theoretical interpretation of

the electronic transport in glasses has been a difficult problem due to the lack of

translational invariance in their atomic arrangement Another difficulty arises from the

fact that the electron mean free path is very small in highly disordered glassy alloys

Studies on the transport properties of metallic glasses have shown some peculiar and
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interesting features which seem to be characteristic of the glassy state [1-4] Among

various transport coefficients, electrical resistivity is the one which is simpler in

measurement and provides bulk of valuable information on the electronic transport It

is a sensitive probe to study structural disorders and various scattering processes that

occur in a given material and to study phase transformations as well as phase

transitions However, it is by no means trivial to interpret the observed magnitude of

resistivity and its temperature dependence in amorphous/highly disordered metals

This is because, in addition to the dependence on the intrinsic mechanisms involved,

the electrical resistance is also sensitive to factors like possible differences in the free

volume in an amorphous solid, as a consequence of different rates at which a melt has

been rapidly quenched [5], structural relaxation [6], changes in local atomic

arrangement [7], remnant crystallinity [8] and electron mean free path of the order of

interatomic spacing in the solid [9], to name a few

Resistivity studies on metallic glasses as a function of composition,

temperature, magnetic field and other parameters have been reported extensively to

understand their electronic transport behaviour In particular, resistivities of iron-rich

metallic glasses which are based on a composition Few>M2o or close to it, where M is a

single metalloid or a combination of metalloids like B, Si, P and C have been

extensively reported in literature, in which element like Ni, C'r and Co have been

partially substituted for Fe [10-17]

The behaviour of electrical resistivity of amorphous metallic alloys, is in

general, quite different from that of the corresponding crystalline systems First it is

possible to produce metallic glasses for a given system like Fe-B, Fe-Si-B, Ni-Zr, Ni-P

etc with a continuous range of room temperature resistivity values by changing

composition within the range in which the amorphous nature is preserved

A few of the salient features of the electrical resistivity data taken on a large

number of metallic glasses with regard to the variation of electrical resistivity (p) with

temperature can be summarized as below [2,18-21 ]

(a) The room temperature resistivities, p(RT), and residual resistivities, po , of

amorphous alloys are considerably larger than those of their crystalline

counterparts, but are of similar magnitude as that of the corresponding liquids
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This is because the dominant scattering mechanism responsible for resistivity is

scattering from the structural disorder [2,18-21]

(b) The overall change in the resistivity of a metallic glass from low temperature

(-4 K) to that neat at its crystallisation temperature is usually less than 10%

[1]

(c) The temperature coefficient of resistivity (TCR) in some metallic glasses can be

changed continuously from positive to negative by changing its composition

continuously like in Ni-P system [21-a] The temperature coefficient of

resistivity, (TCR), defined as a = p"'(dp/dT), is small and usually positive for

alloys with po< 150 {.iH-cm and negative for alloys with po -150 uO-cm, over a

wide range of temperature (3.4,17,22] Such a relation between the magnitude

of Po and TCR has come to be known as the Mooij correlation [23]

(c) In a number of alloys containing large amounts of ferromagnetic and

antiferromagnetic elements, resistivity as a function of temperature goes

through a minimum (pminX at a temperature Tm m in the temperature range 4-

300 K, below which p shows either In T or T1 ' dependence with

temperature [24-27] and at higher temperatures resistivity saturates to a value

r 1 5 0 u H - c m

The resistivity minimum in most of the 3d transition metal-metalloid alloys

occur at temperatures as low as 20 K [2,19-21,28,29], but in some transition metal

based alloys containing Cr, Mn, Mo, V, W, etc the resistivity minimum can occur at

temperature T>250 K [2,19-21,30] A number of theoretical models have been

proposed to explain the resistivity minimum, and the corresponding low temperature

resistivity anomaly and other characteristic features of resistivity behaviour in

amorphous materials, but none of these models, on its own, can describe the variation

of resistivity in the entire temperature range Matheisscn s rule which states that the

contributions to total resistivity of a solid arising from different scattering mechanisms

are additive, is also considered to be valid in amorphous solids Therefore, one needs

to take into account of all possible known scattering mechanisms to explain the

observed resistivity behaviour as a function of temperature, magnetic field etc

In this chapter we present the results of resistivity measurements on a-
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Fe68Nii4-xMoxSi2Bi6 (x=0,l,2 and 3) as a function of Mo concentration and

temperature and try to interpret these within the framework of current theoretical

models available

2.2 Theoretical Models

Over the years a number of theories have been proposed to interpret the

experimentally observed anomalous resistivity behaviour in amorphous metallic alloys,

magnetic as well as non-magnetic, as a function of composition and to predict the

exact form of its temperature dependence These include

i) Ziman-Faber diffraction model

ii) Mott s-d scattering model

iii) Two level tunneling model

iv) Localisation and electron interaction/Quantum
interference effects.

2.2.1 Ziman-Faber Diffraction Model

This model considers the effect of scattering of conduction electrons from the

potential of the disordered lattice Originally proposed by Ziman f 31 ] for simple liquid

metals, this theory is based on the following assumptions 12,21,31]

a) The electronic transport properties can be described by the Boltzmann

transport equation

b) The interaction between the conduction electrons and ions can be described by

a pseudo potential.

c) The conduction electrons are assumed to be nearly free (i.e , k i i > | , kj is the

Fermi wave vector, { is the electron mean free path) and the scattering

potential is weak enough to be treated by first-order perturbation theory (Born

approximation is valid)

Evans et al [32] extended the Ziman theory to include liquid transition metals in

the transport properties of metallic glasses by using the muflin-tin potential and arrived

at the following expression for resistivity [2,19,21,32,331

30



where M is the atomic mass, 6p is the Debye temperature, k is the wave vector and k(,

is the Boltzmann constant Substituting Eq (2.3) in Eq. (2 2), one obtains |28]

31

where kK and EF are the Fermi wave vector and Fermi energy respectively Q is the

atomic volume, ^ ( E F ) is the d partial-wave phase shift, describing the scattering of the

conduction electrons by the ion-cores which carry a muffin-tin potential centered

around each ion position and S-r(2k|.-) is the structure factor, at k=2kF The

temperature dependence of p comes from the temperature dependence of Sr(2kF)

Within the framework of the diffraction model, there are several ways [33] of

calculating the SKk) However, the one using a Debye Spectrum due to Nagel [33]

vields the expression

(21)

(23)a

(2J)b

(22)

(2.5)

dropping the subscripts 2kF and str for simplicity, the temperature coefficient of

resistivity (TCR), a, can be calculated from Eq (2 4) as [28]

where ps t r is the structural contribution to p and W(T)= W2k (T) and W(0)-W2k (0)

are the values of Wk(T) and Wk(0) at k 2k,. respectively, i.e.,

where S()(k) is the static (equilibrium) structure factor and e k( ' is the Debye-Waller

factor, with Wk(T) in the Debye approximation given by 128,34]

where



Since *0 for all temperatures, Eq (2 6) demonstrates that a is negative if

S](2k,.)M and positive if S-K2kF)< 1 The relative positions of 2kK and kp, the wave

vector at which the first peak in S(k) appears, determines the sign of a In other

words, negative TCR is expected only when 2kF lies close to kp whereas a positive

TCR is expected when 2ki. is far away from kp

In low and high temperature asymptotic limits, Eq (2 4) simplifies to:

p O V C + B T 2 forT«8t> (2 7)a

p(T)-C+BT forT>e,, (2.7)b

where the constants C, B, C and B1 are related to various parameters in Eq (2 4)

Thus, according to the diffraction model, resistivity varies as T? at low temperatures

and linearly at high temperatures In order to facilitate a direct comparison with

experiments, Eq. (2.4) is written in a different form [28] as
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The diffraction model has been successful in describing the electrical resistivity

behaviour of a large number of low resistivity (p< 150 (.iQ-cm) amorphous alloys

However, the model does not give an adequate description in the case of high

resistivity glassy materials

2.2.2 Mott s-d Scattering Model

This model, originally proposed by Mott [9] for transition metals and alloys,

assumes that the current is carried by nearly free s electrons which are scattered from

fluctuations in the local environment (arising from structural disorder) into the vacant

states above the Fermi level in the d-band, resulting in high resistivities In the case of

transition metal alloys the electrical resistivity, p is composed of two parts, p=(ps+pd),

where ps is the contribution from the sp-band and pj is that from d-band The basic

assumption is that the effective mass of the d-electrons is too large for them to

contribute significantly to the conduction process [22]

Since the number of vacant states in a d band is proportional to the d-density of

states (DOS), Nj(E|.), the electrical resistivity is proportional to Nd(Ej.) The

temperature dependence of resistivity arises because of the shift in Fermi energy level,

E|., with increasing temperature The expression for resistivity, given by this model is

[2,9,21]
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If one assumes that d band is nearly full, and that Nd(E)=C(Eo-EK)12, where

Ki<Eo, then Eq (2 13) reduces to

where N'(E h ) and N"(E,.) are the first and second energy derivatives of DOS at E=Ej.

respectively

or (2 13)



(2 14)

where Eo is the energy of the filled d-band level

Thus, p(T) should decrease as T2 with increasing T If one includes the effect

of temperature dependence and smearing of the d band density of states [35] one finds

that it leads to a contribution of p(T) which can either increase or decrease with T in a

manner consistent with Mooij correlation

This model gives rise to a large negative value of TCR if the Fermi level lies in

a region where the d band is rapidly varying. However, such a model would be

applicable only to those systems where there is a significant difference in the mobilities

of the s and d electrons For very high resistivity materials, where all mobilities are

very low, this model breaks down. The energy derivatives of Nj(E) at Ej. for

amorphous metals are expected to be extremely small, and hence, the Mott model

when applied to amorphous materials gives a weak temperature dependence of

resistivity [21 ]

2.2.3 Two Level Tunneling Model

The observation of resistivity minimum in a large number of amorphous alloys,

regardless of whether they are magnetic or non-magnetic, has prompted some workers

to propose scattering mechanisms, which are inherent to the amorphous structure

itself One such model is the two level tunneling model [25], which is the structural

analogue of the Kondo model [36] The amorphous state is a highly metastable state

and there exists a number of local atomic configurations which are energetically

equivalent leading to significant number of atoms or group of atoms which can tunnel

between the states of equivalent energy In the simplest form they constitute the two

level systems (TLS) [2,20,21,24] The TLS model due to Cochrane et al [25]

considers a potential well with two minima of equal energy and asserts that the

electron scattering by such two level states is analogous to Kondo scattering, giving

rise to a contribution to the resistivity, which increases with decreasing temperature

This approach leads to the following expression for the contribution to the total

resistivity arising from electron -TLS scattering [2,20,21,25]

Pus(T)= -Cln(kB
2T2 +A2) (2 15)
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(2,7,b

where F is the average static screened Coulomb interaction potential, over the Fermi

surface and D is the diffusion constant Eq (2 17)a rewritten in the following form

represents the EEI contribution to resistivity,

35

where C is a constant, whose magnitude depends only on the number of sites and the

strength of Coulomb interaction, 2kBA is the energy splitting between the tunneling

states If A is small, then p(T) will vary as - ( " In T, C being a new constant Tsuei

[27] has suggested that this mechanism is most probably responsible for producing a

TCR<0, i e , negative over a wide temperature range in high resistivity metals He

found that a better fit to the resistivity data of amorphous (NisoPdsohvsPjb s) is given by

the resistivity contribution of the form,

p(T) = p 0 Cln(kHT2+A2) (2 16)

rather than p(T) proportional to T at higher temperatures as predicted by the Ziman

theory

Thus, this model predicts that resistivity increases as the temperature is lowered

and finally saturates at low temperatures

2.2.4 Weak Localisation and Quantum Interference Effects

In highly disordered systems in which the electron mean free path is of the

order of atomic spacing, motion of electrons at low temperatures is diffusive rather

than ballistic [21J and this realization has prompted many workers [37-40] to propose

quantum corrections to the normal Boltzmann conductivity, arising from enhanced

electron-electron interaction (EEI) effects and quantum interference ( 0 0 or weak

localisation (WL) effects The conduction electrons in disordered systems with high

values of resistivity undergo more frequent collisions than in crystalline systems Such

an increased scattering reduces the effective electronic screening and thus enhances the

electron-electron interactions The enhanced electron-electron interaction gives rise to

an additional contribution to conductivity, which can be expressed as [38]

(2.17)a



The contribution of electron-electron interaction to total resistivity is thus

proportional to Jf It turns out that the effect of this Coulomb anomaly is an

additional contribution to the resistivity, which varies as - T 1 2 at low temperatures

(below 20 K) This effect was first noticed by Rapp et al [41] in magnetic metallic

glasses Since then it has been found in a number of metallic glasses, magnetic and

non-magnetic type

In addition, electrons in disordered systems undergo multiple scattering when

the electron mean free path is of the order of the interatomic spacing At low

temperatures, these collisions are elastic, and hence the electron wavefunctions retain

their phase over large distances Therefore, there exists a finite probability for the two

partial waves of the electron, originating from a point (origin) and propagating in

opposite directions on a given path, to return to the origin in phase and interfere

constructively In other words, multiple elastic scattering leads to phase coherence

between the partial waves scattered from nearby ions and hence enhances the

probability for an electron to return to its origin, hence of 'localisation'! 21 ] The result

of this electron localisation process is that the electrical resistivity in the presence of

such scattering in disordered materials is higher than would be calculated from the

quasi-classical Boltzmann approach If the disorder is strong enough, the electrons can

get completely localised leading to a transition from metallic to the insulating state

1 lowever, if the disorder is not sufficiently strong, the weak localisation or quantum

interference effects leads to relatively higher resistivity Since phase coherence is

responsible for the weak localisation, this also means that any process, which destroys

the phase coherence of the two electron partial waves will reduce the additional

resistivity (due to localisation) A process, which is known to destroy the phase-

coherence, is inelastic scattering As the temperature is increased from absolute zero,

the inelastic electron-phonon scattering sets in at finite temperatures which tends to

destroy the phase coherence and thereby leads to an increase in conductivity or a

decrease in the resistivity, a result opposite to the normally observed behaviour in

metals in which the resistivity should increase with rise in temperature due to electron-

phonon scattering.
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Mott and Kavesh [42] and later Howson [43] made suggestions that the

resistivity minimum in metallic glasses may be due to a competition between a negative

TCR due to QIE. mentioned above, and a positive TCR due to the normal Boltzmann

conductivity Whether the conductivity a due to the QIE will dominate or the

Boltzmann conductivity will dominate is determined by the ratio of inelastic scattering

time to elastic scattering time (ij/te) At low temperatures, T, is always greater than xc

so QIEs may determine the behaviour of a(T) Mott and Kavesh [42] have predicted

that TjnXp*2, where Tm is the temperature at which minimum resistivity is observed

Mickey et al [44] have shown that QIEs are not likely to be responsible for a low

temperature resistivity minimum except in alloys with a very weak spin-orbit coupling

A number of other scattering processes, such as inelastic electron-magnon

scattering, external magnetic field and Zeeman splitting of spin sub-bands, can also

destroy the phase coherence and delocalise the electrons The final expression for the

contribution to total resistivity arising from weak localisation in the presence of spin-

orbit and inelastic scattering and including the splitting of spin sub-bands, is given by

[39,40,45],

(2 19)b

(2 19)c

(220)

In the case of inelastic electron-phonon interaction, the relaxation time iq>

varies as

Tq>~l(*Tp (where p ranges from 2 to 4) for T< 8» and
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inelastic scattering, spin-orbit scattering and spin scattering times, respectively If

Bso« B « B i e , Eq (2 19)a reduces to

(2 l<>)a



xCp 'xTforT>6i)

Thus, the resistivity due to weak localisation effects is of the form,

Pwi.(T) * - T p f l forT<8n (2 21 )a

pw,.(T)ac T 1 2 IbrT-Gi, (2 2l)b

The temperature dependence of pwi.(T) and pi:n(T) due to weak localisation

and electron-electron interaction effects predicted by Eqs (2 21) and (2 18),

respectively, have been found in a number of metallic glasses [21,46]

2.2.5 Magnetic Contribution to Resistivity

The existence of significant magnetic contribution to the electrical resistivity in

magnetically concentrated amorphous alloys like FeuiB^n, though expected, has been

ignored earlier [47] Earlier workers [8,17] tried to explain the intermediate and high

temperature dependence of resistivity in terms of the diffraction model [33], which

takes into account not only the scattering of conduction electrons by the ion-cores that

carry a muffm-tin potential but also the change in the shape of the structure factor,

S(k), with temperature The reasons for this appear to be twofold firstly in both

magnetic and non-magnetic glasses, the resistivity shows same temperature

dependence in the intermediate and high temperature regions Secondly, the

diffraction model yields quadratic and linear temperature dependence of p at low

( T « 9 D ) and high (T>6n) temperature, respectively There are several works, which

contradicted the simple T2 dependence of resistivity for ferromagnetic alloys at

intermediate temperature [32,48] A sharp anomaly in the temperature derivative of

resistivity at the Curie temperature, reminiscent of the critical resistivity behaviour,

normally found in crystalline ferromagnets, has been observed in such glasses [49]

These observations assert that in addition to a contribution due to scattering of

conduction electrons from the structural disorder, electron magnon scattering (which

at low temperatures gives rise to a quadratic temperature dependence for crystalline

ferromagnetic 3d transition metals) should also give a contribution to p in magnetic

glasses and hence the approach of completely neglecting the magnetic contribution to

resistivity, pmag(T), while analyzing the resistivity data on FM glasses is not exactly

correct Theoretical investigations [50,51 ] that pursue this line of thinking and use



spin-wave approximation to calculate Pmag(T) for amorphous ferromagnets is given

below

The spin-disorder model, applicable to FM materials, deals with the scattering

of conduction electrons by spin waves The spin-disorder model for amorphous

ferromagnets developed by Richter et al [51J, considers a Heisenberg spin system in

which spins are localised at the sites of an amorphous network and conduction

electrons get scattered from these localised spins (moments) through the s-d exchange

interaction Using the nearly free electron concept, the magnetic part of resistivity in

the spin-wave approximation is given by [28,51]

where Nc is the number of electrons, Q<- and D. are the atomic and sample volumes,

respectively S is the spin of the local atomic magnetic moment, Dsw is the spin wave

stiffness coefficient, V and c, are the gamma and Riemann Zeta functions, respectively,

J^i is the exchange coupling constant and J(>(2k,.) - (k)dk , Sm(k) is the static

magnetic structure factor The T3 2 term in the Eq (2 22)a is the net result of a partial

cancellation of two competing T1 2 terms, one arising from incoherent (momentum

non-conserving) electron-magnon scattering and increasing with increasing

temperature, and the other originating from the elastic scattering of conduction

electrons from randomly oriented temperature dependant local moments decreasing

with increasing temperature, whereas the T2 term in Eq (2 22)a is the coherent

electron-magnon scattering term The function F(T), arising because of structural

disorder, constitutes only a minute correction to the T2 term indicating thereby that the

coherent electron-magnon scattering is not significantly altered by the presence of

quenched disorder. Both psi)(0) and the TV2 term are zero for crystalline ferromagnets

with

(222)b



but possess finite values in the case of amorphous ferromagnets. In addition, the

coefficient of T3 2 term in amorphous magnets is expected to be roughly two orders of

magnitude [51] larger than that of T2 term Thus, the spin-disorder model predicts that

at low temperatures, psu(T) should vary as T*? in amorphous ferromagnets in contrast

with the T2 variation in crystalline systems [28,51] However, measurements on some

magnetic metallic glasses reveal that the competing contributions to pmup(T) due to the

incoherent and elastic components of electron-magnon scattering almost balance each

other so that at low temperatures the TV2 term is negligibly small compared to the T*

term [28].

In addition to the above models, other theoretical works, viz the Kondo-Spin

Flip model [36], the coherent exchange scattering model [52] have also been proposed

which calculate the magnetic contribution to p in dilute magnetic alloys and rare earth

based alloys respectively

2.3 Experimental Details

Electrical resistivity measurements for a-Fe68Nii4-xMoxSi2Bi0 (x^0,l,2 and 3)

have been carried out in the temperature range 10-300 K using a API) closed cycle

refrigerator [53], the schematic diagram of which is shown in Fig 2 I Samples were

in thin ribbon form of -25-30 urn thickness and -5 mm width obtained from Allied

Signals, (USA), prepared by melt spinning technique

The closed cycle refrigerator works on the principle of Joule-Thomson effect

The cryogenic system is formed from basic modules which, include compressor

modules, expander modules, inter-connecting hoses and interfaces The high pressure

helium gas from the compressor enters the refrigerator (expander) and the low

pressure helium gas returns to the compressor The inter-connecting hoses carry the

refrigerant between the compressor module and the expander module Together they

form a closed-loop system

The expansion of helium gas in the refrigerator has two stages one which cools

the lower section of the sample well to 10 K and the other which cools the upper

section of the sample well to 40 K.

The temperature of the sample area is controlled by using a resistance heater on
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the expander cold tip Silicon diode is used as a temperature sensor One sensor is

located at the expander cold tip and the other is on the sample holder in the sample

area

A four probe dc-method was employed for the measurements Amorphous

ribbons of length 2-3 cm and 1-2 mm width were cut and to avoid local

crystallisation and for better stability, current and voltage contacts were made on the

sample with 42 gauge copper wire, using a silver epoxy The sample is fixed to a

sample holder using a scotch masking which can withstand low temperatures The

sample mounting permits changes in the sample dimensions during thermal cycling and

thereby avoids stress-induced effects, which could otherwise affect the results in stress

sensitive materials like metallic glasses The sample space is filled with 99 99% pure

helium as an exchange gas

A schematic of the four terminal setup for electrical resistance measurements is

shown in Fig 2 2 The linearity of I vs V was checked for the contacts to be ohmic

The resistance was measured using a constant current programmable source (Keithley

Model No 224) and a nanovoltmeter (Keithley Model No 181) The current during the

measurement is kept constant (3 mA) up to one part in 104 and the voltage is measured

to an accuracy of 0 01 (.iV and relative accuracy of 1 to 5 parts in lo4 Parasitic

thermoelectric voltages are eliminated by reversing the polarity of current at a given

temperature The relative accuracy of resistance measurement is about a few parts per

million The temperature is monitored using a microprocessor-based temperature

controller (Model 5500-1-25) to an accuracy of ±0 5 K

In all the cases, the width of the sample and the length between the voltage

leads for each measurement were measured using a travelling microscope with an

accuracy of 0 01 mm A number of readings were taken over the whole dimensions of

the sample to get a good accuracy in these measurements The measurement of

thickness posed a problem because of thin samples A sensitive screw gauge was used

to measure thickness at various positions over the whole length in order to get a

reasonably accurate average value of thickness A better method would have been to

measure the density and then to find out the thickness However, since we are more

interested in the temperature dependence of p, we did not follow the density method to

find out the thickness due to small amount of the sample at our disposal. The error in
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Keithley 181 Nanovoltmeter

Fig 2 2 Four terminal setup to measure electrical resistance



the measurement of the absolute value of p(RT) mainly determined by the error in the

thickness measurement The estimated error in the absolute value of p is ±10%

However, the relative resistivity ratios are much more accurate and the error in these

measurements is better than l°o neglecting any effects due to thermal expansion or

contraction

2.4 Results and Discussion

The resistance measurements of Fe6KNii4-xMoxSi2B|ft alloys have been carried

out in the temperature 10-300 K A sample with x at% of Mo will be referred as SN

sample hereafter p(RT) vs x is shown in Fig 2.3(a) and are listed in Table (2 1) It is

observed that an increase in Mo concentration increases p(RT) as found earlier in

similar Mo substituted systems Since the values of p(RT) are less than 150

one expects from Mooij correlation - , the temperature coefficient of resistivity
p dT

(TCR), to be positive near RT, Table (2.1) lists - - for all the samples It is seen
pdT

that for all the samples TCR > 0 as expected from Mooij's correlation As can be seen

from Fig 2 3(a) one also notes that as Mo concentration x increases, which leads to

increase in p(RT), the corresponding TCR decreases which is also consistent with

Mooij"s correlation The p(RT) vs TCR is also shown in Fig 2 3(b) Fig 2 4 shows

the resistivity ratio RR-p(T)/p(300) vs T in the temperature range 10-300 K for

x 0,1,2 and 3 x^4 did not give repeatable results, hence data on this sample is not

discussed This was most probably the result of some crack developing along the

length of the sample since the sample was a wide one and was prepared by a two

nozzle method

Fig 2 4 clearly shows that in most of the higher temperature region (200-300

K) RR is almost linear with small scatter Lower the value of x, larger is the 'almost'

linear region in temperature RR shows a minimum in RR vs T data, and the

temperature at which this minimum is observed, depends upon the Mo concentration x.

This temperature shall be referred as Tmin hereafter Since the lowest temperature was

limited to -10 K, a larger amount of data could not be collected below Tmjn for x=0,l
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(a)

Hg 2 3(a) TCR at RT, (a) and Room temperature resistivity, p(RT) as a function of
Mo concentration, x

Fig 2 3(b)Theplotofp(RT)vsTCR



Table 2.1 Diflerent parameters calculated from resistivity data

Sample
(x)

0

1

2

3

4

' min
(K)

15

21

25

•12
1 10

TCR(a) at
RT(K')

2 538e-4

1 724e-4

0.9715e-4

O.4IO7e-4

06962e-4

p(RT)
Hf2-cm

97 3

111.0

1140

1233

131 5

On
(K)

332

390

350

D
(cmVs)

7 3e-4

1 858e-4

3 8e-4

*5 l5e-»
1 83c-4

* represents for the first minimum of x^3 sample

Fig 2.4 The resistivity ratio RR = p(T)/p(RT) vs T in the temperature range 10-300 K

for Fe6sNii4.xMoxSi2Bi6 (x 0-3) alloys



and 2 samples For x=3 sample, one seems to observe two minima, one at 110 K and

another a very weak one at about 12 K as shown in Figs 2 5(a) & (b) in which the

curves drawn show for the smoothened data —- at higher temperatures becomes
p dT

smaller as Mo concentration value x increases The temperature dependence of RR of

the sample So (Feh«Nil4Si2B,6, x=0) is similar to that of other iron rich metallic glasses

like FesoB*) or Fe-B-Si As x increases the resistivity minimum becomes

flatter/shallower, and for the sample S, (Fe^NiMMo^SizB^; x=3), it is comparatively

much flatter To show this clearly RR vs T data for S» is shown separately in Fig. 2.6

where the flat portion of the low temperature region where minimum is observed is

indicated by dashed curve and the observed weak minimum at -10 K with the

minimum at 110 K are indicated by the arrows Similar observation has been reported

in literature for Mo containing Fe-B glasses [11,54,551 We analyse the temperature

dependence of RR of these samples using the theoretical ideas discussed earlier. For

this we separate the temperature region in three (I) T> 150 K, (2) Tinm<--T< 150 K and

(3)T<Tmin

2.4.1 Behaviour of RR for T>150 K

Figs 2 7 and 2 8 show RR vs T for 100 K < T - 300 K and 200 K < T < 300 K

regions for the four samples respectively One can easily see that while S() sample has

RR vs T linear region between 100 and 300 K, as x increases data starts to show

departure from this linear behaviour more and more as one goes down in temperature

from 300 K This is clearly visible for Si sample In the temperature region 200-300

K almost linear behaviour is observed for all the samples, although one observes a very

small hump at -250 K for Si sample Since 0n, the debye temperatures for these

samples are expected to be between 300-400 K as reported in literature [56,57], one

may consider applying the Ziman theory in the temperature region 200 K<T<300 K

where p x T may be expected although it should be strictly valid only in the region

T>0|) Since these glasses are highly magnetic there may be some contribution of the

magnetic scattering to the total p Hence, both contributions must be considered in

analysing resistivity data as a function of temperature
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Temperature (K)

fii> 2 5(a) The resistivity ratio RR - p(T)/p(RT) vs T in the temperature range 10-

50 K showing the first Tmin for Fe<,uNit4.xMoxSi2BH, (x=3) alloy

f*ig 2 5fb) The resistivity ratio RR p(T)/p(RT) vs T in the temperature range 35-

120 K showing the second T,nm for Fe68Nii4-xMo>;Si2B|6 (x 3) alloy



Fig 2 6 The resistivity ratio RR - p(T)/p(RT) vs T in the temperature range 10-300 K

for P^xNiu-xMOxSiiBu, (x=3) alloy with the minima indicated by the arrows in

the respective regions

Temperature (K)



Temperature (K)

lig 2 7 The resistivity ratio RR=p(T)/p(RT) vs T in the temperature range 100-300 K

for Fe68Ni,4-xMoxSi2B,(, (x=0-3) alloys



200 220 240 260 280 300

remperaturc (K)

2 8 The resistivity ratio RR=p(T)/p(RT) vs T in the temperature range 200-300 K

for Fe6xNil4-xMoxSi2Bu, (x=0-3) alloys



Experiments which claim to have observed a magnetic contribution to p fall

under two categories

(a) A magnetic contribution proportional to T\ Thummes et al [46] found

qualitative evidence of a T2 magnetic term in Niw>.xFexSi8Bi2 (2 4<x<16)

metallic glasses Kaul et al [28] quantitatively found the same on FeBC alloys

Bhatnagar et al [54] found T2 term in FeNiMoSiB alloys

(b) A magnetic contribution proportional to Jtyf: In Fe-Ni-P-B glasses Babic et al

[48] obtained a T3 2 term for T<Tc/3 Kettler and Rosenberg [58] found a T* }

term in Ni-based Ni8(>-xFexB16Si< (x=0-19) and in Ni77-xFexB,.,Si,« (x=0-15)

systems Also Das et al [46] and Rita Singhal et al [59] have discussed in detail

about the T2 and TA 2 contribution to magnetic resistivity of Co-rich alloys and

Fe8oB2o-xSix alloys respectively The contribution of T3 2 term to resistivity

[pmag(T)] is at least two orders of magnitude greater than the one arising from

T term These theories predict T*l power law for p(T) at low temperatures in

amorphous transition metal alloys which contrasts the T2 dependence found in

these materials

Thus, it is quite clear that a controversy still exists in deciding the relative

weights of the magnetic contributions of the TV and T2 terms to the total resistivity in

ferromagnetic metallic glasses Although in our data, number of points are not very

large we have still tried to fit our data to the combined contributions arising from the

diffraction model and from the magnetic scattering.

According to Matheissen's rule

P(T) Psir(T) + pmag(T) (2 23)

where pstr(T) is the structural contribution and pmag(T) is the magnetic contribution to

the electrical resistivity Since

PstrCO x T Near RT (2 24)a

Pstr(T) x T2 T-9,, (2.24)b

while PmagCO = aTV2+bT2 T<TC (Curie temperature) (2.25)

Thus, total resistivity ratio, RR i can be written as
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Resistivity data for 200 K<T<300 K has been fitted to RRr=A+BT,

RR, A + BT+CT*' and R R T = A + B T + D T U to see which expression gives lower %*

value The fitted parameters are given in Table (2 2) The coefficient B of T in Eq

(2 26) is of the order of 104 K"1 which also agrees well with earlier reported results

[541 It is seen that inclusion of either CT^ or DT*2 term to A+BT does improve %*

but very little, not by an order of magnitude There does not seem to be much

difference in fitting whether one choses T* * and T2 term for p,,WK Thus our data is not

able to distinguish between these two dependences of pmag(T) When we used

RRi^A+BT+CT2+DTA 2 to fit the data unphysical results (negative coefficients) were

obtained Hence, both T~ and T ' 2 contributions cannot be present in pmag(T) together

It is also seen from Table (2 2) that D, the coefficient of T1* >s about 3 orders of

magnitude smaller than C, the coefficient of T2 in the fitting for T>0u Hence, T2 term

is dominant in pmag(T) It should be pointed out that any quantitative data analysis

involving more terms (here four) demands more resolution of the data

2.4.2 B e h a v i o u r of RR for I mm< I <15() K

Fig 2 9 shows the RR vs T in this region, i e , 10-120 K for all the samples

Total resistivity ratio, RR| can be written as

rr A I GTa f DT3/a T<9D (2.27)

where FT2 term comes from pstructure Again, it was found that fitting to the above

expression for Tmin^T^lSO K, the fit was not good and D came out to be negative

which is not acceptable since T increases spin disorder and hence pmafe must increase

with increase in T Thus, the assumption that f\{ term is the really dominant term in

PmtfCO as reported by Kaul et al [28] is quite good Fig 2 10 display RR vs ^ which

shows that RR does vary as \\» well for all the samples from 50 K<T<150 K except for

So sample for which T2 variation seems to be good only for 70 K<T<150 K The
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Table 2.2 Fitting parameters for different expressions in
200-300 K range for resistivity variation.

(i)A+BT

Sample
(x)

0

1

2

3

A

09232

0 9600

0 9706

09876

B

(K-)

2 539e-4

1 7l9e-4

9.715e-5

4 107e-5

X"

3 227e-8

6 606e-8

2 059e-8

4 678e-9

(ii)A+BT+CT2

Sample
(x)

0

1

2

3

A

0 9300

0 9629

0 9800

0 9902

B(10'4)

(K1)

1 984

1 485

0 2102

0 1980

C(10-7)

(K2)

1.108

0.4702

1.521

0 4247

x:(io8)

2 468

5613

0 5067

0 3595

(iiiJA+BT+Dr

Sample
(x)

0

1

2

3

A

0 9276

0 9619

09768

09893

B(10"4)

(K ' )

2.272

1 599

0 5924

0 3081

D(10'l(>)

2 820

1 327

4 004

1 082

x2do"K)

2 485

5630

0 543

0 369



Temperature (K)

f"ig 2 9 The resistivity ratio RR = p(T)/p(RT) vs T in the temperature range 10-120 K

for Fe68Ni,4-xMoxSbB,f> (x«0-3) alloys.



Fig 2 10 The resistivity ratio RR p(T)/p(RT) vs T2 in the temperature range 10-150 K

for Fe,,xNi,.,-xMoxSi.>B,,, (x 0-3) alloys

Table 2.3 Fitting parameters to A+GT2 above Tm i n to 150 K.

Sample
(x)

0

1

2

3

A

0 9420

0 9769

0 9804

0 9942

G

9 416e-7

5.001 e-7

2 760e-7

3.142e-8

X̂

1 556c-7

.1 783e-9

3 596e-9

7.971 e-10

Fit Range
AT(K)

20-150

25-150

30-150

125-150



corresponding fit coefficients are listed in Table (2.3)

The coefficient of T2 term ~10'7 K"2 (coefficient G) agrees well with that

reported by Kaul et al (28] except for x^l & 3, where the coefficient is lower than the

reported, by an order magnitude i e , (3 0-5 5«10"H K"2) Thummes et al [46] obtain a

T term coefficient of this order (*3 0xl0"x K~2) in a series of Ni-rich samples

Thus our analysis of RR vs T seems to disagree with the results of Kettler et al

(58] and Singhal et al [59] who found that their results are better described by a

positive T*2 magnetic term over and above the structural T2 term However, this

result is in agreement with that of Kaul et al [28] and Bhatnagar et al [54], who

observed that the low temperature resistivity in amorphous magnetic materials could

be described by a T2 term alone, which includes both the magnetic and structural

contributions

As we do not see much improvement in the x2 values, from the fits of data of

high temperature to A+BT and AIBT+CT2, due to additional T* term, we conclude

that p.str(T) dominates pmag(T) in the entire temperature range above I,,,,,, but one

should not ignore magnetic contribution completely

From these results we can calculate 6n, using the diffraction model which is

given by Eq (2 12) as

But fitting RR vs T2 for T < 9 D includes both contributions structural and

magnetic From Fig 2 10 one determines G (Eq. (2 27)). Fitting data RR vs T to

A+BT+CT2 for T ^ D gives C

hence F = G-C or

(2 28)a

(228)b

(2.29)
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Using this expression On has been calculated for So, Si and S> only Since Ss shows a

resistance minimum at higher temperatures (~ 110 K) hence it is not possible to fit low

T (T<0D) data to T' Values of 0D VS X are listed in Table (2 1) It is seen that these

do lie between 300 to 400 K as reported for other iron-rich metallic glasses in which

similar analysis has been performed [56,57]

2.4.3 Behaviour of RR for T<Tmin

In the study of Fe68Ni|4.x MoxSi?B|6 alloys all the samples show a minimum in

resistivity at a characteristic temperature Tmjn. which are listed in Table (2 1) Tm m is

found by noting the value of T at which dp/dT becomes zero The values of Tm m for

these samples increase from 15-25 K as x varies from 0-2 Smoothened RR data vs T

in the range 10-50 K are shown in Fig 2 ll(a)-(c) for So, Si and S; samples

respectively This behaviour is similar to that of the Cr containing alloys and other Mo

containing alloys [11,14,55] For x=3, Tnuil drastically increased to 110 K The

resistivity data for this sample also seems to show an additional minimum, although a

very weak one occurring around 10-15 K, as shown in Fig 2 5(a) & (b) (All the

samples show a negative TCR below Tmin) Fig 2 12 shows Tmin vs p(RI) For the

first three samples Tmin x P Errors in the values of Tnnn are determined by the

flatness of the resistivity variation near these temperatures Similar results have been

reported for glassy alloys Fe8o-xCrxB2o [14], and Fego.xMOxB2o [55] although it has

been reported that Tmj,, in glassy Fe8,).xMoxB2o [ I I ] alloy increases up to x 4 then

reduces for x=6 Before resistivity results are analyzed for T>Tmin, a brief description

of resistivity behaviour around Tmin in other iron rich metallic glasses as reported in

the literature is given below

Almost all iron-rich metallic glasses show a resistance minimum in R vs T data

if one reaches low enough temperatures The behaviour of Tm m varies with the type of

the elements that constitute the alloy, their composition and thermal treatment For

instance, in (FegoBai-xCO alloy [28], Tm m increases with increasing carbon content.
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FiB 2 1 l(a)-(c) The resistivity ratio RR = p(T)/p(RT) vs T in the temperature range

10-50 K for FeftsNi^xMoxSizBu (x=0-2) alloys.



Fig 2 12 The plot of p(RT) vs Tmin.



Fig 2 13 shows the Tmin vs Fe at% and Ni at% of various metallic glasses The values

of Tmin of FexT8()-xB2o (T=Co, Ni) alloys fall between 10-25 K where as for Fe-

(CrAV)-B alloys the Tm m is increasing drastically with increase in Cr or W

concentration Similar observation can be seen in Fe4o-xNi4oCrxB;>o [60] In FexNin().

NB.'o alloy [29] it increases with iron composition till 55 at% and decreases thereafter

In Aui-xNix alloy [61], Tmm increases with Ni concentration Addition of Ni or Co for

l e in metallic glasses with Fe-rich composition based on FCMBM and Fe8oB2<).xSix does

not shift Tmm very much, but addition of Cr [14,62J or Mn [63] shifts Tmm

substantially It has been observed that in the absence of Ni, the addition of Cr and V

leads to double minimum in resistivity, one at low temperature ~20 K and the other at

higher temperature, above 100 K [14,62] Sas et al [30] have shown that in case of

FeioTaBn alloys (where T-Pd, Pt, Fe, Ni, Rh, Co and Cu) the Tmin does not shift

significantly, where as for T=Ir, Mn, Ta, W, Ru. V, Cr, Os and Nb, Tinin is shifted

towards higher temperatures By observing the overall results in these alloys, it may be

noted that the addition of elements of the groups VB, V1B and VIIB, i.e., for the

elements, which are located to the left of iron in the periodic table, shifts the Tm,n

towards higher temperatures Whereas addition of the elements in the groups VIII and

IB, that is to the right of Fe, does not change Tn,m significantly

Since a resistivity minimum in p vs 1' data at low temperatures in pure metals

with a few parts per million magnetic impurities (like Mn in Cu), has been associated

with the Kondo type s-d exchange scattering [64], one is tempted to claim that the

observed resistivity minima in iron-rich metallic glasses may be due to Kondo type

scattering High purity Pd-Si and Pd-Si-Cu glasses show no pmin [1], however, an

addition of controlled quantities of Co, Fe, Cr and Mn to amorphous PdwSia) resulted

in a pmin and the Tmin increased with the magnetic impurity [65,66] Thus, pm>n in this

system has been explained on the basis of Kondo type s-d exchange scattering [65]

Thus, below T<Tinm. p(T) is expected too be proportional to In T with a negative

slope p(T) should eventually saturate at very low temperatures If Kondo type

scattering is considered responsible for pmin, then the application of magnetic field
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Fig. 2.13 Tmin vs Fe and Ni at% for different amorphous alloys



should change p(T) behaviour However. Cochrane et al [25] observed that In T

dependence of resistivity is unaltered by an applied magnetic field of 45 kOe It was

therefore, suggested by them that the resistivity minimum may not have its origin in the

Kondo effect It may not be due to magnetic impurities alone, it must also be related

to the amorphous structure of these materials. They explained pinm using two-level

tunneling model described in Sec. 2.2.3

In order to look for possible explanation of the temperature dependence of

resistivity behaviour of these alloys, near and below Tm m , we consider the predictions

of various theories, which were outlined briefly earlier in this chapter. The resistivity

minimum and negative TCR at low temperature have been observed in a number of

metallic glasses whether ferromagnetic or not The resistivity minimum cannot be

explained using the Ziman diffraction model, and hence one has to look for an alternate

explanation

Harlier analysis of p vs T data for such glasses in the temperature region

T- Tmin has been usually carried out using In T dependence of p [66,67]. This In T

behaviour also comes from the scattering from two level states as suggested by

Cochrane et al [25]. On the otherhand Tsuei [26] has shown that this anomalous

electron transport is due to an attractive interaction between conduction electrons and

localised excitations arising from a structural disorder in the atomic arrangement in a

glass He found that the resistivity can be expressed as

(2.31)

where A, B and C are constants and p(N) is the resistivity due to other scattering

mechanisms. The coefficient C is a measure of the abundance of the effective

tunneling configurations. If A is zero or A « T , then one would sec a simple In T

behaviour. Inclusion of A2 in the logarithmic term leads to flattening of the resistivity,

the strength of which depends upon the ratio of T and A.

More recently, theories based on quantum interference effects arising due to

extremely small electron mean free path are being used to explain p vs T behaviour of

high p(RT) metallic glasses as described in Sec. 2.2.4. In particular, the electron

interaction effects consider the modification of the effective Coulomb interaction in the

presence of high degree of structural disorder which leads to T1'2 dependence of p
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below Tmin with a negative slope Rapp et at [41] reanalyzed earlier p vs T data on a

number of iron-rich metallic glasses and have shown that the resistivity for temperature

below Tnun can be fitted to aWT, where a2 is a constant. Numerous reports indicate

that the temperature dependence of resistivity of many magnetic and non-magnetic

metallic glasses can be fitted to T1 • reasonably well below Tm m . at which minimum in

resistivity is observed, with negative slope as predicted by Coulomb interaction

theories [68]

While nowadays, there is a preference to fit p vs T data on metallic glasses

using the interaction effects, here, we present both the fits, i e , (p-pminV Pmm vs In T

as well as T 1 2 in Figs. 2 14(a) & (b) and 2 IS(a) & (b) for all the samples where the

respective figures "(b)" are separately shown for the second minimum of S* It is

noted that it is hard to say whether one is a better fit over other given the constraint

that data here is only limited to 10 K and above

The slopes of In T fits for different samples are given in Table (2 4) These

have similar magnitude as found for other iron-rich metallic glasses with low Tm m ( < 3 Q

k) For example, Kaul et al [28] have reported values of B ranging from ( 1 . 8 1 to -

Since x=3 sample has two minima. Fig 2.15(b) shows (p-pnun)/ Pmin vs T1 * in

the region 36 K to 100 K. It is seen that, (p- pm,n)/ Pmin vs T 1 1 data exhibit a linear

behaviour for all the samples, but the slopes which are also shown in Table (2 4) are

smaller (-l.OxlO"4 to -25x10"*) K ' " than those obtained by Rapp et al [41] and

Hhatnagar et al [54] on iron-rich glasses by a factor of 2 to 3. This may be since our

data points below Tm m are less in number and are not closely spaced and hence

deviation (Scatter in the data) is more.

According to the Coulomb or electron-electron interaction theory [68] the

major contribution to the resistivity arises from the diffusion channel, which predicts an

additional term to the conductivity, which, in absence of spin-orbit interaction theory is

given by [14]

(2.32)
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f"«g 2 14(a) The plots of (p-p n u n ) / p,,lin vs In T for amorphous Fe<,HNi|4.xMoxSi?B|(1
(x- 0-3) alloys where for x= 3 data represents for its first minimum

Fig 2 14(b) The plot of (p-pminV Pimn vs In T for amorphous Fe6HNiH.xMoxSi?B,,,
(x-3) alloy representing data for its second minimum



l;ig 2 15(a) The plots of (p-p,n m)/ pinm vs V2 for amorphous Fe,,KNi,4-xMoNSi..B,f,
(x=0-3) alloys where for x=3 data represents for its first minimum

ftg 2 15(b) The plots of (p-p i m n) / pmi,, vs T12 for amorphous FehiNii4.xMoxSi2Bi«
(x=3) alloy representing data for its second minimum





is .i measure of the electron-phonon interaction The function g»(h) has the asymptotic

from OO56h" for h I and (h1 I 3) Ibi h • I where h gjtaH/kiiT and the other

constants have their usual meaning

From Eq (2 32), an upper limit for I), the diffusion constant has been

calculated by assuming X1 ' - 0 These are listed in Table (2 1) These values are

hiuher that the reported values of (J 5-7 8< 10"*) cmVs for similar glasses using the

similar analysis |54J by an order of magnitude Further confirmation of the results

reported here below Tmin can only be done if additional measurements like magnetic

field dependence of resistivity are performed at low temperatures

2.5 Summary

11) In these alloys, a resistivity minimum is observed at around 15 K for \ 0 and it

increases drastically to 110 K for x=3 The alloy with x=3 Mo-at% shows a

double minimum with the first minimum occurring around 10-15 K, and second

minimum at about I 10 K

12) As p(RT) increases, TCR. Gi(RT) decreases The values of T l m n p(RT)

increase with increase of Mo content The values of Debye temperature. 0i.,

for these alloys lie in between 300-400 K fable (2 I) lists the values of pin,

Tmjn, a(RT), 6i> for each sample

O) At higher temperatures, i .e, ( 200-RT) the temperature dependence of

resistivity is found to be nearly linear and follows an equation of the type

A+BT, the values of the coefficient B are presented in Table (2 2) This region

has also been fitted to an equation of the form A+BT+CT2 in which the T2 term

gives magnetic contribution to resistivity and the linear term T comes from the

structural contribution to resistivity and the tit parameters are tabulate^ in

Table (2 2) Data in this region is also fitted to an expression A * BTI Dp.» in

which the I*' term gives magnetic contribution The coefficients are listed in

Table (2 2) There is not much difference in the fits with either of these terms

and hence our data is not able to distinguish between these two T2 and T w
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dependences of pmag(T) Also since the coefficient of T3 2 is about 3 orders of

magnitude smaller than that of T2 term, T2 term is dominant in pmag(T)

(4) Above T imn up to 150 K, a quadratic temperature dependence of resistivity is

observed and the data in this region has been fitted to an equation of the form

A+GT2 and the values are tabulated in Table (2.3). The Fig 2 10 shows the

plot of p(T)/p(RT) vs T2 The samples show T2 dependence in the range 50-

150 K except for the sample S<>, for which T? variation seems to be good only

in the range 70-150 K The coefficient of T2 is -10 ' 7 K"2

(5) Below Tmin a logarithmic behaviour of resistivity with temperature as shown in

Fig. 2 14(a & b) is observed The data in this region has been fitted to an

empirical relation of the form A+BlnT This In T behaviour comes from two

level states The values are tabulated in Table (2 4) The data is also fitted to

an expression of the form ai+a?VT, represented in Fig 2 15(a & b), and the

values are tabulated in Table (2 4) where T1 2 dependence is due to electron

interaction effects Both the fits are reasonably good and it is hard to say

which one is better over the other given the constraint that data here is limited

only 10 K and above
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CHAPTER III

Mossbauer and
Magnetization Studies

3.1 Introduction

Among the metallic glasses, iron-based amorphous alloys have been found to

be quite important both by way of understanding magnetic properties in amorphous

systems as well as for a wide range of their applications [ 1 -4] due to the existence of

ferromagnetism, where they can replace conventional alloys One aspect that can

systematically be studied in these alloys, is the compositional dependence of physical

properties of these amorphous alloys in general and magnetism in particular due to

their potential applications in electronic devices. This aspect can be investigated by

systematically replacing iron by another transition metal and/or one metalloid by

another [1,5-7]. Extensive studies on substitution of Cr, Co and Ni for Fe in binary,

ternary and quaternary glassy alloys have been reported in the literature [8-14]. Mo
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substitution effects for He in binary and ternary glassy alloys have been investigated

somewhat but there is hardly any systematic investigation of Mo substitution in

ijiiatemary glassy alloys although molybdenum containing quaternary alloys have been

shown to be particularly important in high frequency transformer applications [1.15-

17] From the applications point of view as well as to understand the role of

composition, detailed investigations on the magnetic properties of these alloys are

required The magnetic properties of these amorphous alloys can be studied at bulk

level by magnetization and magnetic susceptibility measurements [18,19] or at

microlevel by Mbssbauer spectroscopy [20] and Nuclear magnetic resonance [21J In

this chapter we present detailed Mbssbauer studies of the magnetic interactions at

microlevel of a family of amorphous alloys of nominal compositions, Fe<,8Ni|4-

sMoxSi2Bi6 (x=0,1,2,3 and 4) over a temperature range varying from room

temperature (RT)-80 K An attempt has been made to cover all the aspects, such as

temperature and composition dependence of hyperfine parameters and distribution of

hvperfine fields, spin wave behaviour etc In order to understand the bulk magnetic

properties, RT magnetization measurements on these samples have been made using

Vibrating Sample Magnetometer (VSM) while low temperature (10-100 K)

magnetization measurements have been performed using a Lakeshore ac

Susceptometer/dc Magnetometer The applicability of spin wave theory to these

amorphous alloys is also discussed

3.2 Mossbauer Effect

3.2.1 Principle

Since its discovery in 1957, Mbssbauer effect [22] has been studied extensively

and is recognised as a powerful microscopic probe to study the local environments of

certain nuclei The theory of Mbssbauer Effect Spectroscopy (MES) has been

extensively dealt in several text books and review articles [23-27] and hence, only

some important aspects of the theory are presented here

When a y-ray is emitted by the nucleus in a free atom, the energy of the y-ray,

B, is reduced by an amount equal to the recoil energy that is imparted to the nucleus, in

accordance with the momentum conservation laws. The same occurs in the case of



absorption also Due to this recoil, the emission line is shifted towards longer

wavelength region and the absorption line towards smaller wavelength region and there

is no overlap between the two This recoil energy is very high for y-rays due to their

high energy (keV-MeV range) in comparison with photons of, say, 1 eV On the

otherhand, the natural linewidth for y-rays used in the popular Mossbauer source, Fe"

is much smaller than that of infrared radiation In y-ray spectroscopy usually energy of

y-rays is modulated using Doppler effect which leads to thermal broadening of the line

This results in overlapping of the emission and absorption curves to a certain degree,

solely determined by the thermal broadening When thermal broadening is more, larger

overlap is expected, however, too high a velocity of a source is required to obtain

sufficient overlap which are not easily accessible in laboratories

Mossbauer, while doing experiment on Ir191, found that the resonant effect

increased on cooling the sample while the expectation was that the effect will decrease

since lower temperature will reduce thermal broadening which should reduce the

overlap of lines Mossbauer postulated that a significant fraction of y-rays were

emitted without recoil in a solid This discovery and Mossbauer's explanation gave

rise to an extremely important experimental tool to investigate solids.

If an excited nuclei is rigidly held in a solid, y-emission cannot eject the

emitting atom from its fixed position in the lattice since the recoil energy EK ( I0"2 eV)

is much less than chemical binding energies The recoiling mass, therefore, will be that

of whole of the crystal (-1017 atoms) and recoil energy becomes negligibly small.

Similarly since the atom cannot undergo random thermal motion, since it is rigidly

held, thermal broadening also becomes negligible compared to the natural linewidth

Thus for a rigidly held atom the source and absorber energy profiles will completely

overlap and therefore y-ray resonance becomes observable

However, the approximation that the emitting atom/nucleus is rigidly held is

not strictly valid but it does vibrate The recoil energy ER could then be transferred to

exciting a lattice vibration, whose energies might be comparable to EK. On a simple

I instein model of a solid, an energy i-ntiwi where n is an integer and Wj. is the Einstein

frequency, is required for the excitation/deexcitation of the lattice. This is only

possible if ER>"h©K If ER<1I wj., then the lattice will not be excited and the emitting

nuclei effectively do not recoil and the whole crystal mass takes up the recoil. This is
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called the zero-phonon process Thus EK and thermal broadening effects become

negligibly small and therefore resonance becomes easily observable

It turns out that if ER and lattice excitation energies are comparable in

magnitude, then only a fraction of the emission and absorption occurs without recoil

This fraction denoted as f, varies from solid to solid, temperature and E, This fraction

t' is given by

(3.1)

where k is the wave vector of y-ray, (x2^ is the mean square vibrational amplitude of

the emitting/absorbing nucleus in the solid It may be noted that the bound state recoil

free process is solely determined by (x2^ No further specification of the solid state is

necessary, i.e., the solid can be crystalline or amorphous The only requirement is that

( \2) should not become infinite in which case f becomes zero and therefore

Mossbauer effect cannot be observed

In a more realistic mode of lattice vibrations, namely, the Debye approximation,

the Mossbauer fraction is given by

3.2.2 The S7Fe Decay Scheme

To date, Mossbauer effect has been observed in a number of nuclei, but the

most widely used one has been that of iron, 57Fe, as Fe occurs naturally in many solids

and Fe containing materials have always been considered important for various
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where EK is the recoil energy and 0n is the Debye temperature of the host lattice At

low temperatures, i.e., T « 0 D , Eq (3 2) reduces to

whereas in the high temperature limit, it takes the form

(3.3)

(3.4)



scientific\technical reasons The present work also utilised "Fe to investigate magnetic

and other hyperfme interactions in iron-rich metallic glasses

The decay scheme for S7Fe Mossbauer effect is shown in Fig 3 1 s Co, having

a half life of 270 days, in the state 1 7/2 decays through electron capture into the 1=5/2

state of S7Fe Eleven percent of the decays from this state result in a 136 32 keV y-ray

and 85%, in a 1219 keV y-ray The 1=3/2 state then decays to the ground (1=1/2)

state through emission of 14 41 keV y-rays. The lifetime, x, of this energy state is

07 81 ns, corresponding to a natural linewidth of about ~5xl0"g eV obtained from the

Heisenberg uncertainty relation A E - T - t ) / T = 0 693tl/ti 2, where F is the Mill linewidth

at half maximum and t |2 is the half-lifetime of F e " The linewidth, when converted

into velocity unit, it is 0 194 mm/s The ratio f/Ey is a measure of the accuracy in the

determination of relative eneruv changes which for F e " is ~10"13. The power of

Mossbauer spectrometer (MS) lies in the narrow linewidth and the extremely small

relative energy change which can be measured Small line shifts can be easily

measured to a fraction of 1% of the linewidth, thus, this technique allows

determination of the relative line position on the Fe57 line to one part in 10|S

Intensity, width, position and splitting are the parameters which characterize a

Mossbauer line A physical interpretation of these parameters yield information on

various interactions that play in the solid affecting nuclear levels

3.3 Hyperfine Interactions

The narrow linewidth of the Mossbauer line and the possibility of determining

the energy positions of the emitted y-rays from a source relative to an absorber with a

high degree of accuracy is the most important feature of Mossbauer spectroscopy

Various interactions can change the energy levels of a nucleus The ones which are

important in MS are (1) The hyperfine interactions and (2) Relativistic effects The

hyperfine interactions are the results of interaction between a nuclear (moment)

property and an appropriate atomic or electronic property There are three main

hvperfine interactions investigated by MS

1 Isomer shift due to electric monopole interaction.

2 Nuclear Zeeman effect due to magnetic dipole interaction.
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Fig 3.1 Decay scheme for 57Fe-



i Electric quadrupole splitting due to electric quadrupole interaction

The relativistic effect causes a shift of the resonance line by a second order

Doppler effect

In the following text a brief description of these interactions/effects is given

3.3.1 Isomer Shift

The electrostatic interaction between the charge distribution of the nucleus and

those electrons, which have a finite probability of being found in the regions of

nucleus, results in what is known as Isomer Shift (IS) This interaction leads to only a

slight shift of the energy levels in a compound relative to those in the free atom The

shift, in general will be different in source and absorber Fig 3 2(a) shows the nuclear

energy levels and the resulting isomer shift

The IS can be calculated easily by assuming a nucleus to be uniformly charged

sphere of radius R, and the s-electron density at the nucleus |M'S(0)| to be constant

over the nuclear dimensions The energy difference of electrostatic interaction of a

point nucleus and a nucleus having a radius, R, with |M'S(0)|

5 E - K | M / S ( 0 ) | 2 R 2 (3 5)

where K is a constant Since R is generally different in the ground and excited nuclear

states, 8E will be different for both and

aE.-«EI = K|vB(O)|a(R;-Rj) (3.6)

where the subscripts e and g refer to excited and ground states The R values are

nuclear constants but |v s(0) | will vary from compound to compound This energy

difference becomes measurable by a Mossbauer experiment by comparing the nuclear

transition energy in a source ( E } ) and that in an absorber ( E j ) The isomer shift, IS

is then given by

Since 5R=Rc-Rg is very small, IS can be written as
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Fig 3 2(a) Nuclear energy levels and the resulting isomer shift-



where C is a constant characteristic of the source For a given nucleus 5R and R are

constant so that IS is directly proportional to the s-electron density at the nucleus oR

is negative for Fe57, therefore, an increase in the s-electron density at the absorber

nucleus will result in a more negative IS Although electrons other than s-electrons

have a density zero at the nucleus, the s-electron density is often found to be sensitive

to the p- and d- electron density If the sign of 5R/R is known for a Mossbauer

nucleus, IS provides a method of examining the covalent character of a bond and a

potential method to determine the valency and oxidation state of the Mossbauer atom

Relativistic Effects

The vibrating atoms in a solid make large number of oscillations (slO'Vs)

during the lifetime of the excited nuclear states (~10"s-10'10 sec), thus the average

velocity, ( v 2 ^ is zero and the first order Doppler effect cannot be observed

However, the (V2y is nonzero and causes a shift of the resonance by a second order

Doppler effect It is a relativistic temperature-dependant contribution to the isomer

shift which is caused by time dilations resulting from the thermal motions of the y-ray

emitting and absorbing nuclei This shift is proportional to the mean square velocity of

the nucleus and is given by

(3 0)

where M is the atomic mass, CY is the lattice specific heat, and Ta and T s denote the

temperatures of the absorber and source, respectively In the high temperature limit

(Ta,T»»6D). Ci«s3kn and 8vT is a linear function of temperature with a slope equal to

3klt/2Mc For Fe57 ( ^=14 4 keV) a temperature shift of 8v,= 7xlO'4 mm/s-K is

observed [28].
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where E, is the recoilless y-ray energy, 5H-, is its shift, V is the velocity of the emitting

nuclei and c is the velocity of light In the harmonic approximation, the temperature

dependence of the centroid of the Mossbauer spectrum is given by (in velocity units)

(3.10)



3.3.2 Electric Quadrupole Interaction

When a nucleus has a spin quantum number, I, l>l . the nucleus no longer has

spherical symmetry and the higher order terms in the multipole expansion of the

electrostatic interaction between nuclear and electronic charges come into being The

deviation of the charge distribution of the nucleus from spherical symmetry is described

by the nuclear quadrupole moment, given by

where e is the charge of the proton, Q is the nuclear quadrupole moment, p is the

charge density in a volume element dx, which is at a distance r from the center of

nucleus and at an angle 0 with the nuclear spin quantization axis The interaction of

the nuclear quadrupole moment eQ with the principal component of the diagnolised

electric field gradient (EFG) tensor, V / y =d2\/d Z 2 , at the nucleus splits the

nuclear state into sublevels with the eigen values
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i.3.3 Magnetic Hyperfine Interaction

In the presence of a magnetic field at the nuclear site, nuclear Zeeman splitting

of the energy levels occurs The Hamiltonian that describes the hyperfine interaction is

given by

This leads to a Mossbauer spectrum consisting of a pair of absorption lines

separated by an energy AEy , called the quadrupole splitting energy

The electric quadrupole interaction splits the first excited nuclear state of S7Fe

(I V2) as shown in Fig 3.2(b) with eigen values

(3.12)

(3 13)

(3 14)

(3.11)

The asymmetry parameter, rj, is given by



Fig 3 2(b) Nuclear energy levels for 57Fe and the resulting quadrupole interaction

Fig 3 2(c) Nuclear energy levels for s7Fe and the resulting magnetic hyperfme interaction.



(3 15)

where g\ is the nuclear Lande factor, U\ is the nuclear magneton, T is the nuclear spin

and H is the magnetic field This interaction splits the nuclear state with spin I into

(21f 1) sublevels whose energy eigen values are given by,

Em^-gNHNHm, (1 \b)

where mr (mr=I, 1-1, -I) is the magnetic quantum number representing the z

component of I, if H is oriented along the z-axis For the isotope Fe" , the ground

state 1=1/2 and the excited state 1=3/2 split into 2 and 4 sublevels, as shown in Fig

3 2(c), if a magnetic field is present at the nucleus and if no quadrupole interaction is

present The ordering of the sublevels mi indicates the fact that the ground state

magnetic moment is positive, while that of the excited state is negative Since the

multipolarity of the 14.4 keV y-rays transition is almost exclusively a magnetic dipole

in nature, the transitions between various levels are governed by the selection rules

\nirO, ±1 and there can only be six allowed transitions in S7Fe These six allowed

transitions lead to the six lines in the Mossbauer spectrum of S7Fe A Mbssbauer

spectrum of iron foil with an effective magnetic field of H"330 kOe is shown in Fig

? 3 The separation between the two outermost lines is proportional to the effective

magnetic field, Hcn, seen by the Mossbauer nucleus from which magnetic behaviour of

solids can be deduced

In general this magnetic field can be written as

Hcl1 = Ho-DM+ 7tM+Hs+H,.fH,, (3 17)

4
Ho is an externally applied field, DM is the demagnetizing field, - TCM is the Lorentz

field for cubic symmetry Hs, called the Fermi contact term, arises from the interaction

of nuclear spin with the unpaired s-electron spin density at the nucleus and is written as

(3 18)

where the term in angular brackets is the expectation value of the local spin density, r,

is the radial coordinate of the i-th electron This field is the dominant contribution to

the hyperfine field in the case of transition metals The last two terms in Eq. (3 17),

H,. = - 2 M B < 1 / I 3 X L > = -2nB<l/r3>(g~2)<S> (3.19)
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Fig 3.3 Mossbauer spectrum of thin Fe-foil at room temperature



and

H,, * -2uH<3r(sT)/rs-s/r'> (3.20)

arise from a non-zero orbital angular momentum and the dipolar interaction of the

nucleus with the neighbouring spins, respectively Both the terms are either zero or

negligible for transition elements, but can be larger for rare earth elements because the

orbital angular momentum is not quenched in rare earth elements

3.3.4 Combined Magnetic and Electric Hyperfine Coupling

Under the combined action of magnetic hyperfine and electric quadrupole

interactions, an additional shift in the excited state energy levels (Fig 3 2(c)) occurs

If the EFG tensor is axially symmetric with its principal axis making an angle 9 with the

magnetic axis, the quadrupole interaction may be treated as a first order perturbation

to the magnetic interaction, provided that e Q q « u H Then, the energy eigen values

for I 3/2 are given by

(3.21)

When the quadrupole interaction is no longer a small perturbation on the hyperfine

field, it becomes difficult to predict or interpret the splittings and the intensities when

observed and usually recourse has to be taken to analyze by computer simulation f29j

3.3.5 Intensity Ratios

The angular dependence of the allowed transitions in the Nuclear Zeeman

pattern is, in general, a function of the angle 9 between the direction of the effective

magnetic field at the nucleus and the direction of propagation of the y-ray This can be

calculated using standard quantum mechanics techniques and are given below

For a thin, polycrystalline/amorphous absorber, the angular term can be
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Intensities Transitions Ami Angular dependence

lK6 ±3/2 to ±1/2 ±1 (3/4Xl+Cos28)

I2,5 ±1/2 to ±1/2 0 Sin2G

I M ±1/2 to ±1/2 ±1 (I/4)(1+Cos29)



integrated over all orientations to give an average value. In such a case, the average

value of Corf), denoted by <Cort>, turns out to be 1/3 and •Sin20>=2/3 The ratio

of line intensities can be written as 3 b I I b 3 where

According to this equation, b assumes the value 0 when all the moments are aligned

parallel (6=0°) to the y-ray direction, 4 when aligned perpendicular ( 0 - W ) and for a

perfectly random alignment of the local moments. b=2

3.4 Experimental Details

3.4.1 Mossbauer Measurements

All the Mossbauer experiments on samples Fe6*Nii4.xMoxSi2B|6 (x=0,1,2,3 and

4) which are of ~5 mm width and 25-30 Mm thickness, obtained from Allied Signals,

I S A. prepared by melt spinning technique, were carried out in the standard

transmission geometry in a zero external field and in the temperature range from RT-

So K The spectra were taken with the Mossbauer spectrometer facility using SO mCi

CoRh radioactive source, operating in the conventional constant acceleration mode,

available with the Low Temperature Physics (LTP) section, at Tata Institute of

I undamental Research, (TIFR) Mumbai The sample was sandwiched between two

copper rings of about 2 cm outer diameter Spectra were collected over 512 channels

Tvpically 10' counts were collected per channel and the time taken to acquire this for

each spectrum was of the order of 24-36 hours

A schematic diagram of the Mossbauer spectrometer is shown in Fig. 3.4. It

consists of a source, the drive system to impart an additional Doppler energy to the

emitted y-ray and the detector along with the data acquisition system. The detector,

the source and the absorber (sample) were clamped to an optical bench for maintaining

co-linearity. Folding of the spectra was obviated by driving the velocity transducer by

a linear ramp waveform, the end of which is returned to the starting point by two

parabolas These parabolas are such that the velocity and acceleration are continuous

functions of time to avoid 'ringing1 A high efficiency scintillation counter with 0.2

mm thick Nal (Tl) scintillator stage was used for detection. The multichannel analyzer

(.7
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Fig 3 4 Block diagram of the Mossbauer spectrometer-



was provided with a serial port through which data collected over 512 channels, could

be transferred directly to a computer For calibration, natural iron foil was used

Typical intrinsic linewidths for the innermost lines were 0 24 ±0 01 mm/s and the

separation between the outermost lines was 9.9-10.5 mm/s, for the Mossbauer

spectrum at RT This essentially determines the resolution of the Mossbauer

spectrometer

Mossbauer measurements at low temperatures were carried out using a low

temperature continuous flow type cryostat (Lakeshore, Model 310) the schematic of

which is shown in Fig 3.5. The samples, which were sandwiched between the copper

rings with one end fixed, were clamped to the cold finger The temperature was

measured using a calibrated Si-diode and controlled by a PI D temperature controller to

a stability better than 50 mK The diffusion pump was required to operate for long

times to collect a set of spectra at different temperatures The vacuum system

arrangement is shown in Fig 3 6 The sorption pump was used as backing for the

diffusion pump The reasons for this are (i) to reduce the vibrations created by rotary

pump motor which would result in line broadening of Mossbauer spectrum and (ii) to

reduce wear and tear of the rotary pump The sorption pump consisted of a brass can

(500 cc) brazed to a thin walled (0 5 mm) stainless steel (SS) tube (2-2 5 cm diameter

and 50 cm length) It was filled with 300 cc of molecular sieve (Zeolite) The rotary

pump was used for fore pumping as well as backing whenever the cryostat was being

evacuated or when the temperature of the sample was raised During the Mossbauer

run the sorption pump was used for backing by cooling it down with LN2

3.4.2 Bulk Magnetization Measurements

The magnetization measurements at room temperature were done using

Vibrating Sample Magnetometer model 4500 [30], the principle of operation and the

details of the experimental setup of which are given below

Principle

The Vibrating Sample Magnetometer (VSM) was first developed by Simon

f-oner [31] and independently by Van Oosterhout [32] The underlying principle [31-

34] of VSM is that a magnetic dipole placed in an external static magnetic field and

f.K
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Fig. 3.6 Vacuum system arrangement for cryostat.



undergoing sinusoidal oscillation induces as electrical signal in suitably located pick up

coils The induced signal, which is at the frequency of dipole oscillation, is

proportional to the magnetic moment, amplitude and frequency of oscillation If the

amplitude and frequency of oscillation are kept constant, the induced sign is

proportional to the magnetic moment alone

Experimental Setup

The block diagram of EG & G Princeton Applied Research, VSM Model 4500

system used in the present work is shown in Fig. 3.7 The VSM system consists of a

microprocessor based VSM controller unit, temperature controller, electromagnet

capable of producing magnetic fields up to ±15 kOe and a bipolar dc power supply

(maximum current ±65 A dc, at 130 V) The drive signal from VSM controller drives

the transducer located above the magnet, which in turn transmits vibrations to the

sample through the sample holder assembly That the amplitude and frequency of

vibration remain constant is ensured by means of a feed back mechanism involving a

vibrating capacitor arrangement The vibrating capacitor located just beneath the

transducer generates an ac signal that depends solely on the amplitude and frequency

of vibration and fed back to the VSM controller where it is compared with the drive

signal so as to maintain a constant drive output This ac control signal is also phase-

adjusted and routed to the signal demodulator in which it serves as reference drive

signal Thus, the feedback mechanism ensures that both the amplitude and frequency

of vibration remain constant The output signal due to the magnetic moment of the

specimen induced in the pickup coils (located at the center of the pole pieces) is

detected by means of lock-in phase detector housed in the VSM controller The Hall

probe placed between the pole pieces of the electromagnet forms a part of the

Gaussmeter, which measures the external magnetic field strength at the sample site

The VSM controller which has a provision to control the bipolar dc power supply, can

either sweep the field at constant rate or maintain it stable at any given value.

The system is calibrated using high purity Nickel Small amount of ~10 mg of

the sample is taken in several strips of alloy ribbons, all of 2.5 cm length and 1-2 mm

width stacked one above the other after a thin layer of Silicone high vacuum grease

was applied in between them to ensure a good thermal contact between the ribbon
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1 Sample 2 Pick-up Coils 3 Sensor

Fig 3 7 Block diagram of the Vibrating Sample Magnetometer.



strips The sample in the form of a stable bundle was placed in the sample holder

assembly and rotated such that the field lies within the ribbon plane and is directed

along the length of the ribbons This arrangement minimizes the demagnetizing effects

\ microbalance is used to weigh the samples used

Fig 3.8 shows the schematic diagram of VSM Model 4500 Using the X, Y

and Z position adjustments the sample is located symmetrically with respect to the

detection coils, thus minimizing the effects of geometry on the results of measurements

with this system By increasing the current through the coils, the applied magnetic

field is varied from 0 to 15 kOe and the total magnetic moment of the sample is

recorded in emu The stability of the output signal is better than ±0 05% of full scale

and the sensitivity of the VSM is 5xlO"5emu

Magnetization measurements at low temperatures in the range (10-100 K) were

carried out in Texas A&M University, USA, using a Series 7000 Lakeshore ac

Susceptometer/dc Magnetometer [35] which measures magnetic moment as a function

ot temperature and applied dc fields of ±1, +5 and ±9 kOe Samples o f - 1 0 mg were

used with a constant applied magnetic field of 1 kOe, up to a resolution of 9x \0's emu

The block diagram of the experimental setup is shown in Fig 3.9

3.5 Results and Discussion

3.5.1 Mossbauer Spectra of Metallic Glasses

In pure crystalline iron, all the iron atoms occupy crystallographically

equivalent positions and therefore a single set of hyperfine interaction parameters, HCfr,

IS and AEy characterize the Mossbauer spectrum In crystalline compounds and dilute

iron alloys, each Mossbauer spectrum consists of reasonably sharp absorption lines

Since the number of different neighbourhoods is small in such cases, it is usually not

difficult to establish a correspondence between the different sets of Hon, IS and AEy

and the atomic arrangements in such alloys or compounds However, the situation is

|uite different in metallic glasses The Mossbauer spectra of iron-rich ferromagnetic

netallic glasses show six broad overlapping lint-patterns, characteristic of the

ferromagnetic state of amorphous ferromagnetic glasses [2,36-41] The absorption
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Fig. 3.8 Schematic diagram of Vibrating Sample Magnetometer Model 4500



Fig 3 9 Block diagram of Lakeshore Series 7000 ac Susceptometer/dc Magnetometer



lines have rather large linewidths (0.5-2.0 mm/s), which are about five to six times the

linewidth of the absorption lines in the Mossbauer spectrum of a thin l o t oil

The large linewidths in six line Mossbauer spectra of metallic glasses are

explained by invoking the distribution of magnetic hyperfme Melds, electric field

gradients of the Mossbauer probe atom and isomer shifts, which are consequences of

the amorphous nature of the solid, which in turn is responsible for a wide distribution

in the neighbours of any given iron atom in the solid i.e., all iron atom sites are not

crystallographically equivalent in an amorphous solid However, it is observed that the

broadening is not the same for all the lines, and the linewidth increases from the central

to the outermost line of the spectrum, i.e., r,.6>r2.!5>n.4 where r ) i6, T?.s and I \ 4 are

FWHM of lines 1 & 6, 2 & 5 and 3 & 4 in Mossbauer spectrum where numbering of

lines, i.e., 1 to 6 is done from left to right in Fig. 3.10 This suggests that the major

broadening of lines is caused by magnetic hyperfme field distribution and the effect of

the distribution of other hyperfine parameters is comparatively less From the

observed Mossbauer spectrum it is not easy to extract information about the local

surroundings of the iron atom as the differences between the various local

neighbourhoods of the iron atom are too small to be resolved separately in the

spectrum However, since the Mossbauer spectrum still shows well resolved six lines,

below Curie temperature, T t , it is possible to get information about the average

magnetic behaviour of the sample directly from the spectrum The characteristic

features of the Mossbauer spectrum of the metallic glass system Fe-Ni-Mo-B-Si with

respect to composition and temperature dependence are discussed in the following

sections

3.5.2 Analysis of Fe57 Mossbauer Spectra of Amorphous Alloys

Fe57 Mossbauer spectrum of crystalline materials containing six lines only

indicates that the iron Mossbauer probe finds itself in a unique environment thus

having unique hyperfine magnetic field at the probe site Lineshapes in a-Fe

M ssbauer spectra are expected to be Lorentzian Hence, one can fit the spectrum

using six Lorentzian lines with a parabolic background to obtain the line positions,

linewidths, intensities etc., from which hyperfine interaction parameters like hyperfine

magnetic field, quadrupole splitting, isomer shift etc., can be determined [42].
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Fig 3 10 Mossbauer spectra of all the samples Fe6HNiH-xMoxSi2B,6 (x=0-4) at RT



However, the situation is quite different in amorphous iron-rich alloys in which crystal

tvpe long-range order of atomic sites is not present

Mossbauer nuclei, being local probes, are extremely sensitive to small changes

in the local environments of atoms, i e , when two Mossbauer atoms in the same

sample have different local environments, their individual Mossbauer spectra will also

be different, each having its own set of Mossbauer parameters In amorphous alloys,

there exists a wide distribution in local environments of the Mossbauer atoms due to

chemical and topological disorder As a result of this, the hyperfine field, isomer shift,

and the electric field gradient (EFG) vary from one iron nuclear site to the other and

this variation, in turn, gives rise to broad overlapping of Mossbauer lines Hence the

interpretation of Mossbauer effect (ME) spectra in these materials is often difficult and

judicious choice of the method of analysis has to be made in order to arrive at the

correct values for the hyperfine interaction parameters

Although Mossbauer spectrum of a iron-rich metallic glass consists of six

broad overlapping lines, yet these are reasonably resolved and one can easily identify

the six lines Therefore, as a first approximation, one can still fit the spectrum using six

overlapping Lorentzian lines to obtain Heflf, IS, AEy, linewidths etc Therefore, a least

square fit method has been used to fit each Mossbauer spectrum of a sample to a sum

of six Lorentzian lineshapes with a parabolic background The equation for one or

more Lorentzians plus a parabola [43] is given by

(323)

where Aj is the amplitude of the ith peak (counts), X is the number in the ilh channel, Pj

is the position of the ilh peak (channel), T, is Full Width at Half Maximun (FWHM) of

the i peak (channels) and E, F and G are constants of the parabolic background

Initially, the program uses estimated values of the parameters to solve the

equation of the curve for each X to obtain a calculated value for each Y. This

calculated Y is subtracted from the observed value of Y for the corresponding X to
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give the residual, AY The residual for each value of X is squared and summed over all

values and this sum of squared residuals is minimized The observed Y values that lie

sufficiently below the other Y values are to be rejected and set equal to zero These

values are ignored in fitting the curve by giving them a weight (W) of zero Each other

Y value has a weight 1

Most of the Mossbauer data on metallic glasses have been fitted using a

Lorentzian lineshape [44-46] though, the glassy nature of metallic glasses produces

Mossbauer lines, which are not strictly Lorentzian The fit of Mossbauer data of

metallic glasses using non-Lorentzian lineshape [28,47] gives only a slight

improvement in fitting the data in comparison with the fit using Lorentzian lineshape

In addition not much difference in the hyperfine interaction parameters is found by

fitting Mossbauer data by using either Lorentzian or non-Lorentzian lineshapes, i c,

Ciaussian or Pseudo Lorentzian Hence we have used Lorentzian lineshape to fit our

data

For each Mossbauer spectrum of a sample, the output of the LSF program

using Eq (3 23) gives information about the amplitude, position. Half Width at Half

Maximum (HWHM) and peak area of each peak The parabolic constants E, F and G

are also obtained from which the three hyperfine parameters can be calculated

Later, we have used another method to analyze the Mossbauer data to take

into account of the distributions in hyperfine magnetic field This is described later in

Sec 3.5.6

3.5.3 Room Temperature Mossbauer Spectra of Fe-Ni-Mo-B-Si Alloys

The room temperature Mossbauer spectra of Fe68Nii4.xMoxSi2BK, (x=0,1,2,3

and 4) alloys are shown in Fig. 3.10(a)-(e) As usual all the samples show six broad

peaks, which is a characteristic feature of amorphous alloys due to random distribution

of atoms The asymmetries in the lines are evident from the Fig 3 10 which is an

observed feature in similar FM metallic glasses [41 ] One also observes that as Mo

concentration increases, data for first and sixth lines become relatively noisy This may

be indicative of small inhomogeneity of the sample, especially for x-4 sample, but no

evidence of crystallites in the sample was observed by X-rays The data was fitted

using May's program to obtain Isomer Shift (IS), HcfrfRT), AEy and V for the six lines
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AEg is found to be nearly zero as expected in an amorphous solid. The values of

parameters IS and H^at RT thus obtained from these fittings are listed in Table (3 1)

There does not seem to be any systematic variation of IS with Mo concentration

HcftfRT) values for these samples show that for x*l , Hon<RT) increase a little bit

This was not expected, hence, the RT Mossbauer spectrum was taken again and the

results were found to be exactly similar Samples were X-rayed and found to be

amorphous For x>l there is a decrease in Hcn<RT) as Mo concentration is further

increased, an expected result The average decrease in Hcn(RT) comes out to be -5

kOe/Mo-at% in FerrfNiu-xMoxSiiBu Values of Curie temperature, Tc determined by

low field dc magnetization method, are also listed Table (3.1) for all the samples

These values show decrease with addition of Mo upto x=3 but no further decrease for

x=4 is noted, it rather shows some increase although within error it is difficult to

conclude Tc also decreases with Mo concentration at a rate of - 40 K/at% upto x=3

However, TL for x-r4 does not decrease further but shows slight increase For

le7(1Nii2.xMoxSi?Bi6a similar observation has been recorded i.e., for x>3 at%, T t does

not decrease with the same rate This may indicate a possibility that Mo beyond x^3

at°o may not be getting into the alloy Fef,8Ni|4Si:»B|6 homogeneously which is also

reflected in Hcn<RT) vs x results i.e., the rate of decrease in Hd!<RT) from x-3 to x-4

samples is smaller compared to the decrease of Hcn<RT) for x-2 to x=3 samples

Overall average behaviour of Hcnf RT) and Tc is to decrease with Mo concentration

shown in Fig 3 1 l(a)&(b) This is not surprising as cooperative magnetism with

exchange and dipolar interactions contribute to Tc and Hejr Such systematics may

arise either due to magnetic dilution effect of molybdenum or due to Fe-Mo

antiferromagnetic exchange interactions as suggested for analogous alloys containing

Cr, Mn and Mo [39,40,48-54] This decrease is ~8 5 kOe/Mo-at% for a-Fe72Nii«.

xM{\B,6Si2 alloys [55] and -7.9 kOe/Mo-at% for a-Fe7oNi,2-xMoxSi2B,6 alloys [56]

while Sostarich et al [49] observed a decrease of 12 kOe/Mo-at% The observed fall

of ~30 K/Mo-at% in Tc for the present family of alloys (except for x=4) may be

compared with 32 K/Mo-at% in the case of a-Fe72Niio-xMoxB,6Si2 [55], 50 K/Mo-at%
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Table 3.1 The values of Isomer shift (6), efTective

hyperTine Held II, n< K I ) at RT and

Curie temperature (I , ) .

Sample
(x)

0

1

2

3

4

IS, 5
mm/s

0.099

0065

0 081

0050

0053

H,,1(RT)
(kOe)

264

268

262

251

248

Tc

(K)

711

652

623

592

594



Mo Concentration (x at%)

Fig. 3 1 l(a) The plot of effective hyperfine field at RT, (Hcn<RT)) as a function of Mo
concentration, x

(b) The plot of Curie temperature, T t as a function of Mo concentration, x



It is interesting to compare this value with the value of 30 K/Cr-at%, observed

for the family of a-Fe74Coio-NCrxB16 and 2.1 K/Cr-at% for a-Feg5-xCrxB,, family [49)

Thus, it seems that although Mo is a non-magnetic metal, its behaviour, when added to

iron rich metallic glasses Fe/Si/B etc , is similar to that of Cr which is antiferromagnetic

material These observations are also consistent with the results reported by Nielsen

[49] Thus it seems that a substitution of Mo in the present alloys, in which Ni has

already been substituted for Fe by 14%, degrades magnetic properties of these samples

at a slightly smaller rate in comparison with the changes observed in the magnetic

properties of Fe8O02<> or a-FeBSi alloys when only Mo is substituted This effect is

possible if most of the Fe atoms are shielded from Mo atoms by Ni atoms Thus Mo

atoms avoid a direct interaction with Fe atoms but have it through Ni atoms in these

alloys, while for a-Fen<>-\MoxB2o or a-(FexMoi-x)7sPu.BhAl?, Mo atoms have a direct

interaction with Fe atoms, leading to a larger decrease in effective magnetic interaction

between Fe atoms In addition because Mo is larger in size, it is possible that beyond a

certain at%. Mo atoms may not be able to occupy nearest neighbour positions to Fe

when Ni, a smaller atom, is also there in larger concentration This may be the reason

why going for x=3 to x^4 Mo concentration, magnetic properties do not seem to

change at the same rate as they do when x is small

3.5.4 Magnetization Axis

The direction of saturation magnetization Ms of an iron-rich FM alloy is

inferred from the ratio of intensities of the second (fifth) line to the first (sixth) line in

the "Fe Mossbauer spectrum The ratio is given by

(3 24,

in the case of a-FeyMo80-yB20 [57] and 40 K/Mo-at% in the case of a-Few-vlvJhjQj,,

[49]

where, 9 is the angle between the direction of emission of the 14 4 keV gamma rays

and the direction of the magnetization The values of Izs/I|,« vary from 0 to 4/3 as 9

changes from 0 to 90 degrees. If a sample contains more than one magnetization

direction then the values of I2.5/I1.6 have to be averaged suitably. It is therefore
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possible to derive information about the direction of the magnetization axis from the

Mossbauer spectrum For a glassy sample, since the six Mossbauer lines do not have

the same linewidth, because of a hyperfme field distribution, it is more appropriate to

compare area ratios instead of line intensity ratios For the same reason we have

chosen to compare area ratios A2.5 = (A2+A*)/(A|+A«,) and AA4 - (A*+A4)/(A|+A<,)

rather than A2/A| or A5/A* due to the observed asymmetry of the lines (1,6), (2,5) and

(3,4) The areas and area ratios of Mossbauer lines at RT are given in Table (3.2) It

is observed that the values of A2.5 lie between 0 8 and 1.3 depending upon the sample

Table (3.2) shows that A2.5 increases with Mo concentration, x

Thus, it seems that the magnetization axis, which is out of plane of the ribbon

for x=0 sample, tilts towards the ribbon plane as x increases. For the x=4 sample, it

lies in the plane of the ribbon since A2.5 is —1.33 Since samples are clamped between

two copper rings, there could be some stress due to this which shall effect these results

since magnetization axis in these samples is stress sensitive However, the effect at RT

should be minimal since reasonable care was taken not to either stretch or compress

the samples lengthwise

However, the situation becomes quite different at lower temperatures The

difference in thermal expansions of the copper ring and the sample would induce a

stress in the sample, which would change the magnetization axis in the sample The

lower the temperature, the larger is the stress expected to be generated in the sample

Thus, the results obtained on the temperature dependence of A2<5 and A*.4 are really not

meaningful under the said conditions However, for the sake of completeness, we

present the results in Fig. 3 12 There does not seem to be any systematic behaviour of

AM of a given sample with T A M for a given sample, specially for x=3 and x=4

shows a decreasing trend with T The induced stress should affect A2,5 much more

than A34. hence much more unsystematic behaviour is seen for A2.5 in Fig 3.12

Similar behaviour of the direction of the magnetization axis has been observed for

clamped iron-rich metallic glasses [58] The undamped samples seem to show that the

magnetization axis nearly lies in the plane [28J However, the direction of

magnetization axis varies from sample to sample studied and may be due to the effect

'1} quenching' conditions in preparing iron rich metallic glasses
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Table 3.2 The area values of the six individual absorption peaks in the spectra
and the area ratios A^and AJ.J at KT for all the samples.

Sample

(x)

0

1

2

3

4

A.dO1)

5.60

7 18

447

5.17

3.33

A:(10s)

424

6.24

3 82

5 55

3 94

A,(10s)

1.72

2 44

1 27

1 21

084

A4(105)

1.76

2 89

1.57

1 64

1 54

A, (10')

451

704

4 48

588

4.57

A, (10-)

508

650

3 30

432

297

A,+A6

0 82

097

1 07

1 20

1 35

A,+A4

A l + A < ,

033

034

037

0.30

038





3.5.5 Temperature Dependence Studies of Mossbauer Spectra of
Fe-Ni-Mo-Bi-Si Alloys

The Mossbauer studies on Fe68Ni,4.xMoxSi2B,6 (xK),1,2,3 and 4) alloys in the

temperature range 80 K-RT below TCN have been carried out and the Mossbauer

spectra are shown respectively in Figs 3 13, 3 14, 3 15, 3 16 and 3 17 for x=0 to 4

All the samples show six broad peaks, which is a typical observation for ferromagnetic

metallic glasses Here, the linewidths at room temperature for all the compositions for

x varying from 0 to 4 are r i>F2 , r 2 < r v H < r 4 shown in Table (3.3), indicating

significant asymmetry in the linewidths The values of IS at different temperatures are

tabulated in Table (3 4)(a) and in Table (3 4)(b) the corresponding values of slopes

(-=d(IS)/dT) for the respective samples are given In the following sections the

temperature dependence of magnetic hyperfine fields, isomer shifts and linewidths of

these glasses is discussed

Temperature Dependence of Linewidths

As per our earlier discussions, the first and sixth lines of Mossbauer spectrum

show large linewidths, which are due to a distribution in hyperfine fields present in the

Mossbauer probe Therefore, they are a measure of distribution in hyperfine magnetic

fields at the Mdssbauer probe A study of temperature dependence of the linewidths of

the outermost lines provides information regarding the short-range or long-range

magnetic interactions present in the sample As the temperature is increased the

linewidth of the outermost lines may vary in one of the following ways

(a) If Hcti<T) has similar temperature dependence for all possible sites, then the line

width will decrease monotonically

(b) For small values of Hcn, the decrease of Hcn<T) is faster and in this situation,

the linewidth increases first and as T approaches Tc it decreases

(c) For small values of Hcn, the decrease of Hen(T) is slower and this results in

decrease of the linewidth initially followed by an increase before finally

decreasing as T tends to Tc

Balogh & Vincze [59] analyzed the behaviour of magnetic moment versus
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Fig 3 13 Mossbauer spectra of the sample x-0 at different temperatures 80 K-RT



-5 0 5

Velocity (mm/sec)

10

Fig 3 14 Mossbauer spectra of the sample x- 1 at different temperatures 80 K-RT
with the line showing the fitted data



Fig 3 15 Mossbauer spectra of the sample x=2 at different temperatures 80 K-RT
with the line showing the fitted data



Fig. 3 16 Mossbauer spectra of the sample x-3 at different temperatures 80 K-RT
with the line showing the fitted data



3 17 Mossbauer spectra of the sample x=̂ 4 at different temperatures 80 K-RT
with the line showing the fitted data

Velocity (mm/sec)



Table 3.3 The Mossbauer linewidths in mm/s of all the six lines for each
sample at RT.

S a m p l e I", Y\ T , [., I \ H,
( x )

0 1 6 6 1 0 0 0 61 0 6 3 1.15 1 4 7

1 1 7 4 1 1 5 0 . 6 2 0 .81 1 3 7 1 5 8

2 1 9 5 1 2 0 0 . 5 9 0 78 1 4 8 1 5 2

3 1 9 3 1 4 3 0 4 5 0 71 1 6 2 1 7 2

4 1 7 4 1 3 4 0 4 5 0 85 1 6 5 1 7 2



Table 3.4(a) The values of isomer shift (5) at different
temperatures for all the samples.

Temperature
(K)

80

125

175

200

250

300

Isomer shift, 5
(mm/s)

x-0

0229

0.136

0.099

0.065

0 099

x=l

0 189

0 177

0 150

0.139

0 106

0.065

x=2

0 185

0 183

0.155

0.136

0.112

0081

x=3

0.213

0 168

0.141

0.123

0 098

0050

x=4

0 168

0 159

0.141

0 101

0 099

0.053

Table 3.4(b) The values of slopes of Isomer shift vs T plots.

Sample
(x)

0

1

2

3

4

d(lS)/dT(IO"4)
mm/s-K

-5 661

-5650

-4 998

-6 969

-5.242



temperature Case (a) is the narrow distribution of exchange interactions and the

distribution falls monotonically, as the values fall monotonically and converges at Tc

This is the case where all the magnetic moments have the same temperature

dependence Cases (b) and (c) are similar, the field corresponding to long-range order

follow the Brillouin behaviour, whereas the field corresponding to short-range order

does not Consequently, the systematic variation in the magnetic moment distribution

is lost The corresponding picture in Mossbauer spectroscopy will be dependant on

the temperature effect of linewidth assuming that the linewidth corresponding to the

distribution of the magnetic moment or a quantity proportional to it which is the

hyperfine field in this case The systematic fall in linewidth due to temperature will

imply case (a), and any other behaviour will imply cases (b) and (c) indicating that both

short-range and long-range interactions are important This behaviour of magnetic

moment vs temperature is shown in Fig. 3.18.

Fig 3 19 shows the temperature dependence of the average linewidth of lines 1

and 6, 2 and 5, and 3 and 4 of six line Mossbauer spectra, respectively V\At, r>.s and

P.V4, for our samples, where F v v is the average of widths of lines x and y Fig. 3.19

shows that while there is quite a bit of scatter for ru>, r 2 5 and P u show a systematic

decrease with temperature, eventhough V\.6 does not show a decreasing trend with T.

Thus the temperature dependence of the linewidths of Mossbauer line suggest that the

long-range order predominates over the short-range order Not so smooth behaviour

of r x > vs T may be due to the possibility of the presence of the bimodal distribution of

hyperfine magnetic fields, to be discussed in Sec 3 5 6 Mo and Cr containing iron-

rich metallic glasses do seem to show such a behaviour [39,40,48-54]

Temperature Dependence of Isomer Shift

The details of the isomer shift have already been discussed in Sec 3.3 1. This

is a shift of the centroid of the spectrum of an absorber with respect to the source

This shift arises from the Coulombic interaction of the nuclear charge density and the

s-electrons at the nucleus As a result, the nuclear energy levels of the Mossbauer

nucleus are shifted by a small but measurable amount (~10~4 eV). The isomer shift, IS,

for a given Mossbauer nucleus is a measure of the relative s-electron density at the

nucleus and hence provides information about the valence state of the Mossbauer
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Fig 3 18 Schematic temperature behaviour of the magnetic moment distribution in the
case of

(a) narrow exchange interaction distribution indicating predominant long-range
interactions,

(b) & (c) large exchange interaction distribution, characteristic of predominant short-
range interactions.



Fig 3 10 Temperature dependence of
average line widths of
FeftHNi14-xMoxSi2B16(x-0-4)

alloys. r,.6-(r,+r6)/2,
similarly r2.s and TM



nuclei in the solid From the temperature dependence of IS an estimate of the Debye

temperature of the solid can also be obtained

The IS of the samples (x=0-4) at RT are 0.099, 0 065, 0 081, 0 050 and 0.053

mm/s, respectively The temperature dependence of the isomer shift for these alloys is

plotted in Fig 3 20 from the values listed in Table (3 4)(a) This temperature

dependant shift arises due to the thermal motion of the Mossbauer nuclei and is

referred to as the Second Order Doppler (SOD) effect No doubt, in an amorphous

system, there is a distribution in all the hyperfine parameters, including isomer shift.

But, the simple LSF values should in principle correspond to isomer shift of maximum

probability. So, analysis of temperature dependence of the IS data obtained should

throw light on whether the amorphous solid can be approximated to a Debye model, an

approximation of the harmonic force coupling between the atoms gives rise to a linear

temperature dependence of IS [25] given by d(IS)/dT - -(3kB/2Mc2)Er where kH is the

Boltzmann constant, M is the atomic mass of the nucleus and By is the energy of

unperturbed gamma rays [60] For 57Fe Mossbauer nucleus (Ey=14 4 keV), the

theoretical value of the slope is -7.3 xlO"4 mm/s-K [28] A computer fit to the

experimental points for our samples gives the slopes for the isomer shift vs

temperature, in the range (5-7)<IO"4 mm/s-K, given in Table (3.4)(b), which are,

within the experimental accuracy are in agreement with the value quoted above Thus

one may infer that the coupling between atoms in these metallic glasses is harmonic to

a good approximation This has been reported to be the same for all metallic glasses

[61]

Temperature Dependence of II, M I) and Spin Wave Excitations

From Mossbauer spectra for all the samples a-Few<Nii4-xMoxSi2Bi6 (x=0-4 in

step of I) taken at different temperatures are shown in Figs 3 13-3 17 By fitting these

spectra to a six Lorentzian lines, as explained earlier, Hcn was deduced for each sample

as a function of temperature The Mossbauer spectrum of a thin foil of iron was used

to calibrate Htfn vs velocity of the source in mm/s. For each spectrum, the separation

between the first and sixth line positions obtained from May's fitting is calculated and

is then converted to field from Fe-calibration which then gives the effective hyperfine

T)



Fig 3.20 Temperature dependence of
isomer shift of amorphous
Fef(8Ni,4.xMoxSi2B,6 (x-0-4)
alloys



field H«.fl(T) i.e., the separation between the first and sixth line positions of Fe-

spectrum is 330 kOe which is used for conversion The values of Hcn(T) for each

sample thus obtained are given in Table (3.5) for temperatures between 80 K and RT

Higher temperature data was not taken since longer time required for collection of

Mossbauer data invariably leads to annealing and relaxation resulting in possible

changes in atomic structure, hence K n also Mossbauer data taken on a number of

metallic glasses from liquid Helium temperature to Curie temperature (Tc) and above

have always shown that for 0 25<T/TC<1 the temperature dependence of Hen(T) does

not follow the Standard Brillouin relation [38,61] It is universally observed that

HdrfT) values of iron-rich metallic glasses are always lower than those predicted in the

temperature range mentioned [62] Since Hefl(T) does not vary substantially (for

T/Tc<0 25), Hefl<T) vs T data were fitted to a straight line (as a first approximation) to

obtain Hcfl<0) for each sample These are listed in Table (3.6) Using these values of

Hcti(O) for different values of x and known values of Tc, Hcn(T)/ Hcn(0) vs T/Tc are

plotted for all the samples in Fig 3 21(a)&(b) It is seen that Hcn<T)/Hc.n(0) for all the

samples show a certain decreasing trend inspite of the scatter This decreasing trend is

faster than the one predicted by the Brillouin function as shown by the continuous line

drawn This is expected as mentioned earlier

It is well known that the decrease in magnetization of a ferromagnet at low

temperatures is more appropriately described by Spin wave excitations The excitation

of the spin waves at low temperatures in amorphous ferromagnets also has been firmly

established by magnetization, neutron scattering and Mossbauer measurements (since

K-ir*M, magnetization) Below, brief discussion is given for the spin wave excitations

Spin-wave excitations

The decrease in magnetization of a crystalline ferromagnet at low temperatures

can be explained if the low lying magnetic excitations are spin waves which obey the

following dispersion relation

K(q) = hw(q) = A + Dq2 + Eq4 (3.25)

where ho(q) is the energy of the spin wave with propagation wave number q, and D
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Table 3.5 The values of effective hyperfine fields for the spectra recorded at
different temperatures for all the samples.

Temperature
(K)

80

125

175

200

250

300

HefKT)
(fc5 kOe)

x-0

296

296

291

283

264

x=l

290

290

288

284

275

269

x-2

289

288

283

277

273

262

x=3

285

277

270

267

259

251

x-4

281

278

271

268

262

248



F'g 3 21 (a) & (b) Reduced effective magnetic hyperfine field, Hcn<RT)/HeH(O) vs

reduced temperature, (T/Tc) for the amorphous Fe68Ni|4-xMoxSi2B|6
(x=0-4) alloys in different scales.



It should be noted that the T*2 law is always obtained for a quadratic

dispersion relation and is independent of the specific model for the magnetic

interactions In particular, it has been shown by Herring and Kittel [64] that a T3 2 law

is also expected in a macroscopic continuum model showing that lattice periodicity is

not required On the otherhand, it is necessary to assume lattice periodicity in order to

derive the higher order term in the expansion of M(T) A contribution proportional to

T'J appears when cubic symmetry is assumed because the second term in Eq (3 25),

E(q) is proportional to q4. Since Hcn(T) for magnetic metallic glasses is approximately

proportional to MS(T), the Bloch's law can also be applied to Hcn<T) Therefore, the

temperature dependence of Hen<T) from Eqs (3.29) and (3 30) can be expressed as

where B, C, B%* and d>2 constants remain the same as in Eqs. (3 29) and (3.30) It

has been found that many amorphous ferromagnets follow Eqs. (3 31) and (3 32) over

an extended temperature region [28,65-67] In most cases TV2 dependence heavily

dominates over T5'2 dependence, therefore, one can neglect it (T5'2 dependence) in Eq

S!

and E are the stiffness constants Usually E is much smaller than D This dispersion

relation leads to the following temperature dependence of magnetization M(T) [63]

M(T) = M(0)(l BT ' ' -CT '~ ) (3 26)

where B and C are constants and are related to D and E as given below

B = 2.612[gun/M(0)](kM/47tD)- 2 (3 27)

C = 1.34l[gnH/M(0)](kH/47rD)'2(l57cE/D) (3 28)

where kB is the Boltzmann constant, [in is the Bohr magneton and g is the usual g-

factor Eq (3 26) can be arranged to give

(329)

(3 30)

oi

(331)

(332)



(3 32) The existence of spin wave excitations has been clearly demonstrated in

amorphous ferromagnets using neutron scattering [68]. ferromagnetic resonance [69|

and specific heat [70] as mentioned earlier

In order to obtain B, 2 , from Eq (3 32) a knowledge of Hcn<0) is required

Previously, Hcn(T) vs T data was a fitted to a straight line to obtain Hcn<0) However.

since HcnfO should vary as f\f at low temperatures ( T « T C ) , it is better to obtain

Hert<0) by fitting data H ^ T ) v s f i f to a straight line and extrapolating to T=0. Fig

3 22 show HeflCO vs T ^ The straight line fitting yields Hcn(0) for all the samples

which are listed in Table (3.6) and plotted in Fig 3.23 as a function of Mo

concentration, x AHcn(T)/Hcn<0) for all the samples are plotted as a function of

(T/Tc)372 in Fig 3 ;>4(a)-(e). From these data B,.2 values are obtained from fitting data

AHtfii<TKHetl<0) vs (T/Tc)* * to a straight line Values of BV2 for each sample are listed

in Table (3 7) Fable (3 8) lists B and B*7 values of some of other iron-rich metallic

glasses As seen from this table Bi 2 is typically between 0.30 and 0 50 and the same is

found here In particular, Bv2 values of a-Fer,nNi)4-\MoNSi2Bi6 are similar to those of

a-Fe72Niio.xMoxSijBu, [55].

The following observations are made

(a) The T3 2 dependence of AHcn(T)/Hcn(0) is obeyed over a much larger

temperature range in the metallic glasses than in crystalline solids Fe, Ni e tc ,

[71 ] This temperature dependence easily extends to T/Tc = 0.4 to 0.5

(b) Coefficient B is about two orders of magnitude larger than the coefficient C in

this temperature region This result agrees with the result on crystalline solids

However, the actual values of B and C are 2 to 10 times higher than those of

crystalline materials. A comparison of the values of BV2 and Cy2 also show the

same trend, i e., they are 2 to 5 times higher than those of Fe and Ni Rven this

ditTerence is clearly brought out when in some cases an amorphous sample of a

given composition retains the same chemical composition as a single compound

on crystallisation [72]. Higher values of Bi2 implies that the spin waves are

excited with relative ease (to crystalline ferromagnet) in amorphous

ferromagnets This also implies that the stiffness constant D is smaller in

X2



fig 3.22 The plots of effective hyperfine field, Hc.n(T) vs TV2 for all the samples

Fe6xNii4_xMOxSi2Bu, (x-0-4) with the straight line fits



Fig 323 Saturation magnetic hyperfine field, Hcn<0) as a function of Mo
concentration, x with the fitted line

Table 3.6 The Values of Saturation hyperfine

magnetic field, Heff(0) for different samples.

Sample
(x)

0

1

2

3

4

HefKO)
(kOe)

305

297

295

288

287



Fig 3 24(a)-(e) The plots of AHcfT<T)/Hcn<0)
vs (T/Tc)3a for the alloys
FCfi^Ni^xMoxSbB^ (x=0-4)
respectively



Table 3.7 The values of B*2 obtained from AHrn<T)/ lfrn(O) vs(T/Tc)v :
 p|O|S.

Sample
(x)

0

1

2

3

4

B M

0425

0285

0316

0.367

0362

Table 3.8 Sample compositions, Curie temperature (Tc), Coefficients It. Hy: for
amorphous ferromagnets and crystalline ferromagnets Fe and Ni.

Composition

Crystalline Fe

Crystalline Ni

Fe78B,3Si9

Fe8iB1.v5Si3.sC2

Fe4oNi4()B2()

Fe8oB2«)

Feg1B13.sSi3.5C2

Fe75Pi5C10

FewPi6BiC3

Fe4oNi4oPi4B6

Fc2oNi49 PuB6Si2

Fe*>Ni39Mo4Si6B,2
Fe74CoioBi6

Fe67Co,8B,4Si,

Fe72NiioBi6Si2

Fe72Ni9MoiB,6Si2

Fe72Ni8Mo2B,6Si2

Fe72Ni7Mo3B|6Si2

Fe72Ni6 Mo4B,6Si2

FemNiuB|6Si2

Fe6HNil3MoiB,6Si2

Fe^NinMo.B^Si:

Fe^Ni,, M o ^ I 6 S i 2

Fe6HNi1,Mo4Bi«Si2

TC(K)
1042

637

733
698
695
685
668
619
590
537
377
575
760
830
680
675
650
625
585
711
652
623
592
594

B(10"*IOV2)
3.4

(0.2)
75

(0.2)
10
16
19
22

23
25
38
65
34
15
19
16
17
21
25
33
22
17
20
26
25

B.VJ

0 114

(0007)

0 117

(0003)

021
029
0 35
0 40
030
0.36
0 36
047
0.48
0.47
032
045
036
030
034
039
0.47
0.42
0.28
0.31
0.37
0.36

References
68,73

66,71

65
61
61
62
58

66,71
66,71
66,71
66,71

61
61
61
55
55
55
55
55

Present work

Present work
Present work
Present work
Present work



amorphous ferromagnets than that in crystalline ferromagnets

Higher values of B or B..- in comparison with those of crystalline ferromagnets

is most probably a consequence of the chemical disorder Kaneyoshi [73] contends

that while exchange fluctuations alone can describe the magnetization behaviour of

rare-earth based amorphous alloys, 3d transition metal based alloys behave quite

differently with temperature', in that they exhibit faster thermal demagnetization than

that predicted by HandricrTs [74] model This is due to the fact that in the 3d

transition metal alloys, where the moment in more easily perturbed by its environment,

both the variations in moment magnitude as well as the exchange fluctuations play a

decisive part in determining the ratio, M(T)/M(O), hence AHcn<T)/Hcn<0).

Higher values of B3/2 seems to be a characteristic feature of amorphous

ferromagnets which also implies smaller value of the stiffness constant, D meaning that

there is an increase in the density of states of low energy excitations This is in

agreement with the calculations of Montgomery [75] who has used temperature

dependent double time Green functions to determine the density of spin-wave states

for different values of a disorder parameter defined as P = <AJ2>/3<J>2. For P # 0, a

peak appears in the low energy region Simpson [76] has explained this behaviour

using a phenomenological agreement and found it to be due to the simultaneous effect

of structural disorder, which increases the average interatomic distance and

fluctuations in the exchange interactions Some suggestions [66,72] have been made

that large B values also imply a strong reduction of the range of the exchange

interactions in comparison with that in pure ferromagnetic crystalline metals.

However, the temperature dependence of the Mossbauer linewidth, H/, in most cases

shows that these are predominantly long range type Therefore, this argument does

not hold. Further Gubernatis and Taylor [77] have shown theoretically that for a given

value of J between nearest neighbours, the density of spin waves is the same at low

energies in the amorphous and in the crystalline state, therefore B and D should be in

the two cases. Different values of B and D in these two cases can then only be

explained by the different values of J but not by structural disorder However, due to

the assumption of nearest neighbour interaction only this result may be questionable

In the work by Bhagat et al [78] and Tarvin et al [79] on the temperature dependence

of MS(T) in metglasses, it has been shown that Eqs. (3.31) and (3 32) are well obeyed

83



provided the effects of spin wave energy normalisation with temperature are included,

i e , the parameter B obeys the relation

which also implies that

(334)

In any case, it seems that the explanation of higher values of B*2 of a-iron-rich

metallic glasses in comparison of those of those of crystalline counterparts is still

waiting a rigorous theoretical work

3.5.6 Hyperfine Field Distribution

In glasses the lack of long-range crystalline order is responsible for a

distribution of hyperfine interaction parameters which results in the broad and

overlapping Mossbauer absorption lines In addition, the observed asymmetry of the

lines in the Mossbauer spectra indicates the possibility of correlations among these

parameters Here, we are interested in obtaining the hyperfine magnetic field

distribution, P(H), to observe relative changes in it as Mo is substituted in

Fef,xNi14Si2Bi(, metallic glass.

Given the fact that Mossbauer spectra of amorphous ferromagnetic alloys

consist of structureless, broad and partly overlapping lines, often with some degree of

asymmetry, certain assumptions have to be made before evaluation and analysis of ME

spectra. It is generally observed that the electric quadrupolar effects are negligible for

amorphous ferromagnetic alloys below the magnetic ordering temperature Tc [80]

The quadrupole interaction at each site in such an alloy can be approximately described

by e2qQ(3cos29-l), where e2qQ is the quadrupole interaction energy and 9 is the angle

between the z-axis of the principal EFG tensor and the hyperfine field The z-axis is

determined by site symmetry, which varies spatially throughout the sample, whereas

the magnetic hyperfine field, which is antiparallel to the magnetization axis in a

ferromagnetic sample does not vary randomly Hence, the values of (3cos29-l)

spatially average out to zero. In order to account for the observed asymmetry in the

X4
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where W, are 'elementary' functions of hyperfine field distributions between H=0 and

H-Hmax. If Wj(H) is defined as

(3 36)

85

ME line shape, a linear correlation between the local isomer shift and the local

hyperfine field of the form [81 ]

8(H) = 8(H«)-a(H Ho) (3 35)

is assumed, Ho being the external magnetic field and a being the correlation coefficient,

which implies that 8 also has a distribution of values, P(IS) A similar correlation may

be assumed for T>TC between the quadrupole moment and the hyperfine field, and a

distribution of AEy, P(AEy) also exists However, in analysing data to obtain P(H), it

is assumed that P(1S) and P(AE^) are narrow enough to be approximated with a delta

Sanction This assumption is not strictly valid but is reasonably justified as IS and AEy

are about an order of magnitude less sensitive to the changes in the chemical

surroundings than hyperfine magnetic field

Several methods exist in the literature for the evaluation of the hyperfine field

distributions, P(H), from the measured ME spectra These methods fall broadly into

two categories: (i) a definite shape of P(H) is assumed a priori, e g . a single Gaussian

[82], modified Lorentzian [83] or a split-Gaussian [84] (the parameters of such

functions are determined by least square fitting (LSF) procedures), (ii) no a priori

assumption is made as regards the shape of the P(H), e.g., Window method [44] in

which P(H) is expanded in a Fourier series, or the discrete field method proposed by

Hesse and Rubartsch [85], which was later improved upon by La Caer and Dubois

[86] or the method due to Vincze [87], in which P(H) is approximated by a binomial

distribution

In the present work no a priori assumption is made as regard to the shape of

the P(H) curve and hence the Window's method [44] is used to analyze the Mbssbauer

spectra which is discussed in detail below

The Window Method

This is a method used for the evaluation of P(H), which is given by



All the parameters were evaluated using this method While expanding the P(H) as a

cosine series (Eq 3.38), it is assumed that (i) the spectrum can be described by a single

value of the isomer shift, 8 (ii) the quadrupole splitting, A is negligible for T<T t and

(iii) an average value of the intensity ratio, b of the component spectra, i.e.,

Ii^h.* 13.4=3:b 1, can describe the observed spectrum adequately Although none of

these assumptions is strictly valid for amorphous ferromagnetic systems, it has been

demonstrated [88] that this method can nonetheless be used to determine P(H),

provided the important Mbssbauer fitting parameters, e g , FWHM of the subspectral

lines, F intensity ratio, b and the number of terms in the Fourier expansion, N are

properly chosen. For instance, too small a value of N can obscure some genuine

details of the P(H) curve whereas too large a value of N gives rise to an unphysical

86

where v is the relative velocity between the source and the absorber and Lf»(H,v) is a

sextuplet of Lorentzian lines.

The complete spectrum is written as

The unknown coefficients a, can be calculated by a least square program, with the

constraints,

In addition, the area under the P(H) curve is normalized, i.e.,

(3 42)

(3 41)

(3 40)

(3 37)

(338)

(339)

The distribution W, creates a spectrum S,,

P(H) can be expanded in a Fourier (cosine) series.



where m and np are the number of channels and the free fitting parameters respectively

Y ^ and Y,!a, are the experimental data points and the corresponding points on the

fitted curve with respect to the free fitting parameters 5, F, b and a, the correlation

coefficient between the isomer shift and hyperfine field, x2 as a function of b, F and N

has been shown in Fig. 3.25 The combination of b, F and N for which x2 is minimum

is used in the analysis However, when one does this, it is observed that the value of F

does not vary systematically Therefore, we fixed the value of F by using the method

suggested by Keller [88] This was done in order to take care of broadening of the line

shape with respect to that of natural iron due to the presence of distribution of the

other hyperfine parameters.

P(H) vs H obtained from the Window's method of analysis of the Mossbauer

spectrum of a typical iron-rich metallic glass like Fem>B2<> or Fe.w,Ni4(,B.>o normally

consists of a major peak in P(H) On either sides of the major peak oscillations in P(H)

are observed, which are more prominent at lower fields These oscillations are the

artifact of the truncation of the Fourier series and one ignores these The emphasis is

normally given to the major peak showing positive P(H) values The parameters of

interest in P(H) vs H curve, the hyperfine field distribution curve, are Hp, the H value

at which the maximum of major peak occurs, FWHM of the major peak, AH, the

average field, Hav and the shape of the P(H) curve By noting changes in these

parameters one can infer how the substitution of Mo for Ni in a-Fe6KNii4Si2Bi6 is

affecting magnetic properties of the host glassy matrix

The distribution of hyperfine fields, P(H) vs H, of a-FeftKNii4_xMoxSixBi6

(x=0,1,2,3 and 4) at different temperatures are shown in Fig. 3 26-3 30 using the

Window's method in which N, b and F have been optimised to yield minimum y2

K7

(3 43)

structure in P(H) as a large number of terms in the Fourier series (Eq 3 38) tend to fit

the statistical fluctuations in the measured spectrum

The optimum choice of the intrinsic parameters, b, F and N for each spectrum

is based on the minimization of the x \ defined by



Fig 3.25(a)-(c) The parameters b, I and N as a function of % respectively



H(k()e)

Fig. 3.26 The hyperfine field distribution curves for the sample Fe6HNi,4-xMoxSi2Bu,
x=0 at different temperatures 125 K, 175 K, 250 K and RT.



Fig. 3.27 The hyperfine field distribution curves for the sample Fe6KNi,4-xMoxSi2Bi6

x=l at different temperatures 80 K-RT.



ftg 3.28 The hyperfine field distribution curves for the sample Fe68Nii4-xMoxSi2BI6

x=2 at different temperatures 80 K-RT



Fig 3.29 The hyperfine field distribution curves for the sample Fe68Ni,4-xMoxSi2Bi6
x=3 at different temperatures 80 K-RT.



Fig. 3.30 The hyperfine field distribution curves for the sample Fe6HNi,4-xMoxSi2Bi6
x=4 at different temperatures 80 K-RT



values as explained in the preceding paragraphs The optimal choice chosen for the

remaining parameters are Hmm^O and Hmax-400 kOe, which is sufficiently high so that

P(Hm.lx)-0, a value well above that ofa-Fe All of these hyperfme field distributions

exhibit a prominent peak with oscillations at lower fields due to truncation of the

Fourier series as explained earlier and need to be ignored as IV h cannot be negative

X' values are between 1 and 2 but for a few cases where it is 3 However, one

observes that the asymmetry is larger at RT compared to that at lower temperatures

The fit obtained between data and the calculated Mossbauer spectra are good A

typical example is shown in Fig 3.31 for sample x^2 at 175 K

Fig 3.32 shows P(H) vs H curves obtained from the Mossbauer spectra of all

the samples at RT Parameters Hp, Hav AH with corresponding x2 values and also the

values of H^n for all the samples are given in Table (3 9)-Table (3.13) respectively.

Fig 3 33 show the variation of Hp, Hav and Hcn at two temperatures (namely 80 K and

300 K) as a function of Mo concentration, x It is observed from this figure and the

Tables (3 9)-(3 13) that Hp and Hav show on the average a decreasing trend, as x

increases as observed for HeftfRT.x). i e , these parameters show an increase slightly for

\ I, then start decreasing for x>l Almost similar shifts (except for x^l ) in hyperfme

field distribution is observed in case of amorphous Fe72Nini.xMoxSixBw, alloys [55], a-

Fe7oNi,2.xMOxSixBi6 alloys [56] and of FeH<,.NMoxB?() [30]

If one looks at the shapes of the peaks and their positions, it is seen that the

peak of the position shifts towards lower field value as x increases The shape of the

curve becomes slightly asymmetric and asymmetry seems to increase with Mo

concentration, x

The asymmetry in the major peak is most probably due to overlap of another

peak of smaller amplitude (probability) at lower magnetic fields with that of the main

peak This is further suggested by an increase of the FWHM of the combined peak (as

shown in the figure) with Mo concentration AH vs x is shown in Fig 3 34. It

increases at the rate o f - 1 0 kOe/Mo-at% upto x=3 but the increase becomes less for

x -4 sample Similar observation of AH vs x has been reported for Fe7oNii2-xMoxSixBi6

[56] One of the possible explanations of increase of AH with Mo concentration x is

sx



Fig 3.31 Typical Mossbauer spectrum for the sample Fe(,xNii4.xMoxSi;Bu, x 2 at
175 K along with the fitted spectrum shown by the continuous line



Fig. 3.32 The hyperfme field distribution curves for all the five samples

Fef)8NiI4-xMoxSi2B,fl (x=0-4) at RT



Table 3.9 The values of peak field (Hp) , average hyperfine

field (HNV), fullwidth at half maximum (AH)

of P(H) distribution, the corresponding x2 values

and effective hyperfine field (Hefr) at different

temperatures for the sample \ o.

Temperature

(K)
80

125

175

250

300

Hp
(kOe)

306

291

282

284

258

Hav
(kOe)

312

287

278

264

262

AH
(kOe)

6875

81 25

75

81 25

81 25

X'

361

2 70

2 91

3.17

1 15

HCT(T)
kOe

296

296

291

283

264

Table 3.10 The values of peak field (II,,). average hyperfine

field (Hav), fullwidth at half maximum (AH)

of P(H) distribution, the corresponding %2 values

and effective hyperfine field (H,M» at different

temperatures for the sample x=l.

Temperature
(K)

80

125

175

200

250

300

"P
(kOe)

301

292

297

283

276

267

Hav
(kOe)

286

282

279

276

263

260

AH
(kOe)

9375

9375

87 5

87 5

93 75

81 25

X

1 44

1 31

1.13

1 42

1 59

1 45

Hcn(T)
kOe

290

290

284

284

275

269



Table 3.11 The values of peak field (Hp), average hyperfine
field (HNV), fullwidth at half maximum (AH)
of P(H) distribution, the corresponding x' values
and effective hyperfine field (lllff) at different
temperatures for the sample x=2.

Temperature
(K)

80

125

175

200

250

300

(kOe)

293

292

274

275

272

264

Hav

(kOe)

280

277

268

264

266

251

AH
(kOe)

1000

1000

96 9

100 0

875

906

x2

1.30

1 12

1 12

1.32

1 38

1 26

Ht,,<T)
kOe

289

288

282

277

273

262

Table 3.12 The values of peak field (II,,). average hyperfine
field (Hav), fullwidth at half maximum (All)
of P(H) distribution, the corresponding x? values
and effective hyperfine field (Hefr) at different
temperatures for the sample x=3.

Temperature
(K)

80

125

175

200

250

300

Hp
(kOe)

285

271

267

268

252

248

Hav

(kOe)

268

258

248

247

240

234

AH
(kOe)

109 4

106 25

109 4

109 4

100 0

10625

X"

1 20

1 46

1 43

1 33

1 30

1 52

FWT)
kOe

285

277

271

267

259

251



Table 3.13 The values of peak field (Hp), average hyperfine
field (Hav), fullwidth at half maximum (AH)
of P(H) distribution, the corresponding %2 values
and efTective hyperfine field (Heff) at different
temperatures for the sample x=4.

Temperature
(K)

80

125

175

200

250

300

(kOe)

275

276

269

267

260

244

Hav
(kOe)

257

254

247

245

239

222

AH
(kOe)

109 4

1094

103 12

103 12

103 12

1094

X*

1 37

1 23

1 16

1 35

1 48

1 27

rUT)
kOe

281

278

271

268

263

248



Mo concentration (x at%)

Fig 3.33 The plots of Hp, H,,v and Hcn as a function of Mo concentration, x at two
particular temperatures 80 K and RT



Mo Concentration (xat%)

Fig 3.34 The Full widh at Half Maximum (FWHM), AH of the peak in the P(H)
distribution as a function of Mo concentration, x



the probability of the increase of overlap of the smaller peak in P(H) vs H curve

relatively higher intensity at lower magnetic fields This peak shifts to the lower field

as x increases Thus the Fe atoms find themselves in two different environments, one

of which has a higher Hp and occurs with higher probability than the other Fe-

environment which has a lower Hp and occurs with relatively lower probability, i e.. the

P(H) distribution is bimodal as reported earlier in Cr and Mo containing iron-rich

metallic glasses [39.40,48-54] Relatively less increase of AH for Mo concentration, 3

to 4 at% may be indicative of a limit with which the second Fe-environment can be

different as far as the distribution of Mo around Fe atoms is concerned It is to be

noted that a clear emergence of a peak at lower fields is not there as reported earlier in

Mo containing Fe-rich metallic glasses [89]

From the Fig 3.35 it is evident that the values of Hp and H:,v decrease

systematically with increasing temperature This is to be expected, as the average

magnetic moment and hence the effective hyperfme field decreases with increasing

temperature The asymmetry is pronounced for the P(H) distribution at the lowest

temperature measured (80 K) and maximum for x-4 The asymmetry thus, primarily

arises due to enhanced contribution at low field region The presence of Mo

contributes to lower fields and this contribution is enhanced by increasing the Mo

content, which results in more iron sites with Mo as near neighbours Apparently due

to the shifting of major peak to lower fields with increasing temperature the minor

peak becomes more prominent and makes the distribution appear more asymmetric

It is also observed that AH for a given sample does not change with

temperature although some scatter is there Hardly any change in AH values and

enhanced asymmetry with increasing temperature may be attributed to different

hyperfme fields exhibiting different temperature dependence [39,51,52,59], The

asymmetry particularly in the major peak may be attributed to bimodality of P(H)

distribution. Such an asymmetry is also observed in related systems like a-(FexMoi-x>7s

Plf,B,.AI; [48], a-Fe8o-xMoxB20 [57], a-Fe7iMo7B2o [40], a-Fe4o-x/2Ni4o-x/2CrxMoxSii<>B.»

[51,90], a-Fe32Niv,Cr)4B6Pi6 [52,91 ] and [89] In all these cases, it is suggests that the

distribution around the high field component arises due to iron with mainly Fe and Ni

as near neighbours, whereas low field components originate due to iron with Mo near

neighbours, thus leading to bimodality and the observed asymmetry in P(H)



50 100 150 200 250 300

Temperature (K)

Fig. 3.35 The variation of Hp and Hav with temperature for the samples x 1-4



distribution

3.5.7 Bulk Magnetization Measurements

This section presents the magnetization studies done at room temperature and

at low temperature in the range 10-100 K on the series of a-le,.«Nii4-xMoxSixBih

(x=0,1,2,3 and 4) alloys

The variation of the magnetic moment with the applied field for a-Fei«Ni|4-\

MOxSi2B,6 (x=0,1,2,3 and 4) alloys at RT are shown in Fig 3 3b This indicates that

as the applied field increases the magnetic moment increases sharply up to certain field

\alue beyond which it almost becomes constant The value of the magnetic field at

which M becomes nearly independent of H is about 2000 Oe For H > 2 kOe, a very

small slope in M vs H is observed Hence, MS(RT) is calculated by extrapolating

higher field M vs H data to H - 0 value, this value is termed as saturation magnetic

moment Ms Values of Ms for different samples are listed in Table (3 14) and are

plotted in Fig 3 37 as a function of Mo concentration, x Error of 7% is estimated for

these values There is quite a bit of scatter, the reason being the small amount of

sample being used The trend is that Ms decreases with x, however the value of Ms for

v 4 does show some increase Repeated measurements showed the same values with

the estimated error

Temperature Dependence of Magnetization

In order to check the spin wave excitations, measurements of M(T) for T<100

K were performed using Lakeshore equipment described earlier at Texas A&M

University, USA

At low temperatures, magnetization follows the following relation

M(T) - M(0)( 1 -BT*2 CTS 2) (3 44)a

tM(0)-M(T)]/M(T) = AM(T)/M(0) = BT" 2+CT5 2 (3 44)b

Data M(T) vs T (T<100 K) are shown for all the samples in Fig 3 38(a)-(e) Ms(0)

was obtained by fitting data to F.q 3 44(a) The values of B and C obtained this way

are in Table (3 15) and an extrapolation to TK) gives the value of Ms(0) These values

of Ms(0) for all the samples listed in Table (3 14) are plotted in Fig 3 39 as a function



Fig 3 36 Room temperature magnetization curves
for the samples Fef,xNii4.xMoxSi2Bi6

(x-0-4)



Table 3.14 The values of saturation magnetization at RT, MV(RT);

spontaneous magnetization, Mk(0) for all the samples.

Sample
(x)

0

1

2

3

4

MS(RT)
emu/g

136.50

12840

127 06

104.30

107 90

Ms(0)
emu/g

169 98

164 45

162.46

146 60

144 20

Fig. 3.37 Room temperature magnetization, MS(RT) as function of Mo
concentration, x with the fitted line

Mo Concentration (at%)



Fig 3 38(a)-(e) Temperature dependence of
magnetization at low
temperatures in the range
(10-100 K) for amorphous
Fe,lKNi,4.xMoxSbB,f, (x-0-4)
alloys



Table 3.15 The values of Spin-wave coefficients B and C obtained from
magnetization data.

X

0

1

2

3

4

B(1(T)
(K-32)

0 8073

10713

1 1959

1 4835

1.5637

C(io-8)

(K->2)

28645

53002

5.8361

5 1128

6.8187

Fig 3.39 Saturation magnetization, Ms(0) as function of Mo concentration, x with the
fitted line

Mo Concentration (x at%)



of Mo concentration, x It is seen that the decrease of Ms(0) is more systematic with

\ The decrease is -7 emu/g(Mo-at%) This value of Ms(0) is used to plot M(T)/M(0)

vs T/Tc as shown in Fig 3 40(a) Data M(T)/M(0) and HcfKT)/Hen<0) are plotted in

Fig 3 40(b) Since He0 x M both data should overlap in the common temperature

region One can see from the figure that there is overlap near 100 K region However,

the average trend as shown by the line, for both data is the same Fig 3.41 shows

plots of AM/M(0) vs T*2 which clearly shows a good linearity Values of B and B, •>

obtained this way are listed in Table (3.16) and are plotted in Fig 3.42 as a function of

Mo concentration, x It is seen that B<2 increases almost linearly with a slope of

0 0292 Thus, inclusion of Mo in Fe6)1Ni|4Si2B|(, indicates that spin waves are excited

with relative ease in these alloys as Mo is added, with an increase in the density of

states of low energy excitations and therefore decrease of magnetization faster For

the sake of comparison, values of B and B* > obtained from AH/Hcn<0) Vs T"v2 are also

listed in Table (3.16) It is noted that for x=0, Bi.> obtained from AM/M(0) vs TV2

data is about 1II of B^ 2 value obtained from AH/Hcn<0) vs 1° 2 For other samples, the

difference is only about 10%. The large discrepancy between these two values of B* i

is baffling and we are unable to offer any explanation for it

3.6 Summary

The Mossbauer investigations of a-Fef>xNii4.xMoxSi2BK. (x=0,1,2,3 & 4) alloys

have been carried out in the temperature range from RT-80 K All the samples are

ferromagnetic at room temperature The values of saturation magnetic hyperfine field,

HdrfO) show a decreasing trend from (305-287) kOe, with a fall o f -4 .3 kOe/Mo-at%

and those of Hcn(RT) decrease at a rate of -5 kOe/Mo-at% which has been attributed

to molybdenum acting as a magnetic diluent and/or its antiferromagnetic exchange

interactions with iron

The P(H) curves obtained by Window's procedure for the recorded spectra at

different temperatures show a major peak at high field and a minor peak at low field

The bimodality in the major peak arises due to the presence of Mo which can

contribute to Fe-Mo antiferromagnetic exchange interactions and magnetic dilution
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';>g 3 40(a) Reduced magnetization M(T)/M(0) vs reduced temperature (T/TC) at low
temperatures in the range (10-100 K) for amorphous Fe6HNi,4.xMoxSi2B,6 (x=0-
4) alloys.

F»g 3.40(b) Reduced magnetization M(T)/M(0) vs reduced temperature (T/TC) at low
temperatures in the range (10-100 K) with reduced effective hyperfine field
HdKTyH^O) vs reduced temperature (T/Tc) in the temperature range 80 K-RT
superimposed on it for amorphous Fe68Nii4-xMoxSi2B|6 (x=0-4) alloys.



Fig 3 41(a)-(e) The plots of AM(T)/Ms(0)
vs (T)V2 for the alloys

Fef,xNi,4-xMoxSi2B,6 (x=0-
4) respectively with the
straight line fits



Table 3.16 The values of B and U.,: obtained from
Ms(0) and HcfT<0) values.

X

0

1

2

3

4

B(10s)

1 097

1.649

1 741

2 014

2 392

B*7

0 208

0.275

0.271

0 290

0.347

B(10*s)
(K")

2 242

1 714

2 033

2 551

2 499

0 425

0 285

0 316

0 368

0 362



Mo concentration (x at%)

Fig 3.42 The values of spin wave coefficient B and the corresponding BV2 as
function of Mo concentration, x



effects contributing to the distribution in the lower field region The P(H) curves

obtained for the Mossbauer spectra recorded at 80 K, indicate that the asymmetry of

the major peak increases systematically as Mo content increases Further, for all the

alloys studied, the major peak shows temperature dependence and the minor peak is

independent of temperature occurring at 100 kOe The values of Hp and Huv

decrease monotonically with increasing temperature and also with increasing Mo

concentration But the values of AH are relatively independent of temperature,

especially in molybdenum rich systems indicating ditTerent hyperfine field components

exhibiting different temperature dependence These AH values increase with the

increase of Mo content, at a rate of 10 kOe/Mo-at% upto x-3 but the increase

becomes less for x=4.

The values of MS(RT) and Ms(0) decrease with the Mo concentration and the

rate of fall is ~8 emu/g per Mo-at% and -1 emu/g per Mo-at% respectively

Magnetization at low temperatures, well below Tc, well obeys the spin wave excitation

and the values of spin wave coefficient Bi 2 increases from 0 2 to 0 34 with increasing

Mo content indicating that the spin waves are excited with relative ease in these alloys

as Mo is added These values of B.*.» are in agreement within 10°o with those obtained

from Mossbauer measurements except for x^O which is 1/2 of that This discrepancy is

baffling for which an explanation is to be sought
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CHAPTER IV

Crystallisation Studies

4.1 Introduction

Metallic glasses crystallise by nucleation and growth processes The driving

force is the difference in free energy between the glass and the appropriate crystalline

phase(s). A study of the crystallisation behaviour of Fe68Ni,4-xMoxSi2Bu, (x=6,l,2,3

and 4) metallic glass system is presented in this chapter Metallic glasses, irrespective

of the method of preparation, are not in configurational equilibrium, but relax slowly

through a homogeneous process towards an "ideal" metastable amorphous state with

lower energy. Relaxation towards an ideal amorphous state is distinct from the

heterogeneous process of crystallisation, which results in a metastable or stable

crystalline state of the material. During crystallisation, most of the promising

properties of metallic glasses e.g., the excellent magnetic behaviour or the high
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hardness and strength combined with ductility and high corrosion resistance which are

inherently structure sensitive degrade Therefore, a study of these properties as a

function of temperature can reveal details of crystallisation processes involved and

provides information on the thermal stability of the system However, controlled

crystallisation of metallic glasses can be used for designing very special partially or

fully crystallised microstructures, which cannot be obtained from the liquid or

crystalline states. For example, partially crystallised (Mo,Ru)8<>B2o glasses have been

found to be ductile superconductors with a Tc - 6 K [1] As the thermal stability

against crystallisation determines their effective working limits for these glasses to be

used in practical applications, an understanding of the micromechanisms of

crystallisation can therefore be of immense value in controlling crystallisation process

[1,2] Hence for technological applications, knowledge of the process that governs the

thermal stability of these materials is of considerable importance [3-7]

During the last two decades, theoretical as well as experimental studies on

phase transformations in metallic glasses from glassy to crystalline state, have been

extensively done by measuring changes in one or more physical properties, using

different techniques such as Differential Scanning Calorimetry (DSC) or Differential

Thermal Analysis (DTA) |8-19], electrical resistivity [20,21], magnetometry,

Mossbauer effect [22-24] and electron microscopy [25,26] To a lesser extent,

positron annihilation, optical methods and photoemission or energy dispersive X-ray

diffraction methods have also been employed [22,23,27,28]

DTA is the technique in which temperature difference (AT) between the sample

and reference materials is measured as a function of temperature qualitatively and it

does not give any information about the heat energy released or absorbed DSC, on

the otherhand provides this information quantitatively and thus change in enthalpy is

measured as a function of temperature DSC technique provides a rapid and precise

determination of the crystallisation process and the associated kinetic parameters and

as such it is a more frequently employed technique to study the crystallisation of

amorphous metallic alloys Amorphous to crystalline phase transition is a first order

transition which occurs essentially by diffusional movements of atoms Depending on

concentration, the transition of the metastable amorphous phase into the crystalline

phase can proceed by one of the following reactions :
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a) Polymorphous Crystallisation : It is the reaction in which crystallisation of an

amorphous alloy takes place without any change in concentration into just a single

crystalline phase e g , Fe7sB2s -»Fe*B

b) Primary Crystallisation : Here crystallisation of an amorphous alloy undergoes a

two step crystallisation, which occurs via long range diffusion and leads to a single

crystalline phase followed by a enriched amorphous phase e g , Fe86Bu-KX-

Fe+amorphous (Fe-B) This reaction is diffusion controlled

c) Eutectic crystallisation : In such a reaction simultaneous crystallisation of two

crystalline phases takes place e g , FemB^i >a-Fe+Fe;B This is governed by

nucleation and growth of crystals

Both polymorphous and eutectic crystallisation processes involve only short

range diffusional atomic movement whereas primary crystallisation invloves long range

diflRlision.

Using the DSC technique, one can discern whether the transformation takes

place by polymorphous or primary and eutectic crystallisation processes [2] In

addition, the process of nucleation and growth of crystals in highly cooled melts, which

are of scientific interest, can be studied using the DSC technique [29-34)

Crystallisation kinetics also may be studied isothermally by keeping the sample at a

fixed temperature and observing the change in its enthalpy as a function of time or

non-isothermally. by scanning the temperature of the sample at a constant heating rate

[8,29, 35-37]. Isothermal method is mathematically more definitive and rigorous [38]

while experimentally the non-isothermal method has been more convenient [29,37]

Non-isothermal method can be performed over a wider temperature range in a shorter

time period compared to the isothermal method In addition, because of the inherent

transients associated with the experimental set up [37], many phase transitions occur

too rapidly to be measured under isothermal conditions

Work has been reported in detail on the crystallisation behaviour of many Fe-

based metallic glasses due to the addition of transition metals like Ni and Cr [39] A

study of crystallisation behaviour, especially as a function of increasing amounts of

elements that are known to contribute to the stability of amorphous alloys can

therefore provide valuable information

Crystallisation studies on Fe4oNiwMo4B|B (2826MB) have been done
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extensively [17,40-45] which show a double stage crystallisation, the first stage of

crystallisation corresponds to primary crystallisation with an fee structure followed by

a polymorphic reaction for the second stage The reported values of crystallisation

temperatures for the two peaks are 703 K and 777 K respectively and the

corresponding activation energies are 2% and 334 kJ/mol The enthalpy changes are

28 and 57 J/g respectively Muralidharan et al [43) have reported the value of Avrami

exponent, n=0 83, a much lower value which strongly suggests that primary

crystallisation is possibly caused by the growth of quenched in nuclei existing in the

glass It has been observed that the crystallisation temperature increases as a

consequence of addition of 1 at% of Mo in Fe-Ni-B alloys [46] The substitution of

transition metals from the group Cr, Mo, Nb or V for iron in the compositional family

[Feioa.xMox]83B,2Si5 increases the thermal stability and Mo produces the largest effect

Crystallisation temperature increases linearly with the transition metal additions and

correlates with the atomic size of the substituted solute atom [47] Influence of Mo on

the crystallisation behaviour of FeSiB glass has been reported by Liu et al [48] using

DSC and TEM techniques Two step crystallisation was observed, the second peak

shrinks quickly as Mo is added and the temperature gap between the two peaks found

to be decreased with Mo addition An increase of thermal stability of these glasses

containing Mo element is clear, as indicated by the increase in both crystallisation

temperatures and activation energy for the first step Different crystalline phases were

identified and at least two metastable phases, (Fe,MohB and (Fe,Mo)2iBf, were

present. Susie [19] has reported crystallisation data of Feo.4oNio.MMoo.o4Boii and

Feo7oNio.o8Moo.ioBo.i2 and identified the crystalline phases using X-ray diffraction The

alloy (FeowMoooitaBn has been studied by Maslov et al [49] and the values reported

are crystallisation temperature, Tp=684 K, enthalpy change= 14.37 J/g and activation

energy=198 kJ/mol The crystallisation of the alloy Fe7«Mo2B2o has been given [44]

which has a single crystallisation step and is similar to that of FeB alloys

(Feo«wMo0oi)78Si9Bn metallic glass has been investigated to study various crystalline

phases during crystallisation [50] The sequence of metastable phase formation during

crystallisation of this metallic glass is as follows: a-Fe(Si-Mo) (bcc)->(Fe,Mo)iB,

(Fe,MoK5B and (Fe,Mo)z^Bft (fcc)->Fe2B Ramanan et al [45] have reported

activation energies and Avrami exponents for many Mo containing alloys They
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conclude that presence of both Mo and Ni in small quantities in Fe-rich alloys reduces

both nucleation and growth rates

In this chapter, details of investigations of the effect of addition of

Molybdenum, Mo, a non-magnetic metal, on the crystallisation kinetics by non-

isothermal method in Fe6«Nii4-xMoxSi2B|6 (x=O,l,2,3 and 4) using the DSC technique

are presented Results are analyzed and discussed using the well known Kissinger

method [51] The isothermal kinetic parameter, the Avrami exponent, n, is also

calculated in an indirect method from the non-isothermal data and its agreement with

the reported literature is discussed

4.2 The Technique: Differential Scanning Calorimetry (DSC)

4.2.1 Introduction

Differential Scanning Calorimetry (DSC) and Differential Thermal Analysis

(DTA) are very useful techniques in the study of phase transformations involving

nucleation and growth of microcrystallites in general and in the study of crystallisation

kinetics of amorphous solids in particular [8-19,29,31-34] The term DSC was

apparently first used by Watson et al [52] DSC is the technique in which the

difference in input energies of a sample material and a reference material is measured

as a function of temperature, while the sample and reference materials are subjected to

an electronically controlled temperature program In the non-isothermal DSC

technique the sample and the reference material are maintained isothermal to each

other by proper application of electrical energy, as they are heated or cooled at a linear

rate DSC technique has proved to be a very sensitive tool for the investigation of

thermally activated processes such as crystallisation [53-58) and relaxation phenomena

in non-crystalline solids [59-63] One of the advantages of DSC is that it allows a

continuous record of the thermal evolution of the system as a function of time or

temperature Thus the information can be collected in a single run, not only regarding

the relaxation to a more "stable" glassy state at temperatures lower than the glass

transition temperature TK, but also about the kinetics of crystallisation at higher

temperatures.

The technique is highly accurate and versatile in measuring the heat effects



associated with physical or chemical changes that take place when the substance is

heated at a uniform rate Heat changes either exothermic or endothermic are caused

by phase transitions - such as fusion, boiling, decomposition, sublimation,

crystallisation etc , and are recorded as heat tlow dM/dt in W/g (mcal/s) as a function

of temperature under non-isothermal conditions Whereas, in isothermal conditions,

the sample and reference materials are kept at a constant temperature and the DSC

thermogram is recorded as a function of time Typical non-isothermal and isothermal

DSC thermograms are shown in Figs 4 l(a) and 4 l(b) In the true thermodynamie

sense, an endothermic peak is indicated conventionally by a peak in the upward

direction (increase in enthalpy), while an exothermic peak is shown in the opposite

direction The DSC thermogram looks very similar to that of a DTA curve, except for

the ordinate axis unit, which is AT in DTA DTA has the qualitative aim of detecting

phase transitions, while DSC is intended to determine the enthalpy changes

quantitatively and accurately, and therefore can also be used to measure specific heat

as a function of temperature The area enclosed by the DSC profile is directly

proportional to the enthalpy change [64],

Area k(AH)m (4.1)

where k is a proportionality constant related to the geometry and thermal conductivity

of the sample holder and is determined by calibration of the system with compounds

having known heats of transitions and is independent of temperature, m is the mass of

the reacting sample and AH is the enthalpy change The DSC thermograms exhibit

dependence on various factors, like sample quantity, holder cup, heating atmosphere

and the nature of the sample packing

4.2.2 Description of the Setup

Differential scanning calorimetric measurements have been done using Dupont

model 910 DSC instrument, the schematic diagram of which is shown in Fig. 4 2 The

cross sectional view of the DSC cell is as shown in Fig 4 3 The DSC cell contains a

constantan disc by means of which heat is transferred to the sample and reference and

also serves as one of the elements of the temperature measuring thermoelectric

junctions. This calorimeter uses a sample cup made up of aluminum/copper or gold

and an identical cup for reference These two cups are made to sit on a raised platform

1(14
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Fig. 4. l(b) A typical isotherm obtained by DSC measurement on isothermal
annealing.

Fig. 4. l(a) A typical non-isothermal DSC curve illustrative of heat changes.



Fig. 4.2 Schematic diagram of Differential Scanning Calorimeter.





on the constantan disc Heat is transferred through the disc into the sample and

reference The differential heat flow to the sample and reference is monitored by

chromel/constantan thermocouples formed by the junction of the constantan disc and

the chromel wafer which centers the downside of each platform Chromel and alumel

wires are connected to the underside of the chromel wafers and the resultant

chromel/alumel thermocouple is used to directly monitor the temperatures of the

sample and reference materials Constant calorimetric sensitivity is maintained by

electronic linearisation of the cell-calibration coefficient Minor complications arise

mostly because the sample holders may not be strictly identical and a temperature

gradient may develop across the finite thermal resistance between the sample and

sample holder One tries to minimize these by careful selection of sample holders etc

The difference AT between the sample temperature, T s and reference

temperature, TR is given by

dTn

AT = (Ts - TR ) -- R(CS CR ) - L (4 2)
dt

where C s and CR are the total heat capacities of sample (and reference) plus sample

f d T ')
holder respectively, R is the thermal resistance and —- is the rate at which the

\ dt /

programmed temperature changes The apparatus constant relating the area under the

peak to enthalpy can be obtained by using a reference material like Indium, with known

transition enthalpy

4.2:3 Experimental Procedure

The crystallisation studies were carried out using Dupont model 910 DSC

instrument, on ribbons of amorphous Fe6KNii4_xMoxSi2Bi6 (x^O, 1,2,3 and 4) -5 mm

wide and 25-30 u.m thick which were prepared at Allied Signals, USA, by a single

roller melt spinning technique

Both the sample and the reference chambers were heated at a programmed

rate, and are maintained at same temperature The input power to the sample and the

reference will be different because of the differences in the heat capacities and also due

to the exothermic and endothermic transformations occurring in the sample, if any. In

all the DSC measurements, - 5 mg of the sample is placed in a copper cup and weighed
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using a digital microbalance The sample is then covered by a copper cover and the

standard crimper press is used to crimp the cover on to the sample Before doing the

calorimetric measurements, the temperature and cell constant of the instrument are

calibrated from the melting curves of 99 999% pure indium as a standard material

Pure indium -5 mg is encapsulated (crimped) in an aluminum cup and an empty

aluminum cup with cover as reference are placed on the raised platforms on the

constantan disc The sample is then heated from room temperature to above the

melting temperature of indium with uniform scanning rates The actual value of the

transition temperature of indium is 156.6 "C The unit of temperature is calibrated

from the melting exotherms of pure indium As long as there is no change in the

instrument operating conditions, the temperature calibration remains unchanged

Calorimetric measurements of the above mentioned amorphous alloys have

been carried out under non-isothermal conditions i.e., samples are continuously heated

from room temperature (RT) to the required high temperature i.e., in the temperature

range RT-600 °C at different scan rates ranging from 5-40 "K/min with an interval of 5

"K/min. Continuous but a very small flow of dry and pure (99 94%) helium gas is

maintained inside the DSC cell throughout the experiment to prevent oxidation effects

The heat evolved is recorded as a function of temperature In general metallic

glasses may have one or more crystallisation peaks in their DSC thermograms and each

peak is characterized by a peak temperature Tp , the onset and peak temperatures of

crystallisation and the enthalpies are obtained using the software "Standard data

analysis" [65] as pointed out in Fig. 4.4. Using these peak temperatures, the activation

energies have been calculated by Kissinger's method [51] as described below The

isothermal crystallisation kinetic parameter, the Avrami exponent, n, using non-

isothermal data was also determined using a method explained later

4.3 Methodology

A survey of literature shows that the application of isothermal and non-

isothermal methods for the study of phase transitions is of theoretical and experimental

interest [8-19,29,37] As already indicated in the beginning of this chapter, isothermal

techniques are more definitive while non-isothermal (continuous heating) techniques

have several advantages:
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1 The rapidity with which non-isothermal experiments can be performed makes

them attractive

2 The scope to extend the temperature range for measurements beyond that

accessible to isothermal experiments

3 Because of transients inherently associated with the experimental conditions,

many phase transitions occur too rapidly to be measured under isothermal

conditions

With all the above in mind, a definitive measurement of non-isothermal kinetics

is desirable Kissinger derived a kinetic model based on the rate of reaction for non-

isothermal studies [51 ], the salient features of which are briefly described below

4.3.1 Kissinger's Method of Analysis of Non-Isothermal
Transformation

In metallic glasses and particularly in crystallisation processes, it is the change

in enthalpy with time or temperature variation which gives rise to exotherms In the

analysis of non-isothermal processes, Kissinger [51] method is used to evaluate the

activation energy, Ec It is the most popular method used in analyzing the

crystallisation process by DSC Originally, it was established by DTA that the

temperature at which maximum deflection is observed varies with heating rate in many

reactions Kissinger showed that the kinetics of such reactions can be conveniently

studied by systematically varying the heating rate and observing the peak temperatures

This method can be applied to all reactions, in which the dependence of the

transformation rate on temperature can be separated from its dependence on the

volume fraction transformed [66J. Kissinger demonstrated that the variation in peak

temperature, (Tp), with the heating rate can be used to calculate the activation energy,

Ec of the reaction, provided the other experimental conditions remain fixed The

details of Kissinger's method are as follows

The basic equation that relates the rate of reaction to the fraction of the

material decomposed, following first order reaction may be written as [67-69]
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where x is the fraction of the material decomposed, is the rate of reaction and

at absolute temperature T and K, is the magnitude of the rate constant which is given

by Arrhenius equation as

K, -K, ,e \p ( EC/RT) (4 4)

where R is the gas constant, T is the absolute temperature and kp is the frequency

factor which is a measure of the probability that a molecule having energy Ec will

participate in a reaction Hc is the activation energy for the phase transformation and is

often interpreted as the energy barrier opposing the reaction [51] Substituting the

value of KT from Eq (4 4) in Eq.(4 3), we get

= K<>exp( Ec/RT)(l-x) (4 5)

Eq (4 5) holds good for any value of T, whether constant or variable, so long

as x and T are measured at the same instant When the reaction rate is maximum, i.e ,

corresponding to the peak maximum in the experimental situation, its derivative with

respect to time is zero The maximum value of (~/, / occurs at temperature Tp

defined by 168]

K,,exp(- Kc/RTp) - (Ec/RTp
J) (

d li) (4 6)
ilt

It may be easily seen from Eq (4 6) that

where P^ (—), the heating rate The Eq (4 7) though derived for a first order
dt

reaction, was later shown to hold to any order of reaction [70]

The validity of the Eq (4 7) can be tested for a given system by plotting

Infp/Tp2) against (1/TP) The plot should be a straight line, the well known Kissinger

plot with a slope equal to (-E</R), and is found to be the case in many amorphous

alloys [14,71-74]. This procedure has been used to calculate the values of activation

energy (Ec) of all the amorphous systems reported in the present work
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4.3.2 Determination of the Avrami Exponent, n

Since crystallisation of metallic glasses is a nucleation and growth process, the

overall rate of transformation will reflect the time and temperature dependence of both

Solid state nucleation and growth transformations are usually described by the

Johnson-Mehl-Avrami (JMA) equation [75,76]

X(t)=l-exp[-b(t- to)n l (4 8)

where X(t) is the fraction transformed after time t, to is the incubation time, b is the

rate constant and n is Avrami exponent, which need not be an integer, generally lying

between 1 5 and 4 and can be written as

n = nn+ng . (4 9)

where nn describes the time dependence of the nucleation rate (0>nn>l) and ng that of

the growth rate (1 5>ng>4) Typically nn should be 0 for athermal growth of quenched

in nuclei and unity for steady state nucleation, values of 1 5, 3 and 3 for n̂  are

expected for primary, eutectic and polymorphous growth respectively These values

will be reduced if the crystals show pronounced directionality of growth

It can be shown that for various nucleation and growth mechanisms a useful

picture of the crystallisation process emerges if n is partitioned as follows [20,45,77-

79]:

n - a ^ b p (4 10)

where V refers to the nucleation rate and varies from 0 (for quenched in nuclei) to 1

(for constant nucleation rate), 'b1 has the values 1, 2 or 3 and represents the

dimensionality of growth of microcrystallites The value of V cannot be more than 4

[80].

This picture o f 'n ' is an approximate one and can only serve when the values of

n are not close for different glasses so that different crystallisation mechanisms can be

distinguished. However, it describes the crystallisation process well in many cases

[20,77,79]. Hence the Avrami exponent, n, is an important crystallisation kinetic

parameter and it gives more information about the crystallisation processes that occur

through different mechanisms

Marotta et al [81] classified the crystallisation mechanisms of glass into three

groups in terms of the n values
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a) n=l, i.e., the crystals grow one dimensionallv from the surface to the inside of

the glass,

b) n=3, i.e., each crystal grows three dimensionallv in the bulk, and

c) 1 <n<3, the crystals grow both from the surface and in the bulk

By taking the JMA Eq (4 8) [75,76] into account, the differential temperature

AT at the initial part of the crystallisation is approximated as

(411)

where n is the exponent, Ec is the overall kinetic energy barrier, T is the temperature

and C is a constant. A plot of log AT versus (I/T) should yield a straight line, the

—nh '

slope of which gives —~c- On the otherhand, Thakur and Thiagarajan [821 n a v e

4.57

reported an equation expressing the relationship between the exothermic peak

temperature Tp and the heating rate (I as

(4 12)

where C, is a constant Plotting of log P versus (1/Tp) should yield a straight line, the

slope of which is equal to From the slopes of the lines obtained from Eqs

(411) and (412) we can determine the activation energy, Ec and the exponent, n

Using the above method for the determination of n and EL, the parameters are

calculated from the non-isothermal data and the results are discussed

4.4 Results

The results of the crystallisation kinetics performed on the alloys chosen for the

present study, under non-isothermal conditions using DSC are presented and discussed

in the light of the above mentioned theories

The DSC thermograms obtained by continuous heating of the amorphous

specimens of Fef,8Ni,4-xMoxSi2B,6 (x-0,1,2,3 and 4) in the temperature range room

temperature (RT)-600 °C at different heating rates of 5, 15, 15, 20, 25, 30, 35 and 40

"K/min are shown in Figs 4.5-4.9 respectively All these thermograms are



Fig. 4.5 The DSC thermograms of the sample with x=0 at different heating
rates 5-40 K/min.



4.6 The DSC thermograms of the sample with x=l at different heating
rates 5-40 K/min.



Fig. 4.7 The DSC thermograms of the sample with x=2 at different heating
rates 5-40 K/min.



Fig. 4.8 The DSC thermograms of the sample with x=3 at different heating
rates 5-40 K/min.
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Fig. 4.9 The DSC thermograms of the sample with x=4 at different heating
rates 5-40 K/min.



characterized by two exothermic peaks, confirming a two step crystallisation process

and are well resolved irrespective of the heating rate The first peak is observed to be

broad while the second peak is narrower indicating the first crystallisation to be

sluggish in comparison with the second one The two peak temperatures Tpi and Tp2

increase and the peaks become narrower and higher with increase of heating rate, as

normally observed in many Fe-based metallic glasses [2,18,44,72,83-85] The overall

increment observed in these peak temperatures for all the samples are -20-25 K for the

entire range of heating rates However, the difference (Tpi-Tp2) decreases slowly as

the heating rate is increased in all the samples, which is shown in Fig 4 10(a)

Various kinetic parameters viz the crystallisation peak temperatures Tpi and

Tp2, the difference (TP]-Tp2), the corresponding onset temperature of crystallisation

and the enthalpies associated with each step of crystallisation at different heating rates

are listed in Tables (4. l)-(4 5) for the samples x=0 to x=4 respectively Figs 4 10(b)-

4 10(d) show the parameters Tpi. Tp2 and enthalpy change AH as a function of heating

rate, p respectively One can observe from these plots (b) and (c) that the peak

temperatures increase with heating rates and are slightly non-linear at low heating

rates The slopes of these curves are nearly the same for Mo containing samples while

that for the sample without Mo content (x^O) is higher. For the second crystallisation

temperature Tp2, the temperature difference, AT between any two samples as indicated

in the Fig 4 10(c) goes on reducing as Mo content increases which indicates that

larger Mo concentration may not help any further From Fig 4 10(d) it is evident that

the change in enthalpy with respect to heating rate, P is the same for all samples except

for that with x=l. The behaviour shows an initial rise in AH upto p=20 °K/min and

then seems to exhibit slight oscillation behaviour which reduces as Mo concentration

increases. The same parameters are shown in Figs 4 I l(a) and 4 1 l(b) as a function of

Mo concentration at a particular scan rate p- 20 "K/min The difference in peak

temperatures (Tpi-Tp 2) vs Mo concentration is shown in Fig 4 1 l(c) Figs. 4.12(a)-

(e) show the Kissinger plots of ln(P/Tp
2) vs 10VTp for the two exothermic peaks for all

the five samples respectively, where Tp is the peak temperature of the respective

exotherm. Figs. 4.13(a) and 4.13(b) respectively show the Kissinger plots for the first
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Fig 4. IO(a)-(d) (Tp,-Tp2), Tp l , Tp2 and AH as a function of heating rate, (J respectively
for all the samples



Table 4.1 Various crystallisation parameters for the sample x=0 at
different heating rates.

Heating
rate(p)
°K/min

5

10

15

20

25

30

35

40

Peak Temp (K)
Tpi Tp2

731 48

737.34

741 2

74439

747.47

749 02

751.64

758 59

764.55

76843

77228

774.57

776 69

778.86

(Tpi-Tja)
(K)

27 11

27 21

27.23

27 89

27 1

27.67

27.37

Onset Temp (K)
Peakl Peak2

722 54

727 23

731 08

734 3

737 01

738 75

741.2

75304

75869

76275

765 89

76847

770.01

772.18

Enthalpy (J/g)
(AH)

Peakl Peak2

39 99

64 04

72 97

65 52

70 84

70 41

73 22

1166

123 2

136 3

1164

1195

1158

113 5

Total Enthalpy
AH ( 17g)

156 59

18724

209 27

181 92

190 34

18621

186 72



Table 4.2 Various crystallisation parameters for the sample \=\ at
different heating rates.

Heating
rate (P)
"K/min

5

10

15

20

25

30

35

40

Peak Temp (K)

Tpi Tp2

727.95

737.02

742.65

746.39

749 91

752.23

754.11

756 40

77690

785 35

790.50

793.43

79591

797 68

79861

799 77

(Tp,-Tp2)
(K)

48 95

48 33

47 85

47 04

46 00

45 45

44 50

43.37

Onset Temp (K)
Peakl Peak2

71744

727 10

732.93

736.87

740.07

742 58

744.87

746 92

770 88

77881

78260

784.75

786 11

78693

787 63

78837

Enthalpy (J/g)
(AH)

Peakl Peak2

80 86

69 55

65 31

64.14

6557

58.55

66 68

63.33

114 1

1087

1042

97 98

101 7

89 11

94 67

94 99

Total
Enthalpy
AH (J/g)

194.26

178 25

16951

162.12

167.27

147 66

161.35

158.32



Table 4.3 Various crystallisation parameters for the sample x=2 at
diflerent heating rates.

Heating
rate(p)
°K/min

5

10

15

20

25

30

35

40

Peak Temp. (K)

Tpi TP2

745 16

750.82

754.38

757.78

76047

762.73

764.01

800 37

804 55

807 28

809 10

811 55

811 98

813.73

(Tpi-Tp2)
(K)

55.21

53.73

5290

51 32

51 08

49 25

49.72

Onset Temp (K)
Peakl Peak2

736 32

741 51

745.62

748 91

751.57

75365

755.27

79268

795 70

798 07

800 08

801 48

802 60

80335

Enthalpy (J/g)
(AH)

Peakl Peak2

49.75

64.55

61 95

59.29

62 49

61 18

63.73

82.57

91 32

91 22

85 25

8893

87 92

90.63

Total
Enthalpy
AH(J/g)

132.32

15587

183 17

144.54

151 42

149 10

154.36



Table 4.4 Various crystallisation parameters for the sample x=3 at
different heating rates.

Heating
rate (P)
(>K/min

5

10

15

20

25

30

35

40

Peak Temp (K)

Tpi

74493

75369

75892

763 03

766 69

767.79

770.73

772.39

80299

81021

81428

817.49

82063

822.08

823 56

825 23

(TprTp2)
(K)

58 06

5652

5536

54 46

53 94

54.29

5283

5284

Onset Temp (K)
Peak I

735.91

745.36

750.57

754 17

757 68

75955

762.28

763.76

Peak2

797 26

803 60

807 32

809 66

81231

813 31

81544

816.46

Enthalpv (J/g)
(AM)

Peakl Peak2

54 50

4851

60 76

69 53

59 43

65 91

6236

60.91

75 14

7438

79.46

93 69

74 79

86 65

8245

77.62

Total
Enthalpy
AH(J/g)

129 64

122 89

140.22

163.22

134.22

15256

14481

138.53



Table 4.5 Various crystallisation parameters for the sample x=4 at
different heating rates.

Heating
rate (0)
°K/min

5

10

15

20

25

30

35

40

Peak Temp. (K)

Tpi TP2

744.65

753.04

758.44

762.18

765 69

76765

770.20

77271

807 58

815 16

81982

823 11

825.71

827.53

829 64

831 96

(TPrTp2)
(K)

62 93

62 12

61.38

60.93

60 02

59 88

59 44

59.25

Onset Temp (K)
Peakl Peak:

734 09

743 87

749 12

753 11

756 52

758 85

761.23

763 06

801 89

809 01

81287

81576

818 43

82032

822 15

82355

Enthalpy (J/g)
(AH)

Peakl Peak2

6087

55 61

76 72

74.33

66 96

66 87

68 60

66 51

7082

67 49

81 27

81 27

75 01

75 47

78 40

73.91

Total
Enthalpy
A H (J/g)

131.69

123 10

157 99

155 60

141 97

14234

147 00

14042



4 l l ( a H d ) (Tpl & Tp2), AH, (TpI Tp2) and (E t l & Ec2) as a function of Mo
concentration, x respectively



Fig 4 12(a)-(e) Kissinger plots for the two
exothermic peaks of all
the five samples (x=0-4)
respectively.



f"ig 4.13(a) Kissinger plots for the first exothermic peak of all the five samples (x-^0-4).
••ig 4.13(b) Kissinger plots for the second exothermic peak of all the five samples

(x=0-4).



and second peaks separately for all the samples All of them are fairly linear under

experimental conditions, confirming that the crystallisation kinetics in these samples is

of first order The activation energies, F.ci and EC2 for the first and second

crystallisation processes respectively for all the five samples are calculated from the

slopes, (-Ec/R), of the respective Kissinger plots, and the activation energies are in the

range 300-350 kJ/mol and 320-560 kJ/mol for the two peaks respectively, and are

listed in Table (4 6) These values are plotted as a function of Mo concentration as

shown in Fig 4 1 l(d). The value of EC2, involved in the second step is higher than the

value of Ed, as evidenced by larger peak area of the second step crystallisation peak

compared to that of first step.

Figs 4 14(a)-(e) show typical plots of log AT vs lOVT and Figs 4 15(a)-(e)

show plots of log P vs lOVTp at a particular heating rate for all the samples

respectively, from the slopes of which the Avrami exponent, (n) and activation

energies, (Eci & Ec2) are calculated as described in the previous section These values

of Eci & Ec2 for the two peaks thus obtained are compared in Table (4.6) with those

obtained from Kissinger's method for all the samples at a particular scan rate of 20

"K/min The values of n are listed for different heating rates in Tables (4 7) and (4 8)

for the first and second crystallisation steps respectively for the five samples

Composition dependence of crvstallisation temperatures and activation energies

Figs. 4.16(a)-(g) show the DSC curves for all the samples (x-0,1,2,3 and 4) for

different heating rates 10-40 "K/min respectively From these figures it is clear that

both the peak temperatures Tpi, Tp2 and their difference (Tpi-Tp2) increase with Mo

concentration, x The increment in these values at a particular scan rate 20 "K/min, as

can be seen from Tables (4. l)-(4 5) are - 20 K, -55 K, and -33 K respectively, from

x*0 to x=4, indicating improvement of thermal stability of Mo substituted

I o.xNiuSi.-Bu, metallic glass.

Variation of activation energies with the Mo content is shown in Fig 1 Mid)

from which it is clear that £ci increases systematically with increased Mo content, x

Thus, the substitution of Mo for Ni in Feft8Ni,4Si2B,6 metallic glass enhances its

thermal stability However, the same behaviour is not observed for the second peak,
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Table 4.6 Comparison of activation energies calculated
from the two methods for all the samples.

Sample
(x)

0

1

2

3

4

Activation Energy
(kJ/mol)

(Kissinger)
Ec. Ec2

305 65 324 04

323 16 450 56

329.97 553 26

343 87 499 40

344.47 470 90

Activation Energy
(kJ/mol)

(Avrami Exponent)
Ec, Ec2

317 60 336 38

335 08 463 03

342.07 565 96

360.02 512.32

35663 48395



Fig 4 14(a)-(e) log AT vs lOVT plots for
the two exothermic peaks
of all the five samples
(x=0-4) respectively



Fig 4 15(a)-(e) log P vs IOVT plots for the
two exothermic peaks of all
the five samples (x=0-4)
respectively



Table 4.7 Values of Avrami exponent for different Mo
content, x, in amorphous Ke,,NNii4.v\loxSi:IJu,
alloys at different heating rates for the First
crystallisation peak.

Heating
rate(p)
°K/min

5

10

15

20

25

30

35

40

x 0

-

3 4

1 7

2 6

2 1

1 9

25

2.0

Avrami
X 1

2.2

1 7

2 2

25

1 (>

1 S

2.6

1 <>

Exponent (n)
x = 2 x = 3

-

2 o

2 >

; 2

25

2 *•)

3.2

3.2

20

2.9

2 2

2.6

3.6

3.2

2S

2S

15

2.3

26

3 0

28

25

2.8

2.3



Table 4.8 Values of Avrami exponent for different Mo
content, x, in amorphous Fe68Ni14.xMo1Si2Blft

alloys at different heating rates for the second
crystallisation peak.

Heating
rate (0)
°K/min

5

10

15

20

25

30

35

40

-

-

-

4.2

4 0

3 8

3 8

3 4

3 0

Avrami
*

34

2S

2.3

1 6

1 7

I 2

1 7

1 5

Exponent
x = 2

-

2 0

12

1 (>

1 S

1 6

1 4

1 4

(n)
x = 3

3.4

2 S

2.0

2 2

1 l'

1 9

2 1

1 9

3 6

3 4

2.6

25

2 5

2.2

2.3

2.1



Pig. 4.16(a) The DSC thermograms of all the five samples (x=0-4) respectively
at the heating rate of 10 K/min.



Fig. 4.16(b) The DSC thermograms of all the five samples (x=0-4) respectively
at the heating rate of 15 K/min.
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Fig. 4.16(c) The DSC thermograms o tah the five samples (x=0-4) respectively
at the heating rate of 20 K/min.



Fig. 4.16(d) The DSC thermograms of all the five samples (x=0-4) respectively
at the heating rate of 25 K/min.
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Fig. 4.16(e) The DSC thermograms of all the five samples (fc=0-4) respectively
at the heating rate of 30 K/min.



Fig. 4.16(f) The DSC thermograms of all the five samples (x=0-4) respectively
at the heating rate of 35 K/min.
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Fig. 4.16(5^ T h e D S C thermograms of all the five samples (x=0-4) respectively
at the heating rate of 40 K/min.



Ec2 first increases up to x=2 at% and then starts decreasing for x>2 at%

4.5 Discussion

The observation of the two exotherms in the DSC curves clearly indicates a

two step crystallisation viz, the primary crystallisation process resulting in the

precipitation of a-Fe, followed by an eutectic process leading to the formation of

various crystalline phases such as a-FeMo, Fe2B, Fe2Mo and Fei_xNix alloy [1,45,86].

The two stage crystallisation observed in our studies is supported by the fact that for a

variety of (Fe-Ni-Mo)B glasses a double crystallisation is observed [83,84] Also this

is a common observation made earlier in Fe-Ni-Mo-B (2826MB) glasses [44,85]. The

presence of large percentage of iron atoms (-68%) in these metastable materials is

responsible for these features of kinetics, which are distinctly different from systems

such as a-Ni76Si(,Bi8 [87] and a-ZruNi67 [72] where single step polymorphous

crystallisation occurs Similar observation of two stage crystallisation process is made

in several Fe-Ni-B, Fe-Ni-Si-B and Fe-Si-B systems by many researchers [2,18,44,72]

The first and second crystallisation processes observed in these glasses refer to

primary and eutectic crystallisations respectively [88] Temperature dependence of

Mdssbauer spectrum of similar samples also confirms the two step process, the first

one being the slow precipitation of a-iron in the amorphous matrix followed by rapid

formation of various crystallised products (a-FeMo, Fe2B, (Fe-Mo)2B, FeUxNix etc.)

[86] The broadness of the first peak in the DSC thermograms confirms the slow rate

of the first step crystallisation, i.e., precipitation of a-Fe or a-Fe/Mo This process is

seen to be extending almost to the temperature at which the second and rapid eutectic

crystallisation sets on. This overlap in turn depends upon the composition and the

heating rate. As a matter of fact, this precipitation of a-Fe, when annealed close to but

lower than the Tpl, is responsible for the better high frequency properties of these

glassy alloys [89].

From Figs. 4 16(a)-4.16(g), it is clear that the values of the peak temperatures

Tpi and Tp2 for the two exotherms increase with the increasing Mo content This

shows that increase in Mo concentration results in improved thermal stability of these

alloys. It has been reported by Kemeny et al [90] that the increase in crystallisation
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temperature is related with the differences in binding energies, which influence thermal

stability by changing atomic mobility Mo, having a high melting point, seems to

increase the strength of the chemical binding and thus can be expected to enhance the

thermal stability [ l> 1 ] This is supported by the results that the addition of Mo to the

ternary Fe-Ni-B alloys leads to an increase in crystallisation temperatures [46,92] Si

content has a complex effect on crystallisation and causes different phases to form at

higher temperatures of FeNiSiB system [93] Alternately, the observation that can be

drawn from Figs 4 16(a)-(g) is that the crystallisation temperature decreases with

increasing Ni concentration. This is in good agreement with the observation reported

on Fe-Ni-B alloys [94,95] This shows that the thermal stability of Fe-Ni-B alloys

decreases with increasing Ni content, which is similar to saying that addition of Mo

partially for Ni improves thermal stability The solid solubility of the added elements

together with the metalloid concentration (Si, B) decides the type of crystallisation

[40] in 2826MB Thermal stabilization takes place when 2% Mo (Fe7xMo2Bjo)

substituted to Fe in FegoB^ for which Luborsky [96] reported a crystallisation

temperature of 721 K and an activation energy of 203 kJ/mol, which suggests that the

corresponding parameters in the present investigation are in the expected range More

so, the results are in good agreement with that of Babu [80] whose work is on a similar

Fe-Ni-Mo-Si-B system The system Fe-Ni-Mo-Si-B which has been developed by

Hasegawa et al [89] has high frequency applications (£100 kHz) comparable to or

better than those of conventional crystalline materials which makes this system

interesting to study for potential applications The effect of Mo on such systems is

discussed in [45] Mo affects the crystallisation kinetics in a fashion very similar to

that of Si Presence of both Mo and Si in small quantities reduces both the nucleation

and growth rates, an observation important to the design of technologically important

metallic glasses. Similar results have been shown for (Feioo-xMox^B^Sis [47] and

(Fei_xMox)7uSi9Bn [48], Donald and Davies [97] have shown that among various

refractory metals added to iron rich metallic glasses. Mo produces the largest effect in

improving the thermal stability of these glasses Since Mo has a high melting

temperature and large size, it would reduce the atomic mobility leading to reduction in

diffusion or even hopping for a given amount of thermal energy. Thus increase in

crystallisation peak temperatures Tpi and Tp2 with Mo concentration is quite
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understandable Also, Fig 4.1 l(c) shows that the difference (Tpl-TP>) increases with

Mo content, as this makes the occurrence of the two crystallisation processes

separated apart even at higher heating rates as shown in Fig 4 16(g)

For a given alloy, the peaks become narrower and taller with peak temperatures

Tpi and Tp2 shifting to higher values with the increasing heating rates as shown in Figs

4.5-4.9 as expected and normally observed It also indicates that the maximum rate of

crystallisation increases with heating rates However, the difference (Tpi-Tp2)

decreases for all the samples except for x=0 as the heating rate is increased From the

Figs. 4 13(a) and 4 13(b) it is clear that Kissinger plots obey well the linear

relationship, from which it may be concluded that both the crystallisation steps are

governed by first order kinetics

The activation energies for the first crystallisation process, Eci increase with

Mo content systematically which is shown in Fig 4 1 l(d) This once again establishes

the fact that the content of Mo at% proportionally enhances the thermal stability The

values of Ec), the activation energy for the primary crystallisation are smaller than

those of Ec2, the activation energy for the eutectic crystallisation, although not very

much different The first crystallisation most probably is diffusion controlled Increase

in Eci with Mo content (Fig 4 1 l(d)) shows that even small concentration of Mo is

effective in reducing the nucleation and growth rates of microcrystallites resulting in a

higher crystallisation temperature and a higher activation energy

From Fig 4 l l (d) it is seen that EC2> the activation energy for the eutectic

crystallisation increases with the Mo concentration upto 2 at% and then decreases for

higher concentrations, and this is again in good agreement with the results obtained on

a similar system [80] There are two possible explanations for this. The higher Mo

concentration leads to easier formation of Mo based crystalline alloys/compounds, due

to increased neighbourhood of Mo atoms to other atoms Hence they do not have to

migrate to or hop longer distances to form alloys/compounds Hence, as Mo is

increased beyond a certain limit (2 at%), relatively less thermal energy is needed for the

second stage crystallisation The other possibility is that at higher concentrations some

nanocrystallites are present in the amorphous matrix, undetectable by X-rays, which

act as nucleation centers for formation of crystallized products One should also note
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that with increase of Mo concentration, the ductility of these metallic glasses reduces,

which is specially true for x=4 sample, and it is very difficult to make higher Mo

concentration (x>4) samples although it is not impossible

In the above discussion, it should be kept in mind that the activation energies,

Ec, and Ec2, consist of several contributions such as (1) activation energy for

nucleation of particles (En), (2) activation energy for growth of particles (Eg) and (3)

activation energy for diffusion of particles (Ed) The activation energy is related to

these contributions through growth parameters, (Avrami exponent, n), the functional

relationship of which depends upon the growth mechanism, parabolic or linear [77] It

will be of interest to extend the studies to transmission electron microscopy (TEM) to

obtain further information on the individual contribution [ 1 ], which could not be done

due to the unavailability of such a facility

The values of Avrami exponent, n for the present cases have been determined

as explained in the Sec 4 3 for each individual peak and at each scan rate and are

shown in Tables (4 7) and (4 8), respectively, for all the samples A survey of

literature shows that n values show variations in isothermal experiments and in our

case also the values of n, obtained by non-isothermal method show considerable

deviations, =(+0 3) It will, therefore, be more appropriate to refer to the range of the

values obtained In this method, for the first peak the values of n are found to be lying

in the range 1 5<n<4 0 for all the samples investigated, whereas for the second peak

they are fairly close to 4 and above, for the sample x=0 in particular, and as low as 1.2

for the samples x=l and x=2 (as shown in Tables (4 7) and (4.8)) The values are in

agreement to a reasonably good extent with the values reported for similar type of

alloys listed in Table (4.9) Thus, it appears that the mechanism involved for the

second step depends on both composition and the method through which the reaction

is carried out. The wide variation in the values of n reported in the literature for

apparently similar glassy metals may be due in part, to undetected surface

crystallisation effects and/or multiple crystallisation processes occurring simultaneously

during the transformation Large values of n within the range of experimental error are

indicative of complex mechanism in the crystallisation process involving simultaneous

occurrence of nucleation and growth processes of different crystalline phases with

nucleation rates increasing rapidly [28] and are also may be due to approximations
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Table 4.9 Reported values of Effective activation energy for crystallisation E r and
Avrami exponent, n showing the effect of small additions of Ni and Mo to the
FeBSi system. The estimated errors are ±0.2 eV in Ec and 10.2 in n.

Composition

Fe7,Ni5B20

Fe78Ni4B)6Si2

Fe7«Mo2B20

Fe7«Mo4Bi6Si2

Fe76Ni4Mo2Bi8

Fe77Ni2Mo3Bm

Fe77Ni2Mo3B)ftSi2

Fe75Ni4Mo;»B i6Si2

(eV)

2 6

2.6

3 6

3 6

3 6

4 0

3 2

3.7

n

2.2

2.3

3 5

2.2

3.7

3 2

2.1

2.0



made in deriving the expressions Low values of n can be interpreted due to athermal

nucleation and anisotropic growth of crystals. Thus, the values of n obtained support

the earlier conclusion based on activation energy that crystallisation mechanisms of the

two steps are quite different

The range of n values obtained here allow us to select b=3 and p=0 5 and

values of a are then either -1 or greater than unity indicating that in the present alloys

the crystallisation process is effectively a three-dimensional (b 3) parabolic growth

(p=0.5) with increasing nucleation rate (a>l)

4.6 Summary

The crystallisation kinetics of a-Fe68NiU-xMOxSi2Bi6 (x=0,1,2,3 and 4) alloys

have been studied by continuous heating method The alloys exhibit a two step

crystallisation process, characterized by a primary crystallisation resulting in the

precipitation of cx-iron, followed by an eutectic process leading to the formation of

various crystalline phases The Kissinger method of calculation led to comparable

values of activation energies Hci ranging from 300-350 kJ/mol for the primary

crystallisation and that of Eca over a large range from 320-560 kJ/mol for the eutectic

process The lower values of Eci when compared to those of Ec2 are due to different

crystallisation mechanisms involved in the two steps In all the cases, both the

crystallisation steps follow the Kissinger expression fairly well indicating first order

kinetics However, the first step shows a systematic increase in the activation energy

with increasing Mo content, indicating that the Mo-at% present proportionally

enhances thermal stability The activation energy for the eutectic process, Ec2

increases upto 2 Mo-at% and then starts decreasing indicating the fact that higher the

Mo content, lesser is the thermal energy needed and hence lower is the activation

energy in this crystallisation step Also, there is a systematic increase in the peak

temperatures Tpi and Tp2 with increase of heating rate as well as Mo concentration,

enhancing the thermal stability against crystallisation These observations are also

supported by the Avrami exponents determined, which are found to be in the range

1 5<n<4 0 for the first step and I 2<n<4 0 or even greater than 4 0 for the second step

A comparison of n values for different alloys shows a compositional dependence. The
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large deviation in n values for the second step of crystallisation have been attributed to

complex processes with simultaneous occurrence of nucleation and growth processes

of various crystalline phases formed Further, primary process is very much governed

by diffusion and the second step is influenced by nucleation and growth processes

The results show that Mo plays a significant role in crystallisation of these amorphous

alloys, with respect to their kinetics as well as crystallisation products
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CHAPTER V

Corrosion Studies

5.1 Introduction

The corrosion behaviour of amorphous metallic alloys is important property to

understand their chemical stability against corrosive environment, which is specially

important for glasses, considered them as potential candidates for technological

applications Especially Fe-based metallic glasses having remarkable soft magnetic

properties, combined with high resistivity and improved thermal stability have opened

up new possibilities of their use in high frequency (>l00 kHz) applications, where

conventional magnetic alloys cannot be used due to excessive eddy current losses, in

addition to their use in transformer cores, tape heads and magnetic shielding

commercially. However, the application of these alloys for the above purposes is

viable only when their chemical stability is guaranteed. It may be noted that glasses of

certain compositions have far superior corrosion resistance compared to that of their
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crystalline counterparts [1,2] During the last two decades a great deal of effort has

been made to characterize and understand the general corrosion behaviour of metallic

glasses, in particular TM-Metalloid metallic glasses [1.3] which are considered to have

applications in power transformers While trying to improve corrosion properties of

Fe-based glasses, it has been observed that an addition of elements like Cr or Mo

makes these glasses relatively more corrosion resistant Extensive studies in this

direction have been made on Fe-Ni and Co based alloys with various combinations of

several metal and metalloid elements In this regard, the glass FcoNi^MoaB,* [4] has

been reported to have better magnetic properties and thermal stability over

Fe4iiNi4nPuBf, Further it is also found that substantial reduction in Ni with

simultaneous addition of Si and a heat treatment can provide excellent properties.

Thus Fe75Ni4Mo*B|6Si2 and a series of alloys Fet2.*yNixMoyBit«Siz [(0<x<12),

(0<y<6) and (0<z<6)] show that when optimally heat treated provide an ac work loss

of just 7-8 W/kg, exciting power of 13-14 VA/kg, effective permeability of 104 at 50

kHz and at an induction of 0.1 T [5] From the above literature it becomes clear that

Fe-base alloys with less Ni content and no P are preferred for magnetic applications

Fe-Ni-Mo-B-Si metallic glasses seem to have electrical and magnetic properties

suitable for high frequency applications [5], therefore a systematic investigation has

been carried out to study the corrosion behaviour of the FeftKNii4.xMoNSi2Bi6

(x=0,1,2,3 and 4) metallic glass system, the details of which are presented and

discussed in this chapter

Although strong influence of metalloids on the corrosion behaviour of metallic

glasses has been noted [1,3] it is still not clear as to whether such effects are results of

their glassy structure or metalloid composition However, glasses being metastable

thermodynamically tend to crystallise into one or more stable crystalline phases with

different compositions so that it is not clear whether the superior corrosion resistance

of such glasses is due to their amorphous structure or due to their chemical

homogeneity. It will be generally difficult to dissociate these two aspects. The

experimental results have indicated that high degree of homogeneity, both

compositional and structural, confer greatly improved corrosion resistance on the

glassy alloys. Also from electrochemical point of view, absence of crystalline defects

such as grain boundaries, dislocations etc. in these metallic glasses results in the
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absence of local electrochemical potential difference and hence minimization of the

corrosion reactions In addition, rapid quenching from liquid state to prepare

amorphous alloys prevents solid state diffusion during quenching which generally

causes segregation, precipitation and thereby reduces the localized corrosion attack

Thus, high corrosion resistance of metallic glasses has been attributed mainly to the

chemical homogeneity of the amorphous phase coupled with the absence of crystalline

defects inherent in metallic glasses and it has been further attributed to the high

protective quality, the uniformity and the rapid formation of a passive film on the

glassy substrate However, composition also plays an important role in the

determination of their corrosion behaviour [6,7] Thus, further understanding of the

relative importance of the amorphous structure and elemental composition in the

corrosion resistance of amorphous metallic alloys will be useful

Much interest has been centered on the effects of different alloying elements

like metalloids P, B, Si, C and metals like Cr, Mo, W, Nb etc., on the corrosion

resistance of Fe-based metallic glasses, due to their good soft magnetic properties In

particular, the effects of Phosphorous, P and Molybdenum, Mo (with or without Cr)

on the promotion of stable passive films have been investigated by several authors [8-

12] The corrosion resistance of these glasses exposed to H2SO4 and HC1

environments has been the object of many investigations, as these glasses show

spontaneous passivation even in such aggressive environments. Therefore, amorphous

alloys are suitable model systems to probe the influence of atomic structure and

composition on the electrochemical interaction of alloys with their environment

It is well known that addition of P in a metallic glass enhances its corrosion

resistance [6] The addition of Ni is considered to promote the formation of a passive

film in the presence of Cr, thus providing good corrosion resistance [10]. In the

absence of both these elements P and Cr, the corrosion resistance of these glasses

significantly decreases. Hence it is thought worthwhile to examine the corrosion

behaviour of Fe based metallic glasses free from P and Cr and having low Ni content,

which are generally preferred for magnetic applications Also, the role of Mo being a

good corrosion resistant element, has been widely investigated in crystalline alloys [13-

16]. Mo is found to reduce the critical and passivation current densities in several Cr-

containing alloys. On the otherhand, FeMo binary alloys (not containing Cr) do not
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passivate in HC1, though a limited degree of passivation can be achieved in H2SO4

[13]. However, if P is one of the alloying elements of the glass, the passivation

resulting from Mo, is found to be enhanced in HC1 even in the absence of Cr

As already much work has been reported on the effect of addition of P and Cr,

in the present investigation, glasses free from P and Cr have been chosen to understand

the role of Mo Also, yet another advantage in studying the influence of Mo in these

systems is that, in crystalline Fe-based alloys, as the solid solubility of Mo is less,

addition of Mo beyond a critical limit will introduce additional phases resulting in the

destruction of homogeneous single phase nature of these alloys The latter will also

influence the corrosion behaviour of the alloys in addition to Mo per se where as in

amorphous alloys addition of alloying elements in wider range is possible, without the

destruction of the homogeneous single phase

Before discussing the results of the present investigation, an attempt has been

made to explain some general concepts of corrosion theory

5.2 Corrosion Principles

Corrosion is defined as the destruction or deterioration of a material due to a

chemical or an electrochemical reaction with its environment Corrosion behaviour of

a material is mainly determined by its structure and composition There are several

ways of classifying corrosion One method divides corrosion into low-temperature and

high-temperature corrosion Electrochemical corrosion reactions are conveniently

divided into Dry corrosion which is mainly concerned with the oxidation of a dry metal

surface and Wet corrosion in which the reactions occur in an environment which,

under normal conditions, is predominantly composed of water

The importance of corrosion studies is threefold

(i) Economic factor which is the prime motive for much of the current research in

corrosion

(ii) Improved safety in the design of the operating equipment,

(iii) Conservation of energy and resources

A corrosion engineer applies accumulated scientific knowledge in the choice of

a material which in turn depends on many factors. Fig. 5 1 shows some of the
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properties that determine the choice of a structural material The factors on which

Corrosion resistance/behaviour depends are schematically shown in Fig 5.2

Thermodynamics and electrochemistry are of great importance in understanding and

controlling corrosion Thermodynamic studies indicate the spontaneous direction of

reaction Thermodynamic calculations can determine whether or not corrosion is

theoretically possible [17] Since the rate of corrosion is of primary interest for

engineering applications, electrochemical theory and concepts will be considered in

greater detail in the later sections

5.2.1 Corrosion Rate

Corrosion behaviour of a material is quantitatively expressed in terms of

corrosion rates Corrosion rates have been expressed in a variety of ways in the

literature, such as percent weight loss, grams per square inch per hour and milligrams

per square decimeter per day (mdd) and this is commonly used in English and

American literature A good corrosion rate expression should involve:

(i) Familiar units

(ii) liasy calculation with minimum opportunity for error

(iii) Ready conservation to life in years

(iv) Penetration (rate of penetration or thinning of a structural piece)

(v) Whole numbers without cumbersome decimals

The parameters, which affect the corrosion rate of a material, can be broadly

classified as:

(a) Solution chemistry (Environmental): concentration, pH, temperature, velocity,

conductivity, presence of foreign ions, aging of the medium, exposure period,

type of exposure (alternate, partial, total submersion etc.), bacteria, microbes

etc

(b) Metallurgical: microstructure, grain orientation, texture, alloy composition and

purity, presence of defects etc

(c) Mechanical presence of stress (applied, residual and thermal), rate of

application, type of stress (tensile, compression or cyclic), strain rate, notches,

application of stress before or after exposure to medium etc
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Fig 5 1 Factors affecting choice of an engineering material.

Fig 5.2 Factors affecting the corrosion resistance of a metal



Corrosion rates can be determined by the

• Non-electrochemical method and

• Electrochemical method

These are described in Sees 5.2 l(a) and 5.2 l(b) below

5.2.1 (a) Non-Electrochemical Method

Non-electrochemically, the rate of corrosion is determined by the conventional

weight loss/gain technique [17] Using this technique, the loss of a metal due to

corrosion is measured by exposing the metal specimen of known area to the corrosive

environment for a particular period and finding the difference in weight before and

after exposure

The expression 'mils per year' (mpy) is the most widely used way of expressing

the corrosion rate Corrosion rate is calculated using the formula,

Corrosion Rate (mpy) =

where W = weight loss in mg

D = density of the specimen in g/cm*

A = Area of the specimen in sq in

T = exposure time in hr

Corrosion rate in mpy can also be calculated by using the formula

where a = atomic weight

n = valence charge

•COIT ~ corrosion current density in uA/cm2

D = density in g/cm*

The weight loss method yields the average rate for the exposure period and is

inherently inaccurate when it involves measuring small differences between initial and

final weights of corroded specimens

The criteria for selection of the materials for construction in industries are

based on corrosion rates and can be classified as:
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Corrosion rate (mpy) relative corrosion
resistance of material

Less than 1 Outstanding

1-5 Excellent

5-20 Good

20-50 Fair

Greater than 50 Not suitable

5.2. l(b) Electrochemical Theory of Corrosion

The electrochemical theory- of corrosion [17] states that corrosion proceeds by

electrochemical reactions involving an anodic or oxidation reaction and a cathodic or

reduction reaction, which for a given metal M in an acidic medium is given as

M - >M++e~ Anodic reaction (Oxidation) (51)

2H*+2e~->H2 Cathodic reaction (Reduction) (5 2)

Eqs (5.1) and (52) are partial reactions and both of them must occur

simultaneously and at the same rate on the metal surface, otherwise the metal would

become charged which is impossible This leads to the most basic principle of

corrosion "During corrosion, the rate of oxidation equals the rate of reduction" So

any reaction that can be divided into two or more partial reactions of oxidation and

reduction is termed electrochemical During corrosion, more than one oxidation and

one reduction may occur Since these reactions are mutually dependent, it is possible

to reduce corrosion by reducing the rates of either of these reactions The

interpretation of corrosion processes by superimposing electrochemical partial

processes was developed by Wagner and Traud [18], which is the well known 'Mixed

potential theory'. The two hypotheses of this theory are

I Any electrochemical reaction can be divided into two or more partial oxidation

and reduction reactions

There can be no net accumulation of electric charge during the electrochemical

reaction

In general the following are the commonly employed electrochemical

techniques to measure corrosion rates.
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(a) Polarisation and (b) ac Impedance Spectroscopy

The theoretical background and experimental procedures of the above methods

to determine the corrosion rates are described below

(a) Polarisation Studies

During electrochemical corrosion the anode and cathode are not at their

equilibrium potential at the surface of the metal This deviation from equilibrium

potential is called polarisation Polarisation can be defined as the extent of potential

difference or the displacement of electrode potential caused by net current flow to or

from an electrode measured in volts, commonly known as over voltage or over

potential represented by n Polarisation is an extremely important corrosion

parameter, which enables one to understand the corrosion rate processes.

There are three types of polarisation:

1 Activation polarisation This refers to an electrochemical process that is

controlled by the sequence of reaction taking place at the metal-electrolyte

interface In other words, activation polarisation is caused by a slow electrode

reaction because the reaction at the electrode requires activation energy Both

anodic and cathodic reactions can be under activation polarisation.

2 Concentration polarisation This is observed when the electrochemical

reactions occur that are controlled by the diffusion in the electrolyte This

behaviour usually occurs when the concentration of reducible species in the

environment is small e g , corrosion in aerated salt solutions

3 Resistance polarisation This usually includes an ohmic potential drop through

either a portion of the electrolyte surrounding the electrode or through a metal-

reaction product film on the surface or both Resistance polarisation may be

written as

r|K ^ Rl = yi

where R = film resistance for electrode surface in ohms

I • current in amperes

y - film resistance for 1 cm2 area in ohm/cm'

i current density in amp/cm

In electrochemical corrosion testing, two different approaches are apparent.
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1 Control of current (i.e., corrosion rate) and

2 Control of potential (i.e., the oxidizing power) and measuring the resulting

current

In each case the potential of an electrode in a conducting medium is changed by

the tlow of current in the electrolytic cell

The formation of the mixed potential of a corroding metal surface is illustrated

in the polarisation diagram sometimes called Evans diagrams [19] The determination

of these polarisation curves and the corrosion rate of a specimen can be done very

quickly A complete curve can be determined in an hour in laboratory setup, whereas

the conventional method to determine corrosion rate, i.e., by weight loss

measurements takes several days or weeks

The schematic Fig 5.3 illustrates some of the terminologies in a polarisation

diagram, which is plotted potential vs log current density The solid lines represent

the net anodic and cathodic currents for each reaction, while the dashed lines represent

the forward and backward parts of each reaction The intersection of the dashed lines

gives the open circuit corrosion potential, L\on(<l>u>rrK (when applied current density,

Iappl=0) and the corrosion current density icon- The intersection of the dashed lines

gives the reversible potential for the reaction and its exchange current density The

anodic polarisation curve is predominant at potentials more +ve (noble) than Eicon and

cathodic polarisation curve is predominant at potentials more ve (active) than Et()IT

[3a and pc are the Tafel slopes in anodic and cathodic reactions and the intersection

gives corrosion exchange current density The corrosion rate of the system is

proportional to icon, which is determined by the intersection between the total

reduction rate and the total oxidation rate Polarisation measurements have been used

to

(1) Study the effect of change of material composition or environment on

corrosion rate,

(2) Develop alloys with improved corrosion resistance,

(3) Control quality during manufacture of a specific material of known behaviour,

(4) Measure corrosion rate of structure which are not easily accessible like

underground pipe line, tanks and large chemical plant components and
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Fig. 5.3 Schematic illustration of a polarisation diagram with different
terminologies.



(S) Determine corrosion rates lesser than 0 1 mpy, which are important in

pharmaceutical and food industries

The two different techniques in this are Tafel's extrapolation and Linear

Polarisation methods

Tafel's extrapolation method

This method was used by Wagner and Traud [ 18J to verify the Mixed potential

theory A Tafel plot for a metal specimen can be obtained by polarising the specimen

to about 300 mV anodically and cathodically from the corrosion potential, E ^ as

shown in Fig 5 3 Extrapolation of the Tafel region in either cathodic or anodic

polarisation curve to the corrosion potential will give corrosion current density icorr,

and it can be used to calculate corrosion rate.

The anodic and cathodic Tafel plots are described by the Tafel equations:

n=plog(i/iCOrr) (53)

where r| • over voltage, the difference between the potential of the specimen and the

corrosion potential

P = Tafel constant

icorT= corrosion current density in uA/cm2

i - current density at over voltage r\ in uA/cm2 or rate of oxidation or

reduction in terms of current density at ry

Rearranging Eq (5.3) we get,

T!=3(log i -log icorr) (5 4)

So a plot of n vs log i is a straight line with a slope P Further, when r^O (EcorT),

Jog(i/iCorr) = 0 or i = iCOrr

Tafel Constants, designated by pa and p t can be calculated for both the anodic

and cathodic portion of the Tafel plot The unit of Tafel constant is either mV/decade

or V/decade The disadvantages of Tafel plots are:

• The polarisation of test specimen by several hundred mV from the corrosion

potential can disturb the system enough to distort further periodic measurements

which might be made using the same specimen.

• Concentration polarisation and the IR drops can combine to reduce the linear
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region to a point where extrapolation to icon- is difficult

• It can sometimes happen that extrapolation of the anodic and cathodic linear Tafel

region do not intersect at EcorT

• Though faster than weight loss methods, still several hours are required to obtain

data for each polarisation curve This may not be convenient in many cases,

especially in plant application

Linear polarisation method

The disadvantages of the Tafel extrapolation method can be largely overcome

by using the linear polarisation method, which is also known as polarisation resistance

method. This method was developed during mid 1960s1 and has developed

considerably [19] The principle of this method is that within 10 mV more noble or

more active than the corrosion potential, the applied current is a linear function of the

electrode potential This is shown in Fig 5 4. In this figure, the corrosion potential is

used as an over voltage reference point and a plot of over voltage vs applied anodic

and cathodic current, (iappi) is shown on a linear scale This plot represents the first 20

mV polarisation of the curve shown in Fig 5.3 The slope of the linear polarisation

curve is related to the kinetic parameters of the system according to the following

equation derived by Stern and Geary [20J

(55)

where AE is the potential shift from the corrosion potential EcorT, Aiappi is the measured

external current flowing due to this potential shift AE and p a and \\ are the Tafel

slopes of the anodic and cathodic reactions respectively

and is relatively insensitive to changes in p values as shown in Eq. (5.5). Therefore, it
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using Eq. (5 5) which is a measure of the corrosion rate of the systems

is mainly controlled by ia)rrThe slope of the linear polarisation curve

is the slope of the linear polarisation plot and icon IS the corrosion current



Fig. 5.4 Schematic representation of a linear polarisation diagram.



Eq (5 6) can be used to calculate the corrosion resistance of a system without

knowledge of its electrode kinetic parameters Though the accuracy of this method

may not be sufficient, Eq (5 6) provides a unique basis for the determination of

relative corrosion rates rapidly

(b) ac Impedance Spectroscopy method

Polarisation resistance method often gives erroneous results for systems in

which the electrolyte resistance is very high Impedance technique has been proved to

be effective in these cases ac impedance measurements, when applied to the study of

electrochemical systems can provide a wealth of kinetic and mechanistic information

For this reason, the technique is becoming very popular for the study of corrosion

ac impedance approach offers some distinct advantages over dc techniques:

1) ac impedance technique uses very small excitation amplitudes, generally in the

range of 5 to 10 mV peak to peak Excitation amplitudes of this magnitude

cause only minimal perturbation of the electrochemical test system, thus

reducing errors caused by the measurement technique itself

2) Since ac impedance experiments can provide data on both electrode

capacitance and charge transfer kinetics, the technique offers valuable

mechanistic information

3) Because the method does not involve a potential scan, measurements can be

made in low conductivity solutions where dc techniques are subject to serious

potential-control errors In fact, ac impedance method can be used to

determine the uncompensated resistance of an electrochemical cell

Electrochemical systems can be examined with respect to their equivalent

electrical circuits A simple system could be represented by the circuit shown in Fig

5 5. R« is the uncompensated resistance between the working electrode and the

reference electrode. R(. is the polarization resistance at the electrode/solution
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anodic and cathodic 3 values of 0 12 V represent the average of all corrosion systems

Eq (5 5) mav reduce to



Fig 5 5 Equivalent electronic circuit for a simple electrochemical cell.



interface CJI could represent the double layer capacitance at this interface

Knowledge of Rp permits the calculation of electrochemical reaction rates [21].

Capacitance measurements can provide information about film formation processes at

the electrode

The object of an ac impedance experiment may be to determine the values of

the various elements in the equivalent circuit or simply to confirm that a given

electrochemical system fits a particular equivalent-circuit model This is done

experimentally by studying the response of the electrochemical system to an ac

excitation over a wide range of frequencies The excitation can be applied as an ac

voltage or an ac current. The measured response will be, respectively, an ac current or

an ac voltage, from which the system impedance can be calculated A full description

of the electrochemical system's behaviour requires both in-phase and quadrature

components of impedance at a number of frequencies over the desired range These

can be calculated from the real and imaginary components of the excitation and

response waveforms using the following equation

Z T O T A L - Z W Z " j (5.7)

where ZTDTAL is the resultant ac impedance vector, Z1 and Z" are the real and imaginary

parts of the impedance vector Most electrochemical systems can be characterized by

impedance data over a range of 0 001 to 104 Hz

A variety of formats can be used to plot the impedance data Each format

offers specific advantages for revealing certain characteristics of a given test system.

Fig 5 6 shows ac impedance profile for a simple electrochemical system in Nyquist

form and that in the form of a Bode plot is shown in Fig. 5.7 which is explained below

The Nyquist plot

This form of the plot is also known as Cole-Cole plot or a complex impedance

plane diagram. The imaginary component of impedance (Z") is plotted against the

real component of impedance (Z') at each excitation frequency This plot could be

used to compute the values of the uncompensated resistance between the working

electrode and the reference electrode, R«, the polarisation resistance at the

electrode/solution interface, Rp, and double layer capacitance at this interface, C<ii
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Fig. 5.6 Impedance profile for a simple electrochemical system in the form of
Nyquist plot.



Fig. 5.7 Impedance profile for a simple electro-chemical system in the form of

Bode plot.



Knowledge of Rp permits the calculation of electrochemical corrosion reaction rates

From the Fig 5 6 it is clear that at high frequencies only the uncompensated

resistance contributes to the real portion of impedance, while at very low frequencies

the polarization resistance also contributes to this measurement Once the excitation

waveform becomes much faster than the charge-transfer rate, the polarization

resistance (R|») becomes transparent to the technique An ohmic resistance (R«) on the

other hand will represent a constant impedance at all frequencies This is consistent

with the fact that RP can also be measured by the dc technique while RQ cannot

The Bode plot

The Bode plot is a useful alternative to the Nyquist plot to avoid longer

measurement times associated with low frequency Rp determinations as this is a plot of

log IZI vs log (o It allows a more effective extrapolation of data from higher

frequencies This form of the plot permits examination of the absolute impedance IZ |

and the phase shift 6 as calculated by the following equation

of the resultant waveform, each as a function of frequency The log I Zl vs log w curve

can yield values of Kp and Ru At intermediate frequencies, the "break-point" of this

curve should be a straight line with a slope of 1 3 Extrapolating this line to the log

I Z| axis at o>= 1 (log ©=--0) yields the value of CJI from the relationship

(58)

(5.9)

5.3 Materials and Specimen Preparation

The samples in thin ribbon form of about 5 mm width prepared by single roller

melt spinning technique and as received from Allied Signals, USA, were used in the

present study. The two surfaces of the ribbons were not quite the same One of these

was shiny and another was not so shiny and is referred to as dull surface X-ray

diffraction patterns on both sides of these samples confirmed their amorphous nature

as described earlier.

Specimen working electrodes were prepared in the following manner to study
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selectively either the dull or the bright surface 10x5 mm sample strips were taken,

cleaned thoroughly with acetone and polished with alumina to remove surface oxides

present, if any These strips were soldered to a copper wire at one end to provide an

electrical contact and subsequently the rough surface was fixed to a 20x5 mm Perspex

disc using an epoxy resin The bright side of the samples were thus exposed to the

corrosive medium In addition barring an area (in the range 0.25-0.5 cm :), the

remaining sample was insulated with the epoxy resin Samples were washed in

acetone, etched in HC1, rinsed in double distilled water and immersed in the corrosive

medium, within 5 min of preparation

Fig 5 8 shows the schematic diagram of a conventional electrochemical cell

commonly used for corrosion measurements by electrochemical methods. It is a glass

vessel similar to ASTM G5 specification The cell consists of a 500 ml flat glass

beaker with an acrylic lid on the top Holes were suitably drilled to position Platinum

counter electrode, specimen working electrode and a Saturated Calomel reference

electrode (SCE) During the experiment the cell was maintained at room temperature

1N H2SO4 and 1N HC1 acids which were the two corrosive media used, were prepared

from their respective analytical reagent (AR grades) using distilled water The

corrosive medium was freely exposed to atmosphere

5.4 Experimental Techniques

The measurements are usually made employing a potentiostat This instrument

automatically maintains the desired potential between the working and reference

electrodes by passing an appropriate current between the working and counter

electrodes. A basic circuit for a potentiostat is schematically shown in Fig 5 9 A

potentiostat is a controller circuit that maintains the potential between the working and

the reference electrodes equal to the value E,n shown in Fig. 5.9. If there is a small

difference E volts, this is sensed, amplified and a current I flows This process

continues till the difference AE becomes zero The direction of the current flow

depends upon the sign of AE Since the input impedance is very high, very low current

flows through, and the reference electrode is not polarised. Using the potentiostat,

polarisation may be accomplished either potentiostatically (in steps) or

potentiodynamically (continuously).
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Fig. 5.8 Schematic diagram of a conventional electrochemical cell used.



C—Counter Electrode W-Working Electfode
R—Reference Electrode

Fig. 5.9 Schematic of a basic circuit for a potentiostat.



Different models of Potentiostats are commercially available and in the present

study, potentiodynamic polarisation measurements were carried out using an EG & G

PARC potentiostat model 273 driven by m352 software, to calculate different

corrosion kinetic parameters The electrode was cathodically polarised at 2V (SCE)

for half a minute, thus facilitating the removal of surface oxides (air formed films)

present, if any The electrode was allowed to reach a stable corrosion potential, before

potentiodynamic polarisation was carried out Potentiodynamic scans were initiated in

the cathodic region and then proceeded in the anodic direction at a scan rate of 1

mV/s. All the potentials were measured with respect to SCE Polarisation data was

plotted in the form of Evans plot i.e., potential (E) vs log current density

Impedance spectra were taken by Electrochemical Impedance Spectroscopy

(EIS) using a Solatron 1255 frequency response analyser, interfaced with EG & G

PARC model 273 potentiostat and driven by m388 software. Measurements were

made in the frequency range 10s to 10* Hz with an ac excitation potential of 5 mV

Impedance spectra were analyzed using EQUIVCRT commercial software package

supplied by Boukamp. Impedance spectra were plotted in the form of Nyquist plots

5.5 Results and Discussion

Figs 5 10 and 5.11 show the polarisation behaviour of the metallic glasses

under investigation, in IN HC1 and IN H2SO4 solutions respectively Notably the

anodic curves in 1N HC1 show a weak tendency for passivation, indicated by limits of

passive regions a and b as shown in Fig.5.10, although the passive current densities

exhibited by these alloys are high lying between 2.5* 10"4 and 2.7xl0'3 A/cm2. On the

contrary these alloys show an active dissolution without any revelation of passivity in

H2SO4 Various kinetic parameters namely, corrosion potential (ECOrr), corrosion

current density (icorr), anodic (pa) and cathodic (Pc) Tafel slopes derived from these

polarisation curves as explained earlier from Fig 5 3 are summarized in Tables (5.1)

and (5 2) Polarisation resistance, Rp, calculated from Stern-Geary Eq. (5 5) using

the above parameters is also shown in the Tables (5.1) and (5 2) for both the corrosive

media.

From the values of i^tr or Rp in Tables (5.1) and (5.2), it is clearly indicated
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Table 5.1 Kinetic parameters obtained from the polarisation curves
in IN HCI.

Sample

(x)

0

1

2

3

4

Eeorr
mV(SCE)

-571

-540

-567

-506

-554

iu.rr
j.iA/cm'

153

226

153

271

141

3a
mV/decade

109

71

79

31

70

3c
mV/decade

203

223

237

154

134

Rp
Ohm cm'

201

103

167

41

142

Table S.2 Kinetic parameters obtained from the polarisation curves
in IN H2SO4

Sample
(x)

0

1

2

3

4

Ecorr

mV(SCE)

-357

-290

-310

-317

-331

•corr
[iA/cm2

13

50

400

200

125

3a
mV/decade

125

25

137

169

109

3c
mV/decade

176

103

137

169

109

Ohm cm'

2774

154

148

264
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that these alloys exhibit very high corrosion rates in HCI as well as H2SO4 The

cathodic Tafel slope, (Jc does not show any systematic variation though a few Mo

containing alloys exhibit lower values than the base alloy without Mo However,

examination of the cathodic curves of Figs 5 10 and 5 11 reveal that the cathodic

reaction most likely the H2 evolution has higher reaction rate with Mo addition than

without Mo This is inferred from the fact that most of the cathodic curves are shifted

towards right side Such a tendency is possible only when the exchange current

density for the H7H equilibrium (ion H) increases with Mo addition In contrast to pc

there is a significant reduction in [I, due to Mo addition both in HCI and H SO., These

observations emphasize the fact that mere amorphous nature of the alloy is inadequate

to provide resistance towards corrosion The addition of Mo follows the Cr effect for

improvement of corrosion resistance of Fe-P-C type of alloys It is also noted that

addition of Mo («5 at%) in HCI leads to a greater decrease in corrosion rate and

anodic current density than the addition of an equal amount of Cr in HCI and leads to

anodic passivation in IN HCI [22,23] The passivating capabilities of glassy metals

arise when both Cr and Mo are present and addition of P increases this effect

remarkably Much of the work by Hashimoto, Naka, Masumoto et al [6-12,22,24]

confirms these results Also, it is known that addition of Ni is considered to promote

passivation only in the presence of Cr, providing good corrosion resistance [10]

Presence of one or more passivating elements like Cr and P in the alloys is a necessary

condition to extend the benefit of amorphous structure of alloys Thus Fe-Cr-Mo-B in

6N HCI [24] Fe«o-xMoxPnC7 in IN HCI [11] and Fe«2-xMoxC,« [22] in IN HCI have

been reported to exhibit excellent corrosion resistance

The present alloys fail to exhibit large corrosion resistance on two accounts

Firstly, the metalloids B and Si are inferior to P [61 in offering corrosion resistance

Secondly, unlike Fe40Nh8Mo4Bm and Fe.™Niy>Mo4Sif,Bu [25] glasses, which possess

good resistance to corrosion, the present alloys do not contain high Ni, which is

relatively a nobler element than Fe From the Table (5 1) there appears to be no

systematic change in icorT in HCI medium with the variation in x A possible

improvement in corrosion resistance due to the raise in Mo is off-set by the

simultaneous reduction in Ni content of the alloy. With respect to H2SO4 solution a

140



gradual decrease in corrosion resistance occurs as x is increased from 0 to 2, which can

be seen from the values of Rp given in Table (5 2) On further increasing x a steady

raise in corrosion resistance is noticed This indicates that at higher x values Mo has

higher beneficial effect than Ni Indeed, in a systematic study of Fe-Mo crystalline

alloys, Ambrose [26] has shown that if the Mo content of Fe-Mo alloy exceeds 5 wt°o,

it offers good corrosion resistance, while at lower amounts Mo tends to be detrimental,

agreeing with the present trend Nevertheless, the effective role of Mo is decided by

the complementary role played by other alloying elements This becomes clear from

the fact that in austenitic stainless steels even 2 wt% Mo brings out a significant

improvement in corrosion resistance and passivity as has been shown by AISI 304 and

316 ss while even 5 wt°b Mo brings out only a marginal change

The electrochemical investigation of the present glassy alloys further enables an

understanding of the role Mo plays in ferrous alloys towards passivity when Cr is not

present This has become possible now since homogeneous single phase nature is

retained in spite of high Mo content, which would be difficult if crystalline Fe-based

alloys are chosen This is because in crystalline Fe based alloys the solubility of Mo is

low As a consequence additional phases would be formed which by itself will be a

factor influencing corrosion behaviour over the intended compositional variation

brought by Mo

The passivation behaviour of these glasses is further examined using ac

impedance spectroscopy Impedance diagrams in the form of Nyquist plots obtained at

EC()rr in IN HC1 and IN H2SOa solutions are shown in Fig 5 12 and Fig 5 13

respectively and these exhibit two semicircles As these alloys exhibit an apparent

tendency to passivate in HC1 their impedance behaviour were also studied at -456 mV

and 200 mV (SCE) which are the limits of the passive region which are indicated by

points a and b as shown in Fig 5 10 The corresponding impedance profiles in the form

of Nyquist plots respectively are brought out in Fig 5 14 and Fig 5 15 In HC1

barring a few cases existence of two overlapping capacitive loops are discernible in

Nyquist plots obtained at EcorT. -456 mV and -200 mV (SCE) Nyquist plots for the

glassy alloys obtained in H2SO4 differ from those obtained in HCI by displaying a

capacitive loop followed by an inductive loop. The resistance values corresponding to

first and second semicircles namely Rl and R2 are summarized in Tables (5.3) and
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Table 5.3 Variations in Rl and R2 values obtained
from the impedance curves in IN HCI medium.

Sample
(x)

0

1

2

3

4

Rl
Ohm. cm2

101

325

195

485

184

R2
Ohm. cm2

41

95

33

-

105

RP-R1+R2
Ohm cm2

141

420

228

485

289

Table 5.4 Variations in Rl and R2 values obtained from
the impedance curves in IN H2SO4 medium.

Sample
(x)

0

1

2

3

4

Rl
Ohm. cm2

2060

145

148

212

92

R2
Ohm. cm2

_

-

49

59

48

RP=RHR2
Ohm.cm2

2060

145

197

271
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(5 4) for HCl and H2SO4 media respectively Tables (5 5) and (5 6) show the

variations in Rl and R2 values obtained from the impedance spectra taken at fixed

potentials of -456 mV and 200 mV in IN HCl medium respectively

The appearance of high and low frequency capacitive loops has been attributed

to dielectric relaxation of films and Faradaic processes, respectively, occurring on the

electrode surface [27] With regards to inductive loops no definite processes can be

assigned Literature, however, indicates that inductive loop in Nyquist representation

occurs as a result of either of the following reasons namely, pitting [28] and increase in

anionic defects over cationic defects [29]

The fact that the glassy alloys exhibit a high frequency capacitive loop in

addition to a low frequency capacitive loop suggests that some sort of film exists on

these alloys in HCl, further supporting polarisation studies Therefore it seems that Cl~

ions promote formation of corrosion/passive film while SO42" ions do not favour such

film formation In this context it is worthwhile to mention the well established fact that

the presence of Mo in the film formed on several Mo containing stainless steels

passivated in H^SO4 medium only i f d " are added to the solution [30] This suggests

that CV differ from SO.f~ with respect to film formation Further more Ambrose [26]

also proposed that Mo minimizes localized corrosion by the formation of salt film on

Fe-Mo alloys This happens when the MoO4
2" concentration in the vicinity of the

electrode surface is high The possibility of salt film formation seems to gain credence

from the fact that the metallic glasses in HCl do not show any systematic variation in

Rp value with variation in x value [Table (5 1)]. Even for a single composition, the

values differ from one specimen to another to some extent This is because the nature

and adherence of salt film formed on the alloy surface will depend more on local

chemistry and surface nature than on alloy chemistry It is also to be noted that the

resistance offered by these films at the passive potential ( 200 mV) is much lower than

that obtained at EC()rT

Mo seems to operate through a different mechanism to enhance passivity in

H2SO4 The ESCA work [30] shows that Mo enriches an alloy surface with high Ni

or Cr when passivated in H2SO4. The high Ni and or Cr on the surface in turn lower

passive current and Mo per se do not contribute to passivity Viewed in this
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Table 5.5 Variations in Rl and R2 values obtained
from the impedance curves at a fixed
potential of-456 mV in IN HCI medium.

Sample
(x)

0

1

2

3

4

Rl
Ohm. cm2

77

452

190

170

185

R2
Ohm. cm2

40

-

37

-

83

RP-R1+R2
Ohm cm'

117

452

227

170

268

Table 5.6 Variations in Rl and R2 values obtained
from the impedance curves at a fixed
potential of -200 mV in IN HCI medium.

Sample
(x)

0

1

2

3

4

Rl
Ohm. cm2

73

76

85

18

83

R2
Ohm. cm2

17

20

20

62

24

RP=R1+R2
Ohm cm2

90

96

105

80

107



Table 5.7 Comparison of Polarisation resistane, Rp, values
obtained from polarisation experiments and
impedance experiments at Ecorr in both the media.

Sample
(x)

0

1

2

3

4

Polarisation
1NHC1 1NH2SO4

201

103

67

41

12

2774

154

148

264

116

Impedance
1NHC1 1NH2SO4

142

420

228

485

289

2060

145

148

212

92



perspective the present glasses fail to show high passivity because they do not have

either high Ni content as in FewNi,gMo4Si6B,2 [25] Cr [24] or P [11] On the other

hand absence of these elements results in a gradual increase in corrosion rate This is

clear from the increase in icorT values listed in Table (5.2) and the decrease in RP values

listed in Table (5 4) though not regularly

In the present study an attempt has been made to find out to what extent

polarisation data correlate with that of impedance data using Rp as a parameter which

is a measure of corrosion resistance Table (5 7) compares the Rp values obtained

through Stern-Geary relationship with those obtained from impedance spectroscopy in

both the media respectively at Econ A good correlation seems to exist between the

two data when the alloys undergo active dissolution (H2SO4) and not when they

possess passivity As far as the comparison with respect to passivity is concerned, the

values of Rp obtained from impedance curves correspond to the total contribution from

the film and the charge transfer resistance The weak passivation noticed in the

polarisation curve has been attributed to salt film formation as opposed to thin passive

film obtained in Mo containing alloys. Thus it brings out a fact that Rp cannot be

considered to be a factor indicating corrosion resistance of the alloy if the alloy

passivates and more so if it forms salt film.

5.6 Conclusions

1 The present glassy alloys exhibit poor corrosion resistance both in 1N HC1 and

IN H2SO4 solutions

2 With increase in Mo content the passivity of the alloy increases in HC1, though

the passive current is quite high, while no such passivity is seen in H2SO4.

3 The mechanism of alloys' dissolution in presence of Mo in HC1 seems to be

different from that of H2SO4

4 A good correlation seems to exist between the polarisation resistance values

obtained by impedance and polarisation techniques when the alloys undergo

active dissolution and not when they possess passivity
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CHAPTER VI

Conclusions

Iron rich ferromagnetic metallic glass system Fe6jjNi|4AMoxSi2Bi6 (x=0,1,2,3 and

4) has been investigated to study their electrical transport, magnetic, crystallisation and

chemical properties using electrical resistivity, Mossbauer spectroscopy and magnetization

using VSM and ac Lakeshore Susceptometer, Differential Scanning Calorimetry and

Electrochemical corrosion techniques viz potentiodynamic polarisation and ac impedance

spectroscopy respectively Measurements of the different properties have been made in

different temperature ranges as mentioned in each of the respective chapters.

Electrical resistivity measurements on Fe68Nii4-xMoxSi2B|6 (x=0,l,2 and 3) alloys

in the temperature range 10-300 K have been performed. From a comparison of our

results with theoretical predictions and earlier reports, we come to the conclusion that

both electron-ion potential scattering and electron-magnon scattering contribute to the
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electrical resistivity In the entire temperature range above Tn,in, the structural

contribution to the resistivity p s t r dominates over the magnetic contribution p m u p for all the

alloys studied The p,nag(T) is found to follow a quadratic temperature behaviour All the

samples showed a minimum in resistivity pmin and the temperature (Tm m) at which

resistivity is minimum, increases from 15 K for x=0 to 110 K for x=3. For the alloy with

x=3 Mo at% a double minimum is observed with a very weak first minimum at around 10-

15 K and the second miminmu at 110 K The resistivity ratio RR, below Tm m , showed

similar linear behaviour with both In T (scattering from two level states) and -T 1 '

(electron-electron or Coulomb interaction effects) though the slopes of the later are

smaller and it is hard to say which one explains the resistivity behaviour well The

resistivity ratio RR above Tm m upto 150 K showed a quadratic temperature dependence

Above 100 K the temperature dependence of resistivity is slightly parabolic with a small

and positive T2 coefficient (-10"7), which gives magnetic contribution to resistivity, and it

is negligibly small in our samples At higher temperatures above 200 K, the temperature

dependence of resistivity is found to be linear which indicates that it is purely structural

contribution and the magnetic contributions from T*2~10~10 term is negligibly small So,

we can conclude that magnetic contribution from T12 term can be ignored in comparison

with that from T2 term, or in other words the magnetic contribution comes from the T2

term rather than from the T3 2 term The Debye temperature On for the alloys with x- 0-2

are in the range 300-400 K The Debye temperatures evaluated from these measurements

are in good agreement with those of other ferromagnetic glasses and this supports the

existence of magnetic contribution to resistivity in these glasses

The absolute resistivity at RT, p(RT), increase monotonically with increase in Mo

concentration, x and the values lie in the range 95-135 uX2-cm for x=0-4 As p(RT)

increases with increase of x from 0 to 3, the temperature coefficient of resistivity TCR at

RT, a(RT) decreases from 2 4 to 0.4 x 10'4 and hence seems to follow Mooij correlation

The EEI theory predicts that major contribution to resistivity arises form the

diffusion channel which in turn predicts an additional term to conductivity. The diffusion
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constant D which is a measure of electron-phonon interaction, is calculated for all the

samples i.e., ( -10"4) and the values obtained are higher than the reported values by an

order of magnitude

"Fe Mossbauer spectroscopic measurements have been carried out on Fe^Niu-x

MoxSi2Bi6 (x*0,1,2,3 and 4) alloys in the temperature range 80 K-RT in the transmission

geometry All the samples showed well resolved broad six line spectra indicating that the

samples are in ferromagnetic amorphous state with random atomic arrangements and

inequivalent Fe-sites. The absorption lines have large linewidths (0 5-2.0 mm/s) which are

about 5-6 times larger than those of iron-foil at room temperature, and it is a characteristic

feature observed in Mossbauer spectra of all ferromagnetic metallic glasses Major

broadening in these Mossbauer spectral lines is due to the magnetic hyperfine field

distribution. Area ratios of the lines calculated from the room temperature Mossbauer

spectra show that the magnetization axis is out of plane of the ribbon for x=0 and tilts

towards the ribbon plane as x increases and it lies in the plane of the ribbon for x=4. The

temperature dependence of the average line widths H.6, r2.n and PM shows a decreasing

trend though there is quite a bit of scatter. This suggests that the long range order

predominates over the short range order in alloys containing Mo The values of isomer

shift at RT are 0 099, 0.065, 0 081, 0 050 and 0.053 mm/s respectively There seems to

be a linear temperature dependence of the isomer shifts for all the samples with their

slopes lying in the range -(5-7) * IO~4 mm/s-K, which are within the experimental error

and are in good agreement with the reported theoretical value One may infer from this

that the coupling between the atoms in these metallic glasses is harmonic to a good

approximation

The values of effective magnetic hyperfine field, Hcn, calculated by using the line

positions decrease with increase in Mo content and also with increase of temperature in

the range 80 K-RT. The values of saturation magnetic hyperfine field, Htfn<0) showed a

decreasing trend from 305 to 287 kOe, with a fall of approximately 4.3 kOe/Mo-at%. The

values of Curie temperature Tc also decrease with Mo content at the rate of -40 K/Mo-

at% upto x=3 but with a slight increase for x^4 This decrease is attributed to Mo acting
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as a magnetic diluent and/or its antiferromagnetic exchange interactions with iron The

values of spin wave coefficients, B, 2 are increasing with Mo content, indicating that the

spin waves are excited with relative ease in these alloys, as more and more Mo is added

The hyperfine field distribution P(H) curves obtained by Window's method of

Fourier analysis for all the spectra recorded at different temperatures showed a well

defined major peak at high field side and a minor peak at low field side (-100 kOe) and

this observation indicates that P(H) has a bimodal distribution This bimodality in the

major peak arises due to the presence of Mo which can contribute to Fe-Mo

antiferromagnetic exchange interactions and magnetic dilution effects contributing to the

distribution in the low field region With the addition of Mo. changes in internal magnetic

fields occur and as a result the major peak shifts towards lower field side and becomes

asymmetric. The minor peak occurring at low field (-100 kOe) is an artifact in the

method of analysis and is independent of temperature and composition. This bimodal

distribution indicates two different microscopic environments around Fe atoms, one rich in

Ni atoms and the other rich in Mo atoms The P(H) curves obtained at 80 K indicate that

the assymetry of the major peak increases systematically with increase in Mo

concentration The values of Hp and Hav show the same trend as Hcn in that they decrease

monotonically with increasing temperature and also with Mo concentration But the

values of Hill width at half maximum (FWHM), AH are relatively independent of

temperature, especially in Mo rich systems, indicating that different hyperfine field

components exhibit different temperature dependence. These AH values increase with

increase of Mo content, at a rate of 10 kOe/Mo-at% upto x=3 but the increase becomes

less for x=4.

The values of MS(RT) and Ms(0) decrease with increase in Mo concentration and

the rate of fall is - 8 emu/g per at% of Mo and ~ 7 emu/g per at% of Mo respectively.

Magnetization at low temperatures, well below Tc, well obeys the spin wave excitations

and the values of spin wave coefficient B3/2 increase from 0 2 to 0 34 with increasing Mo

content and these values are in agreement within 10% with those obtained from

Mossbauer measurements except for x=0.
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The crystallisation kinetics of a-Fe6KNiu-vMoxSi2B,6 (x=0,1,2,3 and 4) alloys have

been studied by continuous heating (non-isothermal) method using DSC Two

crystallisation peaks are observed in all the alloys indicating a two step crystallisation

process, characterized by a primary crystallisation which results in the precipitation of ct-

iron, followed by a eutectic process leading to the formation of various crystalline phases

There is a systematic increase in the peak temperatures Tp, and Tp2 with increase in

heating rate by about -20-25K and an increase by -20K and -55K respectively for Tpt

and Tp2 with increase in Mo concentration enhancing the thermal stability against

crystallisation The Kissinger method of calculation led to comparable values of activation

energies Eci ranging from 300-350 kj/mol for the primary crystallisation and that of E^

over a wider range from 320-560 kJ/mol for the eutectic process The lower values of Eci

when compared to those of Ec2 are due to different crystallisation mechanisms involved in

the two steps. In all the cases, both the crystallisation steps follow the Kissinger

expression fairly well, indicating first order kinetics However, during the primary

crystallisation, a systematic increase in the activation energy with increasing Mo content is

observed, indicating that the Mo-at% present proportionately enhances the thermal

stability The activation energies for the second crystallisation step, Ec2 increase up to 2

Mo-at% and there after Ec2 starts decreasing, indicating that higher the Mo content, lesser

is the thermal energy needed and hence lower is the activation energy in this crystallisation

process These observations are also supported by the Avrami exponents determined,

which are found to be in the range 1.5<n<4 0 for the first step and 1 2<n<4 0 or even

greater than 4.0 for the second step. A comparison of n values for the different alloys of

the present studies shows a compositional dependence The large deviation in n values for

the second step crystallisation have been attributed to complex processes with

simultaneous occurrence of nucleation and growth processes of various crystalline phases

formed The range of n values obtained here indicate that in the present alloys the

crystallisation process is effectively a three dimensional parabolic growth with increasing

nucleation rate Further, the primary process is very much governed by diffusion and the
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second step is influenced by nucleation and growth processes The results show that Mo

plays a significant role in improving the thermal stability

The corrosion behaviour of a-Fe(,HNi,4-xMoxSi2B,6 (x=0,1,2,3 and 4) alloys has

been studied using electrochemical corrosion techniques viz, potentiodynamic polarisation

and ac impedance spectroscopic techniques in two corrosive environments, 1N HCl and

IN H:SO4 solutions In both the environments, these alloys exhibit relatively poor

corrosion resistance and this may be due to the absence of strong passivators such as Cr or

P The alloys exhibit tendency for weak passivation in IN HCl environment, though the

passive current is quite high (-2.5* 10~4-2 7x 10'' A/cmJ) and this passivity increases with

increase in Mo concentration, while no such passivity is observed in H2SO4 environment

and show a n active dissolution without any revelation of passivity The weak passivation

noticed in the polarisation curves in HCl has been attributed to salt film formation as

opposed to thin passive film obtained in Mo containing alloys The cathodic Tafel slope,

P, does not show any systematic variation though a few Mo containing alloys exhibit

lower values that the base alloy without Mo In contrast to this, there is a significant

reduction in the anodic Tafel slope, (Ja due to addition of Mo in both 1N HCl and 1N

H.7SO4 solutions. These observations emphasize the fact that mere amorphous nature of

the alloy is not sufficient to provide resistance towards corrosion A possible

improvement in corrosion resistance due to addition of Mo is off-set by the simultaneous

reduction in the Ni content of these alloys

Nyquist plots obtained from impedance measurements for the alloys in H/SO4

differ from those obtained in HCl in that in the former plots, a capacitive loop followed by

an inductive loop is displayed, while in the latter plots in HCl two overlapping capacitive

loops are observed Therefore it seems that Cl" ions promote formation of passive film

whereas SO4 ' ions do not favour such film formation Thus the mechanism of alloys'

dissolution in presence of Mo in HCl seems to be different from that of H2SO4 A good

correlation seems to exist between the polarisation resistance values obtained by

impedance and polarisation techniques when the alloys undergo active dissolution and not

when they possess passivity
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Suggestion for Future Work

Detailed investigations to establish the magnetic contribution to electrical

resistivity have been suggested and these will be useftil to confirm which theory gives

better explanation of the resistivity behaviour below Tmm Investigations of Bergmann et

al (1978) and Richter et al (1979) predicted a T*2 power law in contrast to T2 dependence

found in our Fe-rich amorphous FM alloys Our results are in agreement with those of

Kaul et al (1986) Our experimental investigations are confined to the temperature range

10-300 K only, due to low temperature limitations This can be extended from (<4 2 K)

to high temperatures (>TX) If the data is taken well below 10 K up to 4.2 K then the

resistivity/conductivity behaviour well below Tm m can be studied more rigorously to verify

the existence of the electron-electron interaction and weak localisation effects at low

temperatures. Additional measurements, like magnetic field dependence of resistivity will

also be useful to confirm which theory gives better explanation of the resistivity behaviour

below Tmin

Secondly, we have limited our Mdssbauer studies to isomer shifts and hyperfine

interactions only in certain limited temperature range below Tc from 80 K-RT and these

studies can be extended to temperatures much above Tc and spin wave excitations and

critical exponents can be studied The detailed investigations can be further carried out

using Handrich's model by fitting the data to an equation similar to the magnetization

relation to temperature in crystalline ferromagnets, as the hyperfine fields in amorphous

ferromagnets are proportional to magnetization

Thirdly, the crystallisation process(es) of the metallic glasses can be clearly

understood by systematic study of metallic glasses using X-ray diffraction, Transmission

electron microscopy (TEM) and DSC All these techniques have to be extensively used to

understand the growth, nucleation, stability and crystallised products These techniques

need an accurate annealing and quenching of the samples prior to their experimentation

Lastly, Corrosion studies in different corrosive environments can be extended by

including the TEM studies of the samples there by getting more information about the
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different phases formed due to the electrochemical corrosion reactions taking place in the

alloys
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