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Materials

Abstract
Purpose: The work presents a casting method, structure characterization and analysis of chosen properties of 
Fe-based bulk metallic glasses in as-cast state.
Design/methodology/approach: The studies were performed on Fe72B20Si4Nb4, Fe36Co36B19Si5Nb4, 
Fe43Co14Ni14B20Si5Nb4 metallic glasses in form of rings. The amorphous structure of tested samples was 
examined by X-ray diffraction (XRD), transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM) methods. The crystallization behaviour of the studied alloys was examined by differential 
thermal analysis (DTA). The soft magnetic property examinations of tested materials contained initial magnetic 
permeability and measurements of magnetic permeability relaxation.
Findings: The XRD and TEM investigations revealed that the studied as-cast bulk glassy samples in forms  
of ring were amorphous for all tested alloys. The SEM images showed that fractures of studied rings indicated 
two structurally different zones, which contained “river” patterns and “smooth” areas. The samples of studied 
alloys presented two stage crystallization process, which was observed for all tested rings with different 
thickness. The changes of crystallization temperatures versus the thickness of the glassy samples were stated. 
The magnetic permeability relaxation, which is directly proportional to the microvoids concentration in 
amorphous structure decreased with increase of sample thickness. These results could be assumed as the change 
of amorphous structure in function of thickness.
Practical implications: The centrifugal casting method is very simple, useful and effective method to produce 
bulk amorphous materials in the form of rings or tubes.
Originality/value: The preparation of bulk metallic glasses in the form of rings for three different Fe-based 
alloy systems is very important for the future progress in research and practical applications of iron-based bulk 
amorphous materials.
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1. Introduction 

 
The first metallic glasses were discovered over fifty years ago 

when rapid quenching methods were applied to solidification of 

liquid metal alloys. After that time, the significant development  
of many alloy systems with more improved glass-forming ability 
has been done [1,2]. 

The previous metallic glasses were generally fabricated by 
using cooling rate of 105 - 106 K/s. The more recently developed 
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alloys required cooling rates of only 103 K/s or lower. Moreover, 
these alloy systems can be cast from the liquid state into glassy 
samples with thickness from several to one hundred millimetres. 
These alloys are called as ‘bulk metallic glasses’. The recent 
development of bulk metallic glasses opened up new possibilities 
of investigations and applications for bulk metallic glasses [3,4].  

The bulk amorphous alloys can be divided into nonferrous 
and ferrous types. It is important that bulk metallic glasses can be 
fabricated in specified engineering alloy systems such as Fe-, Co-, 
Ni-, Mg-, Ti-, Pd- and Zr-bases. The maximum glassy diameter  
of the bulk amorphous alloys tends to increase in the order of 
following elements: Pd > Zr > Ln = Mg > Fe > Ni > Co = Ti, 
which form main elements of alloy systems [5,6]. 

Inoue et al. succeeded in casting of Fe-based bulk metallic 
glasses in Fe-based alloy systems with low critical cooling rates 
below 103 K/s. Fe-based bulk metallic glasses with mentioned 
cooling rates have been often found in Fe-based alloy systems 
containing metalloids (B, C, Si and P) and early transition 
elements (Zr, Nb, Hf, Ta) [7]. 

The first Fe-based bulk glassy alloys were prepared in 1995, 
since then, a huge number of Fe-based bulk glassy alloys have 
been formed and their alloy components can be classified into five 
groups (Table 1). Fe-based bulk metallic glasses proposed by 
Inoue are represented by following systems: Fe-(Al,Ga)-
(P,C,B,Si) Fe-(Zr,Hf,Nb,Ta)-B, Fe-(Cr,Mo)-(B-C), Fe-(Co,Ni)-B-
Si-Nb and Fe-Nd-Al. It is important to know that Fe-based bulk 
metallic glasses with high strength of over 3300 MPa can be 
obtained only in two alloy groups of I and IV [8].  
 
Table 1.  
Classification of Fe-based bulk metallic glasses by Inoue [8] 

Group Fe-based alloy systems 

I. 
Fe-(Al,Ga)-(P,C,B,Si) 

Fe-(Cr,Mo,Nb)-(P,C,B,Si) 
Fe-Ga-(P,C,B,Si) 

II. Fe-(Zr,Hf,Nb,Ta)-B 
III. Fe-(Cr,Mo)-(C,B) 

IV. Fe-B-Si-Nb 
Fe-Co-B-Si-Nb 

V. Fe-Nd-Al 

 
Iron-based metallic glasses have increased the scientific and 

engineering importance, because of their good soft magnetic 
properties, such as low coercive force, high magnetic induction 
and good magnetic permeability [9-14], mechanical properties 
[15-17] and formation of composite materials [18,19].  

Many casting methods for fabrication of bulk metallic glasses 
have been developed. The main methods are described as copper 
mould casting, pressure die casting or suction casting [20-22]. 

Copper mould casting is the most common method to 
fabricate bulk metallic glasses in different alloy systems. In this 
method, the alloy is melted and put into copper mould where it is 
quickly solidified by rapid heat extraction of copper mould. Die 
casting is a useful method to preparation different types of 
castings for the industry applications. That method gives higher 
cooling rates in comparison with conventional casting techniques. 
The purpose of suction casting method is to inject the molten 
alloy into a mould by using a pressure differential between the 
melting chamber and the casting chamber [23]. 

More recently, Zhang et al. [24] had developed a centrifugal 
casting method to produce the Zr-based amorphous rings with  
a diameter of 25 mm and maximum thickness up to 2 mm. 
Moreover, Gao et al. [25] developed a centrifugal casting 
apparatus for a preparation of functionally graded materials.  

Basing on literature [24,25] the paper presents using the 
conventional centrifugal casting method by rotating a copper 
based wheel to produced Fe-based amorphous rings. 

 
 

2. Material and research methodology 
 

The aim of the paper is presentation of the centrifugal casting 
method and investigations of microstructure, thermal and soft 
magnetic properties of Fe-based bulk metallic glasses in as-cast 
state. Investigations were done with use of XRD, TEM, SEM, 
DTA and magnetic measurements methods. 

The investigated materials with the nominal composition of 
Fe72B20Si4Nb4, Fe36Co36B19Si5Nb4, Fe43Co14Ni14B20Si5Nb4 were 
cast in form of the rings. The ingots of master alloys were 
prepared by induction melting of a mixture of pure elements 
under protective gas atmosphere.  

The centrifugal casting method has been used to fabricate the 
ring samples of bulk metallic glass (Fig. 1) [26,27].  

Figure 2 presents some photographs of a casting equipment 
(induction generator and casting apparatus “CentriCast”), which is 
applied to produced bulk metallic glasses by centrifugal casting 
method. The investigated bulk metallic glasses were cast in form 
of the ring with diameter of 30 mm and of different thickness.  
For alloy with composition of Fe72B20Si4Nb4 the samples had  
a thickness of 0.40 and 0.60 mm, the second metallic glasses 
Fe36Co36B19Si5Nb4 were cast in form of rings with thickness of 
0.30 and 0.40 mm and samples of Fe43Co14Ni14B20Si5Nb4 metallic 
glass were cast with thickness of 0.40 and 0.65 mm. 

Structure analysis of the samples in as-cast state was carried 
out using X-ray diffractometer (XRD) with CoK  radiation.  
The data of diffraction lines were recorded in 2  range from 35° 
to 80° for samples of each alloy.  

Transmission electron microscopy (TEM) was used for the 
structural characterization of rings in as-cast state. Thin foils for 
TEM observation (from central part of tested samples) were 
prepared by an electrolytic polishing method. The fracture 
morphology of the samples in form of ring was analysed using the 
scanning electron microscopy (SEM).  

The thermal properties associated with onset (Tx) and peak 
(Tp) crystallization temperatures (for first and second stage) were 
measured using the differential thermal analysis (DTA) at  
a constant heating rate of 6 K/min under an argon protective 
atmosphere. DTA analysis was also used to define melting (Tm) 
and liquidus (Tl) temperature of master alloys. 

Magnetic measurements of studied samples carried at room 
temperature included following properties [28-31]: 
a) relative magnetic permeability (µr) - determined with 

Maxwell-Wien bridge at a frequency of 1030 Hz and 
magnetic field H = 0.5 A/m;  

b) magnetic permeability relaxation ( µ/µ) also defined as  
“magnetic after-effects” - determined by measuring changes 
of magnetic permeability as a function of time after 
demagnetization, where µ is difference between magnetic 
permeability determined at t1 = 30 s and t2 = 1800 s. 

 

 
 

Fig. 1. Schematic illustration of the centrifugal casting method used for the casting of amorphous rings 
 
 

   a)                                                                                                        b) 

      
 

Fig. 2. The centrifugal casting equipment used for fabrication of bulk metallic glasses in form of rings: a) view of induction generator  
and casting apparatus “CentriCast”, b) view of copper based wheel with casting slot 

 
 

3. Results and discussion 
 

The XRD investigations confirmed that the studied as-cast 
glassy samples were amorphous. The diffraction patterns of tested 
rings with constant diameter of 30 mm and thickness of 0.40 and 
0.60 mm for Fe72B20Si4Nb4 metallic glass (Fig. 3), rings with 
thickness of 0.30 and 0.40 mm for Fe36Co36B19Si5Nb4 alloy 
(Fig. 4) and samples with thickness of 0.40 and 0.65 mm for 
Fe43Co14Ni14B20Si5Nb4 alloy (Fig. 5) show in each case the broad 
diffraction halo.  

This effect is typical for metallic amorphous materials, 
which have a structure with a large degree of short-range order 
of atoms.  

Figures 6, 7 and 8 show TEM images and electron diffraction 
patterns of studied samples for each alloys in as-cast state.  
The TEM images reveal only a characteristic contrast for 
amorphous structure. The electron diffraction patterns consist 
only halo rings. Broad diffraction halo can be seen for each 
studied samples of all alloys and it also indicated the formation of  
a single glassy phase. 

2.	�Material and research 
methodology
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alloys required cooling rates of only 103 K/s or lower. Moreover, 
these alloy systems can be cast from the liquid state into glassy 
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development of bulk metallic glasses opened up new possibilities 
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The bulk amorphous alloys can be divided into nonferrous 
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Ni-, Mg-, Ti-, Pd- and Zr-bases. The maximum glassy diameter  
of the bulk amorphous alloys tends to increase in the order of 
following elements: Pd > Zr > Ln = Mg > Fe > Ni > Co = Ti, 
which form main elements of alloy systems [5,6]. 

Inoue et al. succeeded in casting of Fe-based bulk metallic 
glasses in Fe-based alloy systems with low critical cooling rates 
below 103 K/s. Fe-based bulk metallic glasses with mentioned 
cooling rates have been often found in Fe-based alloy systems 
containing metalloids (B, C, Si and P) and early transition 
elements (Zr, Nb, Hf, Ta) [7]. 

The first Fe-based bulk glassy alloys were prepared in 1995, 
since then, a huge number of Fe-based bulk glassy alloys have 
been formed and their alloy components can be classified into five 
groups (Table 1). Fe-based bulk metallic glasses proposed by 
Inoue are represented by following systems: Fe-(Al,Ga)-
(P,C,B,Si) Fe-(Zr,Hf,Nb,Ta)-B, Fe-(Cr,Mo)-(B-C), Fe-(Co,Ni)-B-
Si-Nb and Fe-Nd-Al. It is important to know that Fe-based bulk 
metallic glasses with high strength of over 3300 MPa can be 
obtained only in two alloy groups of I and IV [8].  
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cooling rates in comparison with conventional casting techniques. 
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a diameter of 25 mm and maximum thickness up to 2 mm. 
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apparatus for a preparation of functionally graded materials.  
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out using X-ray diffractometer (XRD) with CoK  radiation.  
The data of diffraction lines were recorded in 2  range from 35° 
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structural characterization of rings in as-cast state. Thin foils for 
TEM observation (from central part of tested samples) were 
prepared by an electrolytic polishing method. The fracture 
morphology of the samples in form of ring was analysed using the 
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measured using the differential thermal analysis (DTA) at  
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magnetic field H = 0.5 A/m;  

b) magnetic permeability relaxation ( µ/µ) also defined as  
“magnetic after-effects” - determined by measuring changes 
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demagnetization, where µ is difference between magnetic 
permeability determined at t1 = 30 s and t2 = 1800 s. 

 

 
 

Fig. 1. Schematic illustration of the centrifugal casting method used for the casting of amorphous rings 
 
 

   a)                                                                                                        b) 

      
 

Fig. 2. The centrifugal casting equipment used for fabrication of bulk metallic glasses in form of rings: a) view of induction generator  
and casting apparatus “CentriCast”, b) view of copper based wheel with casting slot 

 
 

3. Results and discussion 
 

The XRD investigations confirmed that the studied as-cast 
glassy samples were amorphous. The diffraction patterns of tested 
rings with constant diameter of 30 mm and thickness of 0.40 and 
0.60 mm for Fe72B20Si4Nb4 metallic glass (Fig. 3), rings with 
thickness of 0.30 and 0.40 mm for Fe36Co36B19Si5Nb4 alloy 
(Fig. 4) and samples with thickness of 0.40 and 0.65 mm for 
Fe43Co14Ni14B20Si5Nb4 alloy (Fig. 5) show in each case the broad 
diffraction halo.  

This effect is typical for metallic amorphous materials, 
which have a structure with a large degree of short-range order 
of atoms.  

Figures 6, 7 and 8 show TEM images and electron diffraction 
patterns of studied samples for each alloys in as-cast state.  
The TEM images reveal only a characteristic contrast for 
amorphous structure. The electron diffraction patterns consist 
only halo rings. Broad diffraction halo can be seen for each 
studied samples of all alloys and it also indicated the formation of  
a single glassy phase. 
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Fig. 3. X-ray diffraction patterns of Fe72B20Si4Nb4 glassy rings 
with diameter of 30 mm and thickness of 0.40 and 0.60 mm  
in as-cast state 

 

 
 

Fig. 4. X-ray diffraction patterns of Fe36Co36B19Si5Nb4 glassy 
rings with diameter of 30 mm and thickness of 0.30 and 0.40 mm 
in as-cast state 

 

 
 

Fig. 5. X-ray diffraction patterns of Fe43Co14Ni14B20Si5Nb4 glassy 
rings with diameter of 30 mm and thickness of 0.40 and 0.65 mm 
in as-cast state 

 
 

Fig. 6. Transmission electron micrograph plus electron diffraction 
pattern of Fe72B20Si4Nb4 glassy ring with thickness of 0.40 mm 
 

 
 

Fig. 7. Transmission electron micrograph plus electron diffraction 
pattern of Fe36Co36B19Si5Nb4 glassy ring with thickness  
of 0.40 mm 

 

 
 

Fig. 8. Transmission electron micrograph plus electron diffraction 
pattern of Fe43Co14Ni14B20Si5Nb4 glassy ring with thickness  
of 0.65 mm 

 

Results of DTA analysis (at 6 K/min) of master alloys of 
studied bulk metallic glasses are presented in Table 2, melting 
temperature (Tm) and liquidus temperature (Tl) are given.  

The melting and liquidus temperature has a value of 1403 and 
1433 K, adequately for master alloy of Fe72B20Si4Nb4 metallic 
glass. In the similar way, Tm has a value of 1313 K and Tl reached  
a value of 1363 K for Fe36Co36B19Si5Nb4 alloy. Additionally, the 
melting temperature reached a value of 1318 K and liquidus 
temperature has a value of 1358 K for third studied alloy with 
composition of Fe43Co14Ni14B20Si5Nb4. The addition of Co and Ni 
into Fe-B-Si-Nb alloy has caused the decrease of melting and 
liquidus temperature of studied materials.  

 
Table 2.  
Thermal properties of Fe72B20Si4Nb4, Fe36Co36B19Si5Nb4 
and Fe43Co14Ni14B20Si5Nb4 master alloys 

Master alloy Tm, 
K 

Tl, 
K 

Fe72B20Si4Nb 1403 1433 
Fe36Co36B19Si5Nb4 1313 1363 

Fe43Co14Ni14B20Si5Nb4 1318 1358 
 
 
The DTA curves (at 6 K/min) measured on amorphous rings 

with different thickness in as-cast state for studied alloy are 
shown in Figures 9, 10 and 11.

The two stage crystallization process was observed for all 
examined rings. The first stage crystallization of Fe72B20Si4Nb4 
alloy for sample with thickness of 0.40 mm includes onset 
crystallization temperature (Tx1 = 819 K) and peak crystallization 
temperature (Tp1 = 845 K). The analysis of the second 
crystallization stage allows to determine only peak crystallization 
temperature (Tp2) with value of 922 K. Results of DTA analysis of 
ring with thickness of 0.60 mm also confirmed existing of  
Tx1 = 820 K, Tp1 = 844 K and Tp2 = 921 K. 

The first stage of crystallization obtained for samples of  
Fe36Co36B19Si5Nb4 bulk metallic glass includes onset 
crystallization temperature at value of Tx1 = 807 K for rings with 
thickness of 0.30 mm and 0.40 mm, similarly. The peak 
crystallization temperature has a value of Tp1 = 833 K for ring 
with thickness of 0.30 mm and Tp1 = 835 K for sample with 
thickness of 0.40 mm. The analysis of the second crystallization 
stage of studied samples allows to determine peak crystallization 
temperature, which has a value of 997 K (g = 0.30 mm)  
and 1000 K (g = 0.40 mm). 

The DTA curves obtained for samples of 
Fe43Co14Ni14B20Si5Nb4 bulk metallic glass with thickness of  
0.40 and 0.65 mm inform that the first stage of crystallization 
includes onset crystallization temperature at value of Tx1 = 804 K. 
The peak crystallization temperature has a value of Tp1 = 831 K 
for ring with thickness of 0.40 mm and 829 K for sample with 
thickness of 0.65 mm. The second crystallization stage of studied 
materials is described by peak with temperature of Tp2 = 944 K for 
ring with thickness of 0.40 mm and temperature of Tp2 = 942 K 
for sample with thickness of 0.65 mm. 

The analysis of crystallization process of examined rings for 
three alloys shows that peak of crystallization temperature is 

changing with increasing of samples thickness. The differences of 
crystallization temperatures between rings with chosen thickness 
of the same alloy are probably caused by different amorphous 
structures as a result of the different cooling rates in casting 
process of studied bulk metallic glasses. 

The thermal properties associated with onset (Tx) and peak 
(Tp) crystallization temperatures of studied glassy samples are 
presented in Table 3. 

 
Table 3.  
Thermal properties of the studied samples in forms of ring  
in as-cast state 

Alloy Thickness, 
mm 

Tx1, 
K 

Tp1, 
K 

Tp2, 
K 

Fe72B20Si4Nb4 
0.40 819 845 922 
0.60 820 844 921 

Fe36Co36B19Si5Nb4 
0.30 807 833 997 
0.40 807 835 1000 

Fe43Co14Ni14B20Si5Nb4 
0.40 804 831 944 
0.65 804 829 942 

The fracture surfaces of the investigated samples in form of 
rings were investigated by SEM at different magnifications.  
Figures 12, 13 and 14 present micrographs of selected areas  
of examined glassy materials.  

The characteristic of the fracture surfaces showed different 
fracture zones. The fractures could be classified as mixed types 
with indicated two different kinds of zones. The first kind of 
fracture marked on the micrographs as “Zone I” contains weakly 
formed “river” and “shell” patterns and second one marked as 
“Zone II” contains “smooth” areas.  

The investigated fracture surfaces of two different kinds of 
zones probably informed about different amorphous structures  
of the studied glassy rings for each alloy. 

Finally, Table 4 presents information concerning some 
magnetic properties of the studied alloys in forms of the ring  
in as-cast state.  

Generally, the initial magnetic permeability (µr) decreases 
with increasing of the thickness of studied rings. The µr obtained  
a value of 339 for sample of Fe72B20Si4Nb4 alloy with thickness of 
0.40 mm and 176 for sample with thickness of 0.60 mm. 
Moreover, the initial magnetic permeability of Fe36Co36B19Si5Nb4 
bulk metallic glasses has a value of 424 for ring with thickness of 
0.30 mm and µr = 212 for sample with thickness of 0.40 mm. 
Similarly, the µr has a value of 462 and 241 for rings of 
Fe43Co14Ni14B20Si5Nb4 alloy with thickness of 0.40 and 0.65 mm, 
adequately.  

Basing on the works [28-31], the intensity of magnetic 
permeability relaxation ( µ/µ) is directly proportional to the 
concentration of the defects in amorphous materials, i.e. free 
volume concentration. The value of the µ/µ also decreases with 
increasing sample thickness for each studied alloy. 

The magnetic permeability relaxation determined for samples 
in form of ring with thickness of 0.40 and 0.60 mm for 
Fe72B20Si4Nb4 alloy has a value of 5.9 and 3.7 %, accordingly.  
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Fig. 3. X-ray diffraction patterns of Fe72B20Si4Nb4 glassy rings 
with diameter of 30 mm and thickness of 0.40 and 0.60 mm  
in as-cast state 

 

 
 

Fig. 4. X-ray diffraction patterns of Fe36Co36B19Si5Nb4 glassy 
rings with diameter of 30 mm and thickness of 0.30 and 0.40 mm 
in as-cast state 

 

 
 

Fig. 5. X-ray diffraction patterns of Fe43Co14Ni14B20Si5Nb4 glassy 
rings with diameter of 30 mm and thickness of 0.40 and 0.65 mm 
in as-cast state 

 
 

Fig. 6. Transmission electron micrograph plus electron diffraction 
pattern of Fe72B20Si4Nb4 glassy ring with thickness of 0.40 mm 
 

 
 

Fig. 7. Transmission electron micrograph plus electron diffraction 
pattern of Fe36Co36B19Si5Nb4 glassy ring with thickness  
of 0.40 mm 

 

 
 

Fig. 8. Transmission electron micrograph plus electron diffraction 
pattern of Fe43Co14Ni14B20Si5Nb4 glassy ring with thickness  
of 0.65 mm 

 

Results of DTA analysis (at 6 K/min) of master alloys of 
studied bulk metallic glasses are presented in Table 2, melting 
temperature (Tm) and liquidus temperature (Tl) are given.  

The melting and liquidus temperature has a value of 1403 and 
1433 K, adequately for master alloy of Fe72B20Si4Nb4 metallic 
glass. In the similar way, Tm has a value of 1313 K and Tl reached  
a value of 1363 K for Fe36Co36B19Si5Nb4 alloy. Additionally, the 
melting temperature reached a value of 1318 K and liquidus 
temperature has a value of 1358 K for third studied alloy with 
composition of Fe43Co14Ni14B20Si5Nb4. The addition of Co and Ni 
into Fe-B-Si-Nb alloy has caused the decrease of melting and 
liquidus temperature of studied materials.  
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Fe72B20Si4Nb 1403 1433 
Fe36Co36B19Si5Nb4 1313 1363 

Fe43Co14Ni14B20Si5Nb4 1318 1358 
 
 
The DTA curves (at 6 K/min) measured on amorphous rings 

with different thickness in as-cast state for studied alloy are 
shown in Figures 9, 10 and 11.

The two stage crystallization process was observed for all 
examined rings. The first stage crystallization of Fe72B20Si4Nb4 
alloy for sample with thickness of 0.40 mm includes onset 
crystallization temperature (Tx1 = 819 K) and peak crystallization 
temperature (Tp1 = 845 K). The analysis of the second 
crystallization stage allows to determine only peak crystallization 
temperature (Tp2) with value of 922 K. Results of DTA analysis of 
ring with thickness of 0.60 mm also confirmed existing of  
Tx1 = 820 K, Tp1 = 844 K and Tp2 = 921 K. 

The first stage of crystallization obtained for samples of  
Fe36Co36B19Si5Nb4 bulk metallic glass includes onset 
crystallization temperature at value of Tx1 = 807 K for rings with 
thickness of 0.30 mm and 0.40 mm, similarly. The peak 
crystallization temperature has a value of Tp1 = 833 K for ring 
with thickness of 0.30 mm and Tp1 = 835 K for sample with 
thickness of 0.40 mm. The analysis of the second crystallization 
stage of studied samples allows to determine peak crystallization 
temperature, which has a value of 997 K (g = 0.30 mm)  
and 1000 K (g = 0.40 mm). 

The DTA curves obtained for samples of 
Fe43Co14Ni14B20Si5Nb4 bulk metallic glass with thickness of  
0.40 and 0.65 mm inform that the first stage of crystallization 
includes onset crystallization temperature at value of Tx1 = 804 K. 
The peak crystallization temperature has a value of Tp1 = 831 K 
for ring with thickness of 0.40 mm and 829 K for sample with 
thickness of 0.65 mm. The second crystallization stage of studied 
materials is described by peak with temperature of Tp2 = 944 K for 
ring with thickness of 0.40 mm and temperature of Tp2 = 942 K 
for sample with thickness of 0.65 mm. 

The analysis of crystallization process of examined rings for 
three alloys shows that peak of crystallization temperature is 

changing with increasing of samples thickness. The differences of 
crystallization temperatures between rings with chosen thickness 
of the same alloy are probably caused by different amorphous 
structures as a result of the different cooling rates in casting 
process of studied bulk metallic glasses. 

The thermal properties associated with onset (Tx) and peak 
(Tp) crystallization temperatures of studied glassy samples are 
presented in Table 3. 

 
Table 3.  
Thermal properties of the studied samples in forms of ring  
in as-cast state 

Alloy Thickness, 
mm 

Tx1, 
K 

Tp1, 
K 

Tp2, 
K 

Fe72B20Si4Nb4 
0.40 819 845 922 
0.60 820 844 921 

Fe36Co36B19Si5Nb4 
0.30 807 833 997 
0.40 807 835 1000 

Fe43Co14Ni14B20Si5Nb4 
0.40 804 831 944 
0.65 804 829 942 

The fracture surfaces of the investigated samples in form of 
rings were investigated by SEM at different magnifications.  
Figures 12, 13 and 14 present micrographs of selected areas  
of examined glassy materials.  

The characteristic of the fracture surfaces showed different 
fracture zones. The fractures could be classified as mixed types 
with indicated two different kinds of zones. The first kind of 
fracture marked on the micrographs as “Zone I” contains weakly 
formed “river” and “shell” patterns and second one marked as 
“Zone II” contains “smooth” areas.  

The investigated fracture surfaces of two different kinds of 
zones probably informed about different amorphous structures  
of the studied glassy rings for each alloy. 

Finally, Table 4 presents information concerning some 
magnetic properties of the studied alloys in forms of the ring  
in as-cast state.  

Generally, the initial magnetic permeability (µr) decreases 
with increasing of the thickness of studied rings. The µr obtained  
a value of 339 for sample of Fe72B20Si4Nb4 alloy with thickness of 
0.40 mm and 176 for sample with thickness of 0.60 mm. 
Moreover, the initial magnetic permeability of Fe36Co36B19Si5Nb4 
bulk metallic glasses has a value of 424 for ring with thickness of 
0.30 mm and µr = 212 for sample with thickness of 0.40 mm. 
Similarly, the µr has a value of 462 and 241 for rings of 
Fe43Co14Ni14B20Si5Nb4 alloy with thickness of 0.40 and 0.65 mm, 
adequately.  

Basing on the works [28-31], the intensity of magnetic 
permeability relaxation ( µ/µ) is directly proportional to the 
concentration of the defects in amorphous materials, i.e. free 
volume concentration. The value of the µ/µ also decreases with 
increasing sample thickness for each studied alloy. 

The magnetic permeability relaxation determined for samples 
in form of ring with thickness of 0.40 and 0.60 mm for 
Fe72B20Si4Nb4 alloy has a value of 5.9 and 3.7 %, accordingly.  
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Fig. 9. DTA curves of Fe72B20Si4Nb4 glassy rings  
in as-cast state (heating rate 6 K/min) 
 

 
 
Fig. 10. DTA curves of Fe36Co36B19Si5Nb4 glassy rings  
in as-cast state (heating rate 6 K/min) 
 

 
 

Fig. 11. DTA curves of Fe43Co14Ni14B20Si5Nb4 glassy rings  
in as-cast state (heating rate 6 K/min) 

 
 
Fig. 12. Fracture morphology of Fe72B20Si4Nb4 glassy ring with 
diameter of 30 mm and thickness of 0.40 mm 

 

 
 

Fig. 13. Fracture morphology of Fe36Co36B19Si5Nb4 glassy ring 
with diameter of 30 mm and thickness of 0.40 mm 

 

 
 

Fig. 14. Fracture morphology of Fe43Co14Ni14B20Si5Nb4 glassy 
ring with diameter of 30 mm and thickness of 0.40 m 

 

Table 4.  
Magnetic properties of the studied glassy alloys in forms of ring 
in as-cast state 

Alloy Thickness, 
mm µr 

µ/µ, 
% 

Fe72B20Si4Nb4 
0.40 339 5.9 
0.60 176 3.7 

Fe36Co36B19Si5Nb4 
0.30 424 5.3 
0.40 212 5.0 

Fe43Co14Ni14B20Si5Nb4 
0.40 462 6.7 
0.65 241 2.7 

 
 
For samples of second alloy (Fe36Co36B19Si5Nb4) the µ/µ has 

a value of 5.3 and 5.0% for rings with thickness of 0.30 and 0.40 
mm. The magnetic permeability relaxation of studied rings of 
Fe43Co14Ni14B20Si5Nb4 alloy has a value of 6.7% for sample with 
thickness of 0.40 mm and the µ/µ = 2.7% for sample with 
thickness of 0.65 mm. 

4. Conclusions 
 
The investigations performed on the studied bulk metallic 

glasses in form of rings allowed to formulate the following 
statements: 

The XRD and TEM investigations revealed that the studied 
as-cast bulk glassy samples in forms of ring were amorphous 
for all tested alloys, 
The liquidus temperature reached a value of 1433, 1363 and 
1358 K for Fe72B20Si4Nb4, Fe36Co36B19Si5Nb4 and 
Fe43Co14Ni14B20Si5Nb4 master alloy, adequately, 
The samples of studied alloys presented two stage 
crystallization process, which was observed for all tested rings 
with different thickness,  
Changes of crystallization temperatures versus the thickness 
of the glassy samples were stated, 
The SEM images showed that fractures of studied rings  in as-
cast state indicated two structurally different zones, which 
contain “river” patterns and “smooth” areas, 
The initial magnetic permeability determined for all studied 
glassy rings decreased with increasing of sample thickness, 
The magnetic permeability relaxation, which is directly 
proportional to the microvoids concentration in amorphous 
structure decreased with increasing of sample thickness and 
could be assumed as changing of amorphous structure in 
function of metallic glass thickness. 
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