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Abstract 

In recent years Fe-based bulk metallic glasses (BMGs) have gained considerable interest due to 

their excellent soft magnetic properties with high saturation magnetization, high electrical 

resistivity, very good corrosion resistance, low materials cost, extremely high mechanical strength 

and hardness. Ever since the first Fe-based bulk glassy alloy was synthesized in the Fe-Al-Ga-P-

C-B system by a copper mold technique, a very large number of Fe- based BMGs including Fe–

Co-, Fe–Ni- and Fe–Co–Ni- based alloy systems have been developed. 

Traditionally, BMGs are classified in to metal-metalloid and metal-metal types. In the metal-

metalloid type, the metal content is typically  80 at.% and metalloid content  20 at.%. The metal 

can be just one or a combination of more than one element and similarly, the metalloid element 

can be just one or a combination of more than one element. Whereas, in metal-metal type there is 

no such requirement, the elements can be present in any proportion. Interestingly, all the 

ferromagnetic Fe-based BMGs developed so far are metal-metalloid type. Despite their relatively 

complicated chemical compositions, the low price of the constituent elements, as well as the 

possibility to use industrial pre-alloys, make the Fe-based BMGs very attractive for industrial 

applications 

In spite of having excellent strength, Fe-based BMGs are not used as structural materials in service, 

so far. The major obstacle is their inherent brittleness under mechanical loading, once a crack is 

developed the material fails catastrophically. The ever growing industrial demand for the materials 

with outstanding properties, aside from exploring new alloy compositions, it is pertinent to 

understand why or why-not the existing system work and how to improve their properties. Recent 

years, much attention has been paid to improve the plasticity in the plasticity in BMGs. Recent 

reports suggested that the plastic deformability can be enhanced by introducing different 

microstructural heterogeneities such as free volume enhanced regions, separated phases, nano-

crystals, atomic clusters caused by for instance additions of small amount of soft elements. 

Understanding the effect of addition of soft elements on thermal stability, structural evolution, 

magnetic and mechanical properties are the main point which this work addresses. 
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In this work, a study on two different soft ferromagnetic Fe-based glass forming alloys are 

presented, both of them known to have very high mechanical strength and excellent soft magnetic 

properties but so far have not been used in any industrial applications. The important issue is with 

the brittle behavior of this BMGs, particularly under mechanical loading. In each glass forming 

alloys, the aim was to find out the optimum quantity of the soft elements (Cu and Ga), which can 

be added to improve their room temperature plastic deformability without affecting the glass 

forming ability (GFA) and soft magnetic properties. 

The first glass forming alloy that is studied is Fe36Co36B19.2Si4.8Nb4. This glass forming alloy is 

highly sensitive to the impurities, only pure elements were used to form this alloy. The addition of 

only 0.5 at.% Cu completely changes the thermal stability and structural evolution but it also 

improves the mechanical properties. In case of Ga addition up to 1.5 at.% the crystallization 

behavior remains unaltered and the thermal stability improves marginally. The addition of Ga 

improves the plastic deformability of the glass by forming soft zones, whose melting point is much 

lower compared to rest of the alloy. These soft zones are responsible for the plastic deformation 

of this glass. Thus addition of Ga is very beneficial in improving the mechanical properties of this 

Fe-based BMG. 

In the second part, Fe74Mo4P10C7.5B2.5Si2 glass forming alloy is studied. Unlike the aforementioned 

alloy, this glass forming alloy is not very sensitive to the impurities, industrial grade alloy elements 

can also be used to form this alloy. In this alloy addition of Cu is beneficial only up to 0.5 at.%, 

beyond that Cu addition deteriorates GFA and magnetic properties. In case of Ga addition up to 2 

at.% the crystallization behavior remains unaltered and the thermal stability improves marginally 

Similar to the FeCoBSiNb glass, the addition of Ga in FeMoPCBSi glass also improves the plastic 

deformability of the glass by formation of soft zones.  

Addition of small at.% Ga proved be an viable solution to improve the plastic deformability in the 

ferromagnetic Fe-based metallic glasses without compromising on thermal and magnetic 

properties of the glass. 

In the final part we tried to cast the Fe74Mo4P10C7.5B2.5Si2 glass in a complex shape using an 

industrial high pressure die casting (HPDC) set up. The important issues were with the casting 

alloy temperature, casting speed and die material.  



 

 

 

The aim of our work was to optimize the die material suitable for casting the BMGs and then 

address the issues with casting temperature and casting speed. We have thus attempted to gain a 

basic knowledge in casting the Fe-based BMG in industrial scale. Our effort was tremendously 

successful, we were able to produce fully amorphous complex shaped samples with excellent 

surface finish. 

We have thus made a considerable advancement towards understanding the basics behind 

improving the room temperature plastic deformability in Fe36Co36B19.2Si4.8Nb4 and 

Fe74Mo4P10C7.5B2.5Si2 ferromagnetic BMGs. We have also made a considerable progress in 

industrialization of bulk ferromagnetic BMGs. 
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Chapter 1 
Theoretical background 

1.1  Development of metallic glasses 

In general glass is an amorphous (non-crystalline) solid material that lacks the long-range periodic 

arrangement like crystals [1, 2] mostly made up of silica (SiO2) and oxides of other metals like Al, 

Ca, Mg, K, Na and etc. Among different type of glasses the most familiar type is soda-lime glass, 

which is hard, brittle and transparent, used widely in windows for both structural and decorative 

purpose. These oxide glasses are prepared by rapid cooling of the molten mixtures of silicates and 

metal oxides in order to prevent crystallization. During this dynamic transition from liquid to solid, 

which takes place at fast cooling rate, the atoms in the liquid do not rearrange themselves into 

regular periodic three dimensional structure i.e., crystalline solid [3]. Therefore, it is possible to 

say that the atomic arrangement in the glass is similar to that of the liquid with the same 

composition [4]. The glass-forming tendency varies widely depending upon the compositions, 

some oxide based mixtures form a glass at a normal Cooling rate of 1 K/min, whereas, the 

monoatomic metals with some impurities requires as the cooling rate as high as 1010 K/s [5]. By 

definition “Metallic glass” refers to an amorphous metallic alloy prepared by rapid solidification 

of molten alloy, hence it lacks the long range order symmetry and results in an amorphous structure 

[3]. Metallic glasses (MGs) are relatively young group of materials joined in the amorphous 

materials category [6-12]. Glasses have been found in every category of materials and of various 

bond type: covalent, ionic, van der Waals, hydrogen and metallic [13]. The first metallic glass, 

reported by Klement et al. [14], was produced at Caltech in 1960 by using a rapid quenching 

technique for cooling metallic melts at very high cooling rates of 105-106 K/s. The cooling rates 

required to produce these glasses are very high, thereby restricting the specimen geometry to thin 

ribbons, foils and powders [4]. During quenching, the nucleation and growth of crystalline phases 

are suppressed so that the structural configuration results in an amorphous liquid-like structure [6, 

7, 15, 16]. 

After the discovery of Au75Si25 metallic glass in 1960, several researchers made a remarkable 

progress in developing new alloy compositions that can be amorphized easily [8], which indicates 

the scientific importance and the potential engineering applications of MGs [17-19]. The earliest 
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technique applied for the fabrication of MGs in the shape of wires or tapes for the technical 

applications was reported by Chen and Miller in 1970 [20]. The synthesis of first bulk metallic 

glass (BMG) with geometrical dimensions larger than 1mm was reported by Chen in 1974 [21], 

using suction casting method from Pd-Cu-Si alloy. Later, Turnbull et al. [22, 23] focused on Pd-

based BMGs, however these Pd-based BMGs are too expensive for using in day to day life 

applications. Since the late 1980s, Inoue and his co-workers developed several new 

multicomponent alloy systems with the relatively high GFA in Mg-, Ln-, Zr-, Fe-, PdCu-, PdFe-, 

Ti- and Ni- based alloy systems using simple suction casting method [24-38]. 

 

The preparation of Fe-based metallic glass with good soft-magnetic properties from Fe-metalloid 

systems was first reported by Fujimori et al. [39] and Handely et al.[40]. Since then several alloys 

with excellent magnetic properties have been developed up to date. However, the shape and 

dimensions of the Fe- and Co- based amorphous magnetic alloys have been limited to wires and 

thin ribbons with thickness below 30 m because of the necessity of a high cooling rate of almost 

106 K/s for the formation of amorphous phase [41]. The first Fe-based bulk metallic glasses with 

large super cooled region was reported in Fe-Al-Ga-P-C-B alloy system by Inoue et al. [27, 42].  

Subsequently, several Fe-based ferromagnetic bulk glassy forming alloys like Fe-(Co,Ni)-

(Zr,Nb,Ta,Hf,Mo)-B [43], (Fe,Co,Ni)-Nb-B [44], Fe-Co-Ln-B [45], Fe-Co-Ni-Si-B [46], Fe-

(Cr,Mo)-(P,C,B) [47], (Fe,Co,Ni)-(Zr,Nb,Ti,Ta)-B [48], Fe-Co-Ni-Zr-Mo-B [49], (Fe,Co)-Si-Nb-

B [50], and (Fe,Co)-(Nb,Y)-B [51, 52] were developed because of their potential magnetic 

applications [53, 54]. Now, the development of Fe- and Co- based BMGs with high glass-forming 

ability (GFA) has gained more interest because of the soft magnetic properties [55, 56] and also 

because of their high mechanical strength [57-59]. 

 

1.2 Formation of metallic glasses 

A glass may be considered as a solid with frozen-in liquid structure and sometimes referred to as 

“super-cooled liquid” [4]. Upon quenching of the melt [14], the supercooled liquid and crystalline 

phases compete with each other [13, 60, 61]. The variation of volume with temperature for a liquid 

is shown in Fig. 1.1. On cooling from initial state A, the change of volume with respect to 
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temperature decreases steadily along AB. If the rate of cooling is slow and nuclei are present, 

crystallization will take place at the melting temperature Tm. 

 

 

Figure 1.1: Change of volume as a function of temperature. Redrawn from [62] 

 

The volume will decrease sharply from B to C; thereafter, the solid will contract with falling 

temperature along CD. If the rate of cooling is sufficiently rapid, crystallization does not take place 

at Tm. The volume of the supercooled liquid decreases along BE, which is a smooth continuation 

of AB. At a certain temperature Tg the volume undergoes a significant change in slope and 

continues to decrease with almost the same slope as the crystalline form (i.e. almost parallel with 

the CD curve). Only below Tg the material is a glass. As cooling rate increases from 1 to 2, Tg 

increases to a higher value, i.e. from Tg
1 to Tg

2 [63]. The temperature at which the viscosity of the 

undercooled liquid reaches a value of 1012 Pa.s is traditionally designated as the glass transition 

temperature Tg, [62]. In reality it is difficult to accurately measure the cooling rate (Rc) during 

quenching process. Therefore, the critical casting thickness (tc), is often used to evaluate the Rc of 

BMGS [64, 65]. Moreover, other methods to predict or evaluate the GFA have also been proposed 

based on the constituent elements of the alloys [8]. 
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Figure 1.2: Variations of the specific heat with temperature for the crystal and glass-forming liquid. 
Redrawn from [62]. 

 

The variation of specific heat (Cp), with temperature is shown in Fig 1.2. On cooling from the 

liquid state the Cp of the undercooled liquid increases with decrease in temperature. The difference 

between the Cp of the undercooled liquid and the glass continuous to increase until Tg; at Tg the Cp 

of the undercooled liquid decreases suddenly, indicating the fewer degrees of freedom as a result 

of freezing of the liquid. Once glass is formed, the difference between the Cp of the glass and 

crystal is very less (see Fig. 1.2) [62]. 

During cooling from the liquid state, the viscosity of a metallic liquid increases slowly with 

decrease in temperature (Fig. 1.3). Close to the freezing temperature, the viscosity of the material 

increases suddenly up to 1015 Pa.s. However, the variation of viscosity in a glass-forming liquid is 

different, here the viscosity increases gradually in the liquid with decreases in temperature. But, 

this trend continues below the freezing point, even though the rate of increase is more rapid with 

a further decrease in temperature in the supercooled liquid. At Tg the viscosity is very high, there 

is no more flow of the liquid and the material is solid [62]. 
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Figure 1.3: Variations of the viscosity with temperature for the crystal and glass-forming liquid. 
Redrawn from [62]. 

 

1.2 .1 Thermodynamic considerations in glass formation 

The thermodynamic stability of a system at constant temperature and pressure is determined by its 

Gibbs free energy, G, defined as 

     G = H - TS                 (1.1) 

Where, H is the enthalpy, T is the absolute temperature, S is the entropy. Thermodynamically, a 

system will be in stable equilibrium only when it has attained the lowest possible value of Gibbs 

free energy. So in order to get the stable glass system the free energy should be as lowest or G is 

negativeG = (Gglass - Gcrystal). Mathematically it can be expressed as: 

 

G = Hf  - TSf      (1.2) 

where the  symbol represents the change in these quantities between the final and initial states, 

Hf  and Sf  represents the enthalpy of fusion and entropy of fusion, respectively [62]. The system 

becomes stable when the value of G is the lowest, or G is negative. A negative value of G can 

be obtained either by decreasing the value of Hf  or increase the value of Sf  or both. Since 

entropy is nothing but a measure of the different ways in which the constituent atoms can be 

arrange (microscopic sites), this value will increase with increase in number of components in the 
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alloy system. Thus, even if Hf  were to remain constant, the free energy will be lower because of 

the increased entropy when the alloys system consists of a large number of components. 

The free energy of the system can also be lowered, at a constant temperature, in case of low 

chemical potential due to low enthalpy, and large interfacial energy between the liquid and solid 

phase. Since it will be difficult to intentionally control these parameters in an alloy system, the 

easiest way to decrease the free energy would be to increase the Sf  by having a large number of 

components in the alloy system. Increase in Sf  also results in an increase in the degree of dense 

random packing of atoms, which leads to decreases in Hf and consequently increases the 

solid/liquid interfacial energy [8, 62]. Hence, it is easier to synthesize glassy phases in the 

multicomponent alloy system than in binary alloy systems [8, 62]. The three empirical rules 

suggested by Inoue [8] for the formation of good glass-forming alloys system are derived from 

both extensive experimental results and from thermodynamic point of view. The rules are: (1) 

Glass-forming alloys systems generally contain more than three elements; (2) Significant 

difference in atomic size ratios above about 12% among the three main constituent elements; (3) 

Negative heat of mixing among the three main constituent. Any metallic liquid, which satisfies the 

three empirical rules, is expected to have a denser randomly packed atomic configuration [6, 8, 13, 

17]. Such kind of structure can effectively surpass the nucleation and growth of crystalline 

phase(s), which is equivalent to the increase in GFA of the glass-forming alloys [9]. Therefore, the 

competition between the liquid phase and crystalline phase plays an important role in the formation 

of metallic glasses [8, 9, 66]. Thus the glass formation depends purely on kinetics. According to 

the free volume model [67, 68] or the entropy model of the liquid state, it is expected that every 

liquid undergoes a transition to the glassy state, provided that crystallization could be by passed 

or avoided [62]. 

 

1.2.2 Kinetics of the glass formation 

Volmer and Weber [69] made the first attempt to describe the nucleation process by considering 

the condensation of supersaturated vapour [3, 70]. Later Becker and Döring extended the same 

model [71]. Fisher and Turnbull applied the basic concepts of this theory to the liquid-solid phase 

transition [72]. According to Turnbull [13] nucleation in undercooled liquid is almost always 
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heterogeneous on seeds which are either present accidentally or deliberately injected into the 

system. These seeds may be crystals of the material itself or other solid materials, such as the 

container walls or particles suspended in the liquid. At a given cooling rate the undercooling 

required for the heterogeneous nucleation varies widely with composition and structure of the seed 

material [13]. Nucleation within the liquid and without the help of seeds is called homogeneous. 

Experimentally it is difficult to circumvent the effects of seeds and thereby realize homogeneous 

nucleation behavior [13]. 

In liquid metals, random fluctuations may create minute crystalline regions (clusters, embryos) 

even at temperatures above the melting point, but these will not be stable. They continue to be 

metastable also below the melting point because of the relatively large excess energy required for 

surface formation, which tends to weight the energy balance against their survival when they are 

small [3, 70].  

Kinetic analysis based on simple nucleation theory leads to the following expression for the steady 

frequency of nucleus formation [13]:  

𝐼 =  
𝑘𝑛


exp [−

𝑏𝛼3𝛽

𝑇𝑟(∆𝑇𝑟)2]     (1.3) 

where kn is a constant specified by the model, Tr is the reduced temperature (T/Tl), Tr is the 

reduced supercooling (1- T/Tl), b is a constant determined by the shape of the nucleus, and  and 

β are dimensionless parameters defines as [13]: 

𝛼 =  
(𝑁𝐴𝑉̅2)

1/3
𝜎

∆𝐻𝑚 
,     (1.4) 

𝛽 =  
∆𝐻𝑚

𝑅𝑇𝑚
=

∆𝑆𝑚

𝑅
     (1.5) 

where N is Avagadro’s number, R is universal gas constant, Hm is the molar heat of fusion, Sm 

= Hm/Tm is the entropy of fusion, Cp is the molar difference in heat capacity between the crystal 

and the liquid and 𝑉̅ is the molar volume of the crystal. The principal resistance of a fluid to 

nucleation is limited to , which is proportional to the liquid-crystal interfacial energy . 

Physically  is the number of monolayers/area of a crystal, which would be melted at Tm by an 

enthalpy H equal to   [3, 13]. 
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Figure 1.4. shows the calculated variation of the logarithm of the frequency of homogeneous 

nucleation of crystals in an undercooled liquid with reduced temperature for various values of 3β 

[13]. For numerical modelling the number b was assigned its value for a sphere (16/3),  was set 

equal to 10-3 Pa.s, independent of temperature, and kn was given the value 1023 N.m [13]. 

 

Figure 1.4: Calculated dependence of the logarithm of the frequency (in 1/cm3s) of homogeneous 
nucleation of crystals in an undercooled liquid as a function of the reduced temperature for various values 
of β1/3 (computed with the equation 1.2) as indicated in [13]. Redrawn from [3] 

 

It is possible to see that I is negligible at small undercooling. In fact, I must become 10-6 /cm3s or 

larger in order to be observable under common experimental conditions. This indicates that I-Tr 

relation closest to equilibrium where the simple theory is most valid is practically inaccessible to 

the experiment. With increasing Tr, I increases to a broad maximum at Tr = 1/3 and falls to zero 

at T = 0 K. Liquids with β1/3 > 0.9 would practically not crystallize at any undercooling, unless 

they are seeded. Thus, they would form glasses for sufficient undercooling. In contrast, it should 

be practically impossible to suppress, upon cooling to 0 K, the crystallization of fluids with small 

β1/3 (see Fig. 1.4.) [3]. From the knowledge gained so far β lies between 1 to 10 for most 

substances and it is near one for most simple monoatomic liquids [13]. Furthermore,  has been 

measured directly only in a few instances [73, 74] and there is no well accepted theory for 
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predicting it. Hence, it is reasonable to assume that it may be not greater than 1, i.e. one melted 

monolayer [3].  

Further, Turnbull explained that the glass-forming tendency should increase with the reduced glass 

transition temperature Trg = Tg/Tm [13]. The effect of different assignments of Trg on the nucleation 

frequency, calculated from the simple theory, with β1/3 = 0.5, is shown in Fig. 1.5. The viscosity 

was calculated from an equation of Fulcher form (1.2) with constant typical for a number of simple 

molecular liquids. The temperature at which  become 1014 Pa.s is considered as Tg [3]. 

 

Figure 1.5: Variation of the logarithm of frequency (in 1/cm3s) of homogeneous nucleation of crystals 
in liquids with reduced temperature calculates from eq. (1.2) as indicates in [13]. β1/3 was set equal to 
½ and the viscosity was calculated from the Fulcher equation. Redrawn from [3]. 

 

From Fig. 1.5 it possible to observe that the effect of increasing Trg is to lower, sharpen and shift 

the peak in the I-Tr relation to higher Tr values. Liquids with a glass temperature as high as (2/3) 

Tm (i.e. Trg = 0.66), if seed-free, would practically crystallize only within a narrow temperature 

range and then only slowly. Thus, they could be easily undercooled to glassy state. Liquids with a 

glass temperature Tg = Tm/2 (i.e. Trg = 0.5) could be cooled to the glassy state only in a relative 

small volume and at high cooling rates, according to these relations [3]. 
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1.3  Bulk metallic glasses developed so far 

In the last two decades, several BMGs were developed. So far, the GFA of the non-ferrous BMGs 

is larger compared to the ferrous based BMGs. Typical alloy systems, which may form BMGs, 

reported up to date, are summarized in Table 1.1, together with the year when the first 

corresponding paper or patent of each alloy system was published. The first BMGs reported were 

based on non-ferrous systems, followed by the Fe-and Co- based alloy systems [3, 8, 75]. It can 

be observed that only in recent years Cu-based BMGs were developed. 
 

Table 1.1: Typical bulk glassy alloy systems reported up to date together with the calendar year when the 
first paper or patent of each alloy system was published [3, 8, 62, 75]. 
 

1. Non-ferrous alloy systems  2. Ferrous alloy systems  

Mg-Ln-M (M = Ni, Cu, Zn) 1988 Fe-(Al,Ga)-(P,C,B,Si,Ge) 1995 

Ln-Al-TM (TM = the VI- VIII group 

transition metal ) 
1989 

Fe-(Nb,Mo)-(Al,Ga)-(P,B,Si) 1995 

Co-(Al,Ga)-(P,B,Si) 1996 

Ln-Ga-TM 1989 Fe-(Zr,Hf,Nb)-B 1996 

Zr-Al-TM 1990 Co-(Zr,Hf,Nb)-B 1996 

Zr-Ti-TM-Be 1993 Ni-(Zr,Hf,Nb)-B 1996 

Zr-(Ti,Nb,Pd)-Al-TM 1995 Fe-Co-Ln-B 1998 

Pd-Cu-Ni-P 1996 Fe-(Nb,Cr,Mo)-(C,B) 1999 

Pd-Ni-Fe-P 1996 Fe-(Cr,Mo,Ga)-(P,C,B) 1999 

Pd-Cu-B-Si 1997 Co-Ta-B 1999 

Ti-Ni-Cu-Sn 1998 Fe-Ga-(P,B) 2000 

Cu-(Zr,Hf)-Ti 2001 Ni-Zr-Ti-Sn-Si 2001 

Cu-(Zr,Hf)-Ti-(Y,Be) 2001 Fe-Cr-Mo-(Y,Ln)-C-B 2004 

Cu-Zr 2004 Fe-Cr-Co-Mo-Mn-C-B-Y 2004 

  Ni-Co-Nb-P-B-Si 2014 
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In general the bulk glass-forming alloys developed so far can be divided in to five groups based 

on their constituent elements, as summarized in Table 1.2. The transition metals belonging to the 

group numbers I to IV of the periodic table are named ETM (early transition metals), the group 

VIII metals are names LTM (late transition metals), simple metals are used for Mg and Be, and 

the metalloids are B,C,Si and P. The first group (i) of bulk glassy alloys consists of ETM (or Ln), 

Al and LTM, e.g. Zr-Al-Ni and Ln-Al-Ni systems. The second group (ii) is composed of LTM, 

ETM and metalloid, e.g. Fe-Zr-B and Co-Nb-B systems. The third group (iii) consists of LTM 

(Fe)-(Al,Ga)-metalloid systems. The fourth group (iv) consist of Mg-Ln-LTM and ETM (Zr,Ti)-

simple metal (Be)-LTM alloys and the fifth group (v) consist of only LTM and metalloids, e.g. 

Pd-Cu-Ni-P and Pd-Ni-P, which is completely different from the first four groups (i-iv) [3, 8]. It 

is important to note that all first four group alloys are based on the three empirical rules 

summarized by Inoue [8] as mentioned in the earlier section 1.2. 

 
Table 1.2: The five groups of composition able to form bulk metallic glasses [3, 8]. 
 
i (Ln or ETM) - (Al or Ga) - LTM 

ii  LTM – ETM - metalloid 

iii LTM - (Al and/or Ga) - metalloid 

iv  Simple metal – Ln – LTM or Simple metal – ETM - LTM 

v LTM - metalloid 

 

The composition summarized in Table 1.1 exhibit high reduced glass transition temperatures (Trg) 

and a large extension of the supercooled liquid region. Up to date Pd40Cu30Ni10P20 is the BMG 

with the largest reported sample thickness of about 100 mm [29]. In case of Fe-based BMGs there 

are only few systems reported with large sample thickness. For e.g. Lu et al. [36] and 

Ponnnambalam et al. [76]  reported a maximum diameter of 12 mm for 

(Fe44.3Cr5Co5Mo12.8Mn11.2C15.8B5.9)98.5Y1.5 and  Fe48Cr15Mo14Er2C15B6 alloys respectively. 

However, these glasses are not magnetic and can only be used for structural applications [3]. 
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1.4 Magnetic properties of metallic glasses 

Magnetic properties are of fundamental importance for several applications in the electrical and 

electronic industries. Nowadays, significant efforts have been made on investigating the magnetic 

properties of the metallic glasses. Due to the development of many sophisticated devices, the soft 

magnetic materials are increasingly used in diverse applications like magnetic sensors, magnetic 

valves, transformers, magnetic clutches and magnetic shielding. In the last few decades, Fe-based 

glasses are widely investigated for their excellent soft magnetic properties [27, 31, 40, 50, 54, 77-

89]. 

1.4.1 Origin of ferromagnetism in glassy state 

The existence of long-range ferromagnetic ordering in a structurally disordered material could be 

due to the interactions between neighboring atomic moments, which make them to align parallel 

[70]. The quantum mechanical origin of the ferromagnetism by considering the interaction 

between electronic spins was described by Heisenberg [90]. It was shown that the coupling 

between neighboring electrons leads to the orientation of all the spins in one direction. This kind 

of parallel alignment of several spins in one direction give rise to a macroscopic moment. The 

coupling can be written as: 

𝐻 = −
1

2
 ∑ 𝐽𝑖𝑗<𝑖,𝑗> . 𝑆𝑖. 𝑆𝑗     (1.5) 

where H is the Hamilton operator, Jij the exchange integral and 𝑆𝑖, 𝑆𝑗 the spin operators of two 

neighboring electrons [90]. The summation counts all neighbor pairs. If the exchange integral is 

positive, the Hamilton operator takes a minimum value when the spins of the electrons are parallel 

and point into the same direction. This alignment is characteristic for ferromagnetic materials. 

When the exchange integral is negative, the arrangement of the spins parallel but pointing into 

opposite directions is energetically favorable. Such materials are called anti-ferromagnets. In the 

demagnetized state, ferromagnets show no net magnetization, but they are spontaneously 

decomposed in small regions/domains, within that regions the magnetic moments are ordered. The 

magnitude of the magnetization in all the domains are same but, the direction varies. The vectorial 

sum of all magnetic moments 𝑚⃗⃗⃗ relative to the entire volume of the ferromagnetic body is called 
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volume magnetization 𝑀⃗⃗⃗𝑉. In the demagnetised state, the magnetic moments are randomly 

oriented. The vectorial sum of the magnetic moments is zero and hence the total magnetization is 

zero [91]. 

 

1.4.2. Soft magnetic properties  

The most desirable soft magnetic properties of the material includes high saturation magnetization, 

high relative permeability, low coercivity and high electrical resistivity [62, 82]. 

The addition of the non-magnetic elements for the increases of the glass-forming tendency 

decreases the exchange interactions and the number of nearest neighbor magnetic elements [82, 

92]. Hence, in ferromagnetic glasses the addition of non-magnetic elements decreases the Curie 

temperature and saturation magnetization [82, 92].  

 

In metallic glasses the absence of the domain wall pinning centers like dislocations and grain 

boundaries improves the soft magnetic behavior significantly. Also, the amorphous nature of the 

metallic glasses increases the electrical resistivity and this effect improves their high frequency 

 

Figure 1.6: The evolution of the coercivity with crystallite size. Redrawn from [94]. 
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soft magnetic properties like magnetic permeability because of the reduction of the eddy current 

loss [82]. Generally, ferromagnetic metallic glasses exhibit very low coercivity < 10 A/m and high 

magnetic permeability up to 105 due to the absence of the magneto-crystalline anisotropy [82, 93]. 

According to random anisotropy model suggested by Herzer [94], the magneto-crystalline 

anisotropy is averaged out by the exchange interaction when the grain size is smaller than a critical 

length (L0). Figure 1.6 depicts the influence of the crystallite size on the coercivity. 

As it is seen in Fig. 1.6, below the critical crystallite size the coercivity significantly decreases 

with the 6th power of the crystallite size according to the following equation [82, 94]: 

𝐻𝑐 =  
𝑃𝑐𝑘1

4𝐷6

𝜇0𝑀𝑠𝐴3     (1.6) 

where A is the exchange stiffness constant, D is the average crystallite size, Pc is constant of unity, 

Ms is the saturation magnetization and o is the permeability of free space. Therefore, when there 

are no grains, the theoretical value of the coercivity should approach zero. 

Another important parameter which affects the coercivity is the elastic anisotropy. The existence 

of the residual stress  for a ferromagnetic sample with a saturation magnetostriction constant of 

s contributes to the coercivity enhancement as [82]: 

𝐻𝑐 ≈ −
3

2
 𝜋

𝑠∆𝜎𝛿𝑤

𝜇0𝑀𝑠𝑙
      (1.7) 

Where, w denotes the magnetic domain wall thickness and l is the stress wavelength [82]. 

The rapid solidification may induce residual stress in the metallic glasses. Thermal annealing 

below the crystallization temperature decreases the residual stress and as result the coercivity will 

decrease.  

Figure 1.7 shows a classification of the magnetic materials based on their coercivity, saturation 

polarization and remanence. The terms “hard” and “soft” magnets are used to distinguish 

ferromagnets based on their coercivity. As it can be seen, the soft magnetic materials have 

coercivity below 1 kA/m, while the hard magnets have the coercivity larger than 50 kA/m. The 

softest magnetic materials are the amorphous alloys [70, 95]. 
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Figure 1.7: Classification of magnetic materials [95] 

 

1.5 Mechanical properties of bulk glassy alloys 

The mechanical and physical properties of the materials play a very important role for their 

applications. The completely disordered structure and metastable state of the metallic glasses 

possess some excellent mechanical, physical and chemical properties, which are promising for the 

current and future applications [10, 11, 75, 96-98]. The study of the mechanical behavior of these 

metallic glasses was first reported in 1971 by Masumoto et al. [99] in Pd80Si20 ribbons. Owing to 

development of several bulk metallic glass-forming systems in last few decades and availability 

of advanced characterization techniques, the research on mechanical behavior of materials has 

been quite active during the last few years. Generally, when a metallic glass is mechanically 

loaded, it first undergoes an elastic deformation followed either by fracture or by plastic 

deformation [98, 100]. Recently, Ashby et al. [101] collected mechanical properties for 1507 

metals, alloys, metal-matrix composites and metallic glasses and they found that bulk metallic 

glasses can store more elastic energy per unit volume than other materials. It can be seen that the 

fracture stress f has a clear linear relationship with Young’s modulus E of all the studied materials, 
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i.e., E/f   50, further confirming the previous observations by other researchers [102, 103]. Fig. 

1.8 shows the relationship between fracture strength and Young’s modulus for some bulk glass-

forming alloys along with the data of conventional crystalline alloys [8, 75]. The Fe-based bulk 

glasses exhibit a high fracture strength of 3000-4000 MPa and elastic strain of  0.02, which are 

significantly higher than the corresponding values measured in the case of non-ferrous BMGs. 

Furthermore, these ferrous based metallic glass-forming alloys have a lower melting temperatures 

compared to the conventional Fe-based crystalline alloys, in spite of having much higher 

mechanical strength [75]. The Vickers hardness of the Fe-based glasses are also very high, usually 

from 800 to 1200 HV. Similar to the tensile fracture strength, the Vickers hardness  keeps the same 

linear relation with Young’s modulus [8]. 

 

Figure 1.8: Relationship between (a) tensile fracture strength and Young’s modulus; (b) Vickers 
hardness and Young’s modulus for bulk glass-forming alloys. Redrawn from [8] 

 

The slope of the linear relation for the bulk glassy alloys is much steeper than the ordinary 

crystalline alloys, indicating the fundamental mechanical properties of bulk glasses are 

significantly different from those crystalline alloys [70]. The difference in the tensile strength and 

hardness values between the glassy and crystalline alloys exceeds  60%. The linear relation are 

also expressed as f/E = 0.02 and HV/E = 0.00061[8]. 
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Fig. 1.9 represent the relationship between the fracture strength and glass transition temperature 

for some of the bulk metallic glasses. Though small scatter is observed in the data, a general trend 

is observed in the f vs Tg relationship, the strength increases with increase in the value of Tg 

Considering the fact that Tg is the reflection of atomic bonds between the constituent elements 

[104], the high bonding force between the constituting elements might be responsible for the higher 

glass transition temperature and higher strength. 

 

 

Figure 1.9: Relationship between compressive fracture strength (f) and glass transition temperature (Tg) 

for different bulk metallic glasses [105-107]. 

 

1.5.1 Deformation behavior of metallic glasses  

The deformation behavior of metallic glasses including BMGs changes significantly at different 

temperature regimes. At lower temperatures, i.e. less than 0.5Tg, the deformation is mostly 

concentrated in a few very thin shear bands that form approximately on the planes of maximum 

resolved shear stress. This localized deformation is referred to as inhomogeneous deformation. 

The inhomogeneous deformation in the metallic glass makes it mechanically unstable at high 

stresses, leading to catastrophic failures. On contrary, at slightly elevated temperatures, i.e. higher 

than 0.5Tg, metallic glass undergoes viscous flow in which the plastic strain is distributed 
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continuously, not necessarily equally, between different volume elements within the material. In 

such case, each volume of the specimen contributes to the strain. This type of behavior is referred 

to as homogeneous deformation [62]. 

 

1.5.2 Inhomogeneous deformation 

In general the crystalline materials undergoes strain hardening, when subjected to mechanical 

loading, as a result material becomes harder and therefore it is difficult to deform the materials 

beyond certain limit. In contrast, to the crystalline materials metallic glasses have been shown to 

exhibit the phenomenon of strain softening, i.e. an increase in strain makes the material softer and 

allows the material to be deformed at lower stresses and higher rates [62, 98, 100]. So far, several 

theories suggested for inhomogeneous deformation through formation of shear band. 

 

Shear transformation zone theory  

According to this theory the viscosity in the shear bands decreases during deformation due to the 

formation of free volume. This decreases the density of the glass and, consequently, decreases the 

resistance to deformation. Argon et al. [108, 109] suggested that during deformation small clusters 

of close-packed atoms spontaneously and co-operatively rearrange to accommodate the applied 

shear strain, which are termed as a shear transformation zone (STZ) as shown in Fig.1.10. [108, 

110-114]. During shearing, STZ essentially involves a cluster of atoms that undergoes an inelastic 

shear distortion from one low energy configuration to another configuration with relatively low 

energy through an intermediate activated state with a high energy and a large volume [115, 116]. 

With further increase in the applied shear strain more STZs will be triggered, which results in the 

formation of shear bands [115]. 
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Figure 1.10: Two dimensional schematics of the atomistic deformation mechanisms proposed for 
amorphous metals, shear transformation zone (STZ) proposed by Argon [109]. Redrawn from [98] 

 

The first quantitative model for the STZ was proposed by Argon in 1979 [109], indicating that the 

STZ operation is allied to the elastic confinement of the glass matrix and strain redistribution 

around the STZs. The free energy for the STZ activation in terms of the elastic constant of the 

glass is given by: 

∆𝐹0 =  [
7−5𝑣

30(1−𝑣)
+

2(1+𝑣)

9(1−𝑣)
 𝛽2 +  

1

2𝛾0
 .

𝜏0

𝜇(𝑇)
] . 𝜇(𝑇). 𝛾0

2.0   (1.8) 

where v is Poisson’s ratio, 0 is the athermal shear stress at which the STZ transforms, and (T) is 

the temperature dependent shear modulus. The second term in the bracket contains the dilatational 

energy related to STZ action, β is the ratio of the dilatation to shear strain, 0 is generally adopted 

to be of order  0.1, and 0 usually consists of a few to  100 atoms [100, 109, 113, 117, 118]. 

Hence, the energy of an STZ is estimated to be on the order of 1-5 eV, or  20-120kBTg, where kB 

is the Boltzmann constant [100]. 

 

Free volume model  

An alternative view on mechanism of plastic flow in metallic glasses is given by the 

classical “free-volume” model, as developed by Turnbull and co-workers [67, 119] and applied to 

the deformation of metallic glasses by Spaepen [120]. Free volume is defined that part of the 

thermal expansion or excess volume which is redistributed without energy change [121].  
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This model essentially views deformation as a series of discrete atomic jumps in the glass, as 

shown in Fig. 1.11. 

 

The empty space around constituent atoms is called free volume and is assumed to be distributed 

statistically among all the atoms in metallic glasses [122-124]. Due to the weak mechanical 

coupling to the surroundings regions with large free volume, the inelastic relaxation is prone to 

occur by local atomic re-arrangements [19, 100, 115, 120]. These regions can act as a preferred 

sites where the destabilization of the glassy structure occurs with increase in applied stress. At low 

stresses, the annihilation rate of the free volume is exactly equal to its creation rate so that free 

volume keeps constant. At high stress, as the creation rate is larger than the annihilation rate, the 

softening occurs together with the increase of free volume. As the applied stress decreases the 

driving force for the creation of free volume decreases until the formation of new free volume 

achieves a steady state [19, 100, 115, 120]. 

 

1.5.3 Homogeneous deformation 

Homogeneous deformation in metallic glasses occurs at high temperatures (> 0.7Tg) and also in 

the supercooled liquid state. This deformation could be thought as viscous flow of the supercooled 

liquid resulting in significant plasticity. It is possible to achieve net-shape forming capability by 

working with metallic glass in this temperature regime [125-128].  

 

Figure 1.11: Two dimensional schematics of the atomistic deformation mechanisms proposed for 
amorphous metals, free volume model proposed by Spaepen [120]. Redrawn from [98].  
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The homogeneous deformation is strongly dependent on the applied strain rate, suggesting that 

this could be is associated with a rate process [62]. The homogeneous deformation of the metallic 

glasses can also be understood using the concept of STZ proposed by Argon (see section 1.5.21.) 

[62, 109]. 

 

1.5.4 Temperature rise in the shear bands 

As mentioned above (section 1.4.2), the local decrease in viscosity near the shear bands may aid 

the inhomogeneous flow in metallic glasses. Another theory suggested for this inhomogeneous 

deformation by Leamy et al. [129] was local adiabatic heating in the shear band. In his theory he 

proposed that shear banding in metallic glasses could occur due to adiabatic heating. Since it is 

difficult to measure directly the actual temperature rise in the shear band, alternative and indirect 

methods have been employed. The local temperature rise in shear bands estimated by different 

researches [130-139] is ranging from 0.1 to a few thousand degrees Kelvin. This large discrepancy 

is mainly due to the difficulty of direct measuring the temperature in extremely small distances of 

the shear band widths (10-20 nm) [140-144] and short timescales (10-5 s) for shear band 

propagation [114, 145]. Lately, different experimental techniques were used to measure the 

temperature rise in the shear bands. Yang et al. [137, 146] used a high speed infrared (IR) capture 

the dynamic shear band evaluation process in a Zr-based BMG alloy. In their work they have 

estimated that at the shear band initiation site the rise in temperature can be up to 650 K. Similarly, 

Bruck et al. [133] measured the temperature rise during dynamic testing of Zr-based BMG at a 

strain rates of 102-103 s-1. From their measurement, they reported the rise in temperature was  500 

K near the shear bands. Recently, Yang et al. [147] used the STZ model proposed by Argon [109] 

to estimate the temperature rise in a shear band. In that model he balanced the mechanical work 

and heat generation with in an STZ unit, and also assumed that the whole process is adiabatic [62]. 

Based on his model, the shear band temperature of nine BMGs with six different alloys systems 

were calculated and the results are shown in Fig 1.12. Figure 1.12 shows the results of the 

temperature rise in the shear band at the time of fracture plotted against Tg. The temperature 

estimated in this method is limited only to the initial stage of shear banding [147]. From this result 

it was concluded that the catastrophic failure of BMGs is caused by the sudden drop in viscosity 

inside the shear band as a result if local heating to a level close to the glass transition temperature. 
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1.6. Methods to improve the plasticity in metallic glasses 

In general, most of the metallic glasses do not exhibit strain hardening and can sustain no plastic 

deformation. This brittle behavior under mechanical loading severely limits the applications of 

BMGs as engineering materials [98, 100]. So far, much attention has been paid to improve the 

plasticity in BMGs. Johnson and his group [117, 148] pointed out that plastic yielding of MGs at 

room temperature can be roughly described by an average shear strain limit of 0.02670.0020, 

implying that the elastic strain in required for the formation of a shear band nucleus in metallic 

glasses contains a collection of local STZs [149]. Therefore, the presence of a large STZ volume 

enables a smaller number of small STZs to be activated for the nucleation of a shear band. 

Moreover, these STZs result in the increase of the shear capability of the metallic glasses and 

facilitate the formation of multiple shear bands during plastic deformation. Hence the presence of 

large STZ volume in metallic glasses will aid in the improvement of plastic strain in metallic 

glasses. 

 

 

Figure 1.12: Temperature rise in the shear bands at the time of fracture for different BMG alloys plotted 
against the glass transition temperature [147]. 
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It has been found that the plastic deformability can be largely enhanced by introducing different 

microstructural heterogeneities such as free volume, phase separation, nano-crystallization, 

short/medium-ranged clusters in to the glassy matrix by controlling the casting process [150-162]. 

In case of the phase separated BMGs, during deformation the second amorphous phase can act as 

a barrier for the crack propagation and thereby improving the room temperature plastic strain 

remarkably [163-167].  In case of Fe-based BMGs, the addition of small amounts of soft elements 

like Ni, Er and Cu can help in improving the room temperature plasticity [138, 168, 169]. 

Apart from addition of soft elements, phase separating elements and nano-crystals to alter the 

microstructure of the metallic glasses, pre-deformation methods such as cold-rolling, imprinting, 

ball milling or shot-peening can also introduce the heterogeneities in the glassy matrix. It has been 

demonstrated that pre-deformation can promote the plasticity of BMGs [170-180]. Improvement 

in the tensile plasticity of 0.5% was reported for Zr50Cu30Ni10Al10 BMG after cold-rolling with 

thickness reduction of 10 % [181]. 
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Chapter 2 

Experimental details and measurements 

In this chapter, the experimental procedure involved in preparing the high quality glass-forming 

alloys, sample preparation techniques, sample characterization techniques, physical and functional 

property measurement techniques are discussed. 

 

2.1 Sample preparation techniques  

It is well known that, the quality of the starting master alloy, i.e. the absence of impurities like 

oxides or foreign inclusions, plays an important role in determining the GFA and reproducibility 

of the glassy samples [13]. For this reason, it is necessary to pay special attention to the preparation 

techniques. 

In order to achieve a systematic understanding behind the improvement in mechanical and 

magnetic properties due to the addition of soft atoms like Cu and Ga in Fe-based glass-forming 

alloys, two different glass-forming systems [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 and 

Fe74Mo4P10C7.5B2.5Si2 were chosen [50, 89]. The master alloys [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4, 

{[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4}100-x,y (Cux, Gay) (x = 0.5), (y = 0.5, 1, 1.5, 2, 3, 4 and 5) , 

Fe74Mo4P10C7.5B2.5Si2 and [Fe74Mo4P10C7.5B2.5Si2]100-x, y (Cux, Gay) (x = 0.5 and 1), (y = 0.5, 1, 1.5 

and 2) were prepared in several steps. In case of [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4
 alloy first the 

eutectic Fe25Nb75 (wt.%) pre-alloy was prepared by arc melting, followed by induction melting of 

the pre-alloy together with the rest of pure elements. The Fe74Mo4P10C7.5B2.5Si2 alloy was prepared 

through induction melting. 
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2.1.1 Arc melting  

The eutectic Fe25Nb75 (wt.%) pre-alloy was produced by arc melting pure Fe (99.9 mass%) and 

pure Nb (99.9 mass%) lumps. The amounts of the constituting elements were weighed using a 

Mettler Toledo AT 200 scale and the accuracy is about 0.001 g. 

 

 

Figure 2.1: Schematic illustration of arc melting set-up. 

 

This device consists of three important components: working chamber connected with vacuum 

pumps, tungsten electrode for melting and water cooled copper hearth, as shown in the Fig. 2.1. 

The working chamber is connected with a mechanical vacuum pump and a turbo-molecular 

vacuum pump in series; using these pumps it is possible to evacuate the chamber up to 10-5 – 10-6 

mbar in 60-90 min. Tungsten electrode was used for producing the arc and the casting temperature 

was controlled by changing the melting current. The melting current can be varied from 0 to 400 

A, while the melting time was controlled manually with a stop watch. The water cooled copper 

hearth has different cavities for both getter and alloy preparation; first the Ti getter was melted to 

remove the remaining traces of oxygen, followed by the melting of Fe25Nb75 pre-alloy. The pre-

alloy was remelted at least three times to get the homogeneous composition. 
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2.1.2 Copper mold casting-master alloy preparation  

The master alloy [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 were prepared by induction melting of the FeNb 

prealloy together with Fe and Co lumps (99.9 mass%), crystalline B (99.5 mass%) and crystalline 

Si (99.99 mass%), under protective argon (Ar) atmosphere. Similarly, the master alloy 

Fe74Mo4P10C7.5B2.5Si2 were prepared by the induction melting of Fe, Mo lumps (99.9 mass%), 

crystalline B (99.5 mass%) and crystalline Si (99.99 mass%), pure graphite as C, industrial Fe-P 

pre-alloy with P content of 14 at.%. Induction furnace with tilt casting facility made by EMA 

ELEKTRO MASCHINEN Schultze GmbH & Co. KG was used in order to produce the above 

mentioned master alloys. The experimental setup is shown in Fig. 2.2  

 

 

Figure 2.2: Schematic illustration of induction furnace set-up. 

 

The device consist of two chambers: the melting chamber in which the induction coil and the 

working crucible are placed, and the mold chamber, which consist of copper mold. Both chambers 

can be evacuated up to 10-4 mbar using a vacuum pump and filled/flushed with 4N8 (i.e. 99.998%) 

pure Ar. For melting, ceramic (Al2O3) cylindrical crucible was used, with a diameter about 15 cm. 

The induction generator can deliver an adjustable power between 0 and 20 kW at a frequency of 
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20 kHz. The temperature was monitored by external infrared pyrometer visualizing the upper 

surface of the molten alloy through a glass window. The maximum achievable temperature was 

around 1800 °C. After melting all elements, the molten alloy was maintained at a temperature 200° 

C higher than its melting point for about 2 min, in order to get the homogeneous composition. The 

melting chamber can be tilted up to 90 degree to pouring the molten metal in to the casting 

chamber. The casting chamber may contain variable cylindrical copper molds, without cooling 

system. The copper molds with different internal channel sizes are used, depending upon quantity 

of the alloy melted. 

Once the master alloys [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 and Fe74Mo4P10C7.5B2.5Si2 were produced, 

careful addition of Cu (99.99 mass %) and Ga (99.9 mass %) were done using the above mentioned 

arc melting technique. The above mentioned steps are followed to get master alloys of 

{[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4}100-x, y (Cux, Gay) (x = 0.5), (y = 0.5, 1, 1.5, 2, 3, 4 and 5), and 

[Fe74Mo4P10C7.5B2.5Si2]100-x, y (Cux, Gay) (x = 0.5 and 1), (y = 0.5, 1, 1.5 and 2) respectively. 

 

2.1.3 Melt-spinning  

Melt spinning facility was used to produce the amorphous ribbons. In melt spinning, a molten 

metal is ejected by gas pressure on to a rapidly rotating wheel. Solidification occurs on the melt 

spinning wheel with a cooling rate of 105-106 K/s [182] and results in the formation of ribbons, the 

ribbons detach easily from the copper wheel due to differences in the thermal contraction. 

Fig. 2.3 shows schematically the melt spinning device made by Edmund Bühler GmbH, which 

was used to produce the ribbons. This device consists of 2 chambers: the working chamber in 

which the induction coil and copper wheel are placed, and storage chamber, were the ribbons are 

collected after melt spinning. Both chambers can be evacuated up to 10-5-10-6 mbar using rotary 

and turbo vacuum pumps and filled/flushed with 99.9% pure Ar. 
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Figure 2.3: Schematic illustration of melt spinning set-up. 

 

The high-frequency induction generator can deliver an adjustable power between 0 to 30 kW at a 

frequency of 30 kHz. Pieces of the master alloys were inductively melted in a quartz tube, which 

has a circular nozzle tip of 5 mm length and 1 mm diameter. The position of the nozzle tip can be 

varied with respect to the wheel surface, the molten alloy was perpendicularly ejected onto the 

wheel surface from a distance of about 0.5 mm. An over-pressure of about 300 mbar of 99.998% 

pure argon was applied from the external tank. The temperature was monitored by an external 

infrared pyrometer visualizing the upper surface of the molten alloy through a quartz window. The 

maximum achievable temperature was limited to 1350 °C due to the working temperature limit of 

the quartz tube. The molten alloys were ejected at a temperature of about 150 to 200 K above the 

melting point of each alloy. The tangential velocity of the rotating copper wheel was precisely 

controlled with a specially built control system. In our work we used velocity of 25 m/s, to produce 

a homogeneous ribbons with an approximate width of 3-4 mm and a thickness of 355 m 

respectively. The as-spun ribbons were directly guided in to the storage chamber, which was 

located in the same direction as that of the rotating copper wheel. The working parameters such as 

wheel velocity, ejection overpressure, distance between the nozzle and the wheel, ejection 

temperature, molten metal holding temperature were precisely controlled. 
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2.1.4 Injection casting  

Injection casting facility was used to produce bulk amorphous samples. In this method, the molten 

alloy is injected in to a water-cooled copper mold by gas pressure. The cooling rates attained in 

this method are of the order of about 102-103 K/s [183].  

 

 

Figure 2.4: Schematic illustration of injection casting set-up.  

 

An in-house built injection casting device was used for the preparation of bulk glassy samples 

(Fig.2.4). This device consists of one working chamber in which the induction coil and copper 

mold are placed. The chamber can be evacuated up to 10-5-10-6 mbar using rotary and turbo vacuum 

pumps and filled/flushed with 99.998% pure Ar. The High frequency induction generator can 

deliver an adjustable power between 0 to 30 kW at a frequency of 30 kHz. Pieces of the master 

alloy were inductively melted in a quartz tube, which has a circular nozzle tip of 5 mm length and 

1 mm diameter. The distance between the nozzle tip and the inlet of the copper mold can be 

adjusted precisely, the mold entrance and the nozzle tip of the crucible are carefully aligned. The 

molten alloy was ejected onto the copper mold from a distance of about 0.5 mm. An over pressure 

of about 300 mbar of 99.998% pure argon was applied from the external tank. The temperature 

was monitored by an external infrared pyrometer visualizing the upper surface of the molten alloy 
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through a quartz window. The maximum achievable temperature was limit to 1350 °C due to the 

working temperature limit of the quartz tube. The molten alloys were ejected at a temperature 

about 150 to 200 K above the melting point of each alloy. The molds with an internal shape in the 

form of cylinder with 1, 1.5, 2, 2.5 and 3 mm diameter and 78 mm height, respectively, as well as 

a rectangular bar with 1x1mm and 2x2 mm and 78 mm height were used. The working parameters 

such as ejection overpressure, distance between the nozzle and the copper mold, ejection 

temperature, molten metal holding temperature were precisely controlled. 

 

2.1.5 High pressure die casting  

High pressure die casting method was chosen to obtain bulk amorphous alloys with large 

geometrical dimensions than those achieved by copper mold castings [184]. High pressure die 

casting (HPDC) has been widely used to manufacture a large variety of products with high 

dimensional accuracy and productivity [185]. HPDC is a single step process, in this method the 

casting defects such as gas pockets and shrink holes can be drastically reduced or controlled [184]. 

A schematic drawing of the high pressure die casting (HPDC) method used in our experiments is 

shown in Fig. 2.5 (a). 

In our work the samples were cast in an industrial ‘ÖGSZF110T’ 100 t vertical high pressure die 

casting machine. For melting the alloy Kaloria GS/02 induction heating furnace was used. Typical 

HPDC machine is normally composed of two major sections: a fixed section (lower half of the 

die) and a movable section (upper half of the die and piston). The temperature during the whole 

casting process must be monitored and accurately controlled, as the quality of the casting is very 

sensitive to the variation in temperature. When the molten alloy is in the die cavity, the heat in the 

alloy should be removed to allow solidification and subsequent cooling to occur. However, the die 

temperature depends on a number of process variables such as cycle time, spray distribution and 

duration, water layout and flow rate, casting volume/geometry, as well as molten metal 

temperature and composition. In this work all the key-shaped samples were prepared at 

Breuckmann GmbH & Co KG Heiligenhaus, Germany, with the help of Dr. Attila Szabo and Dr. 

András Bárdos. 
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Figure 2.5: (a) Schematic illustration of high pressure die casting set-up; (b) 3D model of die. (c) 
Completed dies made from heat resistant steel and a copper alloy. 

 

Figure 2.5 (b) show the 3D model of the die and Fig. 2.5 (c) and (d) the completed die made from 

a heat resistant steel and a copper alloy, respectively. Two different die materials were used for 

the casting purpose: heat resistant steel with a low heat conduction rate of 33 W/mK and a Cu alloy 

with high heat conduction rate of 230 W/mK respectively. The reason for the choice of the two 

different die materials was to test the influence of heat conduction on glass formation and on the 

die life. 

2.2 Analysis techniques  

2.2.1 Chemical composition analysis 

The elemental composition analysis were done for all pre-alloys and master alloys after the 

preparation. Composition deviations due to the evaporation of some elements during the melting 

processes were carefully checked using Inductively Coupled Plasma with Optical Emission 
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Spectrometry (ICP-OES) technique. For analysis iCAP6500 DUO View instrument from Thermo 

Fisher Scientific GmbH was used. 

In this technique, a piece of the sample is completely dissolved using a mixture of concentrated 

H2SO4 and concentrated HCl solutions. Then the analyte solution is sprayed as an aerosol into an 

argon plasma. At temperatures of 6500 K the elements are atomized and/or ionized. The 

temperature is high enough to excite atoms and ions so that they emit light. The resulting spectrum 

consisting of many emission lines is split up by an Echelle optics. The intensity of the emission 

lines is proportional to the concentration of the analyte. The accuracy of the device is 0.01-1 g/l 

(depending on element). 

 

2.2.2 Thermal analysis 

A computer-controlled differential scanning calorimeter (NETZSCH 404) was used in order to 

determine glass transition, crystallization and melting point of the glassy samples. In our 

experiments we have used alumina (Al2O3) crucibles for the measurement, the camber was 

evacuated up to 10-5 mbar and then continuously flushed with 99.9% pure Ar. For all the 

measurements samples mass are maintained around 18-20 mg and heating rates of 5, 10, 15 and 

20 K/min were used depending up on the measurements. The glass transition temperature Tg, the 

crystallization temperature Tx and the liquidus temperature Tliq were determined as the onsets of 

the respective events, using the two tangent method (for more details see the ref [186]). The 

accuracy of the measured data lies within  2 K. 

 

2.3 Structural characterization techniques 

2.3.1 X-ray diffraction 

A standard X-ray diffraction (XRD) analysis was carried out to identify the phase formation of the 

samples. For our investigation we have used reflection and transmission configuration.  
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For reflection configuration (PANalytical X’Pert Pro Diffraction) Bragg-Brentano diffractometer 

using Co-K ( = 0.178897 Å) was used. The diffractometer operated at a voltage of 40 kV and a 

current of 40 mA. In order to maintain the uniformity in the sample height, all the bulk samples 

were ground to 0.5  0.01 mm. The diffraction intensities are recorded between 20 and 120 degrees 

(2) in a step mode, with a step size of (2) = 0.013° and data acquisition time per step 2.5 s. 

 

2.3.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) investigations were performed using Zeiss Gemini 1530 

(Carl Zeiss AG) microscope. The fractured samples after compression tests were cleaned in 

ultrasonic bath using acetone as cleaning liquid. The samples are carefully mounted on special 

carbon tape for good electrical contact. 

 

2.3.3 Transmission electron microscopy (TEM) 

The investigations were performed using a Carl Zeiss Libra 200MC Ultra-High Resolution 

Transmission Microscope (UHR-TEM). The investigations were carried out at National Institute 

of Research and Development for Technical Physics (NIRDTP) Iasi, Romania, with the help of 

Dr. Gabriel Ababei, who operated the microscope. The samples were cut into slices with a 

thickness of about l mm from the as-cast rods. A further mechanical polishing, down to 100 m 

thickness, was done using silicon carbide paper and diamond suspensions. The next thinning 

process, down to < 80 m, was done using a dimple grinder. In order to obtain the final transparent 

area, a Focused Ion Beam (Carl Zeiss NEON 40 EsB Cross Beam) was used for FeCoBSiNb + Cu 

and FeMoPCBSi + Cu glasses and a GATAN Precision Ion Polishing System (PIPS) was used for 

FeCoBSiNb + Ga and FeMoPCBSi + Ga glasses. Ga added samples are relatively softer compared 

to the Cu added samples, therefore the two routes used for final thinning.  
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2.4 Magnetic measurements 

2.4.1 Coercivity measurements 

The coercivity (Hc) of the soft magnetic samples were directly measured using a DC Förster 

Coercimat, in which the magnetic field can be varied continuously from -250 mT to + 250 mT. 

The schematic view of the device is shown in the Fig 2.6. 

 

 

Figure 2.6: Schematic illustration of DC Förster Coercimat. 

 

This device consist of one magnetizing coil and one pick up coil as shown in the above figure. For 

the Hc measurement the sample is placed over the pickup/sensor coil and the whole setup is 

positioned at the center of the magnetizing coil. Initially the sample is subjected to a high 

magnetizing field for few seconds and then the field is turned off. In the absence of the field the 

sample will have some residual magnetic field, which causes stray field proportional to the 

magnetization. This field can be reduced to zero by applying a magnetic field in the opposite 

direction compared to the magnetic field, the sensor coil will pick up the applied field and convert 

values directly it into A/m. This device can measure the values in both +Hc and -Hc, the absolute 

value of the coercivity is the average of these two values: Hc = (+Hc + (-Hc))/2 [70]. 
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For Hc measurements, in order to avoid the shape anisotropy due to different sizes of the samples, 

only cylindrical samples with the ratio of 1:10 (diameter : height) were used (i.e. minimum length 

for 2 mm diameter sample is 20 mm). 

 

2.4.2 Saturation magnetization measurements  

Physical property measurement system (PPMS) device was used to measure the magnetic 

properties of the magnetic properties of the soft magnetic materials. In our work, Quantum design 

PPMS 6500 device was used. In PPMS two different setups were used: The vibrating sample 

magnetometer (VSM) mode is designed to measure the saturation magnetization (Ms) of the soft 

magnetic samples and high temperature /furnace mode is designed to measure the saturation 

magnetization versus temperature for the magnetic samples. The PPMS in VSM mode is 

schematically shown in Fig. 2.7. 

 

 

Figure 2.7: Schematic illustration of Physical Property Measurement System (PPMS). 
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In this system Magnetic DC fields up to 20 kOe (0H = 2T) can be applied to the samples with a 

superconducting electromagnet. For saturation magnetization measurement the sample is mounted 

on a thin brass plate/tube. In VSM mode, the sample is vibrated continuously up and down inside 

the pickup coil, with a DC field varying between -10 kOe to 10 kOe. The magnetic sample is thus 

acting as a time-changing magnetic flux, varying inside a particular region of fixed area. From the 

Maxwell’s law it is known that a time-varying magnetic flux is accompanied by an electric field 

[187] and the field induces a voltage in the pickup coils. This alternating voltage signal is processed 

by a lock-in amplifier. The result is a measure of the magnetization of the sample [70]. 

 

2.4.3 The Curie temperature measurements  

In high temperature mode the magnetization of the sample is measured as a function of 

temperature. Before the measurements, the device was calibrated with pure Ni-samples. In this 

mode the sample is mounted on a thin heating plate (Rhodium heating coils), which can heat the 

samples up to 1000 K. the change in the sample temperature will modify the value of its 

magnetization [188].  

 

 

Figure 2.8: Saturation magnetization vs temperature (a) experimental data (b) transformed data used to 
determine the Curie temperature. The data corresponds to Fe36Co36B19.2Si4.8Nb4 amorphous rod. 

 



Chapter 2 Experimental details and measurements 
  

38 
 

When the temperature approches Tc, the saturation magnetization can be described as [79]: 

 𝑀𝑠(𝑇) = 𝑀 (0). [1 −
𝑇

𝑇𝑐
]

𝛽

,     (2.1) 

where the exponent β = 0.36. In order to minimize the errors, the Curie temperature was considered 

as the temperature at which the (Ms)1/β deviated from the linearity. Fig. 2.8 shows the saturation 

magnetization as a function of temperature, (a) experimental data and (b) transformed data, i.e. 

(Ms)1/β vs temperature. The red dot in the image points the Curie temperature (Tc). 

 

2.5 Mechanical characterization 

2.5.1 Compression tests 

The room temperature stress () versus strain () curves of the cylindrical samples in compression 

mode were determined using an INSTRON 8562 device, fitted with a laser-extensometer (Fiedler 

Optoelektronik GmbH). For compression tests the samples were prepared with an aspect ratio of 

1:2 (diameter: height). The top and bottom faces were carefully polished and checked to be plane 

parallel. The machine was operated in constant strain rate mode, with a strain rate of 10-4 /s and 

the cross-head speed is 0.001 mm/s. The stress  = F/S, where F is the applied force and S the 

cross-section area, was automatically calculated. From  = f() plot the Young’s modulus E can 

be calculated, as well as the yield stress (y), the fracture stress (f), the yield strain (y) and the 

fracture strain (f). 

 

2.5.2 Hardness measurements 

The hardness of the amorphous alloys was measured using a computer-controlled Struers Duramin 

5 Vickers hardness tester. The device was equipped with a typical diamond indenter in the form 

of a pyramid with square base and an angle of 136 degrees between opposite faces. The Vickers 

hardness HV was calculated according to the following equation  

 

𝐻𝑉 =
0.189𝐹

𝐷2
      (2.2) 
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where F is the applied load and D is the indentation diagonal. For each indentation, a load F of 

0.980 N was applied for 10 seconds. The diagonal of the imprints as well as the hardness were 

calculated using a Digital Video Measuring System. Cross-section slice from the as-cast 

cylindrical bars were used for the investigation. The final hardness values were obtained after 

averaging 20 experimental data points. 

 

2.5.3 Density measurements 

The density measurements of the alloys were performed with Mettler Toledo instrument. 

Archimedes principle was utilized to find the density of the as-cast glasses. The sample was first 

weighed 60 times in air and then was soaked in water for an hour. The soaked sample was weighed 

again 60 times in the water. The density of the sample was then calculated by the ratio of the 

average weight of the sample in water to the average weight of the sample in air. 
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Chapter 3  

Preparation and characterization of Fe-Co-B-Si-Nb-(Cu, Ga) bulk 

glassy samples 

3.1 Introduction 

The investigated compositions [Fe36Co36B19.2Si4.8Nb4]100-x,y (Cux, Gay)( x = 0, 0.5)(y = 0, 0.5, 1, 2, 

3, 4 and 5) are of metal-metalloid type. The basis for this alloy family is Fe75B15Si10 alloy, first 

introduced by Hagiwara et al.[189]. The glass-forming ability of this glass-forming system was 

gradually increased by adding Nb at the expense of all elements [84]. Further, the GFA of this 

system may be increased by partially replacing Fe with Co or Ni or with both Co and Ni [50, 59]; 

as a result, a cast rod having 5 mm diameter was reported for the composition 

[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 [59, 190]. However, the replacement of Fe with Co or Ni decreases 

the saturation magnetization from 1.5 to 1.1 T depending on the percentage of substituting 

elements [50, 59, 84]. Bitoh et al. [191] reported a 7.7 mm diameter rod by melting the 

[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 master alloy together with a dehydrated B2O3 (fluxing agent) and 

then water quenching the whole melt. This bulk specimen is the thickest of any soft magnetic glass 

formed until now [3, 191]. From these recent works it is clear that [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 

is the best glass former in its family. It is worth mentioning here, all the above mentioned 5 mm 

and 7.7 mm diameter samples are reported form the same Japanese group (i.e. Inoue’s group in 

Sendai, Japan). In our lab the maximum achievable diameter upon injection casting was 3 mm for 

a length of 5 cm [3]. 

An important aspect, which limits the application of these bulk Fe-based metallic glass as an 

engineering materials, is the brittle behavior under mechanical loading [75]. In the last decade 

great efforts have been made to improve the plastic deformability of monolithic BMG or BMG 

composites. In our work we tried to improve the plastic deformability of the 

[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 glass by adding soft elements like Cu and Ga, in small percentage, 

at the expense of all elements. The concept of adding Cu to Fe-based glass was first introduced by 

Yoshizawa et al. [80] with the goal of improving the soft magnetic property of Fe-Si-B-Nb glass 

(FINEMET) through the precipitation upon annealing of nano -Fe crystals in the amorphous 
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matrix. Since then Cu is added in several Fe-based metallic glass systems to improve their soft 

magnetic properties [81, 82, 85, 192-198]. Interesting to remark is that the nanocrystalline Fe-

based alloys containing Cu are brittle [199], but, as it is also in our case, the as-cast samples may 

withstand a compressive plastic deformation. In the earlier works [53, 200, 201], Ga was used in 

several multicomponent Fe-based glasses to improve their GFA. In our work, Ga was chosen 

because of its low Young’s modulus E of 9.8 GPa, large Poisson ratio  of 0.47, low melting point 

Tm  303 K [202] and its electronic structure, i.e. mainly s and p orbitals contribute to the metallic 

bonding [203]. The relatively large atomic radius of Ga (0.153 nm) also influences the atomic-

level structure of the BMG. 

For the compositions investigated in this work first [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 alloy was 

produced and then later Cu and Ga were added through arc melting. In this way 

{[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4}99.5 Cu0.5 and {[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4}100-y Gay (y = 0.5, 1, 

1.5, 2, 3, 4 and 5) alloys were obtained. This chapter presents the microstructure, mechanical and 

magnetic properties of the ribbons and rods produced from these alloys. 

 

3.2 Characterization of amorphous ribbons and bulk samples 

The addition of Cu to the [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 master alloy (for simplicity, this alloy will 

be further denoted as FeCoBSiNb) decreases the GFA drastically. For the addition of 0.5 at.% Cu 

the critical diameter (tc) decreases to 2.5 mm and upon further increase of the Cu content it was 

possible to produce only amorphous ribbons [85, 195-198]. In the case of Ga addition up to1.5 

at.%, the GFA was not affected much; however further increase in Ga content decreases the GFA 

and its not possible to produce bulk samples when the Ga content is more than 5 at.%. Hence in 

our work we limited the addition of Cu and Ga to 0.5 at.% and 5 at.%, respectively.  

3.2.1 Diffraction experiments using Co-K radiation  

The structure of the as-cast rods was investigated by X-ray diffraction using Co-K radiation (= 

0.17889 nm). Fig. 3.1 (a) and (b) depicts the XRD patterns of the as-cast [FeCoBSiNb]100-x (Cu)x 

(x = 0, 0.5) and [FeCoBSiNb]100-y (Ga)y (y =0, 0.5, 1, 1.5, 2, 3, 4 and 5) glassy samples with 

maximum achievable diameter.  
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The XRD patterns in Fig. 3.1 (a) and (b) exhibit characteristic broad diffraction maximum 

indicating the formation of a glassy structure. The first and second broad diffraction maxima for 

FeCoBSiNb glass are located at 2 = 52.61° and 98.35°, respectively. However, the position of 

the broad maximum shifts slightly to lower diffraction angles with increase in Ga content. In case 

of the 0.5 at.% Cu addition, the peak shift is almost negligible (within the error bars). In order to 

avoid the errors in calculating the peak positons due to difference in the sample thickness, only 

ribbons were used for the peak position analysis. Fig. 3.2 (a) depicts the XRD patterns of 

[FeCoBSiNb]100-y (Ga)y (y =0, 0.5, 1, 1.5, 2, 3, 4 and 5) glassy ribbons. Fig. 3.2 (b) shows the shift 

of the first and second broad maxima of the XRD patterns presented in Fig. 3.2 (a) as a function 

of Ga content. The 2 positions were obtained by fitting the broad diffraction maxima with 

symmetric Pseudo-Voigt function. The fitting errors are no larger than  0.03°. The first broad 

maxima shift continuously towards lower 2 values with different slopes from 52.6° to 51.99° as 

the Ga content increases from 0 to 5 at.%, respectively. Similarly, the position of the second 

maxima also moves constantly with different slopes from 98.35° to 97.89° with the increase of Ga 

content. 

 

 

Figure 3.1: X-ray diffraction patterns of (a) as-cast [Fe36Co36B19.2Si4.8Nb4]100-x (Cu)x (x = 0, 0.5) and  
(b) as-cast [ Fe36Co36B19.2Si4.8Nb4]100-y Gay (y = 0, 0.5, 1, 1.5, 2, 3, 4 and 5) glassy rods.  
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For crystalline materials, where the Bragg’s law for the first diffraction peak can be directly 

applied: 

2𝑑 ∙ 𝑠𝑖𝑛𝜃 = 𝑛𝜆     (3.1) 

a shift of the diffraction angle 2 towards lower values would mean an increase in the interplanar 

distance d:  

𝑑 =  
𝑛𝜆

2 sin 𝜃
      (3.2) 

 

In case of amorphous alloys, because of the absence of any long-range order, the Bragg relations 

should be considered with restrictions. However, the position of the first broad diffraction 

maximum scales with the mean interatomic distance ri through the Ehrenfest equation [204]: 

𝑄 = 1.23 ∙
2𝜋

𝑟𝑖
  ,    (3.3) 

where Q is the wave vector: 

𝑄 =  
4𝜋∙𝑠𝑖𝑛𝜃

𝜆
  .    (3.4) 

Therefore, 

𝑠𝑖𝑛𝜃 =  
1,23∙𝜆

2𝑟𝑖
      (3.5) 

 

Figure 3.2: (a) X-ray diffraction patterns of as-spun [Fe36Co36B19.2Si4.8Nb4]100-y Gay (y = 0, 0.5, 1, 1.5, 
2, 3, 4 and 5) glassy ribbons and (b) changes in the position of first (21) and second (22) broad 
diffraction maxima center as a function of Ga content (at.%) 
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The shift of first broad maximum towards lower 21 values indicates an increase in the mean 

atomic distance. The Ga atom has higher atomic radius (0.153 nm) when compared to B, Si, Fe 

and Co atoms (0.081 nm, 0.077 nm, 0.116 nm and 0.116 nm [202], respectively). The incorporation 

of the larger Ga atoms may result in such peak shifting, leading to structural changes (i.e. ordered 

zones/clusters) in these glassy alloys, which will be in detail discussed later. The slope of 21 

changes as the Ga content reaches 1, 3 and 4 at.%, respectively. This indicates that more complex 

rearrangements are taking place at atomic level. However, the slope of 22 changes at a slightly 

different rate but the same trend was observed. According to Bernal’s dense random packing hard-

sphere model [205], metallic glasses can be conveniently described to a first order approximation, 

so that the position of the broad maxima are related to the different neighborhood shells and 

characterize the medium and short-range order (MRO, SRO). The position of the first broad peak 

scales with the mean interatomic distances and the second broad peak hold the information about 

MRO. Therefore it can be concluded that the substitution of Cu and Ga atoms increases the mean 

atomic distances but, at the same time, may provoke atomic level rearrangements. Therefore, it is 

expected that the Cu and Ga added glasses behave different compared to Cu and Ga free glass.  

 

3.3 Characterization behavior, Thermal studies  

The influence of the alloying elements on the GFA and thermal stability can be evaluated from the 

calorimetric measurements. DSC traces of the as-cast [FeCoBSiNb]100-x (Cu)x (x = 0, 0.5) and [ 

FeCoBSiNb]100-y Gay (y = 0, 0.5, 1, 1.5, 2, 3, 4 and 5) glassy samples are shown in Fig. 3 (a) and 

(b), (c), respectively. The DSC traces are measured at 20 K/min for bulk glassy 2 mm, 1.5 mm and 

1 mm diameter samples depending on the compositions. For all compositions, the DSC traces 

show clearly the glass transition event, followed by the supercooled liquid region (SLR) and 

crystallization. The temperatures Tg, Tx, Tp and Tliq which are marked in the DSC curves are the 

glass transition temperature, the crystallization temperature, the crystallization peak temperatures 

and the liquidus temperature, respectively. 
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Figure 3.3: DSC traces for the as-cast (a) [Fe36Co36B19.2Si4.8Nb4]100-x (Cu)x (x = 0, 0.5); (b) 
[Fe36Co36B19.2Si4.8Nb4]100-y Gay (y = 0, 0.5, 1 and 1.5); (c) [Fe36Co36B19.2Si4.8Nb4]100-y Gay (y =  2, 3, 4 and 
5) glassy rods and (d) melting behavior of [Fe36Co36B19.2Si4.8Nb4]100-(x, y) (Cu)x (Ga)y (x = 0, 0.5) (y = 0.5, 
1, 1.5, 2, 3, 4 and 5) glassy rods. All the measurements are recorded at a heating rate of 20 K/min. 

 

All these characteristic temperatures (except the peak temperature, which is directly the peak 

value) are measured as the onset of the corresponding events using the two-tangent method. The 

values for Tg, Tx, Tp and Tliq as a function of composition of the as-cast samples, measured at the 

same heating rate of 20 K/min, are given in Table 3.1. Using these values, the extension of the 

SLR Tx (Tx = Tx -Tg), the reduced glass transition temperatures Trg (Trg = Tg/Tliq) [13] and the 

dimensionless parameter   ( = Tx/(Tg+Tliq)) proposed by Lu et al.[64, 65] to predict the GFA, 

were also calculated.  
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From the DSC trace (Fig. 3.3 (a)) it is evident that FeCoBSiNb glass shows one main exothermic 

event at 867 K (Tp1) followed by two small events Tp2 and Tp3 at 985 K and 1050 K, respectively. 

The addition of only 0.5 at.% Cu completely changes the crystallization behavior (see Fig 3.3 (a)), 

leading to two main exothermic events at 838 K (Tp1) and 945 K (Tp2), respectively [199]. The 

addition of Cu shifts the primary crystallization process to lower temperatures and extends over a 

range of 100 K. The GFA of the alloy also decreases considerably, the critical diameter of the 

FeCoBSiNb+0.5Cu glass is tc = 2.5mm. 

In contrast to Cu addition, the addition of small atomic percentage of Ga (i.e. up to 1.5 at.% Ga) 

does not affect the glass transition event (see Fig 3.3 (b) and (c)), but the onset of crystallization 

temperature slightly increases from 858 K to 863 K for both 0.5 and 1 at.% Ga, and to 869 K for 

1.5 at.% Ga-added glasses. On the other hand, the two small exothermic events Tp2 and Tp3 observed 

in FeCoBSiNb glass disappeared, instead a single strong exothermic event (Tp2) was observed at 

1037, 1038 and 1042 K, for 0.5, 1 and 1.5 at.% Ga-added glasses, respectively. Interestingly, the 

GFA also remains same up to 1.5 at.% of Ga addition, and the critical diameter (tc) remains 3 mm 

for all of these FeCoBSiNb+0.5Ga, FeCoBSiNb+1Ga and FeCoBSiNb+1.5Ga  glasses. However, 

with further increase in Ga content from 2 to 5 at.% all characteristic temperatures Tg, Tx, Tp and 

Tliq, started to decrease gradually. Interestingly the BMG containing 4 and 5 at.% Ga shows 

secondary and tertiary exothermic events at 955 K , 953 K and 1118 K, 1114 K, respectively. 

Furthermore, the GFA of the alloys decreases when the Ga content was increased to more than 1.5 

at.%. The critical diameter for the FeMoPCBSi+2Ga, FeMoPCBSi+3Ga, FeMoPCBSi+4Ga and 

FeMoPCBSi+5Ga glasses are tc = 2, 1.5, 1 and 1 mm, respectively. 

The melting behavior of all BMGs recorded by DSC at a heating rate of 20 K/min are shown in 

Fig. 3.3 (d). In case of the FeCoBSiNb alloy the presence of several melting peaks indicate the 

melting of different crystalline phases formed from the amorphous matrix upon heating. Though 

the melting starts at 1310 K it extends over 165 K and completely melts (Tliq) around 1475 K (see 

table 3.1) [199] indicating that this alloy is not eutectic. Moreover, the melting behavior and 

liquidus temperature remains almost unaffected with the addition of 0.5 at.% Cu and Ga, 

respectively. Similarly, for the alloys with 1 and 2 at.% Ga the melting behavior remains the same 

but the Tliq decreases to 1440 and 1420 K, respectively. The alloys containing 3, 4 and 5 at.% Ga 

shows a completely different melting behavior; all minor melting peaks disappeared and only one 
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main melting peak was observed, and also the melting range decreases from 165 K to 100 K. 

Furthermore, complete melting (Tliq) was observed at 1410 K for all the FeCoBSiNb+3Ga, 

FeCoBSiNb+4Ga and FeCoBSiNb+5Ga alloys. 

 

Table 3.1: Glass transition temperatures (Tg), onsets (Tx) crystallization peak temperatures (Tp1, Tp2 and Tp3) 
and liquidus temperatures (Tliq), as well as reduced glass transition temperatures Trg (Trg = Tg/Tliq), parameter 
  ( = Tx/(Tg+Tliq)) and extension of the supercooled liquid region Tx (Tx = Tx -Tg) for 
[Fe36Co36B19.2Si4.8Nb4]100-x,y (Cu)x (Ga)y (x = 0, 0.5) (y = 0, 0.5, 1, 1.5, 2, 3, 4 and 5) glassy alloys measured 
at 20 K/min heating rate. The accuracy of the experimental data lies within  2 K. The literature data for 
Fe36Co36B19.2Si4.8Nb4 [50] [206] glass are given for comparison purpose. 

 

Composition 
Rod  
(mm) 

Tg 
(K)  

Tx 
(K) 

Tp1 
(K)  

Tp2 
(K) 

Tp3 
(K) 

Tliq 
(K) Trg  Tx 

(K) 
FeCoBSiNb [50]  5 820 870 - - - 1397 0.58 0.392 50 

FeCoBSiNb [206] 2 827 860 - - - 1470 0.56 0.375 33 

FeCoBSiNb 2 825 858 867 985 1050 1475 0.56 0.373 33 

FeCoBSiNb+0.5Cu 2 793 818 838 945 - 1475 0.54 0.36 25 

FeCoBSiNb+0.5Ga 2 825 863 873 1037 - 1475 0.56 0.375 38 

FeCoBSiNb+1Ga 2 825 863 873 1038 - 1440 0.57 0.381 38 

FeCoBSiNb+1.5Ga 2 825 869 873 1038 - 1440 0.57 0.383 41 

FeCoBSiNb+2Ga 2 825 866 872 1043 - 1420 0.58 0.385 41 

FeCoBSiNb+3Ga 1.5 824 858 865 1024 - 1410 0.58 0.384 34 

FeCoBSiNb+4Ga 1.5 816 850 858 955 1118 1410 0.58 0.381 35 

FeCoBSiNb+5Ga 1.5 800 830 846 953 1114 1410 0.56 0.375 30 

 

The extension of the SLR (i.e. (Tx) increases with the increase of Ga addition up to 2 at.% and 

then started to decrease with further increase of Ga content, indicating that Tx is more sensitive to 
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the Ga addition than Tg. The Tx reaches a maximum value of 41 K for 1.5 and 2 at.% addition of 

Ga and a minimum value of 30 K for 5 at.% addition of Ga (see Fig. 3.4). The addition of 0.5 at.% 

Cu reduces the Tx to as low as 25 K, also Trg and   to 0.54 and 0.360, respectively. For a good 

GFA, Tx should be as large as possible [13]. The reduced glass transition temperature Trg 

gradually increases from 0.56 to 0.58 with addition of Ga from 0 to 2 at.% and then remains 

constant up to 4 at.% Ga before decreasing to 0.56 for 5 at.% Ga addition. Similarly, the  

parameter reaches a maximum value of 0.385 for the glass having 2 at.% Ga, with further increase 

in Ga at.%   starts to decrease. Usually, the   values of BMGs range between 0.35 and 0.50 [65]. 

Lu et al.[65], also linked the   parameter to the critical cooling rate Rc as well as to a maximum 

achievable thickness tc by studying the data available on the literature for the representative non-

ferrous BMGs. 

 

Figure 3.4: Extension of the supercooled liquid region Tx and the reduced glass transition temperature 
Trg as a function of Ga at.%. 

 
The relationships can be expressed as follows:  

𝑅𝑐 = 5.1 X 1021 exp(−117.19 ∙ 𝛾),    (3.6) 

and 

𝑡𝑐 = 2.80 X 10−7 exp(41.70 ∙ 𝛾),    (3.7) 
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where Rc is in K/s and tc in mm. These theoretical relationship for critical diameter tc and critical 

cooling rate Rc were calculated based on the already available literature data. If the above proposed 

relationship (eq. 3.7), is applied for our glasses the critical thickness (tc) for FeCoBSiNb glass is 

around 1.5 mm and for FeMoPCBSi glass is around 2.22 mm. However, these values are in 

contradictory to the tc obtained in our current work, in practical case it is very difficult to predict 

the GFA of the new alloys without actually casting the samples. Furthermore this calculation works 

well for only non-ferrous glass, Fe-based glasses hardly follow this rule [3].  

 

Figure 3.5: Isochronal DSC curves recorder at different heating rates for (a) Fe36Co36B19.2Si4.8Nb4;  
(b) [Fe36Co36B19.2Si4.8Nb4]99.5Cu0.5 and (c) [Fe36Co36B19.2Si4.8Nb4]99.5Ga0.5 glassy samples. 

 

Fig. 3.5 (a), (b) and (c) show the DSC traces measured at different heating rates of 5, 10, 15 and 

20 K/min for the FeCoBSiNb, FeCoBSiNb+0.5Cu and FeCoBSiNb+0.5Ga glasses, respectively. 

Regardless of the heating rate, all curves clearly exhibit a distinct Tg and a supercooled liquid 
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region (SLR) followed by crystallization. From the DSC curves it is evident that all characteristic 

temperatures (Tg, Tx and Tp) shift to higher values with increasing heating rate (as shown in Table 

3.2). 

 

Table 3.2: Glass transition temperatures (Tg), onsets (Tx) crystallization peak temperatures (Tp1) for 
Fe36Co36B19.2Si4.8Nb4, [Fe36Co36B19.2Si4.8Nb4]99.5Cu0.5 and [Fe36Co36B19.2Si4.8Nb4]99.5Ga0.5 glasses measured 
at 5, 10, 15 and 20 K/min. The accuracy of the experimental data lies within  2 K.  

 

Compositions  5 K/min 10 K/min 15 K/min 20 K/min 

FeCoBSiNb 

Tg (K) 812 817 821 825 

Tx (K) 837 844 852 858 

Tx (K) 25 27 31 33 

Tp1 (K) 853 860 863 867 

FeCoBSiNb+0.5Cu 

Tg (K) 780 786 790 793 

Tx (K) 797 804 811 818 

Tx (K) 17 18 21 25 

Tp1 (K) 818 828 834 838 

FeCoBSiNb+0.5Ga 

Tg (K) 812 818 820 825 

Tx (K) 843 850 856 863 

Tx (K) 31 32 34 38 

Tp1 (K) 859 867 871 874 
 

The apparent activation energy required for crystallization can be calculated using the Kissinger 

method [207]:  

𝑙𝑛 
𝛽

𝑇2 =  − (
𝐸

𝑅𝑇
) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡,    (3.8) 

where 𝛽 is the heating rate, T is the characteristic temperature at that specific heating rate, E is the 

activation energy and R is the universal gas constant. The activation energy required for the 

crystallization event can be calculated by plotting –ln(β/Tp
2) as a function of 1000/Tp, where Tp is 



Chapter 3 Preparation and characterization of Fe-Co-B-Si-Nb-(Cu, Ga) bulk glassy samples 
 

52 
 

the crystallization peak temperature, then the slope of the curve is proportional with the 

crystallization activation energy Ec. Fig. 3.6 presents the Kissinger plot calculated with the data 

presented in the Table 3.2. The good linear dependence of the measured data indicates the good 

reproducibility. The crystallization activation energies Ec for FeCoBSiNb, FeCoBSiNb+0.5Cu and 

FeCoBSiNb+0.5Ga glasses are Ec = 607 ± 14, 374 ± 8 and 557 ± 14 kJ/mol, respectively. 

 

Figure 3.6: Kissinger plot for the calculation of activation energies required by crystallization event in 
Fe36Co36B19.2Si4.8Nb4, [Fe36Co36B19.2Si4.8Nb4]99.5Cu0.5 and [Fe36Co36B19.2Si4.8Nb4]99.5Ga0.5 glasses.  

 

The Ec of the FeCoBSiNb glass is higher than the previously reported values [206], this is mainly 

because Fe-based glasses are highly sensitive to the alloy compositions, even the presence of small 

impurities will greatly influence the Tg, Tx and Tp of the glasses [3]. The addition of 0.5 at.% of Ga 

slightly lowers the activation energy, still the Ec is very high compared to other well-known good 

glass formers in Zr- and Ti- based alloy systems [62]. High values of activation energy for 

crystallization indicates a very good thermal stability against crystallization. However, the Cu 

added glass has very low Ec, this is mainly because Fe and Cu have positive heat of mixing, though 

Fe and Cu mix above their melting point but during cooling the Cu atoms does not mix well with 

the system. This Cu atoms will act as a heterogeneous nucleation site, which in turn reduces the 

energy barrier required to reconstruct the atomic configuration [208].  
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3.4 Characterization behavior, X-ray diffraction studies 

The structure evolution of the [FeCoBSiNb]100-x,y (Cux, Gay)( x = 0 and 0.5)(y = 0.5, 1, 2, 3, 4 and 

5) glasses upon on annealing were studied using XRD. The investigated samples were cut from 

the as-cast rods and further annealed for 5 min at different characteristic temperatures (Tx and Tp) 

(see Fig. 3.3 (a), (b) and (c)) using same NETZSCH DSC 404 C under argon atmosphere. The 

heating and cooling were performed under constant heating and cooling rates of 20 K/min. Fig. 

3.7 (a) depicts the structural evaluation of FeCoBSiNb glass from room temperature to 1273 K. 

 

Figure 3.7: XRD patterns for (a) Fe36Co36B19.2Si4.8Nb4 and (b) [Fe36Co36B19.2Si4.8Nb4]99.5Cu0.5 glasses 
annealed up to their corresponding characteristic temperatures.  

 

The as-cast FeCoBSiNb sample ( = 3 mm) was completely amorphous. The crystallization starts 

as soon as the sample reaches the onset of crystallization temperature Tx (i.e. 858 K), but it needs 

long time for fully crystallization [206]. The presence of broad diffraction maxima indicates that 

the glass remains amorphous even after annealing up to 858 K. Further, at 902 K i.e. after the end 

of first crystallization event, the (Fe,Co)23B6-type and bcc-(Fe,Co) peaks are clearly visible. Even 

at 902 K the first broad peak is still present, which indicates that some amorphous phase is not yet 

transformed. After the end of second exothermic event, at 1056 K other minor peaks corresponding 

to (Fe,Co)2 B and (Fe,Co)3 B are observed. Close to the melting point, at 1273 K, the glassy sample 

completely turned in to crystalline material. 
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The most probable crystalline sequence of this FeCoBSiNb glass is as follow: Amorphous 

(Fe,Co)23B6-type + bcc-(Fe,Co)+ residual amorphous (Fe,Co)23B6-type + bcc-(Fe,Co)+ 

(Fe,Co)2B + (Fe,Co)3B + residual amorphous (Fe,Co)23B6-type + bcc-(Fe,Co)+ (Fe,Co)2B + 

(Fe,Co)3B+ (Fe,Co)Si+ Nb16B6Si7. Similarly, the structural evolution of FeCoBSiNb+0.5Cu glass 

from room temperature to 1273 K is shown in Fig. 3.7 (b). As it can be observed from the DSC 

curve (see Fig. 3.3 (a)), the addition of Cu not only changes the thermal stability of the glass, but 

also the crystallization sequence of the glass. After heating to the first crystallization temperature 

(Tx = 818 K), bcc-(Fe,Co) phase starts to appear. The existence of a residual glassy matrix is 

confirmed by a broad diffraction maximum in the XRD pattern of the sample annealed at 818 K. 

The formation of the bcc-(Fe,Co) phase at lower temperatures may be attributed to the presence of 

a small amount of Cu atoms in the matrix (i.e. Fe and Cu have a positive heat of mixing), which 

can accelerate the initialization of the nanocrystals [78]. However, according to DSC (Fig. 3.3 (a)), 

Cu addition extends the time and temperature required for completion of crystallization. At 902 

K, where the growth of (Fe,Co) is almost close to be complete, a second glass transition event is 

observed (i.e. an event associated most probably with the glass transition of the remaining glassy 

matrix). These results are in agreement with those recently presented by Stoica et al.[209], which 

indicates a completely different crystallization behavior of copper added glass compared to 

FeCoBSiNb alloy. However, close to the melting point i.e. at 1273 K, the crystalline pattern is 

almost same as that of the parent FeCoBSiNb alloy. The most probable crystalline sequence of 

this FeCoBSiNb+0.5Cu glass is as follow: Amorphous bcc-(Fe,Co)+ residual amorphous  

bcc-(Fe,Co)+(Fe,Co)23B6-type + (Fe,Co)2B + residual amorphous (Fe,Co)23B6-type + bcc-

(Fe,Co)+ (Fe,Co)2B + (Fe,Co)3B+ (Fe,Co)Si+ Nb16B6Si7. 

Unlike to the Cu addition, Ga addition in small at.% does not really affect the thermal stability as 

well as the crystallization sequence. Up to 1 at.% Ga, the thermal stability and crystallization 

sequence is almost as for the parent FeCoBSiNb glass (Fig. 3.3 (b) and (c)). However, with further 

increase in Ga content, the crystallization temperature decreases gradually. Fig. 3.8 (a) depicts the 

XRD patterns of the [FeCoBSiNb]100-y Gay (y =0, 0.5, 1, 2, 3, 4 and 5) glassy samples annealed up 

to the end of their first crystallization event, which is 902, 902, 902, 902, 898, 893 and 883 K, 

respectively. For good visibility the 2 range between 40 to 70 degrees is shown separately in Fig. 

3.8 (b). The BMG with 1 at.% Ga shows distinguished bcc-(Fe,Co) peak along with (Fe,Co)23B6-

type peaks at the end of first crystallization event. For the BMGs with 2 and 3 Ga at.% bcc-(Fe,Co) 
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phase started to form more instead of (Fe,Co)23B6-type phase. In case of FeCoBSiNb+4Ga and 

FeCoBSiNb+5Ga glasses only bcc-(Fe,Co) phase was observed after the first crystallization event, 

this effect is similar to that of the 0.5 at.% Cu. The formation of the bcc-(Fe,Co) phase for higher 

at.% Ga may be attributed to the presence of Ga atoms in the matrix, which may aid the nucleation 

of crystals even at lower temperatures. 

 

 

Fig. 3.8 (c) shows the XRD pattern of all samples annealed at 1273 K, again for good visibility the 

2 range between 40 to 70 degrees is shown separately in Fig. 3.8 (d). From the XRD patterns it 

 

Figure 3.8: XRD patterns for the [Fe36Co36B19.2Si4.8Nb4]100-y Gay (y =0, 0.5, 1, 2, 3, 4 and 5) glasses (a) 
annealed up to end of first crystallization event; (b) 2 between 40 to 70 degrees (rectangle region from 
(a)); (c) annealed up to 1273 K and (d) 2 between 40 to 70 degrees (rectangle region from (c)). 
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is evident that with increase in Ga content the (Fe,Co)23B6-type, (Fe,Co)2B, (Fe,Co)3B, (Fe,Co)Si, 

Nb16B6Si7 phases decreases gradually and bcc-(Fe,Co) phase becomes more prominent.  

 

3.5 Microstructural studies, STEM and HRTEM investigations  

Scanning transmission electron microscopy (STEM) and high resolution transmission electron 

microscopy (HRTEM) investigations were carried out to investigate the structure of the as-cast 

samples. In order understand the effect of Cu and Ga addition in the FeCoBSiNb system only 

FeCoBSiNb+0.5Cu and FeCoBSiNb+0.5Ga glassy samples were chosen for studies. The samples 

were subjected to reflection X-ray diffraction before preparing for the STEM and HRTEM 

investigations and the samples were amorphous. STEM image of the as-cast FeCoBSiNb+0.5Cu 

and FeCoBSiNb+0.5Ga glassy samples are shown in Fig. 3.9 (a) and (b).  

 

Figure 3.9: (a) STEM image of the as-cast (a) [Fe36Co36B19.2Si4.8Nb4]99.5Cu0.5 and  
(b) [Fe36Co36B19.2Si4.8Nb4]99.5Ga0.5 glassy samples. 

 

From the STEM image it is evident that the 0.5 at.% Cu added glass was completely amorphous, 

but a cluster type structure was observed in 0.5 at.% Ga added glass. To verify the features 

observed in the STEM, bright field HRTEM observation were made on FeCoBSiNb+0.5Cu and 

FeCoBSiNb+0.5Ga glasses. The micrographs are shown in Fig. 3.10. (a), (b), together with their 

corresponding fast Fourier transformed (FFT) images (shown as inserts).  
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The as-cast FeCoBSiNb+0.5Cu glass shows some locally ordered regions, which are marked with 

the white circles in the image, but it is not evident if the Cu atoms form this ordering/cluster 

structure. The mixing enthalpies of Fe-Cu, Co-Cu, B-Cu, Si-Cu and Nb-Cu are 13, 6, 15, -2 and 3 

kJ/mole, respectively [210]. These kind of repulsive enthalpies of mixing may influence the local 

chemical heterogeneity, producing ordered sites. 

 

Compared to the Cu added glass, ordered zones are more frequently observed in the Ga added 

glass. The mixing enthalpies of Fe-Ga, Co-Ga, B-Ga, Si-Ga and Nb-Ga are -2, -11, 21, 0 and -8 

kJ/mole, respectively [210]. Compared to the Cu atoms, the mixing enthalpies of the Ga with the 

rest of the elements are almost all negative but rather small. If this ordered zones is similar to those 

observed in the Cu added glass, then one could expect that they act as a nuclei for the formation 

of crystals of bcc-(Fe,Co) up on annealing. Instead, the annealing of the FeCoBSiNb+0.5Ga glass 

leads to formation of only small volume fraction of bcc-(Fe,Co) phase but large quantity of 

(Fe,Co)23B6-type phase (see fig. 3.8 (a)). Therefore it is to expect that the local ordering in the Cu-

added and Ga-added glasses are different. However, it should be noted that the presence of ordered 

zones/clusters in the amorphous matrix does not necessarily imply that they act as a nucleation site 

for the crystal growth. The ordered embryos must be larger than the critical nucleus size in order 

for their growth to be thermodynamically favorable [211-213].  

 

Figure 3.10: Bright field HRTEM image of the as-cast (a) [Fe36Co36B19.2Si4.8Nb4]99.5Cu0.5 and  
(b) [Fe36Co36B19.2Si4.8Nb4]99.5Ga0.5 glasses. Insert shows the fast Fourier transformed (FFT) image. Some 
features of local ordering are observed, which are marked by the white circles.  
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Figure 3.11: EDX mapping for the as-cast [Fe36Co36B19.2Si4.8Nb4]99.5Cu0.5 glass 

 

 

Figure 3.12: EDX mapping for the as-cast [Fe36Co36B19.2Si4.8Nb4]99.5Ga0.5 glass 
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For a better understanding, energy-dispersive X-ray spectroscopy (EDX) mapping was done for 

both Cu- and Ga- added samples. The corresponding maps are shown in Fig. 3.11 and 3.12, 

respectively. In Cu-added samples no specific ordered zones/clusters were observed from the EDX 

mapping, but in case of Ga-added glass faint ordered zones/cluster behavior of the Ga atoms can 

be seen (see Fig. 3.12.). For the same atomic percentage addition of Cu and Ga, Ga atoms are 

showing higher tendency to form ordered zones/clusters compared to Cu atoms, which is in perfect 

agreement with the HRTEM results.  

 

3.6 Magnetic properties of [Fe36Co36B19.2Si4.8Nb4]100-x, y (Cux, Gay) (x = 0 and 0.5) 

(y = 0.5, 1, 2, 3, 4 and 5) glasses 

The FeCoBSiNb glass is well known for its soft magnetic properties such as low coercivity (Hc)  

2 A/m, saturation magnetization (Ms)  1T and relative permeability ()  12,000 [50, 84, 214]. 

The soft magnetic properties of the ferromagnetic glasses are influenced by several factors, but 

some of the important factors are as follows: (1) presence of impurities, crystalline phases, short 

and medium range order, (2) anisotropies such as shape anisotropy and stress-induced anisotropy, 

caused by internal mechanical stress induced during the preparation of the samples, (3) addition 

of any non-magnetic elements. However, the stress-induced anisotropy can be reduced by 

annealing the samples below their onset of crystallization temperature. 

 

3.6.1 Coercivity measurements 

The coercivity values for the as-cast glassy samples of different compositions are listed in Table 

3.3. In order to avoid the effects due to the sample geometry all coercivity measurements were 

done for cylindrical samples having the diameter-to-length ratio 1:20. The coercivity values of the 

FeCoBSiNb, FeCoBSiNb+0.5Cu, FeCoBSiNb+0.5Ga, FeCoBSiNb+1Ga glasses are almost 

identical. For Ga-added samples, further increase of Ga content increases the coercivity values. 

The increase in Hc with increase in Ga.% could be due to formation of large number of ordered 

zones/clusters (Fig. 3.9 and 3.10). The coercivity values of the 3 mm diameter rods are higher 
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compared to the 1.5 and 2 mm rods, this could be mainly due to geometry of the sample used for 

measurement or presence of few nuclei/clusters. For a completely amorphous samples with our 

any crystalline inclusions, the coercivity should be less than 10 A/m. [93].  

The presence of any nano-crystals will increase the coercivity values over several orders of 

magnitude depending upon the volume fraction of the crystalline inclusions [87]. 

 

Table 3.3: Coercivity values for the as-cast [Fe36Co36B19.2Si4.8Nb4]100-x, y (Cux, Gay) (x = 0, 0.5) (y = 0.5, 1, 
2, 3, 4 and 5) glassy samples. The accuracy of the experimental data lies within  0.1A/m. 

 

Composition 
Rod   

(mm) 

Hc 

(A/m) 
Composition 

Rod   

(mm) 
Hc (A/m) 

FeCoBSiNb 

1.5 2 

FeCoBSiNb+1.5Ga 

1.5 3 

2 2.7 2 5 

 3 6  3 9 

FeCoBSiNb+0.5Cu 
 1.5 2 

FeCoBSiNb+2Ga 
 1.5 6 

 2 2  2 7 

FeCoBSiNb+0.5Ga 

1.5 2 
FeCoBSiNb+3Ga 1.5 4 

2 2 

 3 7 
FeCoBSiNb+4Ga 1 6 

FeCoBSiNb+1Ga 

1.5 2 

2 3 
FeCoBSiNb+5Ga 1 7 

 3 9 

 

The variation of coercivity as a function of annealing temperature for FeCoBSiNb, 

FeCoBSiNb+0.5Cu and FeCoBSiNb+0.5Ga glasses are shown in Fig. 3.13. The samples were 

annealed for 1 min at different characteristic temperatures such as Tg, Tx-5, Tx, Tx+5, Tp1 and end 

of first crystallization event (see Fig. 3.3 (a), (b) and (c)) using the same NETZSCH DSC 404 C 

device working under argon atmosphere. The heating and cooling were performed under constant 

heating and cooling rates of 20 K/min. Due to the limited size of the DSC crucibles, cylindrical 



  Chapter 3 Preparation and characterization of Fe-Co-B-Si-Nb-(Cu, Ga) bulk glassy samples  

61 
 

samples having the diameter to length ratio 1:2 (i.e. 2 mm x 4 mm) were used for this 

measurements. In this case the absolute coercivity values will misguide us due to high 

demagnetizing factor, hence the coercivity after annealing (Hc-annealed) are normalized with the 

as cast coercivity (Hc-as-cast ) to clearly see the effect of annealing on the Hc. All the normalized 

coercivity data measured for these samples after annealing at different temperatures are shown in 

Table 3.4. The Hc values remains almost constant for all glasses even they were annealed up to 

their respective Tg. Close to the crystallization start temperature i.e.  5 K before Tx the Hc 

decreases to half of the initial value for both FeCoBSiNb, FeCoBSiNb+0.5Ga glasses and for 

FeCoBSiNb+0.5Cu glass, the Hc decreases to almost 1/3rd of the initial value. This initial decrease 

in coercivity close to the crystallization temperature may be due to the stress relaxation and a 

decreasing density of quasi-dislocation dipole-type (QDD) defects, which may pin the magnetic 

domain walls in the amorphous phase [215]. Upon further annealing until the end of their first 

crystallization event (i.e. 908, 908 and 918 K), the Hc increases to 3.8, 3.8 and 3.5 times the initial 

value for FeCoBSiNb, FeCoBSiNb+0.5Ga and FeCoBSiNb+0.5Cu glasses, respectively.  

 

Table 3.4: Coercivity values for the Fe36Co36B19.2Si4.8Nb4, [Fe36Co36B19.2Si4.8Nb4]99.5Cu0.5 and 
[Fe36Co36B19.2Si4.8Nb4]99.5Ga0.5 glasses in the as-cast state and after annealed to different temperatures. The 
accuracy of the experimental data lies within  0.1A/m. 

 

FeCoBSiNb 
Temperature (K) 303 827 853 868 888 908 

Hc-annealed /  
Hc-as-cast 

1 1 0.5 0.8 2 3.8 

FeCoBSiNb+0.5Ga 

Temperature (K) 303 827 853 868 888 908 

Hc-annealed /  
Hc-as-cast 1 1 0.5 0.8 2.4 3.8 

FeCoBSiNb+0.5Cu 

Temperature (K) 303 793 813 828 838 888 918 

Hc-annealed /  
Hc-as-cast 1 1 0.3 0.6 0.8 1.5 3.5 
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The increase in Hc of the samples beyond their Tx can be attributed to the formation of crystals in 

their glassy matrix. It is worth noting that even after heating up to 918 K, the coercivity value for 

the Cu- added glass is still lower than that of FeCoBSiNb and FeCoBSiNb+0.5Ga glasses heated 

above their first crystallization event 908 K. Compared to FeCoBSiNb and FeCoBSiNb+0.5Ga 

glasses the Hc of the Cu- added glass increases slowly. The sudden increase in Hc of the devitrified 

FeCoBSiNb and FeCoBSiNb+0.5Ga glasses is most probably due to the formation of the 

(Fe,Co)23B6-type phase upon annealing, which is magnetically harder than the bcc-(Fe,Co) phase, 

[86]. 

 

Figure 3.13: The variation of Hc-annealed / Hc-as-cast as a function of annealing temperature for 
Fe36Co36B19.2Si4.8Nb4, [Fe36Co36B19.2Si4.8Nb4]99.5Cu0.5 and [Fe36Co36B19.2Si4.8Nb4]99.5Ga0.5 glasses. 
Annealing was done different characteristic temperatures such as Tg, Tx-5, Tx, Tx+5, Tp1 and end of first 
crystallization event for each of these alloys. 

 

According to the random anisotropy model [87, 216, 217] when the grain size is smaller than the 

magnetic exchange length (L0) the exchange interaction will average out the magnetic anisotropy. 

L0 represents the minimum length over which the direction of the magnetic moments can vary 

appreciably. If the grain size is lower than the L0 the magnetization will not follow the randomly 

oriented easy axis of the individual grains, but increasingly it is forced to align parallel by the 

exchange interaction. As a result, the effective anisotropy is an average of several grains and, thus 
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considerably reduced. Further increase of crystal size enhances the anisotropy and, consequently, 

increases the coercivity. The magnetic exchange length for soft magnetic materials is 18 nm [218, 

219]. Based on Table 3.4, the coercivity enhancement with increasing annealing temperature may 

be due to the increased magneto-crystalline anisotropy caused by growth of the (Fe,Co) and 

(Fe,Co)23B6-type crystals upon annealing. In order to prove above statement, the crystallite size of 

the devitrified FeCoBSiNb+0.5Cu glass was calculated at different annealed temperatures using 

Williamson-Hall method [220]. The crystallite sizes are 13  4 nm, 18  4 nm, and 22  4 nm at 

818 K, 863 K, and 903 K, respectively (see Fig. 3.7 (b)) [199]. When sample was annealed at 818 

K for 1 min, size of the crystal formed is 13  4 nm, which is below the magnetic exchange length 

for this material. As a result, the effective Hc (i.e., Hc-annealed / Hc-as-cast) of 0.3 is an average 

value of several crystals. At 863 K when the crystal size is approximately same as that of L0 the 

Hc started to increase gradually. Beyond 863 K when the size of the crystallite are more than L0 (> 

18 nm) the Hc started to increase drastically (see Fig. 3.13). From this it is evident that with the 

increases in the crystallite size, the coercivity values also increase drastically. 

 

3.6.2 Magnetization measurements  

The saturation magnetization (Ms) of the glassy samples were measured using vibrating sample 

magnetometer (VSM). In order to avoid the effects due to the sample geometry all measurements 

were done for rod samples with 1 mm diameter and the length of 2 mm. Fig. 3.14 (a) and (b) show 

the typical room temperature DC hysteresis loops recorded with the VSM for the Cu- and Ga- 

added as-cast glassy samples. The behavior of the Ga- added samples close to the saturation region 

is shown as inset in the Fig. 3.14 (b). 

From the hysteresis loops it is evident that the saturation occurs at relatively similar magnetic fields 

for all glasses. The addition of 0.5 at.% Cu marginally increases the Ms values from 108 to 109 

Am2/kg (Fig. 3.14 (a)). In contrast, for 0.5 at.% Ga the Ms remains almost the same, with further 

increase in Ga content Ms gradually decreases and reaches a value of 94 Am2/kg for 5 at.% Ga-

added glass. As discussed in the beginning (paragraph 3.6), with the addition of Ga (non-magnetic) 

Ms may decrease. The values of saturation magnetization for all Cu- and Ga- added samples, 

measured using the VSM, are summarized in Table 3.5. 
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Fig. 3.15 shows the variation of the Ms with different annealed temperatures for FeCoBSiNb, 

FeCoBSiNb+0.5Cu and FeCoBSiNb+0.5Ga samples. The Ms of the FeCoBSiNb+0.5Cu glass 

increases after heat treatment, particularly above T = 838 K. The enhanced Ms after annealing up 

to T = 918K can be attributed to the formation of (Fe,Co) crystals with higher saturation 

magnetization than the amorphous phase [199] (Fig. 3.7 (b)). In contrast, upon annealing, the 

FeCoBSiNb and FeCoBSiNb+0.5Ga samples become more magnetically harder, with slight 

increase in Ms. This is due to the formation of (Fe,Co)23B6-type phase [206]. From these results, it 

can be concluded that the addition of 0.5 at.% Cu improves the soft magnetic properties in both 

as-cast and annealed conditions compared to the base FeCoBSiNb glass and 0.5 at.% Ga- added 

glass. 

 

 

Figure 3.14: Hysteresis loops for the 1 mm diameter as-cast (a) [FeCo36B19.2Si4.8Nb4]100-x (Cux) (x = 0, 
0.5); (b) [Fe36Co36B19.2Si4.8Nb4]100-y (Gay) (y = 0, 0.5, 1, 2, 3, 4 and 5) glassy samples. Insert show the 
behavior of the Ga- added samples close to the saturation region i.e. between 80 and 100 Am2/kg. 
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3.6.3 The Curie temperature measurements 

The saturation magnetization versus temperature was measured using the same PPMS in high 

temperature mode and the Curie temperature (Tc) was calculated as described in paragraph 2.4.3. 

Fig. 3.16 (a), (b) and (c) shows the variation of Ms as a function of temperature for [FeCoBSiNb]100-

x, y (Cux, Gay) (x = 0, 0.5) (y = 0, 0.5, 1, 2, 3, 4 and 5) glasses, respectively. From Fig. 3.16 (a) it 

can be observed that upon the addition of 0.5 at.% Cu the Curie temperature decreases from 701 

to 698 K. This decrease in Curie temperature with only 3 K is lower than observed by Stoica et al. 

[209], but the trend is similar. Apart from the change in Curie temperature, the variation of Ms with 

temperature is also interesting. The near-zero magnetization value of the parent FeCoBSiNb alloy 

after the crystallization temperature (Tx = 858 K) indicates that the first phase which crystallizes 

is either non-magnetic or has the corresponding Curie temperature lower than the Tx. This confirms 

our XRD results (reported in the section 3.4) about the formation of the (Fe,Co)23B6-type phase; 

though this phase is magnetic, its Curie temperature depends strongly on the content of the 

magnetic atoms [209] and it is lower than the Tx. In case of the Cu added alloy the first Tx is 818 

K and the primary phase is bcc-(Fe,Co), which is in perfect agreement with the thermomagnetic 

 

Figure 3.15: Variation of the saturation magnetization (Ms) with different annealing temperatures for 
Fe36Co36B19.2Si4.8Nb4, [Fe36Co36B19.2Si4.8Nb4]99.5Cu0.5 and [Fe36Co36B19.2Si4.8Nb4]99.5Ga0.5 samples. 
Annealing was done different characteristic temperatures such as Tg, Tx-5, Tx, Tx+5, Tp1 and end of first 
crystallization event for each of these alloys.  
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behavior shown in Fig. 3.16 (a). The increase in Ms of the sample above 820 K clearly indicates 

that the crystallized phase has a high Curie temperature. However, due to the technical limitation 

the maximum temperature is limited to 923 K, with this temperature it is impossible to confirm 

the exact phase that formed during the crystallization. The room temperature Ms of the Cu added 

alloy becomes larger after cooling, and this is due to the presence of the bcc-(Fe,Co) crystals in 

ferromagnetic state.  

 

Figure 3.16: Variation of saturation magnetization (Ms) as a function of temperature for (a) 
[Fe36Co36B19.2Si4.8Nb4]100-x (Cux) (x = 0, 0.5) and (b); (c) [Fe36Co36B19.2Si4.8Nb4]100-y (Gay) (y = 0, 0.5, 1, 
2, 3, 4 and 5) glasses; (d) variation of Curie temperature (Tc) as a function of Ga content (at.%). 

 

Similar to the Cu addition, Ga addition also decreases the Curie temperature of the alloy; Fig. 3.16 

(d) shows the variation of the Curie temperature as a function of Ga content. Up to 1 at.% Ga 

addition the Tc decreases marginally, beyond 1 at.% the Tc decreases drastically, and for the alloy 

with 5 at.% Ga the Tc is 632 K, which is almost 67 K lower than that of parent alloy (i.e.701 K). 
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The Curie temperatures for all Cu- and Ga-added samples, calculated as described in paragraph 

2.4.3, are summarized in Table 3.5. The Curie temperature depends on the exchange interaction 

between the magnetic moments, which in turn depends on the distance between the magnetic atoms 

[92]. The addition of non-magnetic elements alters the distance between the magnetic atoms (i.e. 

Fe-Fe and Co-Co), hence the Curie temperature decreases with increase in Ga content. 

 

Table 3.5: Saturation magnetization (Ms) and Curie temperature (Tc) values for [Fe36Co36B19.2Si4.8Nb4]100-x, 

y (Cux, Gay) (x = 0, 0.5) (y = 0, 0.5, 1, 2, 3, 4 and 5) alloys. The accuracy of the measured date lies within 
80 A/m (1 Oe) for saturation magnetization and  2 K for Curie temperature. The literature data for 
Fe36Co36B19.2Si4.8Nb4 [221] is given for comparison. 

 

Compositions Rod  (mm) Saturation 
Magnetization 
Ms (Am2/kg) 

Curie temperature  
Tc (K) 

FeCoBSiNb [221] 5 93 692 

FeCoBSiNb 1 108 701 

FeCoBSiNb+0.5Cu 1 109 698 

FeCoBSiNb+0.5Ga 1 108 700 

FeCoBSiNb+1Ga 1 107 692 

1FeCoBSiNb+1.5 Ga 1 105 693 

FeCoBSiNb+2Ga 1 103 680 

FeCoBSiNb+3Ga 1 100 669 

FeCoBSiNb+4Ga 1 97 635 

FeCoBSiNb+5Ga 1 94 632 

 

The magnetization as a function of temperature for all alloys containing less than 3 at.% Ga follows 

almost the same curve as the parent FeCoBSiNb alloy, i.e. the first phase formed after 

crystallization is either non-magnetic or has the corresponding Curie temperature less that the Tx. 
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The main phase which forms after the first crystallization is (Fe,Co)23B6-type phase. For the alloys 

having 3, 4 and 5 at.% Ga additions, the Ms values started to increase beyond their first 

crystallization event, indicating the formation of soft magnetic phase with a higher Curie 

temperature. The room temperature Ms of the 3, 4 and 5 at.% Ga added alloys are larger after 

cooling, this is due to the presence of the bcc-(Fe,Co) crystals in ferromagnetic state. All these 

results are in agreement with our DSC and XRD results presented in section 3.3 and 3.4. 

 

3.7 Mechanical properties of [Fe36Co36B19.2Si4.8Nb4]100-x, y (Cux, Gay) (x = 0 and 

0.5) (y = 0.5, 1 and 1.5) glasses 

As discussed earlier in section 1.5, the mechanical behavior of these glasses can be understand by 

performing compression tests and hardness measurements. In order to study and compare the effect 

of Cu and Ga additions on mechanical properties, all compression tests were performed on 

cylindrical samples with 1.5 mm diameter. The hardness measurements were performed on cross-

sectional slice cut from rods with same geometry 

3.7.1 Compression tests 

The true stress-true strain curves for the as-cast [FeCoBSiNb]100-x, y (Cux, Gay) (x = 0, 0.5) (y = 

0.5, 1 and 1.5) glassy samples are shown in Fig. 3.17 (a) and (b). All samples exhibit elastic 

deformation regime followed by a small compressive plastic regime. Fig. 3.17 (a) shows the true 

stress- true strain curves of 1.5 mm diameter as-cast FeCoBSiNb (black curve) and 

FeCoBSiNb+0.5Cu (red curve) samples. The FeCoBSiNb exhibits a very high yield strength of y 

= 3.95  0.020 GPa, an elastic strain of y = 2.87%, a very high fracture strength of f = 4.05  

0.02 GPa and a limited plastic strain pl = 0.35%. The data are in agreement with earlier findings 

reported by other researchers [50]. In case of the Cu added sample the yield strength (y) and 

fracture strength (f) slightly decreases to 3.66 and 3.98  0.02 GPa, respectively. Interestingly, 

the elastic strain (y) and plastic strain (pl) increases to 2.92 % and 0.77 % respectively, the 

improved plastic strain is almost twice of that of FeCoBSiNb. In addition, the Young’s modulus, 

obtained upon linear fitting the stress-strain curve between 0.80 GPa and 3.0 GPa for both samples 

are 198 and 192  5 GPa, respectively. The FeCoBSiNb+0.5Cu alloy shows the highest plastic 
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deformability reported for any other Fe-based BMG with a diameter of 2 mm, while keeping 

similar yield strength (y) and fracture strength (f), together with a plastic strain of 0.6% [199]. 

Similarly, for samples with 1 mm diameter a larger compressive yielding and maximum stress 

were reported for the FeCoBSiNb+0.5Cu glassy samples by Stoica et al. [138] i.e. 3.92 GPa and 

4.14 GPa, respectively, together with a large plastic strain of 1.50%. It is well known that samples 

of smaller dimensions exhibit much higher plasticity [62]. The difference in the present y, f and 

pl values and reported values [138, 199] are because of the differences in the sample geometry. 

However, it is seen here that the addition of 0.5% Cu improves the plastic deformability even for 

the 2 mm diameter glassy samples. Shen et al.[195] have found that the yielding of bulk samples 

with similar chemical composition (i.e. FeCoBSiNb with 0.25 at.% Cu) occurs at 3.70 GPa, and 

reported a maximum stress of 4.05 GPa and a plastic strain of 0.6%. They used rod samples with 

2 mm diameter with a composite structure consisting of bcc-(Fe,Co) and (Fe,Co)23B6-type 

nanocrystalline grains embedded in an amorphous matrix. Table 3.6 summarizes the deformation 

data obtained from compression tests together with hardness and density values for all the 

composition studied in this work. 

 

Figure 3.17: Compressive true stress-true strain curve for (a) [Fe36Co36B19.2Si4.8Nb4]100-x (Cux) (x = 0, 0.5) 
and (b) [Fe36Co36B19.2Si4.8Nb4]100-y (Gay) (y = 0, 0.5, 1, and 1.5) glasses measured at a strain rate of  
1x10-4/s. 

 

The compressive behavior of the Ga added samples are shown in Fig. 3.18 (b), FeCoBSiNb (black 

curve), FeCoBSiNb+0.5Ga (red curve), FeCoBSiNb+1Ga (magenta curve) and 

FeCoBSiNb+1.5Ga (blue curve). It is evident that with increase in Ga content the plastic strain 
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increases gradually. For the 0.5at.% Ga- added sample the yield strength y, elastic strain y, 

fracture strength f and plastic strain pl are almost same as that of the FeCoBSiNb parent alloy 

i.e. 3.95  0.02 GPa, 2.80%, 4.06  0.02 GPa and 0.43%, respectively. It can be noted that unlike 

Cu, 0.5 at.% Ga does not improve the mechanical properties much, but for higher amount of Ga 

addition plastic deformation is improved (see Fig. 3.17 (b)). The yield stress is 3.71 and 3.62  0.2 

GPa for the 1 and 1.5 at.% Ga- added samples and their corresponding elastic strain are 2.73 % 

and 3.30 %, respectively.  

Table 3.6: summarizes the Yield stress y, yield strain y, fracture stress f, fracture strain f, plastic strain 
pl, Young’s modulus E, Vickers hardness HV and density  for [Fe36Co36B19.2Si4.8Nb4]100-x, y (Cux, Gay) (x 
= 0, 0.5) (y = 0.5, 1, 1.5, 2, 3, 4 and 5) alloys. The accuracy of the experimental data lies within  0.02 GPa 
for the stress-strain measurements,  10 HV for the hardness measurements and 0.5% for the density 
measurements. The literature data for Fe36Co36B19.2Si4.8Nb4 [50] is given for reference. 

 

 

Compositions 
y 

(GPa) 

y 

(%) 

f 

(GPa) 

f 

(%) 

 pl 

(%) 

E 

(GPa) 
HV 

 

(g/cm3) 

FeCoBSiNb [50] 4.07 - 4.21 - - 210 1220 - 

FeCoBSiNb 3.95 2.87 4.05 3.22 0.35 198 1272 7.768 

FeCoBSiNb+0.5Cu 3.66 2.92 3.98 3.69 0.77 192 1242 7.752 

FeCoBSiNb+0.5Ga 3.82 2.80 4.06 3.23 0.43 186 1240 7.737 

FeCoBSiNb+1Ga 3.71 2.73 4.01 3.87 1.07 178 1230 7.726 

FeCoBSiNb+1.5Ga 3.62 3.3 4.01 4.83 1.53 167 1228 7.716 

FeCoBSiNb+2Ga - - - - - - 1208 7.706 

FeCoBSiNb+3Ga - - - - - - 1201 7.687 

FeCoBSiNb+4Ga - - - - - - 1185 7.667 

FeCoBSiNb+5Ga - - - - - - 1180 7.649 
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The fracture of first two Ga added samples occurs at nearly the same value of true stress, around 

4 GPa, but the corresponding fracture strain is different: 3.87 % for 1 at.% Ga and 4.83 % for 1.5 

at.% Ga- added samples. The plastic deformation of the samples extend up to 1.07 % and 1.53 % 

for 1 at.% and 1.5 at.% Ga- added samples. The fracture surface morphology of the samples after 

compression tests were investigated using SEM, as descried in the section 2.3.2. The observed 

fracture behavior is different from the observed results for Zr-, Cu-, Ni- and Ti based BMGs [222-

225], where that fractures occurs only along the maximum shear plane, which is declined by 45° 

to the direction of applied load, and the fracture surface contains large numbers of a well-developed 

vein patterns.  

The fracture surface of the FeCoBSiNb, FeCoBSiNb +0.5Cu and FeCoBSiNb +0.5Ga samples 

consists of a number of small fracture zones and their zone planes appear to be declined by about 

70-90° to the direction of the applied load, which is similar to the previous results for FeCoBSiNb 

glass [50, 191]. This kind of failure is mainly due to the simultaneous generation of large no of 

small facture at many sites, at a very high stress level close to 4.0 GPa, upon fracture the samples 

shatter apart into many small fragments. The high fracture strength of these glasses are mainly 

because of their covalent bonding nature of their constituents [8, 50]. Though slight increase in 

plastic strain is observed for FeCoBSiNb +0.5Cu and FeCoBSiNb +0.5Ga samples, the overall 

appearance of the fracture surface is towards brittle fracture mode, with many shells indicating the 

generation and propagation of cracks.  

 

Figure 3.18: SEM micrographs of the [Fe36Co36B19.2Si4.8Nb4]99Ga1 sample, showing fracture surface after 
compression test taken from different regions with different magnifications (a) and (b). Cracks are 
marked with green arrows. 
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Neither shear bands on the lateral surfaces nor typical vein patterns are observed on the fracture 

surface of these samples. However, more interesting features are observed in the FeCoBSiNb +1Ga 

and FeCoBSiNb +1.5Ga samples. Fig. 3.18 (a) and (b) shows the fracture surface of the 

FeCoBSiNb +1Ga samples after compression test taken from different regions with different 

magnifications. The fracture surfaces consists of large numbers of vein patterns combined with 

several micro cracks (indicated by green arrows in the image) At first the material starts to deform 

plastically; after a while the brittle fracture starts, because the cracks are super imposed on the vein 

patterns, indicating the combination of ductile and brittle failure mode. 

Fig. 3.19 (a) represents the fracture surface of the FeCoBSiNb +1.5Ga samples taken from the 

center of the samples after compression test and Fig. 3.19 (b) shows the magnified image marked 

with dotted lines in the Fig 3.19 (a). The red arrow indicates the metal droplets, which are observed 

throughout the fracture surfaces. Compared to the 1 at.% Ga samples, the fracture surface of this 

1.5 at.% Ga samples contains more vein patterns and less micro cracks, here also the micro cracks 

are superimposed on the vein patterns. The presence of metal droplets on the fracture surfaces 

suggests that, at very high stress level of 4.0 GPa the flowed layers must have been melted, as it is 

commonly observed in case of the deformable BMGs [226]. Lewandowski et al.[227] reported an 

increase temperature over 1000 K in the thermal diffusion zone near the shear bands in BMGs 

during bend test. In other works on Zr- based glasses [137, 228] even higher temperatures are 

reported for the specimens tested in compression and in tension.  

  

Figure 3.19: SEM micrographs of the [Fe36Co36B19.2Si4.8Nb4]98.5Ga1.5 sample, (a) Fracture surface taken 
from the center of the sample after compression test and (b) Center region taken at higher magnification 
(square region from (a)). Droplets are marked with red arrows and cracks are marked with green arrows. 
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Greer et al. [226] recently reviewed all the possible mechanisms and implications related to shear 

band heating and melting in bulk metallic glasses. In that review he concluded that tendency for 

the samples to fail at shear bands can readily be associated with thermal runaway and development 

of a liquid zone.  

In a very recent work Stoica et al. [138] showed that during compression in FeCoBSiNb+0.5Cu 

glass the temperature in the shear plane can raise up to 1352 K. In his work the temperature raise 

in the shear plane was calculated based on two assumptions: (a) the speed of shear propagation in 

the sample is approximately 0.9Vs [229], where Vs is the velocity of a transverse sound wave 

through the sample and (b) the transverse speed of sound through FeCoBSiNb+0.5Cu sample was 

considered as 6100 m/s, as for carbon steels. 

The most crucial part in calculating the temperature raise during the shear propagation is the shear 

time, i.e. the time necessary to for a shear band to start and stop operating and during which the 

heat flux q is released [138]. Though several researchers like Bengus et al.[229], Miracle et 

al.[230], Lewandowski et al.[227] and Georgarakis et al. [228] concluded different shear velocities 

for Zr based glasses there is no exact shear propagation data is available for Fe-based metallic 

glasses. Stoica et al. [138] in their work showed that maximum possible temperature raise in the 

shear plane is 1352 K by assuming maximum shear propagation rate (i.e. 0.9Vs) which is just 30 

K above the solidus temperature of the FeCoBSiNb+0.5Cu alloy and barely enough to melt very 

thin layers. Considering the fact that the solidus temperature of the both FeCoBSiNb+0.5Cu and 

FeCoBSiNb+1.5Ga alloys are 1310 K, no droplets are seen in the fracture surface of the 

FeCoBSiNb+0.5Cu glass [138] but in FeCoBSiNb+1.5Ga glass m range molten droplets are 

observed throughout the fracture surfaces (see Fig. 3.19 (a) and (b)). From this results two 

conclusions can be drawn: (1) the shear propagation rate in FeCoBSiNb system should be higher 

than 0.9Vs (i. e., higher that Vs higher the temperature raise in the shear planes) or (2) the presence 

of Ga atoms leads to formation of soft zones, whose melting point is much lower compared to rest 

of the alloy. In either case more detailed study is required to get the exact conclusions, which is 

the future scope of this work. However, the addition of Ga improves the plastic deformation of the 

FeCoBSiNb glass to a great extent.  
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3.7.2 Hardness and density measurements 

The Vickers hardness measurements were performed on cross-section slice from the as-cast 

cylindrical rods with 1.5 mm diameter as described in the section 2.5.2. In order to have more 

consistent result, more than 20 indentations were performed in each samples and the average value 

were obtained as the average of 20 indents. The hardness values of all glassy samples are listed in 

Table 3.6. The hardness value for the FeCoBSiNb glass is HV= 1272  10 (12.47 GPa), the 

hardness of the 0.5 at.% Cu- and Ga- added glasses are almost same 1242 (12.18 GPa) and 1240 

(12.16 GPa) HV. 

The hardness decreases with increase in Ga % and reaches a minimum value of 1180 (11.57 GPa) 

HV for the 5 at.% Ga- added samples. This decrease in the hardness values are mainly due the 

presence of soft zones, which increases with increase in Ga content. 

The density measurements were performed on master alloys for all compositions as described in 

the section 2.5.3. All density values are summarized in the Table 3.6. The density of the 

FeCoBSiNb alloy is  = 7.768 g/cm3, which is lower than that of structural amorphous steel (i.e., 

7.89 g/cm3) [36] and ultrahigh strength maraging steels (i.e., 8.12 g/cm3) [231]. However, 

FeCoBSiNb glass is much stronger; hardness is more than twice that of the maraging steels 

[231].With addition of Cu and Ga the density decreases slightly and reaches a minimum value of  

 = 7.649 g/cm3 for the alloy with 5 at.% Ga, which is obvious, because Ga has a low density 

compared to Cu, Fe and Co. 

 

3.8 Discussion 

Table 3.1 Summarizes all thermal stability values collected in this work compared with the values 

known from literature [50, 206]. The reported maximum achievable diameter was 5 mm for this 

FeCoBSiNb alloy [50], while in this work the maximum diameter produced was only 3 mm. The 

glass transition temperature obtained in this work is 825 K, which is higher than the value reported 

by Inoue et al. [50] but almost same with the values reported by Stoica et al. [206]. However, the 

extension of the supercooled liquid region is only 33K which is very low compared to the reported 

value of 50 K [50]. The reduced glass transition temperature is also smaller: 0.56 compared to 
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0.58. If the GFA of the current alloy is determined based on the extension of the SLR and the 

reduced glass transition as indicated by Inoue et al.[8], the current alloy has slightly lower GFA 

compared to the literature. These small differences in the thermal stability may arise due to small 

deviation in the overall composition, as shown by Stoica [3] in his very recent work. 

The addition of Cu in the Fe71.5-xCoxB13.5Si10Nb4 alloy was first reported by Inoue et al.[85], 

followed by Shen et al. [195] in his work he added only 0.25 at.% Cu in glass having same 

composition as our investigated Fe36Co36B19.2Si4.8Nb4 alloy, but the thermal stability of the glass 

remains almost unaffected. Later, Li et al. [197] added 1, 1.5 and 2 at.% Cu in the same 

Fe36Co36B19.2Si4.8Nb4 but they were able to produce only amorphous ribbons. Recently, Stoica et 

al. [138, 209] reported the preparation of bulk glassy samples having up to 2 mm in diameter with 

the addition of 0.5 at.% Cu. The extension of SLR reported there is 19 K, which is clearly lower 

than the 25 K reported in the current work; this may indicate that the current alloy has slightly 

better GFA.  

The interesting ordered features observed in TEM (see Fig. 3.10) of this alloy may explain why 

the Cu free FeCoBSiNb alloy has wider SLR (Tx = 33 K) than the Cu containing alloy (Tx = 25 

K). The wider SLR indicates longer incubation time for nucleation. For the alloy without Cu, 

crystallization requires the formation of complex (Fe,Co)23B6-type nuclei that are dissimilar to the 

ordered zones of the amorphous alloy. In case of the Cu- added alloy, the formation of the local 

order reduces the nucleation kinetics, there by easily promoting the formation of -Fe from the 

amorphous matrix.  

For the glass with 0.5 at.% Ga, there is 5 K increase in the crystallization temperature compared 

to the glass without Ga. The dissimilarities between the structures of the ordered zones observed 

in both Cu- and Ga- added samples may be one of the reason for the wide SLR of the 

FeCoBSiNb+0.5Ga alloys. The increase in crystallization temperature up on addition of Ga 

suggests that the degree of ordered zones/clusters formed due to the addition of Ga has no effect 

on the crystallization kinetics. This is not a surprising, given the fact that even after the addition 

of 0.5 at.% Ga the main precipitating phase is complex (Fe,Co)23B6-type phase. The crystallization 

activation energy (Ec) calculated in the section 3.3 clearly supports this claim, the addition of Cu 

reduces the Ec to almost half i.e. from 607 to 374 14 kJ/mol, but the Ga addition reduces the Ec 

to 557 14 kJ/mol. From this we can assume that, unlike the ordered zones/clusters formed due to 
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addition of Cu, ordered zones/clusters formed due to Ga addition does not influence in the thermal 

stability of the glass. It is well known that the presence of ordered zones/clusters in the amorphous 

matrix does not necessarily imply that they act as a nucleation site for the crystal growth. The 

ordered embryos must be larger than the critical nucleus size in order for their growth to be 

thermodynamically favorable [211-213]. 

However with increase in Ga content the first and second broad XRD maxima shifts to lower 

angles, indicating the formation of large number of ordered zones/clusters [205]. Up to 1 at.% 

addition of Ga the change slope of the 21 is very small and the GFA remains almost the same. 

The slope of 21 increase when the Ga content is more than 1 at.% and up to 3 at.% Ga, accordingly 

GFA decreases, the critical diameter for 2 and 3 at.% Ga-added alloys are 2 and 1.5 mm 

respectively. Further, for the 4 and 5 at.% Ga-added samples 21 decreases to 52.13° and 51.99°, 

respectively, similarly the GFA of these alloys also decreases to a critical diameter of 1 mm. From 

the thermal stability data it is evident that with increase in Ga content i.e. 3, 4 and 5 at.% the onset 

of crystallization temperature started to decrease and also only bcc-(Fe,Co) grows after the first 

crystallization event (see Fig. 3.8). At this point one can assume that the addition of Ga more than 

2 at.% have similar effect like Cu addition and they are (i). decrease in onset of crystallization 

temperature and extension of supercooled liquid region Tx; (ii) formation of the complex 

(Fe,Co)23B6-type phase is suppressed and only bcc-(Fe,Co) starts to grow after first crystallization 

event; (iii) the GFA decreases drastically tc is merely 1.5 mm for 3 at.% and 1 mm for 4 and 5 at.% 

Ga addition respectively. All these changes could be because of the formation of ordered 

zones/clusters which are above the critical limit and hence started to grow with increase in 

temperature leading to decreases in the GFA of the alloys. From this we can conclude that the 

optimum quantity of Ga, which can be added without affecting the GFA as well as their thermal 

stability, is around 1.5 at.%.  

The coercivity values reported in our work are comparable with the values reported by Shen et al. 

[221] and Stoica et al. [206] for the same Fe36Co36B19.2Si4.8Nb4 alloy. However, the Curie 

temperature of this alloy is 19 K lower than the value reported by Stoica et al. and 9 K higher than 

the values reported by Shen et al. The differences in the coercivity is quite small, as mentioned 

earlier they may arise due to the small variation in the overall chemical composition. The magnetic 

properties of both the Cu- and Ga- (only up to 2 at.% Ga) added alloys are similar at the room 
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temperature; with increase in annealing temperature the Cu- added alloy has relatively better soft 

magnetic properties compared to the Ga- added. As mentioned earlier (section 3.6.2), the increase 

in Ms with increase in temperature is due to the formation of bcc-(Fe,Co) phase in the Cu added 

alloy, the growth of this bcc-(Fe,Co) phase can be clearly seen in the thermomagnetic curves 

shown in Fig. 3.16 (a). The Ms value starts to increase as soon as the bcc-(Fe,Co) crystal start to 

form, which is close to 820 K. In case of the Ga added alloys (i.e. up to 2 at.%) no such increase 

in Ms values were observed even after the completion of first crystallization event. However, for 

3, 4 and 5 at.% Ga- added samples, one can clearly observe the increases in Ms values close to the 

respective crystallization start temperatures, indicating the formation of bcc-(Fe,Co) phase. This 

observation further confirms that when Ga is added beyond 2 at.%, then it will decrease GFA of 

the alloy by promoting the formation of large number of ordered zones. 

The compression behavior of Cu and Ga added samples is very similar in the elastic regime. For 

the same amount of Cu and Ga addition (i.e. 0.5 at.%), the Cu- added sample shows slightly higher 

plastic strain pl compared to the Ga- added samples (Table 3.6). Though the yield stress y 

decreases with increase in Ga content, the fracture stress f for all alloys are almost same  4.0 

GPa. However, with increase in Ga content to 1.5 at.% the plastic strain pl increases up to 1.53% 

and the Young’s modulus decreases from 198 to 167 GPa. Table 3.7 summarizes the available data 

about the glass transition temperature Tg and compressive fracture stress f  for a number of Fe- 

and Co-based BMGs, which were developed in recent years.  

 

Table 3.7: Glass transition temperature (Tg), fracture stress (f), Young’s modulus (E) and Vickers hardness 
(HV) data for Fe- and Co- based metallic glasses available in literature.  

 

 Composition  
Tg 

(K) 

f  

(GPa) 

E 

(GPa) 
HV 

1 FC20+B+0.4wt% B [232] 640 3.48 125 970 

2 (Fe44.3Cr5Co5Mo12.8Mn11.2C15.8B5.9)98.5Y1.5 [36] 804 3.0 257 1224 

3 Fe48Cr15Mo14Er2C15B6 [76] 843 4.0 200 1200 
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4 Fe72B20Si4Nb4 [233] 829 4.0 200 995 

5 Fe74Mo4P10C7.5B2.5Si2 [89] 729 3.28 - - 

6 Fe40Ni40P14B6 [234] 641 2.8 - - 

7 Fe60Co8Zr10Mo5W2B15 [235] 898 3.8 - 1360 

8 Fe63.5Mo14C15B6Er1.5 [236] 779 4.2 210 1142 

9 Fe75Mo5P10C7.5B2.5 [88] 708 3.28 - - 

10 Fe66Co10Mo4P9C4B4Si3 [237] 744 3.37 - - 

11 Fe71Nb6B23 [238] 840 4.85 - - 

12 Fe58.5Co3Mo14C15B6Er0.5Ni3 [239] 757 3.98 - - 

13 Fe53.25Ni17.75Nb6B23 [240] 768 4.36 195 - 

14 Fe68.16Dy3.84B19.2Si4.8Nb4 [241] 873 3.77 - 1054 

15 Fe69.3Ni7.7Mo5P9C7.5B1.5 [242] 667 3.26 - - 

16 Co43Fe20Ta5.5B31.5 [243] 910 5.18 268 - 

17 Co31Fe31Nb6Dy2B30 [244] 900 4.75 - 1258 

18 Co47.6Fe20.42B1.9Si5.1Nb5 [245] 853 4.34 - - 

19 Co45.5Fe2.5Cr15Mo14C15B6Er2 [246] 844 5.0 217 - 

20 Co56Ta9B35 [247] 961 5.97 247 1621 

21 Co61Nb8B31 [248] 900 5.2 - - 

22 Co69Mo11P14B6 [249] 750 3.9 - - 

 

The relationship between compressive fracture strength (f) and glass transition temperature (Tg) 

for the values listed in Table 3.7 are plotted in Fig. 3.20. The small region marked with blue circle 

illustrates the region corresponding to the present studied [FeCoBSiNb]100-x, y (Cux, Gay) (x = 0, 

0.5) (y = 0, 0.5, 1 and 1.5) compositions.  
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The equation describing the linear fit can be written as: 

𝜎𝑓 =  −1.54 . 103 + 7.03 . 𝑇𝑔 ,   (3.9) 

where Tg is in K and f is in MPa. 

The relationship between the Tg and f for non-ferrous BMGs (Cu-based) can be given as [250]: 

𝜎𝑓 =  −3.35 . 103 + 7.47 . 𝑇𝑔 ,   (3.10) 

 

 

Figure 3.20: Relationship between compressive fracture strength (f) and glass transition temperature 
(Tg) for the values summarized in Table 3.7. The number in the graphs is assigned to a composition, as 
presented in Table 3.7. Red line represents the linear fit. The small region marked with the Blue and 
Green circle represents the data measured for the [Fe36Co36B19.2Si4.8Nb4] (Cu,Ga) and 
[Fe74Mo4P10C7.5B2.5Si2] (Cu,Ga) samples studied in this work.  

 

It is interesting to compare the equations 3.9 and 3.10 written to describe Fe-, Co- based and non- 

ferrous based BMGs. It can be observed that the slopes of linear fit are almost similar for ferrous 

(7.0) and non-ferrous alloys (7.47). Though the slope is similar, a scattering could be observed in 

the data, this scatter could be due to the difference in the sample preparation and experimental 
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techniques. As observed in the Fig. 3.20 the fracture strength increases rapidly with increase in the 

Tg. Considering the fact that Tg is the reflection of atomic bonds between the constituent elements 

[104], the high bonding force between the constituting elements might be responsible for the high 

strength of Fe- and Co- based BMGs. 

The Vickers hardness values measured for this alloys are comparable to the hardness value of the 

amorphous steels Fe48Cr15Mo14Er2C15B6 [76] and (Fe44.3Cr5Co5Mo12.8Mn11.2C15.8B5.9)98.5Y1.5 [36]. 

With the addition of Ga, the hardness values also decreases over 100 HV when Ga content is 

increased from 0 to 5 at.%. The f/E, HV/f and HV /3E ratios for all the glasses are given in Table 

3.8.  

Table 3.8: f/E, HV/f and HV /3E ratios for [Fe36Co36B19.2Si4.8Nb4]100-x, y (Cux, Gay) (x = 0, 0.5) (y = 0, 0.5, 
1 and 1.5) glasses. 

 

Compositions f/E HV/f HV/3E 

FeCoBSiNb 0.02 3.0 0.02 

FeCoBSiNb+0.5Cu 0.02 3.0 0.02 

FeCoBSiNb+0.5Ga 0.02 2.99 0.02 

FeCoBSiNb+1Ga 0.02 3.0 0.02 

FeCoBSiNb+1.5Ga 0.02 3.0 0.02 

 

The f/E, HV/f   and HV/3E ratios for all the alloys are nearly fixed 0.02, 3.0 and 0.02, 

respectively. It can be concluded that the present Fe-based bulk glassy alloys have the same ratio 

in their properties like the previously reported BMGs [26, 50, 251]. The agreement also indicates 

that the Fe-based bulk glassy alloys have an elastic-plastic deformation mode without appreciable 

work hardening. 
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Chapter 4  

Preparation and Characterization of Fe-Mo-P-C-B-Si-(Cu, Ga) bulk 

glassy samples 

4.1 Introduction 

The investigated composition [Fe74Mo4P10C7.5B2.5Si2]100-x, y (Cu)x (Ga)y ( x = 0, 0.5, 1)(y = 0, 0.5, 

1, 1.5 and 2) are of metal-metalloid type. The basis for this composition is Fe75Mo5P10C7.5B2.5, first 

introduced by Zhang et al. [88]. The glass-forming ability and soft magnetic properties of this 

system was improved by addition of Si at the expense of Fe and Mo [89], as a result the maximum 

achievable diameter and saturation magnetization of this system increased to 5 mm and 1.34 T, 

respectively. Liu et al. [89] managed to cast rods with 5 mm diameter only after fluxing the master 

alloy with B2O3, however, without flux they may achieve already 4 mm. Again, in the line with 

what was mentioned in the previous chapter, the important aspect which limits the application of 

these bulk Fe-based metallic glass as an engineering materials is the brittle behavior under 

mechanical loading [75]. Therefore, in the last decade great efforts have been made to improve the 

plastic deformability of monolithic Fe-based BMGs 

In our work we tried to improve the plastic deformability of the Fe74Mo4P10C7.5B2.5Si2 glass by 

adding soft elements like Cu, Ga in small percentage, at the expense of all elements. For the 

compositions investigated in this work first Fe74Mo4P10C7.5B2.5Si2 alloy was produced by induction 

melting and then Cu and Ga were added through arc melting. In this way [Fe74Mo4P10C7.5B2.5Si2] 

100-x Cux (x = 0.5 and 1) and [Fe74Mo4P10C7.5B2.5Si2]100-y Gay (y = 0.5, 1, 1.5, 2, 3, 4 and 5) alloys 

were obtained. In this chapter the microstructure, mechanical and magnetic properties of the 

ribbons and rods produced from these alloys were investigated. 

 

 

 



Chapter 4 Preparation and Characterization of Fe-Mo-P-C-B-Si-(Cu, Ga) bulk glassy samples 
 

82 
 

4.2 Characterization of amorphous ribbons and bulk samples 

The addition of Cu and Ga to the Fe74Mo4P10C7.5B2.5Si2 master alloy (for simplicity, this alloy will 

be further denoted as FeMoPCBSi) decreases the GFA drastically. Since we were interested only 

in the bulk samples we limited the Cu and Ga additions to 1 and 2 at.%, respectively. 

 

4.2.1 Diffraction experiment using Co-K radiation 

The structure of the as-cast rods was investigated using X-ray diffraction using Co-K radiation 

(= 0.17889 nm). Fig. 4.1 (a) and (b) depicts the XRD patterns of the as-cast [FeMoPCBSi]100-x 

(Cu)x (x = 0, 0.5 and 1) and [FeMoPCBSi]100-y (Ga)y (y =0, 0.5, 1, 1.5 and 2) glassy samples with 

maximum achievable diameter. 

 

 

Figure 4.1: X-ray diffraction patterns of (a) as-cast [Fe74Mo4P10C7.5B2.5Si2]100-x (Cu)x (x = 0, 0.5 and 1) 
and (b) as-cast [Fe74Mo4P10C7.5B2.5Si2]100-y Gay (y = 0, 0.5, 1, 1.5 and 2) glassy rods. 

 

The XRD patterns in Fig.4.1 (a) and (b) exhibits characteristic broad diffraction maxima indicating 

the formation of a glassy structure. The first and second broad diffraction maxima for FeMoPCBSi 

glass are located at 2 = 51.70° and 93.98°, respectively. However, the position of the broad 

maxima shifts slightly to smaller diffraction angles with increase in Cu and Ga content. 



 Chapter 4 Preparation and Characterization of Fe-Mo-P-C-B-Si-(Cu, Ga) bulk glassy samples  

   83 
 

In order to avoid the error in calculating the peak positons due to difference in the sample thickness, 

only ribbons were used for the peak position analysis. Fig. 4.2 (a) and (c) depicts the XRD patterns 

of [FeMoPCBSi]100-x (Cu)x (x = 0, 0.5 and 1) and [FeMoPCBSi]100-y (Ga)y (y =0, 0.5, 1, 1.5 and 

2) glassy ribbons, respectively. Fig. 4.2 (b) and (d) shows the shift of the first and second broad 

maxima of the XRD patterns presented in Fig. 4.2 (a) and (c) as a function of Cu and Ga content, 

respectively. 

 

The 2 positions were obtained by following the method described in the section 3.2.1. The first 

and second broad maxima of both Cu- and Ga- added samples shifts to smaller values with increase 

 

Figure 4.2: X-ray diffraction patterns of as-spun (a) [Fe74Mo4P10C7.5B2.5Si2]100-x (Cu)x (x = 0, 0.5 and 1), 

(c) [Fe74Mo4P10C7.5B2.5Si2]100-y Gay (y = 0, 0.5, 1, 1.5 and 2) glassy ribbons and changes in the position of 

first (21) and second (22) broad diffraction maxima center as a function of (b) Cu content (at.%), (d) 

Ga content (at.%).  
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in Cu and Ga at.%, respectively. The first and second broad maxima for the 0.5 and 1 at. % Cu 

added samples are 21 = 51.60°, 51.41° and 22 = 93.9°, 93.7°, respectively. Similarly, the first 

and second broad maxima for the 0.5 and 1 at.% Ga- added samples are 21 = 51.66°, 51.60° and 

22 = 93.9°, 93.82°, respectively. For the addition of equal at.% of Cu and Ga (i.e., for 0.5 and 1 

at.%), the shift in the first and second broad maxima to smaller 2 values follows almost the same 

trend, however the shift is higher for the Cu- added samples compared to the Ga- added ones. With 

further increase in Ga content to 1.5 and 2 at.%, the shift in first and second broad maxima are 

more steep, i.e., 21 = 51.52°, 51.34° and 22 = 93.7°, 93.6°, respectively. As discussed earlier in 

section 3.2.1, this shift in the first and second broad maxima to smaller 2 values with varying 

slopes for different at.% addition of Cu and Ga, indicates that complex rearrangements are 

happening at atomic levels. Therefore, it is expected that the Cu and Ga added glasses behave 

different compared to Cu and Ga free glass. 

 

4.3 Characterization behavior, Thermal studies  

The influence of the alloy additions on the GFA and thermal stability can be evaluated from the 

calorimetric measurements. Fig. 4.3 (a) and (b) depicts the DSC traces of the [FeMoPCBSi]100-x 

(Cu)x (x = 0, 0.5 and 1) and [FeMoPCBSi]100-y (Ga)y (y =0, 0.5, 1, 1.5 and 2) glassy rods, 

respectively. The DSC traces are measured at 20 K/min for bulk glassy 2 mm and 1.5 mm diameter 

samples depending up on the compositions. For all compositions the DSC traces clearly show the 

glass transition event, followed by the supercooled liquid region (SLR) and crystallization. The 

temperatures Tg, Tx, Tp and Tliq which are marked in the DSC curves are the glass transition 

temperature, the crystallization temperature, the crystallization peak temperatures and the liquidus 

temperature, respectively. All these characteristic temperatures (Tg, Tx, Tp and Tliq) were measured 

as the onset of the corresponding events using the two-tangent method. The values for Tg, Tx, Tp 

and Tliq as a function of composition of the as-cast samples, measured at the same heating rate of 

20 K/min, are given in the Table 4.1. Using these values the extension of the SLR Tx (Tx = Tx -

Tg), the reduced glass transition temperatures Trg (Trg = Tg/Tliq) [13] and the dimensionless 

parameter  ( = Tx/(Tg+Tliq)), proposed by Lu et al.[64, 65] to predict the GFA were also 

calculated. 
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From the DSC trace (Fig 4.3 (a)) it is evident that FeMoPCBSi glass shows three distinct 

crystallization events at 777 K (Tp1), 815 K (Tp2) and 918 K (Tp3), respectively. Unlike the 

FeCoBSiNb glass (see Fig. 3.3 (a)) the addition of Cu does not alters the crystallization behavior 

of the FeMoPCBSi glass but lowers all characteristic temperatures such as Tg, Tx, Tp1, Tp2 and Tp3. 

The Tg and Tx of FeMoPCBSi+0.5Cu and FeMoPCBSi+1Cu glasses are 726, 726 K and 757, 756 

K, respectively (see Table 4.1).  

 

Figure 4.3: DSC traces for the as-cast (a) [Fe74Mo4P10C7.5B2.5Si2]100-x (Cu)x (x = 0, 0.5 and 1), (b) 
[Fe74Mo4P10C7.5B2.5Si2]100-y Gay (y = 0, 0.5, 1, 1.5 and 2) glassy rods and melting behavior of (c) 
[Fe74Mo4P10C7.5B2.5Si2]100-x (Cu)x (x = 0, 0.5 and 1), (d) [Fe74Mo4P10C7.5B2.5Si2]100-y Gay (y = 0, 0.5, 1, 1.5 
and 2) glassy rods. All measurements are recorded at a heating rate of 20 K/min. 
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The variation of Tx and Trg as a function of Cu content is shown in Fig. 4.4 (a). Though the 

addition of 0.5 and 1 at.% Cu reduces the Tg and Tx by 7 and 10 K, as a result Tx reduces to 31 

and 29, respectively. The Trg and   values for both alloys decreases to 0.56 and 0.376, which also 

indicates the decrease in GFA of the alloys. The critical diameter (tc) of the FeMoPCBSi+0.5Cu 

and FeMoPCBSi+1Cu glasses are 2.5 and 1.5 mm, respectively. Fig. 4.3 (c) depicts the melting 

behavior of the Cu added glasses in comparison with the base FeMoPCBSi glass, no visible change 

in the melting behavior was observed for both the alloys. 

 

Table 4.1: Glass transition temperatures (Tg), onsets (Tx) crystallization peak temperatures (Tp1, Tp2 and Tp3) 
and liquidus temperatures (Tliq), as well as reduced glass transition temperatures Trg (Trg = Tg/Tliq), parameter 
  ( = Tx/(Tg+Tliq)) and extension of the supercooled liquid region Tx (Tx = Tx-Tg) for 
[Fe74Mo4P10C7.5B2.5Si2]100-x, y (Cu)x (Ga)y ( x = 0, 0.5, 1)(y = 0, 0.5, 1, 1.5 and 2) glassy alloys measured at 
20 K/min heating rate. The accuracy of the experimental data lies within  2 K. The literature data for 
Fe74Mo4P10C7.5B2.5Si2 [89] glass is given for reference purpose. 

 

 

Composition 
Rod  

(mm) 
Tg 

(K)  

Tx 

(K) 

Tp1 

(K)  

Tp2 

(K) 

Tp3 

(K) 

Tliq 

(K) 
Trg  

Tx 

(K) 

FeMoPCBSi [89] 5 729 766 - - - 1266 0.58 0.380 37 

FeMoPCBSi 2 733 768 777 815 918 1283 0.57 0.381 35 

FeMoPCBSi+0.5Cu 2 726 757 773 807 900 1283 0.56 0.376 31 

FeMoPCBSi+1Cu 1.5 726 756 770 804 900 1283 0.56 0.376 29 

FeMoPCBSi+0.5Ga 2 733 768 778 814 928 1283 0.57 0.381 35 

FeMoPCBSi+1Ga 2 734 770 779 814 934 1283 0.57 0.381 36 

FeMoPCBSi+1.5Ga 1.5 736 771 784 818 943 1270 0.58 0.384 36 

FeMoPCBSi+2Ga 1.5 736 773 784 815 945 1270 0.58 0.385 37 
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Similar to FeCoBSiNb glass, the addition of Ga up to 2 at.% increases all characteristic 

temperatures such as Tg, Tx, Tp1, Tp2 and Tp3. The Tg and Tx of FeMoPCBSi+0.5Ga, 

FeMoPCBSi+1Ga, FeMoPCBSi+1.5Ga and FeMoPCBSi+2Ga glasses are 733, 734, 736, 736 K 

and 768, 770, 771, 773 K respectively. For the addition of 0.5 and 1 at.% Ga Tg, Tx, Tx, Trg and   

remains almost the same as the base FeMoPCBSi glass, also the GFA remains the same .i.e., for 

both FeMoPCBSi+0.5Ga and FeMoPCBSi+1Ga glasses tc = 3 mm. For the 1.5 and 2 at.% Ga 

added glass Tx increases to 771, 773 K, respectively, leading to increase in  Tx, Trg and   values. 

Fig. 4.4 (b) depicts the variation of Tx and Trg as a function of Ga content. Though the addition 

of Ga increases the Tx and Trg values gradually and reaches a maximum of 0.58 and 0.385, 

respectively, for 2 at.% Ga added alloy the GFA decreases drastically. The tc for both 

FeMoPCBSi+1.5Ga and FeMoPCBSi+2Ga glasses reduced to 1.5 mm. The melting behavior of 

the Ga- added alloys is shown in Fig. 4.4 (d). Up to 1 at.% Ga the melting behavior and liquidus 

temperature (Tliq) remains the same. For the alloys having 1.5 and 2 at.% Ga Tliq decreases to 1270 

K, but the melting behavior remains almost same as in the case of the parent FeMoPCBSi alloy. 

 

Fig. 4.5 (a), (b) and (c) show the DSC traces measured at different heating rates of 5, 10, 15 and 

20 K/min for the FeMoPCBSi, FeMoPCBSi+0.5Cu and FeMoPCBSi+0.5Ga glasses, respectively. 

Regardless the heating rate, all curves clearly exhibit a distinct Tg and a SLR followed by 

crystallization. From the DSC curves it is evident that all the characteristic temperatures (Tg, Tx 

and Tp) shift to higher values with increasing heating rate (as shown in Table4.2). 

 

Figure 4.4: Extension of the supercooled liquid region Tx and the reduced glass transition temperature 
Trg as a function of (a) Cu content (at.%) (b) Ga content (at.%). 
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Figure 4.5: Isochronal DSC curves recorder at different heating rates for (a) Fe74Mo4P10C7.5B2.5Si2 (b) 
[Fe74Mo4P10C7.5B2.5Si2]99.5Cu0.5 and (c) [Fe74Mo4P10C7.5B2.5Si2]99.5Ga0.5 glassy samples. 

 

The apparent activation energy required for the crystallization was calculated using the Kissinger 

method as described in the section 3.3 (paragraph 5). Fig. 4.6 presents the Kissinger plot calculated 

with the data presented in the Table 4.2. 
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Table 4.2: Glass transition temperatures (Tg), onsets (Tx) crystallization peak temperatures (Tp1) for 
Fe74Mo4P10C7.5B2.5Si2, [Fe74Mo4P10C7.5B2.5Si2]99.5Cu0.5 and [Fe74Mo4P10C7.5B2.5Si2]99.5Ga0.5 glasses 
measured at 5, 10, 15 and 20 K/min. The accuracy of the experimental data lies within  2 K.  

 

Compositions  5 K/min 10 K/min 15 K/min 20 K/min 

FeMoPCBSi 

Tg (K) 713 725 730 733 

Tx (K) 745 757 763 768 

Tx (K) 32 32 32 35 

Tp1 (K) 757 769 774 777 

FeMoPCBSi+0.5Cu 

Tg (K) 710 721 726 726 

Tx (K) 738 749 754 757 

Tx (K) 28 28 28 31 

Tp1 (K) 752 761 768 773 

FeMoPCBSi+0.5Ga 

Tg (K) 713 722 727 733 

Tx (K) 749 758 763 768 

Tx (K) 36 36 34 35 

Tp1 (K) 759 768 773 778 

 

The good linear dependence of the measured data indicates the good reproducibility. The 

crystallization activation energy Ec for FeMoPCBSi, FeMoPCBSi+0.5Cu and FeMoPCBSi+0.5Ga 

glasses are Ec = 320 ± 8, 276 ± 8 and 341 ± 8 kJ/mol, respectively. The activation energy required 

for crystallization of this glass is almost half of the FeCoBSiNb glass and almost comparable to 

the good Zr- based glass formers [62]. Similar to the FeCoBSiNb glass the addition of Cu reduces 

the activation energy required for crystallization. However, addition of 0.5 at.% Ga increases the 

crystallization activation energy. This increase in value of Ec indicates the Ga addition improves 

the thermal stability against the crystallization. 
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Figure 4.6: Kissinger plot for the calculation of activation energies required by crystallization event in 
Fe74Mo4P10C7.5B2.5Si2, [Fe74Mo4P10C7.5B2.5Si2]99.5Cu0.5 and [Fe74Mo4P10C7.5B2.5Si2]99.5Ga0.5 glasses. 

 

4.4 Characterization behavior, X-ray diffraction studies 

The structure evolution of the [FeMoPCBSi]100-x,y (Cux, Gay)( x = 0, 0.5 and 1)(y = 0.5, 1, 1.5 and 

2) glasses upon on annealing was studied using XRD. The investigated samples were prepared 

from the as-cast rods. The samples were annealed for 5 min at different characteristic temperatures 

(Tx and Tp) (see Fig. 4.3 (a), (b) and (c)) using same NETZSCH DSC 404 C under argon 

atmosphere. The heating and cooling were performed under constant heating and cooling rates of 

20 K/min. Fig. 4.7 (a) depicts the structural evaluation of FeMoPCBSi glass from room 

temperature to 1173 K. 

The as-cast FeMoPCBSi sample ( = 3mm) is completely amorphous and it remains completely 

amorphous even after annealing up to 763 K, which is 5 K below the onset of crystallization 

temperature Tx (.i.e., Tx -5 K). The crystallization starts as soon as the sample reaches Tx (.i.e. 768 

K). The sample heated to 778 K, which is 10 K above Tx (.i.e., Tx +10 K), shows the presence of 

complex Fe23(B,C)6-type phase. At the end of first crystallization event only Fe23(B,C)6-type phase 

is observed along with the amorphous matrix. 
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Figure 4.7: XRD patterns for (a) Fe74Mo4P10C7.5B2.5Si2 annealed up to the characteristic temperatures 
and (b) [Fe74Mo4P10C7.5B2.5Si2]100-x (Cux)( x = 0, 0.5 and 1)glasses annealed up to the end of first 
crystallization event.  

 

During the second crystallization event, the Fe23(B,C)6-type phase starts to grow and several new 

phases form from the remaining amorphous matrix. The XRD pattern of the sample heated until 

the end of second crystallization event, i.e. 823 K, shows the formation of tetragonal Fe3P, 

hexagonal Fe5Si3, cubic FeSi and -Fe phases. Even at 823 K the first broad peak is still present, 

which indicates some amorphous phase is not yet transformed. Close to the melting point, at 1173 

K, the glassy sample completely turns in to crystalline material. The most probable crystalline 

sequence of this FeMoPCBSi glass is as follow: Amorphous Fe23(B,C)6-type + residual 

amorphous  Fe23(B,C)6-type + t-(Fe3P) + h-Fe5Si3 + c-FeSi + -Fe + residual amorphous 

Fe23(B,C)6-type + t-(Fe3P) + h-Fe5Si3 + c-FeSi + -Fe. Compared to the FeCoBSiNb samples, 

which forms only one crystalline phase upon heating, i.e. the Fe23B6-type phase, the FeMoPCBSi 

alloy forms several different phases upon heating. This is not unusual and the concurrence of 

different crystalline phases in fact enhances the GFA. The formation of several types of crystalline 

phases requires high atomic mobility, the atoms should diffuse upon long distances there. 

Therefore higher temperatures are necessary to activate the diffusion process. As a result, the 

amorphous phase has enhanced thermal stability against crystallization and so higher GFA [3].  

The structural evaluation of FeMoPCBSi+0.5Cu and FeMoPCBSi+1Cu glasses are shown in Fig. 

4.7 (b). As it can be observed from the DSC curve (see Fig. 4.3 (a)), the addition of Cu decreases 
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the crystallization temperatures. After heating FeMoPCBSi+0.5Cu and FeMoPCBSi+1Cu glasses 

until the end of first crystallization event, i.e. 793 K, bcc-(Fe) phase start to form along with the 

Fe23(B,C)6-type phase. Upon heating to higher temperatures, t-Fe3P, h-Fe5S3i, c-FeSi phases starts 

to form like in the FeMoPCBSi glass (image is not shown here). However close to melting point, 

i.e. at 1173 K, the crystalline patterns of both FeMoPCBSi+0.5Cu and FeMoPCBSi+1Cu glasses 

are almost same as that of the parent FeMoPCBSi alloy. The most probable crystalline sequence 

of the FeMoPCBSi+Cu glass is as follow: Amorphous Fe23(B,C)6-type + -Fe + residual 

amorphous  Fe23(B,C)6-type + t-(Fe3P) + h-Fe5Si3 + c-FeSi + -Fe + residual amorphous 

Fe23(B,C)6-type + t-(Fe3P) + h-FeSi + c-FeSi + -Fe. 

Fig. 4.8 shows the XRD patterns of the [FeMoPCBSi]100-y (Gay) (y = 0.5, 1, 1.5 and 2) glasses 

after annealing up to the end of their first crystallization event, i.e. 793 K. Similar to the Cu 

addition, the Ga addition also promotes the formation of -Fe along with the Fe23(B,C)6-type 

phase. From the XRD patterns it is evident that for the small amount of Ga-, i.e. up to 1 at.%, small 

amount of -Fe is seen, while in the case of the alloy with 1.5 at.% Ga a larger volume fraction of 

-Fe appears at the end of the first crystallization event.  

 

 

Figure 4.8: XRD patterns for the [Fe74Mo4P10C7.5B2.5Si2]100-y Gay (y =0, 0.5, 1, 1.5 and 2) glasses 
annealed up to end of first crystallization event.  
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The most probable crystallization sequence of the FeMoPCBSi + Ga glass up to 1.5 at.% Ga are 

as follow: Amorphous Fe23(B,C)6-type + -Fe + residual amorphous  Fe23(B,C)6-type + t-

(Fe3P) + h-Fe5Si3 + c-FeSi + -Fe + residual amorphous Fe23(B,C)6-type + t-(Fe3P) + h-Fe5Si3 + 

c-FeSi + -Fe. The addition of 2 at.% Ga promotes the formation of t-(Fe3P) also along with -Fe 

and Fe23(B,C)6-type phase. Up on heating to the higher temperatures t-Fe3P, h-Fe5Si3, c-FeSi 

phases starts to form like in the FeMoPCBSi glass (image is not shown here). However, close to 

melting point, .i.e. at 1173 K, the crystalline pattern of all [FeMoPCBSi]100-y (Gay) (y = 0.5, 1, 1.5 

and 2) glasses are almost same as that of the parent FeMoPCBSi alloy. 

4.5 Microstructural studies, STEM and HRTEM investigations  

Scanning transmission electron microscopy (STEM) and high resolution transmission electron 

microscopy (HRTEM) investigations were carried out to investigate the structure of as-cast 

samples. In order understand the effect of Cu and Ga addition in the FeMoPCBSi system only 

FeMoPCBSi+0.5Cu and FeMoPCBSi+0.5Ga glassy samples were chosen for studies.  The 

samples were subjected to reflection X-ray diffraction before preparing for the STEM and HRTEM 

investigations and the samples were found to be amorphous. STEM image of the as-cast 

FeCoBSiNb+0.5Cu and FeCoBSiNb+0.5Ga glassy samples are shown in Fig. 4.9 (a) and (b). From 

the STEM image it is evident that faint clusters are observed in both 0.5 at.% Cu and 0.5 at.% Ga 

added glasses, which is similar to the clusters observed in the FeCoBSiNb+0.5Ga glass. 

 

Figure 4.9: (a) STEM image of the as-cast (a) [Fe74Mo4P10C7.5B2.5Si2]99.5Cu0.5 and (b) 
[Fe74Mo4P10C7.5B2.5Si2]99.5Ga0.5 glassy samples. 
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In order to have a deeper understanding, bright field HRTEM observations were performed on as-

cast FeMoPCBSi+0.5Cu and FeMoPCBSi+0.5Ga glassy samples and the micrographs are 

presented in Fig. 4.10 (a) and (b), respectively. Their corresponding fast Fourier transformed (FFT) 

images are shown as inserts. 

 

Figure 4.10: Bright field HRTEM image of the as-cast (a) [Fe74Mo4P10C7.5B2.5Si2]99.5Cu0.5 and (b) 
[Fe74Mo4P10C7.5B2.5Si2]99.5Ga0.5 glasses. Insert shows the fast Fourier transformed (FFT) image. Some 
features of local ordering are observed, which are marked in by the white circles. 

 

Both Cu- and Ga- added glasses show features suggesting local ordering, which are marked with 

white circles in Fig. 4.10 (a) and (b). The mixing enthalpies of Fe-Cu, Mo-Cu, P-Cu, C-Cu, B-Cu, 

and Si-Cu are 13, 19, -9, 57, 15 and -2 kJ/mole, respectively [210]. Similar to the FeCoBSiNb 

system, the repulsive enthalpies of mixing in FeMoPCBSi glass also influence the local chemical 

heterogeneity, leading to ordered zones. Compared to the Cu- added glass the ordered zones are 

more frequently observed in the Ga- added glass. The mixing enthalpies of Fe-Ga, Mo-Ga, P-Ga, 

C-Ga, B-Ga and Si-Ga are -2, 7, -10, 57, 21 and 0 kJ/mole, respectively [210]. Compared to the 

Cu atoms the mixing enthalpies of the Ga are better but still they are weak. If this ordered 

zones/clusters were similar to those observed in the Cu added glass, then we expect that they act 

as a nuclei for the formation of crystals of -Fe up on annealing. Instead, we observe that the 

annealing of the FeCoBSiNb+0.5Ga glass leads to formation of very small -Fe precipitates and 

large quantity of (Fe,Co)23B6. From this it is to conclude that the ordering/clustering in the Cu-

added and Ga- added glasses are different.  
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Figure 4.11: EDX mapping for the as-cast [Fe74Mo4P10C7.5B2.5Si2]99.5Cu0.5 glass 

 

To determine the cluster type, energy-dispersive X-ray spectroscopy (EDX) mapping was done 

for both Cu- and Ga- added samples, and the corresponding maps are shown in Figs. 4.11 and 4.12, 

respectively. In Cu- added samples no Cu clusters were observed from the EDX mapping, while 

in the case of Ga- added glass also faint cluster behavior of the Ga atoms are observed (see Fig. 

4.12.). For the same atomic percentage addition of Cu and Ga, Ga- atoms are showing higher 

tendency to form ordered zones/clusters as compared to Cu atoms, in perfect agreement to the 

HRTEM results.  

 



Chapter 4 Preparation and Characterization of Fe-Mo-P-C-B-Si-(Cu, Ga) bulk glassy samples 
 

96 
 

 

Figure 4.12: EDX mapping for the as-cast [Fe74Mo4P10C7.5B2.5Si2]99.5Ga0.5 glass 
 

4.6 Magnetic properties of [Fe74Mo4P10C7.5B2.5Si2]100-x, y (Cux, Gay) (x = 0, 0.5 and 

1) (y = 0.5, 1, 1.5 and 2) glasses 

The FeMoPCBSi glass is well known for its soft magnetic properties such as low coercivity (Hc) 

 1.7 A/m, saturation magnetization (Ms)  1.34T, and AC permeability (AC)  27,000 [89]. To 

understand the effect of Cu and Ga addition on the FeMoPCBSi alloy some of the magnetic 

properties were studied.  

 

4.6.1 Coercivity measurements 

The coercivity values for the as-cast glassy samples of different compositions are listed in Table 

4.3. In order to avoid the effects due to the sample geometry, all coercivity measurements were 
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done for cylindrical samples having the diameter to length ratio of 1:20. The coercivity values of 

the FeMoPCBSi, FeMoPCBSi+0.5Cu, FeMoPCBSi+0.5Ga, FeCoBSiNb+1Ga glasses are almost 

same, and gradually increases with increase in Cu and Ga at.%. The increase in Hc with increase 

in Cu and Ga.% could be due to formation of large numbers of short or medium range ordered 

zones (Figs. 4.10 and 4.11). The coercivity values of the 3 mm diameter rods are slightly higher 

compared to the 1.5 and 2 mm rods, this could be mainly due to geometry of the sample used for 

measurement or presence of few nuclei/clusters. The coercivity of all glasses in as-cast state are 

less than 6 A/m, indicating the absence of large nuclei/clusters [87, 211]. 

The variation of coercivity as a function of annealing temperature for FeMoPCBSi, 

FeMoPCBSi+0.5Cu and FeMoPCBSi+0.5Ga glasses are shown in Fig. 4.13. The samples were 

annealed for 1 min at different temperatures such as Tg, Tx-5, end of first crystallization event, end 

of second crystallization and end of second crystallization + 20 K (see Fig. 4.3 (a) and (b)) using 

the same NETZSCH DSC 404 C calorimeter under argon atmosphere. The heating and cooling 

were performed under constant heating and cooling rates of 20 K/min. Due to the limited size of 

the DSC crucibles, cylindrical samples having the diameter to length ratio 1:2 (.i.e., 2 mm x 4 mm) 

were used for this measurements. 

 

Table 4.3: Coercivity values for the as-cast [Fe74Mo4P10C7.5B2.5Si2]100-x, y (Cu)x (Ga)y ( x = 0, 0.5, 1)(y = 0, 
0.5, 1, 1.5 and 2) glassy samples. The accuracy of the experimental data lies within  0.1A/m. 

 

Composition 
Rod   

(mm) 

Hc 

(A/m) 
Composition 

Rod   

(mm) 
Hc (A/m) 

FeMoPCBSi 

1.5 2 

FeMoPCBSi+0.5Ga 

1.5 2 

2 3 2 2 

 3 5  3 6 

FeMoPCBSi+0.5Cu 
1.5 4 

FeMoPCBSi+1Ga 
1.5 2 

 2 4.5 2 2.5 

FeMoPCBSi +1Cu 1.5 4.5 
FeMoPCBSi+1.5Ga  1.5 4 

FeMoPCBSi+2Ga 1.5 4 
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As mentioned earlier in section 3.6.1, in order to avoid the effect of demagnetizing factor the Hc 

of the annealed samples (Hc-annealed) are normalized with the Hc of the as-cast sample (Hc-as-

cast ). All the normalized coercivity data measured for these samples after annealing at different 

temperatures are shown in Table 4.4. Similar, to FeCoBSiNb glass the Hc values remains almost 

constant for all glasses even they were annealed up to their respective Tg, and attains a minimum 

value close to their crystallization start temperature (.i.e.,  5 K). As discussed in the section 3.6.1, 

this initial decrease in coercivity close to the crystallization temperature may be due to stress 

relaxation and a decreasing density of quasi-dislocation dipole-type (QDD) defects pinning the 

magnetic domain walls in the amorphous phase [215]. 

Upon further annealing the samples until the end of their first crystallization event (i.e. 798, 785 

and 798 K) the Hc increases to 6.4, 6.2 and 6.4 times the initial value for FeMoPCBSi, 

FeMoPCBSi+0.5Cu and FeMoPCBSi+0.5Ga glasses, respectively. The increase in Hc of the 

samples beyond their Tx can be attributed to the formation of Fe23(B,C)6-type crystals in their 

glassy matrix (see fig. 4.7 and 4.8 ). The coercivity starts to increase drastically when the samples 

were annealed above their first crystallization event, at the end of second crystallization event, the 

Hc increases to 63, 62 and 62 times the initial value for FeMoPCBSi, FeMoPCBSi+0.5Cu and 

FeMoPCBSi+0.5Ga glasses, respectively. 

 

Figure 4.13: (a) The variation of Hc-annealed / Hc-as-cast as a function of annealing temperature for 
Fe74Mo4P10C7.5B2.5Si2, [Fe74Mo4P10C7.5B2.5Si2]99.5Cu0.5 and [Fe74Mo4P10C7.5B2.5Si2]99.5Ga0.5 glasses. 
Annealing was done different temperatures such as Tg, Tx-5, Tx, end of first crystallization (798 K), end 
of second crystallization (845 K) and end of second crystallization + 20 K for each of these alloys and 
(b) variation of Hc-annealed / Hc-as-cast from room temperature till end of first crystallization event. 
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Interestingly, the coercivity values of the Cu- added and Ga- added samples are slightly lower 

compared to the base FeMoPCBSi sample, this may be due to the formation of -Fe, which is 

magnetically soft compared to the Fe23(B,C)6-type phase. 

 

Table 4.4: Coercivity values for the Fe74Mo4P10C7.5B2.5Si2, [Fe74Mo4P10C7.5B2.5Si2]99.5Cu0.5 and 
[Fe74Mo4P10C7.5B2.5Si2]99.5Ga0.5 glasses in the as-cast state and after annealed to different temperatures. The 
accuracy of the experimental data lies within  0.1A/m. 

 

FeMoPCBSi 
Temperature (K) 303 733 763 798 845 865 

Hc-annealed / Hc-as-cast 1 1 0.5 6.4 38 63 

 

FeMoPCBSi+0.5Cu 

Temperature (K) 303 726 752 785 830 850 

Hc-annealed / Hc-as-cast 1 1 0.4 6.2 39 62 

FeMoPCBSi+0.5Ga 
Temperature (K) 303 733 763 798 835 855 

Hc-annealed / Hc-as-cast 1 1 0.4 6.2 40 62 

 

4.6.2 Magnetization measurements 

The saturation magnetization (Ms) of the glassy samples were measured using vibrating sample 

magnetometer (VSM). For all measurements the sample geometry were kept constant, as 

mentioned in section 3.6.2. Fig. 4.14 (a) and (b) shows the typical room temperature DC hysteresis 

loops recorded with VSM for the Cu- and Ga- added as-cast glassy samples. The insets in both 

figures show the behavior of the samples close their saturation region. From the hysteresis loops, 

it is evident that the saturation occurs at relatively similar magnetic fields for all glasses; also, the 

addition of 1 at.% Cu decreases the saturation magnetization (Ms) just marginally, from 115 to 113 

Am2/kg (Fig. 4.14 (a)). 
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Figure 4.14: Hysteresis loops for the 1 mm diameter as-cast (a) [Fe74Mo4P10C7.5B2.5Si2]100-x (Cux) (x = 0, 
0.5 and 1) (b) [Fe74Mo4P10C7.5B2.5Si2]100-y (Gay) (y = 0, 0.5, 1, 1.5 and 2) glassy samples. The insets show 
the behavior close to the saturation region i.e., between 100 and 115 Am2/kg. 

 

The values of saturation magnetization for all Cu- and Ga- added samples, measured using VSM, 

are summarized in Table 3.5. In contrast to the Cu additions, the Ms remains constant up to 1 at.% 

Ga addition, with further increase in Ga content Ms gradually decreases to 114 and 113 Am2/kg 

for 1.5 and 2 at.% Ga- added glasses, respectively. As discussed in the beginning (section 3.6), 

with the addition of Cu and Ga (non-magnetic) the Ms decreases marginally. Fig. 4.15 shows the 

variation of the Ms function of annealing temperatures for FeMoPCBSi, FeMoPCBSi+0.5Cu and 

FeMoPCBSi+0.5Ga samples. The Ms of all alloys increases after heat treatment, particularly above 

their glass transition temperature Tg. The enhanced magnetic saturation after annealing above their 

Tg and below their crystallization start temperature can be attributed to the release of stress 

anisotropies resulting in better soft magnetic properties. The continuous increases in magnetic 

saturation of the Cu- added alloy up to 865 K can be attributed to the formation of -Fe crystals 

with higher saturation magnetization than the amorphous phase. In case of the parent FeMoPCBSi 

and FeMoPCBSi+G.05Ga added alloys the saturation magnetization increases until the end of the 

first crystallization even and started to decrease after the second crystallization event. The initial 

increment can be attributed to the formation of fine Fe23(B,C)6 phase. Upon further annealing the 

crystals start to grow; also magnetically hard phases like Fe3P and FeSi form, all together leading 

to decrease in saturation magnetization. 
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Figure 4.15: Variation of the saturation magnetization (Ms) with different annealed temperatures for 
Fe74Mo4P10C7.5B2.5Si2, [Fe74Mo4P10C7.5B2.5Si2]99.5Cu0.5 and [Fe74Mo4P10C7.5B2.5Si2]99.5Ga0.5 samples. 
Annealing was done different characteristic temperatures such as Tg, Tx-5, end of first crystallization 
event, end of second crystallization event and 20 K above the end of second crystallization event for each 
of these alloys. 

 

4.6.3 The Curie temperature measurements 

The saturation magnetization versus temperature was measured using the same PPMS in high 

temperature mode. Fig. 4.16 (a) and (c) shows the variation of Ms as a function of temperature for 

[FeMoPCBSi]100-x (Cux) (x = 0, 0.5 and 1) and [FeMoPCBSi]100-y (Gay) (y = 0, 0.5, 1, 1.5 and 2) 

glasses, respectively. The Curie temperature (Tc) was calculated as described in paragraph 2.4.3, 

the variation of the Curie temperature as a function of Cu and Ga content (at.%) are shown in Fig. 

4.16 (b) and (d), respectively and their values are given in Table 4.5. 
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Figure 4.16: Variation of saturation magnetization (Ms) as a function of temperature for (a) 
[Fe74Mo4P10C7.5B2.5Si2]100-x (Cux) (x = 0, 0.5 and 1) and (c) [Fe74Mo4P10C7.5B2.5Si2]100-y (Gay) (y = 0, 0.5, 
1, 1.5 and 2) glasses. Variation of Curie temperature as a function of (b) Cu content (at.%) and (d) Ga 
content (at.%).  

 

The variation of Ms with temperature of the base alloy FeMoPCBSi is different from the 

FeCoBSiNb alloy, in this glassy sample the Ms increases in multiple steps. At first the Ms remains 

very low until the end of first crystallization event, implicating the formation of a non-magnetic 

phase or a phase with lower Curie temperature. In the beginning of second crystallization event 

(i.e. 800 K) the Ms value slightly increases and remains constant until 880 K and then increases 

continuously up to 923 K. The first phase forming during first crystallization event is Fe23(B,C)6-

type phase, which has a lower Curie temperature. The increases in Ms value after 800 K is due to 

the formation of bcc-Fe phase (see Fig 4.7 (a)). 
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Table 4.5: Saturation magnetization (Ms) and Curie temperature (Tc) values for [Fe74Mo4P10C7.5B2.5Si2]100-

x, y (Cu)x (Ga)y ( x = 0, 0.5, 1) (y = 0, 0.5, 1, 1.5 and 2) alloys. The accuracy of the measured date lies within 
80 A/m (1 Oe) for saturation magnetization and  2 K for Curie temperature. 

 

Compositions Rod  (mm) 

Saturation 

Magnetization 

Ms (Am2/kg) 

Curie temperature  

Tc (K) 

FeMoPCBSi 1 115 510 

FeMoPCBSi+0.5Cu 1 115 503 

FeMoPCBSi+1Cu 1 113 503 

FeMoPCBSi+0.5Ga 1 115 508 

FeMoPCBSi+1Ga 1 115 522 

FeMoPCBSi+1.5Ga 1 114 522 

FeMoPCBSi+2Ga 1 113 537 

 

In the case of the Cu-added alloys the Ms starts to increase close to the onset of their first 

crystallization event, indicating the formation of a soft magnetic phase having higher Curie 

temperature, which is the bcc-Fe phase in this case. Unlike the Cu-added alloys, the Ga-added 

alloy does not show high increase in saturation magnetization values, only marginal increase is 

observed. This might be due to the concurrence of both Fe23(B,C)6-type and bcc-Fe phases having 

both low and high Curie temperature values. The room temperature Ms of the Cu- and Ga- added 

alloys are larger after cooling; this is due to the presence of the bcc-Fe crystals in ferromagnetic 

state. All these thermomagnetic curves are in agreement with previous DSC and XRD results 

reported in section 4.3 and 4.4 for both Cu- and Ga- added samples. 

The Curie temperature of the FeMoPCBSi glass increases with the increase in Ga content. The Tc 

of the 2 at.% Ga- added alloy is 27 K higher than alloy without Ga, this significant increase in Tc 

could be due to the presence of large numbers of ordered zones/clusters. As mentioned earlier, the 

GFA of the alloys decreases as the Ga content increases; also, large amount of -Fe precipitates 

appears when the Ga content increases [252]. 
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4.7 Mechanical properties of [Fe74Mo4P10C7.5B2.5Si2]100-x, y (Cux, Gay) (x = 0, 0.5 

and 1) (y = 0, 0.5 and 1) glasses 

Similar to FeCoBSiNb system discussed in section 3.7, the mechanical behavior of these glasses 

were studied by performing compression tests and hardness measurements. In order to study the 

effect of Cu and Ga additions on the mechanical properties, all compression were performed on 

cylindrical samples having 1.5 mm diameter. The hardness measurements were performed on 

cross-sectional slice cut from rods with same geometry. 

 

4.7.1 Compression tests 

The true stress-true strain curves for the as-cast [FeMoPCBSi]100-x, y (Cux, Gay) (x = 0, 0.5 and 1) 

(y = 0, 0.5 and 1) glassy samples are shown in Fig. 4.17 (a) and (b). All samples exhibit elastic 

deformation regime followed by a small compressive plastic regime. Fig. 4.17 (a) shows the true 

stress-true strain curves for as-cast FeMoPCBSi (black line), FeMoPCBSi+0.5Cu (red line) and 

FeMoPCBSi+1Cu (blue line) cylindrical samples with 1.5 mm in diameter. 

 

Figure 4.17: Compressive true stress-true strain curve for (a) [Fe74Mo4P10C7.5B2.5Si2]100-x (Cux) (x = 0, 
0.5 and 1) and (b) [Fe74Mo4P10C7.5B2.5Si2]100-y (Gay) (y = 0, 0.5 and 1) glasses measured at a strain rate of 
1x10-4/s. 
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The FeMoPCBSi exhibits a high yield strength of y = 3.10  0.02 GPa, an elastic strain of y = 

2.1 %, a high fracture strength of f = 3.12  0.02 GPa and a limited plastic strain pl = 0.70%. The 

fracture strength takes almost the same value as reported earlier by Liu et al. [89] for 1 mm 

diameter samples, but their plastic strain is around 4.3%. The difference in the present pl  and 

reported values [89] are because of  the differences in the sample geometry, it is well known that 

samples of smaller dimensions exhibit higher plasticity [62]. The yield strength (y) and fracture 

strength (f) of the 0.5 and 1 at.% Cu- added samples are 2.83, 3.02  0.02 GPa and 3.10, 3.18  

0.02 GPa respectively. Interestingly, for 0.5 at.% Cu the plastic strain (pl) increases to 1.4 % and 

for 1 at.% the plastic strain (pl) decreases to 0.5 % , this increases in plasticity due to the addition 

of small amount of Cu is similar to the FeCoBSiNb glass. Table 4.6 summarizes the deformation 

data obtained from compression tests together with hardness and density values for all the 

compositions studied in this work. The compressive behavior of the Ga added samples are shown 

in Fig. 4.17, FeMoPCBSi (black line), FeMoPCBSi+0.5Ga (magenta line) and FeMoPCBSi+1Ga 

(green line). Similar to the Cu addition, Ga addition also aids in improving the plastic strain. The 

yield stress (y) and yield strain (y) of 0.5 and 1 at.% Ga- added samples are 2.78, 2.79  0.02 

GPa and 1.4 and 1.9 %, respectively.  

The fracture of both samples occurs at nearly the same value of true stress, 3.05  0.02 GPa, but 

the corresponding fracture strain is different: 4.4 % for the 0.5 % Ga and .9 % for 1 % Ga added 

samples. The plastic deformation of the samples extend up to 3 % and 2% for 0.5 % and 1% Ga 

added samples. The fracture morphology of the samples after compression tests were investigated 

using SEM, as described in section 2.3.2. The sample consists of large number of small fracture 

zones and their zones appear to be declined by about 70-90° to the direction of the applied load, 

which is similar to the fracture behavior of FeCoBSiNb glass. This kind of failure is mainly due 

to the simultaneous generation of large number of small factures at many sites, at a high stress 

level close to 3.0 GPa and upon fracture the samples shatter apart into many small fragments. The 

high fracture strength of these glasses are mainly because of the covalent bonding nature of their 

constituents [8, 50]. Though slight increase in plastic strain is observed for FeMoPCBSi+0.5Cu 

and FeMoPCBSi +1Cu samples, the overall appearance of the fracture surface is towards brittle 

fracture mode, with many shells indicating the generation and propagation of cracks 
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Table 4.6: Yield stress y, yield strain y, fracture stress f, fracture strain f, plastic strain pl, Young’s 
modulus E, Vickers hardness HV and density  for [Fe74Mo4P10C7.5B2.5Si2]100-x, y (Cu)x (Ga)y ( x = 0, 0.5, 1) 
(y = 0, 0.5, 1, 1.5 and 2)  alloys. The accuracy of the experimental data lies within  0.02 GPa for the stress-
strain measurements,  10 HV for the hardness measurements and 0.5% for the density measurements. The 
literature data for Fe74Mo4P10C7.5B2.5Si2 [89] glass is given for reference. 

 

 

 

Figure 4.18: SEM micrographs of the [Fe74Mo4P10C7.5B2.5Si2]99.5Cu0.5 sample, showing fracture surface 
after compression test taken from different regions (a) and (b). 

 

Fig. 4.18 (a) and (b) shows the fracture surface of the FeMoPCBSi+0.5Cu sample taken at different 

regions. No vein patterns can be observed on the fracture surface of these samples; instead several 

primary and secondary shear bands are observed throughout the samples.  

Compositions 
y 

(GPa) 

y 

(%) 

f 

(GPa) 

f 

(%) 

 pl 

(%) 

E 

(GPa) 
HV 

 

(g/cm3) 

FeMoPCBSi [89] 3.0 - 3.28 - - - - - 

FeMoPCBSi 3.10 2.1 3.12 2.8 0.7 185 945 7.486 

FeMoPCBSi+0.5Cu 2.83 1.7 3.10 3.1 1.4 177 930 7.478 

FeMoPCBSi+1Cu 3.02 1.7 3.18 2.2 0.5 177 920 7.468 

FeMoPCBSi+0.5Ga 2.78 1.4 3.05 4.4 3 175 930 7.465 

FeMoPCBSi+1Ga 2.79 1.9 3.03 3.9 2 174 925 7.452 

FeMoPCBSi+1.5Ga - - - - - - 910 7.445 

FeMoPCBSi+2Ga - - - - - - 890 7.430 
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Several secondary shear bands starts from the primary shear bands, but after propagating few m 

they fail in a brittle manner. However, more interesting features are observed in the 

FeMoPCBSi+0.5Ga and FeMOPCBSi+1Ga samples. Figure 4.19 (a) and (b) shows the fracture 

surfaces of the FeMoPCBSi+0.5Ga samples after compression test taken from the center region. 

The fracture surfaces consists of large numbers of vein patterns combined with several micro 

cracks (indicated by green arrows in the image) At first the material starts to deform plastically, 

after a while the brittle fracture starts, the cracks (marked with green arrows) are super imposed 

on the vein patterns, indicating the combination of ductile and brittle failure mode. 

 

Figure 4.19: (a) SEM micrograph of the [Fe74Mo4P10C7.5B2.5Si2]99.5Ga0.5 sample, showing fracture 
surface after compression test and (b) center region taken at higher magnification (rectangular region 
marked in (a)). Cracks are marked with green arrows. 

 

Figure 4.20(a) and (b) represents the fracture surface of the FeMoPCBSi+1Ga sample taken from 

the center of the sample after compression test, from different regions with different 

magnifications. In Fig. 4.20 (a) the red arrows indicate the metal droplets, which are observed 

throughout the fracture surfaces and the green arrows indicates the cracks. Compared to the 0.5 

at.% Ga samples, the fracture surface of this 1 at.% Ga samples contains more vein patterns, less 

micro cracks and few molten droplets, here also the micro cracks are superimposed on the vein 

patterns. The presence of metal droplets on the fracture surfaces suggests that at high stress level 

of 3.0 GPa the flowed layers must have been melted, as it is commonly observed in case of the 

deformable BMGs [226]. 
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Even at the low stress level, the formation of m range molten droplets only in the Ga added 

sample indicates that the addition of Ga leads to the formation of low melting zones, whose melting 

point is much lower as compared to the rest of the alloy. However, the possibility of high shear 

propagation rate i.e. > 0.9Vs [138, 227-230] cannot be rule out. In either case more detailed study 

is required to get the exact conclusions, which is future scope of this work. However, the addition 

of Ga improves the plastic deformation of the FeMoPCBSi glass to a great extent. 

4.7.2 Hardness and density measurements 

The Vickers hardness measurements were performed on cross-section slice from the as-cast 

cylindrical rods with 1.5 mm diameter as described in the section 2.5.2. In order to have consistent 

result, more than 20 indentations were performed in each samples and the final value is the average 

value of 20 indents. The hardness values of all glassy samples are summarized in Table 4.6. The 

hardness value for the FeMoPCBSi glass is HV= 945  10 (9.26 GPa). The hardness of the glass 

having up to 1 at.% Cu and Ga additions are almost unchanged: 920 (9.02 GPa) and 925 (9.07 

GPa) HV, respectively. The hardness decreases with increase in Ga % and reaches a minimum 

value of 890 (8.72 GPa) HV for the 2% Ga-added samples, effect similar to the effect of Ga 

additions in FeCoBSiNb glass. This decrease in the hardness values are mainly due the presence 

of soft zones, which increases with increase in Ga content. 

 

Figure 4.20: SEM micrographs of the [Fe74Mo4P10C7.5B2.5Si2]99Ga1 sample, showing fracture surface 
after compression test taken from different regions with different magnifications (a) and (b). Droplets 
are marked with red arrows and cracks are marked with green arrows. 
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The density measurements were performed on the master alloys for all compositions as described 

in the section 2.5.3. All density values are summarized in the Table 4.6. The density of the 

FeMoPCBSi alloy is  = 7.486 g/cm3, which is almost similar to that of the ductile Fe-Ni-Nb-B 

bulk glassy alloys [240]. Though the mechanical properties of Fe-Ni-Nb-B glassy alloys are better 

than FeMoPCBSi alloy, their GFA is very low compared to FeMoPCBSi alloy. With addition of 

Cu and Ga the density decreases and reaches a minimum value of  = 7.468 and 7.430 g/cm3 for 

the alloys with 1 at.% Cu and 2 at.% Ga. The decrease in the density value with addition of Ga is 

obvious, because Ga has a low density compared to Cu, Fe and Mo. 

4.8 Discussion 

Table 4.1 Summarizes all the thermal stability values collected in this work comparing with the 

value known from literature [89]. The reported maximum achievable diameter is 5 mm for this 

FeMoPCBSi alloy [89], while in this work the maximum diameter produced is only 3 mm. The 

glass transition temperature and the onset of crystallization temperature values obtained are 733 

and 768 K, which are slightly higher than the reported values 729 and 766 K, respectively. 

However, the extension of the supercooled liquid region is only 35K compared to the reported 

value of 37 K. The reduced glass transition temperature is also smaller 0.57 compared to 0.58. 

Considering the fact that GFA of the current alloy is determined based on the extension of the SLR 

and the reduced glass transition as indicated by Inoue et al.[8], the current alloy has slightly lower 

GFA compared to the literature data. As mentioned earlier (section 3.8), these small differences 

could be due a small deviation in the overall composition, as shown by Stoica [3] in his very recent 

work. 

In contrast to FeCoBSiNb alloy, the addition of 0.5 and 1 at.% Cu does not alter the crystallization 

temperature of FeMoPCBSi alloy very much, however the GFA decreases drastically. Similar to 

the FeCoBSiNb glass, the addition Cu in this alloy also promotes the formation of some ordered 

features in the glassy matrix. The presence of ordered features (see Fig. 4.10) in this alloy may 

explain why the 0.5 and 1 at.% Cu- added FeMoPCBSi samples have narrower super cooled liquid 

region (Tx = 31 and 29 K) compared to the Cu free alloy (Tx = 35 K). Wider supercooled liquid 

region indicates longer incubation time for nucleation. For the alloy without Cu, crystallization 

requires the formation of complex Fe23(C,B)6 nuclei that are dissimilar to the ordered zones of the 
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amorphous alloy. In case of the Cu added alloy, the formation of the local order reduces the 

nucleation kinetics, there by easily promoting the formation of -Fe from the amorphous matrix. 

On the other hand, the addition of Ga slowly increases the crystallization temperature compared 

to the Ga free alloy. The dissimilarities between the structures of the ordered zones/clusters 

observed in both Cu- and Ga- added samples may be one of the reason for the wide supercooled 

liquid region of the Ga- added alloys. The increase in crystallization temperature upon addition of 

Ga suggests that the degree of ordered zones/clusters formed due to the addition of Ga has no 

effect on the crystallization kinetics. This is not a surprising event, given the fact that even after 

the addition of 1 at.% Ga the main precipitating phase is the complex Fe23(C,B)6. The activation 

energy for crystallization (Ec), calculated in the section 4.3, favors this claim, the addition of Cu 

reduces the Ec to a considerable amount i.e. from 320 to 276  8 kJ/mol. Interestingly, the Ga 

addition increases the Ec to 341  8 kJ/mol. From this we can assume that, unlike the ordered 

zones/clusters formed due to addition of Cu, ordered zones/clusters formed due to Ga addition 

does not influence in the thermal stability of the glass. On contrary, the addition of small amount 

of Ga improves the GFA, by hindering the formation of the Fe23(C,B)6-type phase. It is well known 

that the presence of ordered zones/clusters in the amorphous matrix does not necessarily imply 

that they act as a nucleation site for the crystal growth. The ordered embryos must be larger than 

the critical nucleus size in order for their growth to be thermodynamically favorable [211-213]. 

However, when the Ga is added more than 1 at.%, the GFA decreases drastically, the maximum 

castable diameter is only 1.5 mm, this could be because the ordered structures formed due to 

addition of Ga attains the critical limit, there by promoting the easy precipitation of the -Fe.  

The shifting of the first and second broad maxima in both Cu and Ga added samples also reflects 

the formation of ordered zones/clusters [205]. For the same amount of Cu and Ga additions, the 

shift in 21 and 22 positons of the Cu added samples are larger. Beyond 1 at.% Ga addition, the 

shift in 21 and 22 positions are even larger than in the Cu-added samples, indicating the 

formation of ordered zones/clusters. Furthermore, it is evident from the XRD patterns of the heat 

treated samples, beyond 1 at.% Ga addition, the formation of -Fe is more dominating compared 

to the Fe23(C,B)6-type phase (see Fig. 4.8). At this point one can assume that the addition of Ga 

more than 1 at.% have similar effect like Cu addition and they are: (i) formation of the complex 

Fe23(C,B)6 phase is suppressed, more bcc-(Fe,Co) starts to grow after first crystallization event; 
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(ii) the GFA decreases drastically tc is merely 1.5 for 1.5 and 2 at.% Ga addition respectively. All 

these changes could be because of the formation of ordered zones/clusters which are above the 

critical limit and hence start to grow as the temperature increases, leading to a decrease in the GFA 

of the alloys. From this we can conclude that the optimum quantity of Ga, which can be added 

without affecting the GFA as well as their thermal stability is around 1 at.%.  

The coercivity values of 3 A/m reported in our work is almost comparable with the reported 

coercivity value of 1.7 A/m by Liu et al.[89] for the same alloy composition. The differences in 

the coercivity values are quite small, as mentioned earlier they may arise due to the small variation 

in the overall chemical composition. The saturation magnetization of all Ga-added samples 

remains almost the same, while in the case of Cu addition there is a gradual decrease in saturation 

magnetization. This decrease in the Ms values could be due the formation of more ordered non-

magnetic structures. The magnetic properties of both Cu and Ga (i.e. up to 0.5 at.% Cu and 1 at.% 

Ga) added alloys are similar in as cast condition, upon annealing to higher temperatures the Cu-

added alloy has relatively better soft magnetic properties compared to the Ga added. As mentioned 

earlier (section 4.6.2), the increase in Ms with increase in temperature is due to the formation of 

bcc-(Fe,Co) in the Cu added alloy, the growth of this bcc-(Fe,Co) can be clearly seen in the 

thermomagnetic curves shown in Fig. 4.16 (a). The Ms value starts to increase as soon as the bcc-

(Fe,Co) starts to form around 730 K. The behavior of the Ga-added samples is similar to the Ga 

free alloys i.e. the magnetization values decreases after the first crystallization event due to the 

formation of Fe23(C,B)6 crystals. This observation further confirms that when the Ga addition is 

kept below 1 at.%, it will improve the thermal stability of the alloy. Beyond 1 at.%, Ga will 

decrease the GFA of the alloy by promoting the formation of large number of ordered 

zones/clusters. In contrast to the FeCoBSiNb alloy, the addition of Ga in FeMoPCBSi increases 

the Curie temperature of this alloy, this increase could be due to the formation of order zones [252].  

The compression behavior of Cu and Ga added samples are similar in their elastic regime, for the 

same amount of Cu and Ga addition (i.e. 0.5 at.%) Cu- added sample shows slightly higher plastic 

strain pl compared to the Ga- added samples (Table 4.6). Though the yield stress y decreases 

with increase in Cu and Ga content, the fracture stress f for Cu- added alloys are almost the same, 

i.e.  3.1 GPa and for the Ga samples the fracture stress decreases by  0.1 GPa. However, the 

maximum plastic strain pl of 1.4% and 3%, respectively, are obtained only for 0.5 at.% Cu and 
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0.5 at% Ga added samples, respectively. The green circle in Fig. 3.20 shows the position of this 

FeMoPCBSi alloy compared to the other Fe-based glasses reported in the literatures. Therefore it 

can be concluded that in order to efficiently improve the mechanical property of this FeMoPCBSi 

glassy alloy it is desired to add only 0.5 at.% of Cu or Ga.  

The Vickers hardness values measured for this alloys are lower as compared with the values of 

most of the Fe-based BMGs reported so far, even lower than FC20+0.4wt% B [232] or 

Fe72B20Si4Nb4 [233] glasses. With the addition of Ga, the hardness values also decreases over 50 

HV when the Ga content from 0 to 2 at.%. The f/E, HV/f and HV/3E ratios for all glasses are 

given in Table 4.7. 

 

Table 4.7: f/E, HV/f and HV/3E ratios for [Fe74Mo4P10C7.5B2.5Si2]100-x,y (Cux Gay) (x = 0, 0.5 and 1) (y = 
0.5 and 1) the glasses. 

 

Compositions f/E HV/f HV/3E 

FeMoPCBSi 0.017 2.97 0.017 

FeMoPCBSi+0.5Cu 0.017 2.94 0.017 

FeMoPCBSi+1Cu 0.017 2.83 0.017 

FeMoPCBSi+0.5Ga 0.017 2.99 0.017 

FeMoPCBSi+1Ga 0.017 2.99 0.017 

 

The f/E, HV/f and HV/3E ratios for all the alloys are nearly fixed 0.017, 2.99 and 0.017, 

respectively. The f/E and HV/3E ratio of these bulk glassy alloys are lower compared to the 

previously reported BMGs [26, 50, 251]. This may indicate that the current glassy alloys shows 

some work hardening during the elastic-plastic deformation. This kind of alloys with appreciable 

work hardening during the deformation is very attractive for industrial applications.
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Chapter 5  
Scaling-up: High pressure die casting 
 

5.1 Introduction 

The current industry demands materials with low cost and improved mechanical properties: higher 

hardness, higher tensile strength and better surface qualities. As a general rule, a higher strength 

and hardness of the material brings along higher manufacturing costs and also higher 

manufacturing times, which limits their use. However, the abundant natural resources and low 

material cost of these Fe-based glasses, attracted the attention of the industries to look for an 

appropriate methods for producing these metallic glasses in an industrial scale. Fe-based glasses 

are very brittle and cannot withstand the industrial casting process, even if the material is a good 

glass former, hence their applications are limited to wires, ribbons and powder metallurgy (P/M) 

based products [253]. Hence, so far only a few reports are available on direct fabrication of bulk 

magnetic cores using casting techniques even in laboratory scale. Wu et al.[254] and Zhang et 

al.[255] reported on the direct fabrication of toroidal cores from Fe66Co10Mo3.5P10C4B4Si2.5 BMG, 

having an inner diameter of 6 mm and an outer diameter of 10 mm. Similarly Bárdos et al. [256] 

fabricated a toroidal core with an outer diameter of 26 mm and inner diameter of 18 mm from 

Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 multicomponent alloy. The other methods commonly 

employed to produce bulk components other than casting is P/M, but this route involves hot 

pressing or sintering (spark plasma) which affects the soft magnetic properties of the Fe-based 

metallic glasses [83, 257]. Recently, thermoplastic forming (TPF) has been used to fabricate three 

dimensional BMG parts [128]. In TPF method the sample is heated to its super cooled liquid region 

(i.e. to the temperature in between the glass transition (Tg) and the crystallization temperature (Tx)) 

and then deformed plastically. In the supercooled liquid regime the glass becomes soft, due to the 

drastic decrease in viscosity of the glass [13, 15], which allows to deform the material without any 

defects. Even though TPF gives high surface quality and ability to reproduce very fine structures 

[96, 258-261], the processing time (tp) must be short, in order to avoid crystallization. The short 

processing time limits the application of this technique for bigger and complex parts. Additive 

manufacturing techniques like selective laser melting (SLM), have also been used to produce BMG 
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parts with excellent properties [262-264]. However, it is very expensive and highly complicated 

to produce the uniform-sized multicomponent glass-forming alloy powders, which is used as a 

starting material for SLM process [262]. Another method, widely used in industries to produce 

large variety of products with high dimensional accuracy and good surface quality is high pressure 

die casting (HPDC) method [184]. HPDC offers the economical and efficient method for 

producing the component with low surface roughness and high dimensional accuracy and also this 

method has higher production rate, when compared with other casting techniques [265]. The 

characteristics of TPF, SLM and HPDC are summarized in Table 5.1.  

 

Table 5.1: Comparison between thermoplastic forming (TPF), selective laser melting (SLM) and high 
pressure die casting (HPDC) process [185]. 

 

TPF method process SLM method process HPDC process 

Multiple step process  

(depending on the shape two or 

more stages are involved in the 

processes) 

Multiple step process 

(samples are built layer by layer 

in several steps) 

Single step process 

 

Final shape decides the 

processing time  

(since the processing time is 

limited, it may take several 

heating cycles to complete the 

product[96])  

Processing time mainly 

depending on the shape and size 

of the final products. Several 

samples can be built 

simultaneously.  

Casting process completes fast 

 

(high production rate) 

Only few alloys were processed 

by this method 

(needs development of more 

novel techniques to establishing 

standards) 

Standard parameters are 

available for few basic alloy 

systems only  

(standards are still in 

development stage [266]) 

Widely studied  and casting 

parameters well established 

(standard casting parameters are 

readily available for several 

alloy systems)  
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Only very good glass formers 

with high SLR can be processed  

 

(Good glass formers often 

contains toxic (Be[267]) or 

expensive elements like Pt, Pd, 

Au et.[75, 268])  

Only good glass formers with 

high thermal stability can be 

prepared by this method (during 

the addition of every new 

consecutive layer previous  layer 

temperatures are subjected to 

increase in temperature, which 

leads to crystallization) 

Marginal glass formers can also 

be produced by this method  

(Due to application of high 

pressure good contact is 

established between the mold 

and the molten metal, which 

increases the cooling rate) 

Glassy plate, rod or granules 

serves as starting material 

 

(quality of the glassy sample 

decides the final product 

quality) 

Difficult to get homogeneous 

multicomponent amorphous 

powder  

(SLM uses powder and the 

quality of the product depends 

on the quality of the 

powder[262]) 

Preparation of starting material 

is easy  

 

(normally induction melting or 

arc melting is preferred) 

During the process micro-pores 

and micro-cracks will be closed 

Very difficult to avoid micro-

pores and micro cracks  

(initial powder particle size and 

scanning speed plays important 

role in controlling the micro-

pores and micro-cracks [262, 

264] ) 

Casting defects such as gas 

pockets and shrink holes can be 

drastically reduced or 

controlled[269] 

 

(final product will have high 

density and low shrinkage) 

TPF can be done in open 

atmosphere[270] 

Needs high purity inert 

atmosphere to produce the 

samples 

(The fine powders will oxidize 

or explode if the  working 

atmosphere has oxygen) 

Casting environment can 

influence the crystallization 

kinetics 

(casting die temperature, casting 

speed and casting atmosphere 

affect the final product) 

Internal stress can be relieved by 

slow cooling of the sample after 

final processing step[260]  

By pre-heating the base plate the 

internal stress can be reduced 

Samples have huge internal 

stress 

(the fast cooling results in large 

internal stress) 
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samples can be used after re -

melting 

Powders can be reused after an 

additional sieving  

(The whole process is carried 

under inert atmosphere) 

Limited reusability of the 

material  

(repeated usage leads to 

absorption of more oxygen, 

which influences the 

heterogeneous nucleation sites) 

Thin and micro sections can be 

produced easily and easier than 

thick sections 

Any complex shape can be 

produced, powder size and the 

layer thickness are the only 

limiting factor, the technique 

has virtual no limitation 

Thin sections and sections with 

interconnected holes   cannot be 

produced 

(viscosity of the molten alloy 

determines the minimum section 

thickness)  

 

5.2 Industrial scale casting  

The purpose of current work was to design and to develop a high-pressure die casting method and 

suitable tools to directly cast Fe-based bulk metallic glasses [185]. For that, a high pressure die 

casting tool (key-shaped) for casting Fe-based BMG was designed. Also, the casting parameters 

of Fe74Mo4P10C7.5B2.5Si2 alloy (presented in Chapter 4), were optimized. This particular Fe-based 

composition was chosen because of its relatively low melting point of 1283 K, good glass-forming 

ability (GFA) and good soft magnetic properties [89]. Moreover, this alloy can be produced using 

industrial grade elements, which makes it cheap and a realistic candidate for applications. Another 

advantage is its relatively low affinity towards oxygen, which makes it much easier to handle 

compared to Ti-based or Zr-based alloys. In an industrial scale production, there are several factors 

which influences the quality, production rate as well as the cost of the final product. The tool life 

has a large impact on the manufacturing costs of the products in industrial casting processes. The 

tool life in HPDC process depends on several factors but the very important factors are casting 

temperatures and hardness of the casting material. In our initial approach to optimize the die life, 

two different die materials with different heat conductivity were used: hardened heat resistant steel 

with a low heat conduction rate of 33 W/mK and a mechanically soft copper-based alloy with high 

heat conduction rate of 230 W/mK respectively. 
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Figure 5.1: (a) Cast part (key) still in the die cavity (b) Cast part (key) separate from the die [185]. 

 

The key shaped sample produced from HPDC is shown in Fig. 5.1(a) and (b). The width and 

thickness of head, bit and stem regions are 25.6 mm x 3.5 mm (head, bit) and 5 mm x 3.5 mm 

(stem). The overall height of the sample is 41.7 mm. 

 

5.2.1 Influence of alloy temperature during casting 

It is well known that the alloy temperature during casting [271, 272] plays a vital role in 

determining the reproducibility as well as the quality of the bulk metallic glasses. In order to study 

the influence of the casting temperatures on the final product, an optimum material flow rate of 4 

m/s was maintained and the samples were cast at 1353, 1393, 1453 and 1573  10 K using both 

steel and copper die. These casting temperatures were fixed based on the liquidus temperature 

(Tliq) of the FeMoPCBSi alloy (Tliq =1283 K). For all characterization head of the key (see Fig 5.1 

(a) and (b)) was used, because the melt travels maximum distance and also flows through different 

cross-sections, before reaching the key head. As a result head part has a maximum chance for 

crystallization; consequently this part is most critical and chosen for the analysis. The XRD 

patterns of the key samples produced at different casting temperatures 1353, 1393, 1453 and 1573 

K with copper and steel die are shown in Fig. 5.2 (a) and (b), respectively. The keys cast at 1353 

and 1393 k using both copper and steel die show relatively large crystalline peaks compared to the 

key cast at 1443 K, which is almost 160 K above the liquidus temperature (Tliq = 1283 K) of the 
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alloy. In case of the steel die the key cast at 1573 K is completely amorphous. However a small 

amount of crystalline peaks are observed in the core of the key cast using copper die even at the 

1573 K. 

 
Figure 5.2: XRD patterns of the samples produced at different casting temperatures 1353, 1393, 1453 
and 1573 K using (a) copper and (b) steel die, respectively [185]. 

 

This might be possibly due to the skin effect during HPDC [273]. The skin effect mostly occurs 

when the cooling rate of the cast part is very high; as a result the outer shell of the part solidifies 

very fast leading to a gap between the sample and the die surface. The gap between the die and 

cast part and amorphous outer shell hinders the heat transfer between the sample and die, leading 

to nucleation of the crystals in the core of the sample [274]. However, this shrinkage effect which 

is consistent in the case of crystalline materials is greatly reduced in the case of metallic glasses 

[128, 275]. Here a new effect may be present, which enhances the skin effect: the outer layer 

solidifies first, becoming amorphous, and in the amorphous state the alloy has far worse heat 

conductivity than the metallic mold [96]. The heat gradient become smaller and the heat transfer 

is worse and so the core may have enough time to crystallize. 

Fig. 5.3 (a) and (b) depicts the DSC curves of the samples produced at different casting 

temperatures 1353, 1393, 1453 and 1573 K using copper and steel die, respectively. As it can be 

seen from the DSC curves the alloy temperature plays a vital role during casting process. If the 

alloy temperature is just 50-100K above the liquidus temperature, nucleation starts before 
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complete filling of the mold. The key-shaped samples cast at 1353  10 K have the lowest first 

and second crystallization enthalpy values of -3.2 and -10.5 J/g, respectively (see Table 5.2). To 

achieve a homogeneous casting without flow lines and any other casting defects, the superheating 

of the alloy was slowly increased to over 250 K. The samples produced at 1573 K have the similar 

first and second crystallization enthalpy values -15.6 and -38.8 J/g compared to the sample 

produced in laboratory scale (see Table 5.2). Lin et al. [271] and Mukherjee et al. [272] 

systematically studied the effect of melt overheating on crystallization kinetics of Zr based metallic 

glasses. In their work they reported that for every alloy there exist an overheating threshold above 

which the crystallization time increases. The increase in crystallization time may be due to the 

dissolution of the heterogeneities acting as a nucleation sites; normally the heterogeneities may 

arise due to the minor traces of oxygen, high-temperature melting elements and oxides etc. If the 

overheating is less than the threshold limit the dissolution is incomplete and the nucleation starts 

quickly. 

 

This results is also supported by the XRD patterns (see Fig. 5.2 (a) and (b)). Hence in order to 

achieve completely amorphous key-shaped samples, the FeMoPCBSi glass should be overheated 

to at least 250 K above the melting point (i.e. 1573 K) 

 

Figure 5.3: DSC traces of the samples produced at different casting temperatures 1353, 1393, 1453 and  
1573 K using (a) copper and (b) steel die, respectively [185]. 
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Table 5.2: Enthalpies of the first and second crystallization step for the key samples cast at different 
temperatures using copper and steel dies [185]. Enthalpies of the 3 mm rod cast in lab condition is given 
for reference purpose. 

 

Sample cast conditions First 

Crystallization 

enthalpy (J/g) 

± 0.2 

Second 

Crystallization 

enthalpy (J/g) 

± 0.2 
Die material 

Flow rate 

(m/s) 

Casting 

Temperature (K) 

± 10  

Steel 4 1353 -3.8 -10.2 

Steel 4 1393 -10.7 -27.5 

Steel 4 1453 -12.4 -32.8 

Steel 4 1573 -15.6 -38.8 

Steel 12 1573 -13.1 -31.9 

Steel 19 1573 -9.8 -26.7 

Copper 4 1353 -3.2 -10.4 

Copper 4 1393 -9.8 -28.7 

Copper 4 1453 -11.8 -30.1 

Copper 4 1573 -13.4 -32.8 

Rod cast in 

lab - copper 

die 

--- 1523 -15.8 -39.1 

 

5.2.2 Influence of metal flow rate during casting 

The nature of metal flow in the die cavity plays a vital role in deciding the quality of the final 

product as well as the die life [184]. The molten metal flow rate mainly depends on the piston 

speed and physical properties of the fluid at that casting temperature. In order to elucidate the 

influence of the material flow speed on the key quality we decided to cast the samples at different 

flow rates, however due to the limited high temperature data on these glass-forming systems [276], 

the casting temperature was kept constant at 1573 K (see Fig. 5.2 (b)) and only the piston speed is 

varied. Three different flow rates 4, 12 and 19 m/s were chosen for our studies, by maintaining the 
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piston speed at low, intermediate and maximum points, respectively. The XRD patterns and DSC 

curves for the samples produced at different flow rates 4, 12 and 19 m/s are shown in Fig. 5.4 (a) 

and (b), respectively. From the XRD patterns it is evident that only the sample produced at low 

flow rate (i.e. 4 m/s) is completely amorphous, whereas the samples produced at higher flow rates 

(12 and 19 m/s) show some crystalline peaks. The crystallinity increases with the increase in the 

flow rate, the sample produced at a flow rate of 19 m/s shows relatively large crystalline peaks 

compared to the sample produced at 12 m/s. This increase in flow rate decreases the surface quality 

of the keys. The increase in the metal flow rate from 4 to 19 m/s causes the crystallization 

enthalpies of the first and second crystallization events to decrease from -15.6 and -38.8 J/g to -

9.8 and -26.7 J/g, respectively (see Fig. 5.4 (b)). This increase in crystallinity of the samples with 

increase in flow rate is attributed to the nature of the fluid flow inside the die cavity [184].  

 

At low flow rates, a fluid flow in a stable line with no mixing of the fluid, this phenomenon is 

known as laminar flow. On contrary, at higher flow rates, the stability of the fluid is compromised 

leading to macroscopic mixing, this phenomenon is known as turbulent flow. Moreover with 

increase in flow rate molten metal experiences increase in shear rate at different cross-sections. 

Shao et al. [277] showed that change in shear flow in SLR influences the local compositional 

  

Figure 5.4: (a) XRD patterns and (b) DSC traces of the samples produced at different flow rates 4, 12 and  
19 m/s, respectively using steel die. 
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heterogeneities; with increase in the shear flow the magnitude of the heterogeneities also increases 

leading to drastic decrease in crystallization time. A similar trend was observed in our casting as 

well, the crystallization rate increases with the increase of the molten metal flow rate from 4 to 19 

m/s. This may be because the molten metal undergoes sever strain while entering and exiting the 

shaft section, cross-section of the shaft is almost one fourth of the bit and head section (see Fig. 

5.1 (a) and (b)). Moreover the repeated change in shear rate may induce several heterogeneous 

nucleation site, which further increases the fragility of the glass-forming liquid [278]. Hence, for 

steel die, 4 m/s is the optimum flow rate for obtaining a good key sample without any defects. 

Table 5.3 compares the glass transition temperature Tg, the onset of crystallization Tx and ΔTx the 

extension of the supercooled liquid region (SLR) of the industrial cast key samples with the 

literature data [89] and also with the glassy samples produced in our laboratory (IFW Dresden). 

The maximum achievable diameter reported for this glass is 5 mm by Liu et al. [89], in our work 

we were able to cast key samples with maximum thickness of 3.5 mm. The reduced glass transition 

temperature Trg = Tg/Tliq (0.57) and extension of the supercooled liquid region (SLR, ΔTx = Tx -Tg) 

(35 K), are just slightly lower than the reported values of 0.58 and 37 K, respectively [89].  

 

Table 5.3: Comparison between literature data [89] and our data for the Fe74Mo4P10C7.5B2.5Si2 glassy 
samples (3 mm rod and key sample). Tg is the glass transition temperature, Tx is the onset of crystallization, 

ΔTx the extension of the supercooled liquid region (SLR), measured as the difference between 
crystallization and glass transition temperatures, Tliq is the liquidus temperature, Trg the reduced glass 
transition temperature, measured as the ratio between the glass transition and liquidus temperatures [185].  

 

Fe74Mo4P10C7.5B2.5Si2 D (mm) Tg (K) Tx (K) ΔTx (K) 
Tliq 

(K) 

Trg 

(Tg/Tliq) 

Literature [89]  5 729 766 37 1266 0.58 

Sample cast in lab -

copper mold 
3 730 765 35 1283 0.57 

Key sample -- 725 760 35 1283 0.57 
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Though a small difference in Tx and Tg values between the industrial cast key sample and lab cast 

rod samples is observed, they are well within the experimental error range. The SLR and the 

reduced glass transition temperature are considered as an important criteria to evaluate the GFA 

of the alloy [8], in such case our alloy has slightly lower GFA compared to the data reported in 

literature. This small decrease in GFA is may be due the difference in the impurity and oxygen 

contents in the industrial raw materials. Besides, the differences in Tg and Tx between the lab cast 

samples and HPDC samples may arise from different cooling rates attained during casting. 

It is known from literature that in the melt-spinning process, depending up on the composition of 

the glass, a steel wheel can outperform the copper wheel and vice versa. To cast the ribbons with 

low surface roughness, wheel materials with low thermal conductivity k is preferred [274]. Lower 

the k, longer the dwell time between the wheel and molten metal, leading to low surface roughness. 

Steel wheels are preferably used to prepare the amorphous ribbons of several binary alloys [20] as 

well as soft magnetic alloys [77]. Hence, steel die is the most suitable choice for production of 

glassy keys, because of the lower thermal conductivity k, better thermal contact, higher tool life 

and lower manufacturing cost.  

The residual stress developed during the casting (thicker and thinner sections will have different 

stress because of the difference in their cooling rate) plays an important role in influencing the 

mechanical properties of the metallic glass [279, 280]. In Zr-based metallic glass a residual stress 

up to 900 MPa can be developed during cooling [279]. In case of the Fe-based metallic glasses, 

there is not enough data available on the magnitude of residual stress that can be developed during 

casting, but apparently the stress generated is large enough to initiate a crack between the regions 

having thermal mismatch [279] (e.g. glassy and crystalline parts) in the specimens. Once the crack 

is initiated it will try to reduce the stress concentration by propagating and splitting in to multiple 

branches [281]. The crack branching occurs predominately at all possible interfaces between the 

glassy and crystalline parts of the specimens due to the differences in their mechanical/elastic 

properties [280]. Figure 5.5 represents the SEM image (BSE mode) taken at different places over 

the cross-section of the key stem cast at 1353 K using copper mold. 
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Figure 5.5: SEM images of the key cast at 1353 K (a) taken close to the outer surface, showing a 
completely glassy part of the key (b) taken in between the core and the outer surface, revealing the 
interface between the glassy and crystalline parts and (c). taken at the core of the key, showing a 
completely crystalline region [185]. 

 

The image presented in Fig. 5.5 (a) taken close to the surface shows a completely glassy part of 

the sample. The image presented in Fig. 5.5 (b) was taken in between the core and surface shows 

the interface between the glassy matrix and crystalline part separated by a crack. The initial 

development of this crack may be due to the thermal mismatch strain developed during cooling 

[279]. This glassy and crystalline interface also reveals the skin effect. The image taken at the core 

of the stem reveals the presence of micron-size crystals and fine gas holes [184] in the glassy 

matrix. The skin effect are more visible in the keys cast at low temperature using copper mold, but 

also exist in the keys cast at high temperature where the cores are very small to detect. 
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5.2.3 Influence of HPDC parameters on magnetic properties 

It is well known that during the casting of complex/critical parts with different cross-sections 

significant magnitude of residual stress will develop inside the specimens, in such cases presence 

of even very small crystals leads to the fracture of the samples (see Fig. 5.5 (b)). In order to ensure 

the quality of the key samples coercivity of the samples were measured. Table 5.4 lists the variation 

of the coercivity (Hc) of the key samples as a function of alloy temperature (K), flow rate (m/s) 

and die material along with the sample prepared in the laboratory condition. It is commonly 

accepted that soft magnetic BMG have very low values of coercivity [95].  

 

Table 5.4: Coercivity of the keys as a function of casting speed (m/s), alloy temperature (K) and die 
material. Coercivity of the 3 mm rod cast in lab condition is given for reference purpose [185]. 

 

Die Material 
Flow rate (m/s) 

± 0.5 

Alloy Temperature (K) 

± 10 

Coercivity Hc (A/m) 

± 0.1 

Steel 4 1573 7.8 
Steel 4 1443 210 
Steel 4 1393 >2000 
Steel 4 1353 >2000 
Steel 12 1573 9.8 
Steel 19 1573 80 

Copper 4 1573 57.9 
Copper 4 1443 59.2 
Copper 4 1393 >2000 
Copper 4 1353 >2000 

Rod cast in lab 

- copper die 
--- 1523 5 
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The presence of even small volume fraction of crystalline inclusions will significantly increases 

the coercivity due to domain pinning. Only if the size of the crystals are comparable or small than 

the size of the domain walls they have no influence on the coercivity [87, 217, 282]. Such small 

crystals or nuclei cannot be detected by X-ray diffraction. 

In case of the steel die, the coercivity values of the keys cast at low flow rate (4 m/s) decreases 

from more than 2000 A/m to 7.8 A/m, as the casting temperature increases from 1353 K to 1573 

K. However, even at high temperature (1573 K), upon increasing the flow rate from 4 m/s to 19 

m/s the coercivity increases from 7.8 A/m to 80 A/m, indicating the presence of small crystals. 

The coercivity of the keys cast using copper die decreases from more than 2000 A/m to 57.9 A/m 

with increase in casting temperature for low rate. The high coercivity value 57.9 A/m for the key 

cast at 1573 K, indicates the presence of crystals in the sample, in agreement with the previous 

DSC and XRD findings. 

 

 

Figure 5.6: Hysteresis loops for the key cast by HPDC and a 2 mm rod cast under laboratory conditions.  
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The hysteresis loops for the glassy sample cast in laboratory condition (continuous red line) using 

copper die and the key cast with steel die (black dotted line) at 1573 K using the HPDC method 

are shown in Fig. 5.6. Although the samples cast under laboratory condition and HPDC exhibits 

the same saturation magnetization (118 Am2/kg), there are some differences in the initial part of 

the loops. The coercivity and the shape of the hysteresis loops are greatly influenced by (a) the 

microstructure of the magnetic material (b) the geometry [282]. The geometry of the specimen 

also plays a major role in influencing the magnetic properties. With a proper geometry, the size 

and the shape effect could be reduced. Hence, with the above optimized parameters (casting 

temperature, flow rate and die material) the HPDC method can be used to produce soft 

ferromagnetic BMG parts in complex geometries. 
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Chapter 6  

Summary  

Ferromagnetic Fe-based bulk metallic glasses (BMGs) are very attractive for industrial application 

because of their high stability against crystallization, excellent soft magnetic properties and high 

mechanical strength. Although Fe-based glasses are moderate glass formers the important aspect 

which limits the application of Fe-based BMGs as engineering materials is the brittle behavior 

under mechanical loading. Improving the mechanical properties of Fe-based glasses without 

deteriorating their magnetic properties will help in improving the application of Fe-based glasses. 

The aim of this work is to improve the compressive plastic deformation in soft ferromagnetic Fe-

based BMGs with the addition of soft elements like Cu and Ga. 

The thesis focused on two soft ferromagnetic Fe-based BMGs: Fe36Co36B19.2Si4.8Nb4 

(FeCoBSiNb) and Fe74Mo4P10C7.5B2.5Si2 (FeMoPCBSi). Both glasses have good glass-forming 

ability (GFA) and excellent soft magnetic properties. In addition to the high corrosion resistance, 

the mechanical properties are also very good. Unfortunately, the plastic deformation behavior of 

these glasses is poor. In order to improve the plastic deformation of FeCoBSiNb and FeMoPCBSi 

glasses, small amounts of Cu and Ga are added and the resultant change in mechanical properties 

was investigated. It has been proven that the addition of small amounts of impurities will adversely 

affect the GFA and the soft magnetic properties of ferromagnetic BMGs. Hence, the 

microstructural evolution, as well as thermal and magnetic properties were studied. Furthermore, 

the effect of HPDC process parameters on microstructural evolution, thermal, and magnetic 

properties of Fe74Mo4P10C7.5B2.5Si2 BMG has also been investigated.  

The FeCoBSiNb glass was investigated first; according to literature the critical diameter (tc) for 

the FeCoBSiNb glass is 5 mm diameter, but in my experimental work tc for this alloy was 3 mm 

diameter and 5 cm length. This difference in the tc reported in the literature and in my work is 

could be due to the presence of impurity elements, which decreases the GFA of this alloy. In order 

to study the influence of Cu and Ga addition on FeCoBSiNb glass, at first a, FeCoBSiNb master 

alloy was prepared by adding pure elements and then systematically Cu and Ga elements were 

added through arc melting. From the [FeCoBSiNb] 100-x,y (Cux, Gay)( x = 0, 0.5)(y = 0, 0.5, 1, 2, 3, 
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4 and 5) master alloys several amorphous ribbons and rods were prepared under the same 

conditions. The following results are achieved after microstructural characterization, thermal, 

magnetic and mechanical measurements of different samples in the current work: 

 The addition of Cu is beneficial only up to 0.5 at.% for larger Cu additions the GFA 

decreases drastically. Addition of Cu decreases the thermal stability and completely 

changes the crystallization behavior of the glass. Upon crystallization a, (Fe,Co)23B6 – type 

phase forms as a primary phase in Cu- free glass, whereas the Cu addition leads to the 

formation of -Fe as the primary phase. 

 Only a marginal increase in saturation magnetization (Ms) values is observed for the Cu 

added glass, but the coercivity values remains almost same for both Cu free and Cu added 

glass. 

 The addition of Cu proved to improve the plastic deformability of the glass. However no 

typical vein patterns are observed on the fracture surfaces. The absence of these vein 

patterns indicates that plastic deformation are takes place only on the atomic scale. 

 Unlike Cu, the addition of Ga up to 1.5 at.% increases the thermal stability and the 

crystallization behavior remains unaltered. However, when more than 1.5 at.% Ga is added 

it decreases the thermal stability and also alters the crystallization behavior of the glass.  

 Magnetic properties start to decrease marginally with increase in the Ga addition. 

 The addition of Ga improves the plastic deformability of the glass. The presence of a large 

number of veins and m size molten droplets on the vein patterns indicates that the 

presence of Ga atoms leads to formation of soft zones, whose melting point is much lower 

compared to the rest of the alloy. These soft zones are responsible for the plastic 

deformation of this glass. 

In the second part of my work FeMoPCBSi glass was investigated. Similar to the FeCoBSiNb 

glass the tc obtained in my experimental work for FeMoPCBSi glass is 3 mm, which is lower 

compared to the tc of 5 mm reported in literature. However, due to the high content of Fe this glass 

is not very brittle, but shows some plastic deformability. Unlike the FeCoBSiNb alloy, the 

FeMoPCBSi alloy was prepared from a mixture of pure and industrial grade elements. The Cu and 

Ga elements were systematically added to the master alloy through arc melting. Several ribbons 

and rods were prepared from the [FeMoPCBSi]100-x, y (Cu)x (Ga)y ( x = 0, 0.5, 1)(y = 0, 0.5, 1, 1.5 
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and 2) master alloys under same conditions. The results obtained from the detailed investigations 

can be summarized as below: 

 The addition of Cu is beneficial only up to 0.5 at.%. For large amounts the GFA decreases 

drastically. Addition of Cu marginally decreases the thermal stability and significantly changes 

the crystallization behavior of the glass. Upon crystallization, a Fe23(C,B)6 – type phase forms 

as a primary phase in Cu- free glass, whereas the Cu addition leads to the simultaneous 

formation of -Fe and Fe23(C,B)6 – type phase. 

 The magnetic properties start to decrease marginally with increase in the Cu addition 

 Addition of 0.5 at.% Cu significantly improves the plastic deformability of the glass, more than 

0.5 at.% the plastic deformability decreases. 

 Unlike Cu, the addition of up to 2 at.% Ga increases the thermal stability and the crystallization 

behavior remains unaltered. However, when more than 2 at.% Ga are added the GFA 

deteriorates drastically. 

 The magnetic properties starts to decrease marginally with increase in the Ga addition. 

 Similar to the FeCoBSiNb glass, the addition of Ga in FeMoPCBSi glass also improves the 

plastic deformability. The presence of a large number of vein patterns and m size molten 

droplets on the vein patterns indicates that the Ga addition has the same effect for both glasses. 

Addition of small amounts of Ga could be an viable solution to improve the plastic deformability 

in the ferromagnetic Fe-based metallic glasses without compromising on thermal and magnetic 

properties of the glass. 

In the final part of my work I tried to produce FeMoPCBSi BMG on industrial scale using the high 

pressure die casting method (HPDC). The great advantage of HPDC is that even marginal glass 

formers can be used and complex geometries with high dimensional accuracy can be achieved. 

Compared to FeCoBSiNb, the FeMoPCBSi alloy has a lower melting point, a higher oxidation 

resistance and also better mechanical properties. Hence, I choose to start the industrial scale 

process with the FeMoPCBSi alloy. 

The quality of the samples is strongly influenced by proper choice of die material, alloy 

temperature and flow rate of the material. A copper die with high thermal conductivity leads to the 

skin effect. Similarly, a high flow of 19 m/s rate influences the viscosity change due to the higher 
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shear rate leading to decrease in GFA of the glass. All samples produced under optimized 

conditions exhibit thermal stability and soft magnetic properties which are nearly the same as those 

of samples prepared under laboratory conditions. It should be mentioned here that the quality of 

the produced keys in the present work can be still optimized further by fine-tuning the casting 

parameters. This will improve the surface finish, reduce the porosity and hamper the formation of 

cracks during solidification. Nevertheless, these first results confirm that HPDC is useful for the 

production of bulk glassy alloys with good soft magnetic properties. 

Through this work on HPDC process I have made a significant step towards the realization of Fe-

based metallic glasses as an engineering materials.
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Outlook  

As demonstrated in the thesis, the addition of Ga in FeCoBSiNb and FeMoPCBSi glasses is very 

promising in improving the mechanical properties, however the mechanism behind this is yet to 

be understood clearly. We believe that in depth analysis using TEM and synchrotron radiation will 

shed more light to understand this mechanisms. I have already performed synchrotron studies on 

all the samples containing Ga, and the data is presently under analysis. I hope to extract more 

detailed information regarding the presence of any short/medium-range order (SRO/MRO). 

Additionally, in situ heating Synchrotron and TEM experiments are planned to understand the 

formation and growth of competing phases. More in depth analysis are planned to understand the 

reasons behind the formation of molten droplets in the fractured zones. 

Although I have gained preliminary knowledge in improving the plastic deformation of 

ferromagnetic Fe-based BMGs, I believe, can be further improved. First and foremost, efforts are 

being made to choose different minor alloying elements, which will further help in improving the 

mechanical properties.  

Regarding the production of Fe-based BMG in industrial scale, though this work clearly 

demonstrates that HPDC method can be successfully used for the production of ferromagnetic Fe-

based BMGs, I believe, surface quality can be further improved. Several new experiments are 

planned in HPDC with new set of casting parameters to improve the surface quality of the samples. 

HPDC is a promising method to produce BMGs in large quantity, however very few studies are 

reported so far.  

As a concluding remark, I strongly believe that the learnings from this work, from the point of 

view of improving the mechanical properties as well as producing the BMG in industrial scale in 

the aforementioned glass-forming alloys, may be directly extended to other similar ferromagnetic 

Fe-based glass-forming systems having poor mechanical properties.
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