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Abstract 
 

This thesis is a study of tailoring amorphous Fe-B-Si based alloy to produce bulk glassy rods by 

adding Nb. We have prepared rapid quenched thin ribbons (thickness ~12 µm) by melt spinning, 

and glassy rods of diameter ~1mm by Cu-mold casting based on compositions 

(Fe0.78B0.13Si0.9)100-xNbx (x=0, 4, 8, 12), and studied their different physical properties. The melt-

spun ribbons are found to be X-ray amorphous, whereas some nano-crystallinity is observed in 

the case of rods. All the ribbons show high saturation magnetization and low coercivity, which 

are the desirable characteristics of a soft ferromagnet. These ribbons are thus suitable for 

designing high frequency transformers, and sensors from an applications point of view. With 

increasing Nb content their saturation magnetization, ferromagnetic Curie temperature, and 

resistivity are found to decrease as expected. The temperature dependence of electrical resistivity 

shows small positive temperature co-efficient that is expected for a metallic disordered material. 

We have also studied the modification of the properties on thermal annealing the 

(Fe0.78B0.13Si0.9)96 Nb4 ribbon at different temperatures in a neutral atmosphere. 
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Preface 

 

Ability to produce bulk metallic glasses (BMG) as large as 70 mm has stimulated intense 

research activities around the globe, not only from a fundamental point of view but also for their 

potential applications. The complex kinetics of glass transformation and tailoring the mechanical 

properties are topics of active interest today. One important objective of experimental research in 

this area is to develop BMG materials with larger cross sections without losing their excellent 

properties and preferably in a near net shape. 

 

It is well known that Fe-based amorphous materials like Fe-B-Si alloys are particularly 

interesting for applications since they are expected to exhibit relatively high saturation 

magnetization (MS) and isotropic soft magnetic properties with low coercivity values. The 

challenge we have at hand is that while we can cast Fe-B-Si amorphous ribbons typically of 

thickness of the order or a few micrometers, how to tailor bulk glassy rods maintaining if not 

enhancing the mechanical and magnetic properties. With this in mind, we fabricated metallic 

glass of compositions (Fe0.78B0.13Si0.9)100-xNbx (x=0, 4, 8, 12) in the form of ribbons and rods and 

studied their magnetic and electrical transport properties. We also studied the effect of thermal 

annealing on the properties of the materials. 

 

The lay-out of the master thesis is as follows: 

 

In the first chapter, we introduce the subject by discussing different aspects of amorphous and 

BMG the Bulk Metallic Glass materials. The descriptions of different experimental techniques 

along with the experimental procedures followed in this work are elaborated in chapter 2. Our 

experimental results are discussed in chapter3.  In chapter 4, the thesis work is summarized. 
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Chapter 1 

Introduction 

 

1.1 Amorphous, Glassy and Bulk Glassy Metals 

 

The materials, which have no crystallinity and are completely structurally disordered, are called 

amorphous or glassy materials. In a glassy material local short atomic order may exist. By 

definition a glass is a solid material obtained from the liquid melt which retains the disordered 

structure during solidification. When this glass contains enough (50 to 80 at. %) metallic 

elements it is referred as metallic and its physical properties are significantly enhanced compared 

to those of a crystalline analogue of the same composition [1]. 

  

The amorphous alloys and Bulk Metallic Glassy alloys (BMG) may be distinguished on the basis 

of cooling rates and the thermal response as the material is heated above room temperature. The 

former needs very high cooling rate (~10
6 °

C/s) to be amorphized while the latter can be achieved 

at much low quench rates. The amorphous alloys and BMG materials can be differentiated by 

observing their phase transformation on heating as shown in figure-1. 

 

 

Fig 1: Transformation of amorphous and BMGs glasses on heating. 

 

When an ordinary amorphous alloy is heated it passes through crystalline phase before attaining 

the liquid form. On the other hand, BMG traverses supercooled liquid region before 

crystallization and the liquid state. In short, the existence of supercooled liquid region is the 

major difference between amorphous and bulk glassy metals. On cooling appropriately from the 

supercooled regime the glassy state can be recovered, which is not possible with conventional 

amorphous alloys. Thus in a supercooled state the alloy can be molded into near net shapes while 

still maintaining the glassy state at room temperatures.  
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1.2 Brief History of Metallic Glasses 

 

The research in the field of metallic glasses started since the discovery of ability to amorphize 

Au75Si25 by Pol. Duwez in 1960 by means of a piston anvil technique [2]. During 1970 to 1980 

once the ability to cast long ribbons was invented by H.S. Chen, there has been extensive 

research mainly in Japan and USA with active commitments by Allied Chemicals promoted on a 

commercial scale production of ribbons, and wires of literally thousands of metallic glasses of a 

variety of compositions. However, the high quenching rate limited the geometry of metallic 

glasses to ribbons and thin sheets. This barrier was broken by Turnbull [3, 4] and his coworker 

playing a key role to develop the bulk metallic glasses. Consequently, Chen in 1974 succeeded to 

prepare the first bulk metallic glass (BMG) of Pd-Cu-Si alloy with low cooling rate of 10
3
K/s by 

using the suction-casting method [5]. Later on Turnbull and coworkers reported Pd-Ni-P BMG 

with 10 mm thickness by using boron oxide fluxing method [6, 7]. For a long period before 

1990, due to the necessity of high cooling rates (10
5
 K/s) no BMGs have been synthesized except 

Pd-Ni-P and Pt-Ni-P systems. 

 

In early 1990s, Inoue et al. succeeded in producing new multicomponent BMG systems with 

cooling rates as low as (100 K/s), in a variety of combination of common metallic elements [8, 

9]. They synthesized Zr, La and Mg alloy based BMGs by stabilizing super-cooled liquids [10, 

11, 12]. To develop BMGs for industrial applications as well as for scientific research purposes 

unrelenting efforts were put forth. Because of the excellent properties [13, 14] of early transition 

metal (ETM) (Zr-, Ti, Lanthanide-based, noble metal (Pd, Pt-based systems) much attention was 

paid for their development. In such multicomponent BMG systems rods with maximum 

diameters of 30 nm for Zr-Al-TM (TM= transition metal) [15] and 40 to 72 mm for Pd-Cu-Ni-P 

were reported [16, 17]. On the other hands, due to high cost and unavailability of high purity raw 

materials of ETM based BMGs attention was drawn to fabricate late transition metal (LTM) such 

as Fe-, Co-, Ni- and Cu-based BMGs [18].  

The first Fe-based BMG (containing more than 50 at% LTM) was synthesized by A. Inoue in 

1995 [19]. They categorized LTM based BMG system in two major parts. The metal-metal group 

system consisted of Cu- and Ni based alloys. While Fe-, Co-, Pt- and Pd-based alloys form 

metal-metalloid group. For engineering applications, the metal-metal BMGs have greater uses as 

compared to metal-metalloid BMGs due to the simplified compositions. However, their glass 

forming abilities are lower than metal-metalloid BMGs [9]. Another category of ternary and 

pseudo-ternary glass forming systems is classified in group of five. The first group is composed 

of LTM, simple metal, and ETM e.g. Cu-Zr-Al. the second group consists of LTM (Fe), 

metalloid (B, Si) and ETM (Nb). Third group includes LTM, (Al or Ga)-metalloid system. Group 

four is indicated by ETM-LTM-Ti systems and group five has LTM and Metalloid elements. 

The LTM-based BMGs have excellent features such as the highest glass forming ability (GFA), 

larger temperature interval of super-cooled liquid (∆Tx= Tg-Tx) and reduced glass transition 

temperature (Tg/Tl) [9].  
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1.3 Some Physical Properties Characteristic of Metallic Glasses 
 

When a liquid is cooled, it may crystallize or be undercooled below melting temperature (Tm) 

and forms a glass [20]. These changes can be observed by monitoring the volume as a function 

of temperature graph as shown in the figure 2. 

 

 
Fig 2: Volume change during cooling of liquid 

 

The abrupt change in volume at melting point (Tm) manifests the crystallization process, while 

the gradual break in slope depicts the glass formation. The temperature at which the melt is 

frozen is called the glass transition temperature (Tg). Tg is not well defined because the transition 

to the glassy state is arbitrary and depends on the temperature on a continuous line when the melt 

is frozen maintaining the structure of the liquid [20]. The glass will be in metastable equilibrium 

at this temperature if it instantaneously can be brought to Tg. Tg depends on the cooling rate of 

the undercooled liquid. Clearly, slower the cooling rate, the larger the supercooled liquid region 

[20]. Some physical properties that define the metallic glasses are elaborated in the section 

below. 

 

1.3.1 Free Volume 
 

According to the “Free Volume Theory” proposed by Cohen and Turnbull to describe the liquids 

and certain glass transitions aspects [21], the total volume of liquid is divided in two parts 

“occupied” and “free” volume (which is considered as holes and voids). The molecular transport 

only occurs when the voids have greater volume than a critical volume. Fox and Flory [22] have 

Equilibrium liquid 

Glass transition 
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Glass 

Crystal 

Tg ��
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proposed that by lowering the liquid temperature the free volume decreases below a critical value 

and glass transition takes place. With rapid cooling of liquid, kinetic arrest happens at higher 

temperature so the system freezes below the glass transition temperature (Tg). Consequently, the 

free volume retains the higher value. The temperature at thermal arrest is considered as fictive 

temperature (Tf) of that state [23]. When the frozen system is annealed below Tg the free volume 

decreases with time thus giving rise to structural relaxation phenomena. 

  

1.3.2 Viscosity 
 

The measure of resistance of a substance under the deforming stresses is considered as viscosity. 

This property relates to the cohesive forces between constituent atoms. In case of metallic glass 

formation, when the liquid is solidified, the transition from low to high viscosity occurs. 

 

It is observed that viscosity increases when the liquid melt is cooled below the melting 

temperature(Tm). Vogel-Fulcher [24] gave the relation η = η0 exp (B/T-T0) to determine the 

temperature dependence of viscosity in the super-cooled liquids. It attains the glass form when 

the viscosity exceeds 10
12

 Pa s, as the atomic movement would be impeded above this value. 

This is the phenomenon that occurs at the so called Tg. 

 

1.3.3 Atomic Structure 
 

In metallic glasses, there is an absence of long range ordered periodicity. The X-ray diffraction 

(XRD) pattern of glassy alloys shows the absence of sharp Bragg’s peaks and only a broad hump 

is observed at low angles [25]. This is described on the basis of a radial distribution function 

(RDF) formulated by Zernike and Prins [26]. It reveals that there can exist a certain degree of 

order on atomic scale in the glassy metals. Further research has proved that some short range 

orders (SRO); middle range order (MRO) and chemical/ compositions short range order (CSRO) 

are possible in the liquid melts [27]. 

 

1.4 Empirical Rules for Bulk Metallic Glasses (BMG) 

 

Inoue proposed three empirical rules regarding the Glass Forming Ability (GFA) of BMG 

materials [9]. The rules are: 

 

(1) The multicomponent systems should have more than three elements. It enhances the 

complexity and the crystal unit cell size lowers the energetic advantage to form an ordered 

structure with long range periodicity than the atomic interactions [28]. 

(2) The difference in atomic sizes of the main elements, with ratios more than 12% should be 

there. The atomic radius mismatch between elements leads to a higher degree of dense random 

packed structure of the atomic constituents. The reduction in free volume takes place and the 

hence the rearrangements of atoms are impeded.  

(3) There should be large negative heat of mixing among the constituent elements. This results 

an increase in solid/liquid interfacial energy and decrease in atomic diffusivity. This further leads 
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to the retardation of local atomic rearrangements and the suppression of the crystal nucleation 

rate and finally extending the supercooled liquid temperature range [28]. 

1.5 Some Physical Factors Controlling Glass Forming Ability (GFA) 

  

The term glass form ability (GFA) is defined as the ability of an alloy melt to attain the glassy 

state on solidification. Traditionally, glass forming tendency is being evaluated by estimating the 

lowest critical cooling rate (RC) in producing BMGs or with measurement of maximum section 

thickness (tmax) of a glassy alloy that can be cast. GFA is higher when RC is lower or tmax is larger 

[29]. Also, the resistance of the glassy phase to crystallization and stability of the liquid phase 

are two aspects which GFA should combine [29]. Even though numerous glassy alloys are being 

produced both in bulk and thin ribbon form, yet it has been a great unsolved mystery of glass 

science to know about the greater glass forming tendency of certain chemical compositions of 

materials as compared to the others. Hence different empirical prescriptions have been developed 

which are reasonably successful in accounting for glass forming tendencies in certain cases [20]. 

However, to predict GFA in any given system, there is no general rule which can be used 

universally. In these concerns, some physical parameters which are proposed to assess the glass 

forming ability of BMGs are manifested here. 

 

1.5.1 Reduced Glass Transition Temperature Trg 
 

One of the earliest and commonly used parameter for indicating GFA of alloy is the reduced 

glass transition temperature Trg. It is a ratio of glass transition temperature (Tg) to melting 

temperature (Tm). Trg magnitude is considered to determine the rate at which the viscosity of 

liquid increases on supercooling below its Tm [30]. The high value of Tg reflects higher GFA 

which is the case with alloys having high value of Trg and low Tm values. For the glass formation 

usually the alloy Trg equals to 0.4 and the glass formation is easier as Trg of the material increases 

[31].  Although Trg deals with the condition of glass formation, it does not address the stability of 

the glass.  

 

1.5.2 ∆Tx Parameter 
 

Generally speaking, metallic glasses are stable at room temperature for all practical purposes. 

However, thermodynamically they are unstable and each metallic glass exhibits a glass transition 

temperature (Tg) and a little above that a crystallization temperature (Tx) at which the 

transformation to the crystalline state initially takes place [32]. It has been suggested that the 

difference between Tx and Tg i.e. (∆Tx= Tx- Tg) is a crucial parameter in determination of the 

stability of glassy state and GFA of material scales up with ∆Tx [33]. After the glass formation, 

values of Tx and Tg can be measured to estimate the ∆Tx. However, these values do not depend 

on fabrication method of glass and section thickness as well i.e., ∆Tx value remains constant 

[29]. It has been observed that alloys having low critical cooling rate show wide supercooled 

liquid region i.e., large ∆Tx. The interfacial energy between crystalline phase and undercooled 

liquid plays a vital role for glass forming. If the energy barrier against crystallization is higher 

then the supercooled region will be wider. This criterion only considers the thermal stability of 

formed glass [29]. 
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1.5.3 Gamma (γγγγ) Parameter 
 

Lu and Liu [34] argued that the parameter of GFA must reflect not only the condition of glass 

formation but also its stability. In this context, they unified two factors Tx and 1/ (Tl + Tg) which 

are mainly related to glass forming ability of non-crystalline materials and they developed a 

parameter, γ = Tx/ (Tl + Tg) [34]. Where the Tl , Tx and Tg denote the liquidus temperature, onset 
of crystallization temperature and glass transition temperature respectively. In different glass 

forming systems such as metallic glasses and oxide glasses, the validation of γ parameter has 

been confirmed by experimental data [34]. 

 

1.5.4 Delta (δδδδ) Parameter 
 

More recently, Chen et al. derived another parameter δ = Tx/ (Tl - Tg) [35] to evaluate the GFA 

of BMGs by measuring the characteristic thermal parameters. This criterion is mainly based on 

the classical theory of nucleation and growth. In reflecting the GFA of various BMGs, the δ 

criterion is found much better as compare to γ and Trg criteria. Moreover, it is reported that in 

common metal (e.g. Cu and Fe) based BMGs the δ criterion has strong ability of measuring and 

predicting the GFA [35]. 

 

1.6 Magnetic Properties of Metallic Glasses 
 

1.6.1 Ferromagnetism 
 

In ferromagnetic materials, negative exchange interactions between the intrinsic spins of 

neigboring magnetic atoms are favored when a parallel alignment of magnetic moments in 

neighboring atoms takes place. All ferromagnetic materials have a critical temperature above 

which it becomes paramagnetic due to thermal agitation. This temperature is called as Curie 

temperature (Tc) [36]. According to Weiss assumption the molecular field acted in a 

ferromagnetic substance below and above its Tc, is so strong that it can magnetize the substance 

to saturation even in the absence of magnetic field. The substance is self-saturating or 

spontaneously magnetized [36]. 

 

In spite of the existence of spontaneous magnetization below Curie temperature, a piece of 

ferromagnetic material may not be spontaneously magnetized; its net magnetic moment can be 

zero. Then the material is considered to be demagnetized. A ferromagnetic material in the 

demagnetized state is divided into small regions known as magnetic domains or Weiss domains 

[36]. Two domains are separated by a boundary called as domain wall. Each domain 

encompasses a large number of atoms and is spontaneously magnetized to saturation value MS 

[37]. From one domain to the other, the direction of magnetization of different domains varies in 

such a way that the net magnetization of the whole sample is zero. The magnetization process is 

then to convert the specimen from multi-domains into a single one at which the whole sample is 

a single domain magnetized in the direction of applied field [36]. The distribution of domains 

and its consequence on the effective magnetization in an applied magnetic field gives rise to 

initial magnetization curve as shown in the figure 3. 
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Fig 3: Typical hysteresis loop for ferromagnetic materials 

 

So at macroscopic level, the field induces magnetization that saturates in a ferromagnetic 

material [37] if the applied field is large enough. However, the magnetization process is 

reversible if the applied field is continuously varied between two extreme values +H0, -H0 [37]. 

This describes the hysteresis loop. The initial magnetization curve, hysteresis loop and saturation 

magnetization are characteristics of ferromagnetic materials [37]. 

 

1.6.2 Soft and Hard Magnetic Materials 

 

Ferromagnetic materials can be classified as soft magnetic and hard magnetic materials. If 

migration of domain wall can happen easily then the ferromagnetic material will be saturated at 

low magnetic field. Such ferromagnetic materials are considered as soft magnetic materials [38]. 

Since these materials can be magnetized at an ease so they have high permeability and also at 

low magnetic field can be demagnetized, their coercivity (Hc) is low as shown in the figure 4. 

These soft magnetic materials have application in magnetic cores or recording heads etc. 

 

Fig 4: Typical hysteresis loops for soft and hard magnetic materials 
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If the migration of domain wall is difficult the ferromagnetic material can only be magnetized by 

applying high magnetic field. But once the material is magnetized and its demagnetization is 

difficult then such ferromagnetic materials are known as hard magnetic materials [38]. They 

have high value of coercivity (Hc) as large magnetic field is needed to demagnetize them. These 

materials have good application in magnetic recording media and permanent magnets. 

1.6.3 Ferromagnetism in Metallic Glasses 

 

The ferromagnetism is not only confined with crystalline alloys but also with metallic glasses 

except that in metallic glass since the structural disorder is the same in all directions the material 

is magnetically isotropic .The first strongly ferromagnetic metallic glass of Fe70P15C10[39] with 

Curie temperature around 320
°
C, magnetic moment per Fe atom 2.10 ± 0.01 µB as compare to 

pure crystalline Fe (2.22µB) and coercivity 3 Oe became the prototype for all ferromagnetic 

metallic glasses till date [1]. The short range ordered structure exhibited by metallic glasses does 

not alter significantly from that in crystalline material and permits them to exhibit long range 

ferromagnetic ordering [40]. However, the magnetic behavior depends upon, the field annealing, 

the alloy composition and the induced anisotropy during solidification [40]. 

 

It has been observed that the internal stresses produced by liquid quenching may introduce 

magnetic anisotropy in the metallic glasses. These internal stresses can be drastically reduced by 

appropriate heat treatment [1].The magnetic properties of metallic glasses when compared with 

that of crystalline alloys reveal that metallic glasses have a lower Tc value, (because the Fe 

content is reduced proportionate to the concentration of the glass former), higher permeability, 

low coercivity.  Also, the electrical resistivity [40] will contain a large disorder contribution in it. 

For instance, Metglass 2605 SC(Fe81B13.5Si3.5C2) compared with that of crystalline steel Fe3Si 

shows that saturation induction of metallic glass is lower to about 81% (1.80T) than that of  

crystalline Fe (2.1T) [41]. 

 

1.6.4 Comparison of Soft Magnetic Properties of Thin Ribbons and BMGs 
 

In comparing glassy thin ribbons and BMGs it has been observed that Fe and Co based BMGs 

exhibit advantageous soft magnetic properties than the metallic glassy ribbons [42]. The specific 

differences are: [18]. 

 

1. High electrical resistivity at room temperature (200-250 µΩ-cm) 

2. Higher value of initial permeability 

3. Lower coercivity (0.2- 4 A/m) 

4. Controlled domain wall structure obtained through controlled quenching/casting process 

 

Among different BMGs, Fe-based materials are particularly interesting because they exhibit 

good magnetic properties. They show very high saturation magnetization, ultra-low coercivity.  

Normally, Fe-based materials have low GFA. Extensive research efforts are in progress for 

improving their GFA in order to fabricate BMG of larger dimensions (diameter) [43].  
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1.7 Electrical Transport Properties of Metallic Glasses 
 

In transport properties, electrical resistivity is a very sensitive tool for analyzing the different 

scattering processes which happen in the metallic system. Resistivity is sensitive to various 

metallurgical factors such as disorder, structural relaxation [44], variation in local atomic 

arrangements [45], size effect (free volume differences in ribbons because of rapid quenching 

speed difference) etc. 

 

The electrical transport property of metallic glasses have two important characteristics: Firstly, 

the resistivity is of the order of 100µΩ-cm at room temperature which is roughly two orders of 

magnitude larger than it is for the crystalline analogue and secondly, they have very small 

temperature co-efficient of resistance (TCR) (in range of ±10-4K-1) [1]. These two characteristics 

arise from the high disorder residual resistivity at 0K [1]. The reason for this high value of 

resistivity is the increase in scattering of conduction electrons due to temperature independent 

random atomic arrangement. The small value of TCR is related to the temperature dependence of 

the structure factor characterizing an amorphous material [1]. In many metallic glasses 

depending on the relative position of the Fermi vector with respect to the maximum in the 

structure factor the TCR it can be positive or negative which can be brought about by the change 

of composition of the alloy. Furthermore, the general features for the resistivity of amorphous 

transition metals can be summarized as follows: 

 

• They show a larger residual resistivity (ρ0) than in the crystalline phase arising from the 

high disorder in the materials, and are comparable with corresponding liquid alloys. 

• If ρ0<150µΩ-cm, TCR is small and positive and it is negative with ρ0>150µΩ-cm 

The above empirical relationship between residual resistivity and TCR is called the Mooij 

relation [46]. Generally this Mooij relation seems to be valid in most of the disordered transition 

metal alloys.  

The high value of electrical resistivity with small TCR might be of interest for designing 

measuring instruments in which the electrical circuits may need resistive components insensitive 

to temperature [1]. 
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Chapter 2 

Experimental Methods 

 

2.1 Fabrication Techniques 

 

In fabrication of glassy materials, the cooling rate is a critical factor. For many metallic glasses, 

very fast cooling rate is needed to prevent crystallization before their amorphous phase 

formation. In 1959, Pol. Duwez succeeded to achieve fast cooling rate (10
6
 K/s) to synthesize 

first metallic glass (Au75Si25) by ‘splat cooling’ the melt. [1]. But splat cooling results in highly 

strained non uniform glassy materials. To fabricate metallic glasses of useful geometry with fast 

cooling rates researchers developed a range of techniques such as (i) melt spinning using a single 

roller,  (ii) Twin roller technique, (iii) Melt extraction, (iv) Taylor process for wires, and (v) 

Copper mold casting etc. Our major focus will be on melt spinning technique and copper mold 

casting which we have used in fabricating our samples in the present thesis work. 

2.1.1 Melt Spinning 

 

Melt spinning is the commonly-employed versatile technique to fabricate thin ribbons which was 

conceived by Pond and Maddin (1969) [2]. Then later, Leibermann and Graham [3] used it as a 

continuous casting technique. 

 

The major part of the melt spinner is an airtight, steel chamber with provisions for gas inlet and 

vacuum to operate under controlled environment. In the chamber a quartz tube is mounted on an 

X-Y-Z translator. The X-Y translators centralizes the tube in a coaxial copper coil for uniform 

heating and can be manipulated to be placed over a heat sink surface (heavy Cu rotating wheel of 

suitable width) to match the wheel velocity with molten jet velocity. The distance between the tip 

of the quartz tube and the rotating heat sink is adjusted to be a few micrometers by the Z 

translator. A neutral gas inlet is used for melt ejection. An orifice with diameter of the order of 

mm is made at the end of quartz tube. The copper rf heating coil is cooled by water flow through 

the coil. A high RF-current passes through the coil to produce induction heating of the alloy in 

the quartz tube. The ingot size, material type and coupling (between coil and alloy) are factors to 

be considered before hand. The schematic diagram of melt spinner is shown in figure 7. 
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Fig 7: Schematic diagram of melt spinning technique (Ref 8) 

To cast thin ribbons heavy copper wheel with a meticulously clean and smooth surface is used as 

a heat sink. Surface smoothness reduces wheel’s imperfections on the ribbons surface in contact 

with the copper wheel. 

The ribbon thickness is controlled by the rotational speed of copper wheel. To prevent oxidation 

and other contaminations through chamber walls inert atmosphere is ensured by using argon gas. 

In the chamber the high vacuum is achieved by first using rotary pump which lowers the pressure 

~ 10
-3

Torr and then diffusion pump to reduce the pressure ~10
-5

Torr.  

2.1.2 Copper Mold Casting 

 

The casting technique has the same airtight chamber as in melt spinning method, along with 

quartz-tube surrounded by induction coil. The only difference is the replacement of copper wheel 

with copper mold as shown in the figure 8.  
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Figure 8: Copper mold with different diameters 

For the fabrication of BMG rods, the molten alloy is injected into a selected mold of few mm 

diameters, by using the argon overpressure. Through this technique one may achieve the cooling 

rate of 10
2
K/s.  

2.1.3 Experimental Procedure 

 

In present thesis work a Commercial rapid quenching machine (CRQM, CRQM-T-20 Makabe 

R&D Co. Ltd, Japan) was used to fabricate ribbons and rods. It can be operated in vacuum or in 

controlled atmospheres. The steel body chamber and copper wheel were cleaned by ethanol and 

acetone. A circular orifice of a millimeter (mm) diameter at the end of quartz tube was made by 

carefully grinding the elongated tip of the quartz tube using an abrasive paper. The nozzle was 

then cleaned with ethanol and then dried by compressed air. A small ingot of a few grams (gm) 

of the alloy prepared by arc melting was properly cleaned in acetone and put in the quartz tube 

which was then mounted to the X-Y-Z translators. The careful alignment of nozzle was 

performed so that metal alloy piece in the quartz is located at the centre of copper coil for 

induction heating.  

 

By switching on the main power to run the chamber we proceeded further for our ribbons 

fabrication. To achieve high vacuum, first the rotary pump (RP) was used.  With RP pressure 

reduced to about ~10
-3

Torr, the diffusion pump (DP) was switched on to achieve a vacuum 

condition of ~10
-(5-6) 

Torr. After ensuring a stable vacuum the Induction heating was performed 

by using the radio frequency (RF) heater to melt the alloy in vacuum. By adjusting the rotational 

speed of copper wheel around 38 m/s (meter per second), the melt was ejected by using excess 

argon gas pressure and ribbons of 12 micron thickness were fabricated. 
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For the synthesis of BMG rods, copper mold of 1mm diameter were used. The whole procedure 

was performed in the same manner as explained in melt spinning for the fabrication of ribbons. 

By ejecting the molten alloy in the copper mold, BMG rods of 1mm diameters were made. 

 

2.1.4 Experimental Parameters 
 

The various parameters used to fabricate ribbons and rods are given in table 3: 

 

Sample name  Dia. 

Of 

orifice 

(mm)  

Distance 

b/w 

orifice 

& wheel 

(mm)  

Ejection 

pressure 

(Torr)  

Pressure 

inside 

chamber 

(Torr)  

Power 

(kW)  

Vacuum 

condition 

(Torr)  

Ejection 

gas 

timer 

(s)  

Comments  

(Fe0.78B0.13Si0.9)100  

Nb0 

0.4  0.2  22.5 22.5 2.80 3×10
-5

 0.8  Ribbons  

t = 12µm 

(Fe0.78B0.13Si0.9) 96 

Nb4 

0.4  0.2  22.5 22.5 2.80 3×10-5 0.8  Ribbons  

t = 12µm 

(Fe0.78B0.13Si0.9) 92 

Nb8 

0.4  0.2  30 22.5 1.65 3×10-5 0.8  Ribbons  

t = 12µm  

(Fe.078B0.13Si0.9) 88 

Nb12 

0.4  0.2  30 22.5 2.47 2.5×10-5 0.8  Ribbons 

t = 12µm  

(Fe0.78B0.13Si0.9) 96 

Nb4 

0.5  0.2  82.5 22.5 4.00 4×10
-5

 0.8  L=3.5 cm 

D=1mm 

BMG  

(Fe0.78B0.13Si0.9) 92 

Nb8 

0.5  0.2  90 22.5 1.65  5×10-5 0.8  L=3.8 cm 

D=1mm 

BMG  

(Fe0.78B0.13Si0.9) 88 

Nb12 

0.5  0.2  82.5 22.5 1.76  2×10
-5

 0.8  L=4cm 

D=1mm 

BMG  

 

Table 3: Experimentally used different parameters for the fabrication of ribbons and BMG rods. 

 



16 

 

2.2 Characterization Techniques 

2.2.1 X-Ray Diffraction 

 

X-ray diffraction (XRD) is a versatile and non destructive analytical technique to determine 

phases, orientation and to identify the structural properties of the crystal [4]. 

 

XRD patterns can only be observed when the size of obstacle is comparable to the wavelength of 

the electrons. Electrons and neutrons have wavelengths (say x-ray) comparable to atomic 

dimensions. When the monochromatic beam of x-ray is incident on the specimen and reflected 

from different planes, the interference take place between x-rays reflected from adjacent planes. 

According to Bragg’s Law, constructive interference can only occur among the reflected beams 

of x-rays from regular planes of atoms when the difference in path length is equal to an integral 

number of wavelengths. Mathematically, 

2� sin � = �� 

Where ��is inter planer distance,�� is Bragg angle and�� is an integer 

 

Fig 9: A schematic of Bragg’s Diffraction 

 

In present thesis work, the XRD analysis was performed by D500 X-Ray Diffractometer for 

structural studies of all ribbons and rods. 

 

Ribbons were fixed on glass strip with parallel alignment. The rods cross-sections of 1mm were 

cut with fine cutter (X4H00162, Struers Accutom-5). These slices with circular cross section 

were fixed on a glass strip with clay. 


���� 


 

� 
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For XRD analysis, the operating parameters were as follows. Current = 40.0 mA, Voltage = 35.0 

kV, Cu-Kα radiation ( λ=0.154056 nm) and speed of 2 seconds/step, increment 0.01°/step over a 

range of 20
°
 ≤ 2θ ≤ 80

°
 with locked coupled scanning mode.  

2.2.2 Vibrating Sample Magnetometer 

 

A vibrating sample magnetometer (VSM) devised by S. Foner [5] is a standard and effective 

technique for measuring magnetic material properties such as; saturation magnetization, 

coercivity, hysteresis and anisotropy.  

 

The working principles of VSM is based on Faraday Law of Induction that is by changing 

magnetic field an induced electro-motive force (emf) is generated, mathematically induced emf 

can be written as 

ε= −�
�

��
 (BAcos � ) 

Where N is number of turns of coil, B is magnetic field, A is surface area of coil and θ is the 

angle between normal to the coil surface and B field. 

 

Fig 10: VSM setup at Department of Materials Science, KTH 

 

VSM operation starts by simply vibrating a magnetic sample along the z-axis normal the external 

DC magnetic field between pickup coils. So the sample is magnetized by the magnetic field. A 

magnetic field around the sample will be created by the magnetic dipole moment of the sample 

and is known as Magnetic Stray Field. The variations in the stray field occurring when the 

sample is vibrating along z-axis due to the sample movement are sensed by the pick-up coils. 
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According to Faraday Law, the oscillatory motion of the magnetic sample causes induced emf in 

the pick-up coils. This induced voltage is proportional to the sample’s magnetization. A lock in 

amplifier is used to tune and amplify this induced current at the frequency of operation. All the 

components are attached with computer interface from where we can obtain the measurements. 

In our present case, the investigation of magnetic properties of all samples was performed by 

using Princeton vibrating sample magnetometer (VSM) at room temperature. 

Samples of few milligrams weight were used for magnetometry. Samples were attached to a 

suitably designed Teflon rod. The parameters to measure saturation magnetization and for 

coercivity measurements were optimized, 7200 Oe and 45 Oe field values were adjusted in their 

respective order.  

 

2.2.3 Magneto-thermo-gravimetric Technique 
 

Magneto-thermo-gravimetric analysis (MTGA) is a useful method to study the structural 

relaxation and variations in magnetic state of a system [6]. To determine the structural and 

magnetic transitions in glassy materials, this technique is proved as most appropriate one [7]. 

The MTGA set up is shown in figure 11. 

 

 

 

Fig 11: Magneto-thermo gravimetric set up at Department of Materials Science, KTH 

 

The apparatus consists of a very precise electronic balance with a suspended pan (generally of 

platinum) to load the sample. The sensitive balance measures the force exerted on a magnetic 

sample by external applied gradient magnetic field. 
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Mathematically, the force to the sample can be written as Fz = v Mz (gradz Hz). 

Where ‘v’ is the sample volume, Mz its magnetic moment and gradz Hz is the z-component of 

applied magnetic field gradient. The pan with loaded magnetic sample (order of mg) is placed in 

the central axis of electrically heated furnace with a thermocouple (for temperature 

measurement) at the sample position, so that it feels the same field gradient [7]. 

Experiment is performed by adjusting various parameters on computer system and the 

temperature controller unit. The sample is heated and cooled down according to adjusted heating 

and cooling rates set in a controller unit. Finally, the relative magnetic weight (%) as a function 

of temperature plot is obtained by MTGA. which depicts the temperature dependence of the 

magnetic response from a given ferrous sample. 

In order to find magnetic transition temperature (Tc) and to investigate structural relaxation in 

the samples, MTGA was performed by Perkin-Elmer TGS2 Thermo-gravimetric Analyzer in the 

present thesis work. The samples with few milligrams of weight were used for the analysis. 

During experiment the temperature range from 50°C to 900°C and heating rate 40°C/min were 

used. 

2.2.4 Four Point Probe Technique 

 

The schematic four point probe configuration is shown in the figure 12. In this thesis work four 

point probe was used to measure resistivity of the ribbons and to study their I-V characterization.  

 

 

Fig 12: A schematic of Four Point Probe configuration  
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A four point probe has equally spaced four metal tips. To avoid the sample damage during the 

probing, one side of each probe is supported by a spring. The outer two probes (1&4) are used 

for current supply and inner two (2&3) for voltage measurement. 

For temperature dependent measurements four point probe is operated using a closed-cycle 

cryostat. The resistance measurements below 25K and above 500K are possible by this 

instrument. However, we performed our experiment in 40K~ 300K range. The “ARS8200” 

helium compressor and “Cryo-con 34” temperature controller are used to control the 

temperature.  

The resistance of the sample was determined by simply using the Ohm’s law relation  

 

2 = 3/I 
 

Where the V is the potential and I is the current passing through the two electrodes 

 

By calculating the cross-sectional area (6) of our samples and the length (7) between two 

electrodes we calculated the resistivity (8) with relation 

 

8 = 2
6

7
 

 

In the thesis work the I-V characteristics of all quenched and annealed samples were studied and 

then resistance (resistivity) was calculated from the slope of linear I-V curve. To measure the 

temperature dependence of resistivity below room temperature three typical samples were 

selected.  
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Chapter 3 

Experimental Results and Discussion 
 

We have prepared thin ribbons and rods of (Fe0.78B0.13Si0.9)100-xNbx (X=0, 4, 8, 12) alloy as 

mentioned in the previous chapter. Ribbons of (Fe0.78B0.13Si0.9)96 Nb4 composition were chosen 

for studies of the consequences of thermal annealing at various temperatures.  

 

 

Fig 13: X-ray diffraction patterns for (a) ribbons and (b) rods 

For all the ribbons we observe a featureless intensity pattern with a broad maximum around 44° 

characteristic of amorphous structure. Absence of any sharp peaks in figure 13a indicates that the 

ribbons contain no traces of any crystallinity within the accuracy of measurement. However, in 

cases of rods there are one or two sharp peaks (Fig 13b) in the XRD patterns. This may indicate 

the existence of some nano-crystallinity at the surface layers of the samples perhaps arising from 

insufficient cooling. At 30
°
 the background signal due to small circular cross section of rods on 

glass substrate is shown. The first small peak observed in X=4 at. % Nb may be attributed to 

traces of Fe3Nb4Si5 orthorhombic phase. Whereas, the central sharp spike at 44
°
 indicates the 

presence of a bcc Fe2B phase. For the samples of X=8 & 12 at. % Nb, FeSi cubic phase may be 

attributed to the intensity peaks observed at 44
°
 in XRD analysis.  In order to investigate these 

crystallites further Transmission Electron Microscopy (TEM) study is required. Due to lack of 

time, we have not tested the samples by removing the surface layers at which the crystallites 

seem to exist in and otherwise mostly glassy structure.   

  

The room temperature M (H) curves obtained for the as quenched ribbons are shown in Fig.14. 
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Fig 14:  (1) M (H) curves for as quenched ribbons, (2) A zoom of a typical M (H) curve at low -

magnetic field region. 

Clearly the room temperature hysteretic loops in figure 14(1) are characteristic of soft 

ferromagnets with low coercivity as illustrated in the zoomed plot at low fields for one typical 

alloy. The saturation magnetization value Ms decreases with the substitution of non-magnetic Nb 

as expected.  These results are summarized in figure 15. 

 

Fig.15a shows a monotonic decrease of the rather high values of Ms with Nb substitution from 

~214 emu/g to 168 emu/g for x=12 a% Nb, while the magnetic coercivity (Fig. 15b) shows a 

minimum value of  ~ 160 mOe for the alloy with 8% Nb substitution. With increase of the non 

magnetic Nb substitution, the effective concentration of Fe decreases in the material leading to 

decrease in saturation magnetic moment as expected for alloys that are diluted. 

 

 

Fig 15: The variation of (a) MS and (b) HC with concentration of Nb. 

 

In the second set of experiments we study the effect of thermal treatment on the physical 

properties: 2 cm lengths of ribbons of (Fe0.78B0.13Si0.9)96Nb4 were placed in quartz tube and then 

inserted in the furnace for annealing in an inert argon flow atmosphere. Controlled thermal 
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annealing was carried out for 15 minutes in the temperature range 400
°
C to 480

°
C. We have also 

studied the magnetic properties of annealed ribbon (Fe0.78B0.13Si0.9)96 Nb4. The variations of MS 

and HC with annealing temperature are shown in Fig. 16 and Fig. 17 respectively. 

 

It is clear that the room temperature MS values do not change much with annealing temperature 

upto 400
°
C anneals. (Fig. 16), whereas HC increases abruptly when sample was annealed above 

450°C. The coercivity increases to 44 Oe on annealing at 480°C an increase of three orders of 

magnitude! This is because the material begins to crystallize as will be shown later on in the 

magneto-thermo gravimetric (MTGA) studies, in fact the fluctuations in the saturation moment 

when the sample is heated above 400
°
C indicates possible effects of partial nanocrystallization 

with time. 

 

 

Fig 16: Saturation magnetization vs. annealing temperature (inset M (H) of annealed ribbon at 

430
°
C) 
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Fig 17: Coercivity as a function of annealing temperature (the inset shows an example of Hc 

determination of an annealed ribbon at 415
°
C) 

In figure 17 the fluctuations in the initial soft magnetization behavior from around 400°C 

annealings of sample may be due to the structural relaxation within the system. The abrupt 

increase in coercivity after the annealing temperature 450
°
C, however, suggests that there may be 

possibility of the formation of nano-grains [1, 2]. Then the grain boundaries may serve as the 

pinning sites for the domain walls displacement, as a result the coercivity increases [3]. 

The temperature dependence of the magnetization as shown in the MTGA data (Fig. 18) for the 

as quenched samples on substitution with Nb reveals the monotonic decrease in Tc the 

ferromagnetic transition temperature summarized in Fig. 18a,b. The ferromagnetic Curie 

temperature (TC) is defined as the maximum rate of change of the magnetic weight (%) (M) with 

temperature (T). This is obtained from a plot of derivative of M w.r.t T which shows sharp 

minima at TC. Notice that Tc Vs X the composition of Nb substitution has the same functional 

behavior as that of room temperature Ms Vs X behavior shown in fig.15a, this is strong evidence 

that the change in the intrinsic magnetic properties in the glassy state is purely of substitutional 

origin. 



26 

 

 

 

 

Fig 18: (a) MTGA graphs of as-quenched samples. Inset: a typical derivative of magnetic weight 

% with temperature exhibits minima which is assigned as TC of (Fe0.78B0.13Si0.9)96 Nb4 ribbon (b) 

the variation in Curie temperature (TC) with alloy substitution by Nb. 
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Stability and Nanocrystallization of Glassy Ribbons 
 

It has been already noted that the addition of non-magnetic Niobium reduces the effective 

strength of the local ferromagnetic interaction. As a result, TC decreases (429- 289
°
C) with 

increase of Nb-concentration. This is consistent with the observation on the dependence of MS 

vs. Nb-concentration. Now we discuss the consequence of annealing a particular glassy ribbon 

with 4 at% Nb to investigate the consequence of possible stability and nanocrystallization of the 

glassy alloy. 

 

 

 

 

Fig 19: (a) M (T) of annealed samples (inset: derivative of M w.r.t T for the ribbon annealed at 

430
°
C), (b) Tc as a function of annealing temperature 
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In figure 19a is shown the temperature dependence of the magnetization of a 4 at% Nb 

substituted Fe-B-Si-Nb ribbons from the same batch and of identical length heat treated at 400
°
C, 

415
°
C, 430

°
C, 450

°
C, 465

°
C and 480

°
C respectively. The observed Tc from the MTGA data 

shows gradual linear increase in Tc with increase of annealing temperature (Fig. 19b). However 

on annealing at temperatures above 450
°
C Tc increases drastically and the onset of a second 

phase with a higher Tc above that of the glassy matrix can be easily noticed in the M (T) data for 

the alloy annealed at 480
°
C. We believe the initial gradual linear increase in Tc is due to 

structural relaxation of the glassy matrix. When Tc begins to grow nonlinearly above 450
°
C the 

various stages of nucleation and growth of nanocrystals and the onset of phase separation begins 

to occur. We have investigated the consequence of such a complex process on the electrical 

resistivity and its temperature dependence.  

 

 

Fig 20: Resistivity at room temperature vs. Niobium atomic percent of as-quenched ribbons 

 

A plot of the resistivity Vs Nb concentration (fig. 20) shows that the room temperature electrical 

resistivity decreases monotonically from 260 to 121 µΩ-cm with Nb substitution.  Furthermore 

all the samples show positive temperature dependence over the temperature range 40-295K as 

shown in figure 21, indicating that the ribbons are shiny and metallic! The overall temperature 

coefficient TCR of the resistivity from 40 to 295K with respect to the resistivity at 40K is of the 

order of 0.08% , 0.09% for the as quenched, annealed 4 at% Nb containing alloy respectively 

while it is 0.12% for the FeBSi ribbon containing no Nb. Thus the as quenched ribbons and those 

thermally exhibit very weak temperature dependence but not consistent with the Mooij empirical 

relation that amorphous metallic systems with resistivity greater than 150 µΩ-cm will have a 

negative temperature coefficient. Clearly further analysis of the data is needed. 
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Fig 21: Resistivity vs. temperature for as-quenched and annealed ribbons 

 

It is interesting to study the consequence of the onset of nucleation and nanocrystallization and 

crystallization of the glassy ribbons.  

 

.  

Fig 22:  The resistivity vs. annealing temperature (I-V curves of annealed ribbons, inset) 
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As shown in fig. 22, initially, resistivity remains almost constant (~164 µΩ-cm) with increase of 

annealing temperature and then there is an abrupt increase (685 µΩ-cm) when the sample is 

annealed above 430
°
C. However, resistivity drops down to 250 µΩ-cm for the samples annealed 

above 450
°
C. Possibly, the sample is in metastable state when it is heated between 430-450

°
C 

and then crystallization process starts above 450
°
C. These are reflected in the increase of 

resistivity in temperature range 430- 450
°
C and then its drop down. It has been already 

discussed, HC and TC also increases significantly for the sample annealed above 450
°
C due to the 

onset of crystallization process.  

Detailed quantitative analyses of the transport data and its temperature dependence can be 

carried out from the structure factor data when available in future.  
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Chapter 4 

Summary 

 

We have fabricated thin ribbons (thickness ~ 12 micrometer) and rods of diameter ~ 1 mm                        

based on the metallic glassy composition (Fe0.78B0.13Si0.9)100-xNbx (X=0, 4, 8, 12). The XRD 

patterns of all ribbons show no trace of sharp peak which confirms their amorphous structure. 

However, in the XRD patterns of rods, one or two sharp peaks are observed. These indicate that 

there may be some nanocrystallinity at the surface of the glassy matrix.  

 

By investigating the magnetic properties of ribbons it is observed that ribbons show very high 

saturation magnetic moment (~ 214 emu/g) and low coercivity (~ 0.16 - 0.29 Oe) which indicates 

their excellent magnetic properties. The lowest HC (0.16 Oe) was obtained for (Fe0.78B0.13Si0.9)92 

Nb8. There is a gradual decrease in saturation magnetization (214-168 emu/g) with the increase 

of Nb- concentration. It was observed that the ferromagnetic Curie temperature TC also decreases 

(429- 289°C) with increase of Nb-concentration similar to MS. The increase of non magnetic Nb-

concentration effectively weakens the ferromagnetism indicating the substitutional nature of Nb. 

The temperature dependence of resistivity for the samples shows very weak positive TCR as 

observed in cases of different metallic glasses. The resistivity at room temperature decreases 

(260 to 121 µΩ-cm) as the concentration of Nb increases in the samples. 

In order to get an idea about the effect of annealing on the physical properties of the materials, 

the ribbon with composition (Fe0.78B0.13Si0.9)96 Nb4 was annealed at different temperatures in the 

range of 400- 480
°
C. Although saturation magnetic moment remains almost constant 

(~217emu/g) for all the annealed samples; HC and TC increase as the samples are annealed at 

different higher temperatures. Annealing below 430
°
C does not influence much the electrical 

transport property.  However room temperature resistivity sharply increases till 685 µΩ-cm when 

the sample is heated above 430
°
C and subsequently drops down to 250 µΩ-cm when the 

annealing temperature is above 450
°
C. These results can be understood in terms of the onset of 

structural relaxation, nanocrystallinity nucleation, and growth phenomenon.  

 

 


