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ABSTRACT

Purpose: The paper presents a microstructure characterization, thermal stability and soft magnetic properties 
analysis of Fe-based bulk amorphous materials.
Design/methodology/approach: The studies were performed on Fe72B20Si4Nb4 glassy alloy in form 
of ribbons and rods. The amorphous structure of tested samples was examined by X-ray diffraction (XRD), 
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) methods. The thermal 
properties of the glassy samples were measured using differential thermal analysis (DTA) and differential scanning 
calorimetry (DSC). The magnetic properties were determined by the Maxwell-Wien bridge and VSM methods.
Findings: The X-ray diffraction and transmission electron microscopy investigations have revealed that the 
studied as-cast bulk metallic glasses were amorphous. Broad diffraction halo can be seen for all tested samples, 
indicating the formation of a glassy phase with the diameters up to 2 mm. The fracture surface of rod samples 
appears to consist of small fracture zones, which leads to breaking of the samples into parts. A two stage 
crystallization process was observed for studied amorphous alloy. The changes of crystallization temperatures and 
magnetic properties as a function of glassy samples thickness were stated.
Practical implications: The studied Fe-based alloy system has good glass-forming ability and thermal stability 
for casting bulk metallic glasses, which exhibit good soft magnetic properties, useful  for many electric and 
magnetic applications.
Originality/value: The obtained examination results confirm the utility of applied investigation methods in the 
microstructure, thermal and soft magnetic properties analysis of examined bulk amorphous alloys.
Keywords: Amorphous materials; Bulk metallic glasses; Soft magnetic material; Fe-based alloys
Reference to this paper should be given in the following way: 
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MATERIALS

 

 
1. Introduction 

 
It is generally known that Fe-based conventional metallic 

glasses exhibit soft magnetic properties better than the 

corresponding crystalline alloys. Preparation of that kind of 
materials requires high critical cooling rates of about 106 K/s.  

Inoue et al. found some bulk amorphous alloys, which have 
good glass-forming ability (GFA) with good soft magnetic 
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properties in the amorphous state [1-3]. These alloys could be 
prepared in different form like rods, rings or plates with low 
critical cooling rates below 103 K/s [4].  

Fe-based bulk amorphous alloys with critical cooling rates below 
103 K/s have been often found in Fe-based alloy systems containing 
metalloids (B, C, Si, and P) and early transition elements (Zr, Nb, Hf) 
[5]. These alloys should realize three Inoue’s rules [2] for bulk glass-
forming ability: (1) an alloy system consisting of more than three 
elements, (2) a difference in atomic size ratios above about 12% among 
the elements, and (3) negative heats of mixing among their elements. 

The first Fe-based bulk glassy alloys were prepared in 1995, since 
then, a variety of Fe-based bulk glassy alloys have been formed and 
their alloy components can be classified into five groups (Table 1) [6]. 
The paper presents some results of Fe72B20Si4Nb4 alloy, which is 
classified for the IV Group of Fe-based bulk metallic glasses.  

 
Table 1.  
Classification of Fe-based bulk metallic glasses [6] 

 

Group 
 

 

Examples of Fe-based glassy alloys 
 

I. Fe-(Al,Ga)-(P,C,B,Si) 
Fe-(Cr,Mo,Nb)-(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 
Fe-Co-Ni-B-Si-Nb 

V. Fe-Nd-Al 
 
 
2. Materials and research methodology 
 

The aim of the present work is the microstructure 
characterization, thermal stability and soft magnetic properties 
analysis of Fe72B20Si4Nb4 bulk amorphous alloy (Group IV) using 
XRD, TEM, SEM, DTA, DSC and VSM methods.  

The investigated material was cast in form of ribbons with 
thickness g = of 0.03, 0.08 and 0.20 mm and rods with diameter  
 

of  = 1.5 and 2 mm. The ribbons were prepared by the 
continuous casting of the liquid alloy on a copper based wheel. 
That casting method was applied in works [7-10]. Moreover, rods 
were manufactured by the pressure die casting. The pressure die 
casting technique [11] is a method of casting a molten alloy into 
copper mould under a protective gas pressure (Fig.1).  

Structure analysis of studied materials were carried out using  
X-ray diffraction (XRD). Seifert-FPM XRD 7 diffractometer with 
CoKα radiation was used for ribbon samples measurements and 
PANalytical X’Pert diffractometer with CoKα radiation was used 
for rod samples examination.  

Transmission electron microscopy (TEM, TESLA BS 540) 
was used for the structural characterization of tested glassy 
samples. Thin foils for TEM observation were prepared by an 
electrolytic polishing method after a mechanical grinding. 

The fracture morphology of  studied glassy material in form 
of rods with diameter of 1.5 and 2 mm was analyzed using the  
scanning electron microscopy (SEM).  

The thermal properties associated with crystallization temperature 
of the amorphous ribbons were measured using the differential 
thermal analysis (DTA, Mettler) at a constant heating rate of 6 K/s 
under an argon protective atmosphere. The differential scanning 
calorimetry (DSC, Netzsch) was used to determine crystallization and 
glass transition temperature for tested glassy alloy in form of rods.  

The Curie temperature of investigated glassy ribbons was 
determined by measuring a volume of magnetization in function 
of temperature. The Curie temperature of amorphous phase was 
calculated from the condition dM(T)/dT=minimum [12]. 

The initial magnetic permeability relaxation was measured by 
using the Maxwell-Wien bridge. Applied magnetic field was a 
value of 0.5 A/m and frequency about 1 kHz.  

The magnetic after effects (Δµ/µ) was determined by 
measuring changes of magnetic permeability of examined alloys 
as a function of time after demagnetization, where Δµ is  
difference between magnetic permeability determined at t1 = 30 s 
and  t2 = 1800 after demagnetization and  µ at t1 [13,14].  

The magnetic hysteresis loops of studied metallic glasses 
were measured by the resonance vibrating sample magnetometer 
(R-VSM) presented by Wrona et al. [15].

 

 
 

Fig. 1. Schematic illustration of the pressure die casting equipment used for casting bulk amorphous samples [11] 
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3. Results and discussion 
 

The X-ray diffraction investigations have revealed that the 
studied as-cast bulk metallic glasses were amorphous. The 
diffraction patterns of tested ribbon samples (Fig.2) and rod 
samples (Fig.3) have shown the broad diffraction halo 
characteristic for the amorphous structure. 
 

 
 
Fig. 2. X-ray diffraction patterns of Fe72B20Si4Nb4 glassy ribbons 
in as-cast state with thickness of 0.03, 0.08 and 0.20 mm  

Figures 4 and 5 show TEM images and electron diffraction 
patterns of as-cast ribbon with thickness of 0.03 and 0.2 mm and 
rod with diameter of 1.5 and 2 mm, adequately.  

The TEM images reveal only a changing of contrast and no 
appreciable contrast corresponding to a crystalline phase is seen. 
The electron diffraction pattern consists only of halo rings. Broad 
diffraction halo can be seen for all tested bulk samples, indicating 
the formation of a glassy phase with the diameters up to 2 mm. 

 

Fig. 3. X-ray diffraction patterns of Fe72B20Si4Nb4 glassy rods in 
as-cast state with diameter of 1.5 and 2 mm  

a)  

b)  
 

Fig. 4. Transmission electron micrograph and electron diffraction 
pattern of the as-cast glassy Fe72B20Si4Nb4 ribbon with a thickness 
of: (a) 0.03 mm and (b) 0.20 mm 
 

a)  

b)  
 
Fig. 5. Transmission electron micrograph and electron diffraction 
pattern of the as-cast glassy Fe72B20Si4Nb4 rod with a diameter of: 
(a) 1.5 mm and (b) 2 mm 

3.	 Results and discussion
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a) 

 
 

b) 

 
 

c) 

 
 

Fig. 6. SEM micrographs of the fracture morphology of 
Fe72B20Si4Nb4 amorphous rod in as-cast state with diameter  
of 1.5 mm  

a) 

b) 

 
 

c) 

 
 

Fig. 7. SEM micrographs of the fracture morphology of 
Fe72B20Si4Nb4 amorphous rod in as-cast state with diameter  
of 2 mm  
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The appearance of the fracture surface was investigated by 
SEM method at different magnifications. Figure 6 (a-c) shows 
micrographs of as-cast glassy rod with diameter of 1.5 mm. What 
is more, Figure 7 (a-c) presents images of glassy rods with  
diameter of 2 mm, similarly.  

The fracture surface appears to consist of small fracture 
zones, which leads to breaking of the samples into parts. The 
presented fractures could be classified as mixed fracture with 
indicated fluvial fractures, which as characteristic for glassy 
alloys. 

The DTA curves measured on a fully amorphous ribbon 
samples with thickness of 0.03, 0.08 and 0.20 mm in as-cast state 
for examined alloy composition are shown in Figure 8.

A two stage crystallization process was observed for 
Fe72B20Si4Nb4 bulk amorphous alloy. The exothermic peaks 
(DTA curves) describing crystallization effects are situated very 
close. The first stage crystallization of studied glassy alloy for 
ribbon with thickness of 0.03 mm includes onset crystallization 
temperature (Tx1 = 842 K) and peak crystallization temperature 
(Tp1 = 864 K). Moreover, analysis of the second crystallization 
stage allows to determine only peak crystallization temperature 
(Tp2 = 892 K), as well. 

 

 
 
Fig. 8. DTA curves of Fe72B20Si4Nb4 glassy alloy ribbons in  
as-cast state 

The analysis of crystallization process of tested glassy ribbons 
shows that crystallization temperature’s peak during first stage of 
crystallization increase with increasing samples thickness and 
decrease during second stage of crystallization. The differences of 
crystallization temperature between ribbons with different 
thickness of the same chemical composition are probably caused 
by a different degree of relaxation as a result of the different 
cooling rates during casting process and different amorphous 
structures of tested glassy samples.    

Figure 9 shows normalized magnetization curves as a function 
of temperature with linear heating rate 5 K/min for examined 
glassy ribbons. The Curie temperature of amorphous phase of 
studied ribbons was determined from the dM/dT curves obtained 
of magnetization data.  
 

 
 
Fig. 9. Normalized curves of magnetization of Fe72B20Si4Nb4 
glassy alloy in form of ribbons in as-cast state 
 

 
Fig. 10. dM/dT curves versus temperature of as-cast glassy 
Fe72B20Si4Nb4 alloy ribbons 
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Table 2.  
Thermal and magnetic properties of Fe72B20Si4Nb4 bulk metallic glass in form of ribbons 

 
Thermal properties 

 
Magnetic properties 

Alloy 

 
Thickness 

[mm] 
 

Tc  
[K] 

Tp1  
[K] 

Tp2 
[K] 

 
 Bs 

[T] 
Hc 

[A/m] 

 

µr Δµ/µ 
[%] 

 
0.03 

 
577 864 892 

 
 

 
1.04 

 
8.0 

 
1293 

 
9.4 

0.08 
 

589 
 

 

869 
 

 

893 
 

 
 

 
1.12 

 
4.8 

 
2209 

 
4.9 

 

 
 

Fe72B20Si4Nb4 

 

 0.20 590 871 890 
  

1.11 
 

5.6 
 

2527 
 

3.0 

 

 
 
Fig. 11. Maximum magnetic permeability of Fe72B20Si4Nb4 glassy 
ribbon in as-cast state with thickness of 0.03 mm 

The Curie temperature (Tc) for sample with thickness of  
0.03 mm has a value of 577 K, for ribbon with thickness  
of 0.08 mm Tc = 589 K and Tc has a value of 590 K for sample 
with thickness of 0.20 mm (Fig.10). A variation of the Curie 
temperature is probably also due to a more relaxed amorphous 
structure of the tested ribbons with increasing thickness. 

The crystallization temperatures obtained from DTA curves 
and Curie temperature determined from normalized curves of 
magnetization are connected with thermal properties of studied 
metallic glasses in as-cast state. 

The initial magnetic permeability (µr) of Fe72B20Si4Nb4 is 
1293 for ribbon with thickness of 0.03 mm and µr = 2527 for 
sample with thickness of 0.20 mm. Moreover, the initial magnetic 
permeability of studied alloy cast in form of rods has a lower 
value, µr = 426 for sample with diameter of 1.5 and µr = 161 for 
rod with diameter of 2 mm.  

In addition, Figure 11 presents curve of maximum magnetic 
permeability (µmax = 6500) obtained for glassy ribbon in as-cast 
state with thickness of 0,03 mm.  

From magnetic hysteresis loops obtained from VSM 
measurements of investigated materials, coercive field and 
magnetic saturation induction was determined (Fig.12). 

The coercive field (Hc) of tested metallic glasses has a value 
of 8.8 A/m for glassy ribbon with thickness of 0.03 mm and  
Hc = 7.2 A/m for sample with thickness of 0.20 mm. What is 
more, the coercive field has a value of 11 A/m for rod with 
diameter of 1.5 mm and Hc = 55 A/m for rod with  
diameter of 2 mm. The saturation induction (Bs) of studied glassy 
ribbon has a value of 0.77 T and 0.72 T for samples with 
thickness of 0.03 and 0.20 mm, adequately.  

The DSC examinations of rod samples allow to determine the 
peak crystallization temperature: Tp1 = 860 K for sample with 
diameter of 1.5 mm and Tp1 = 865 K for sample with diameter of 
2 mm. The glass transition temperature (Tg = 810 K for diameter 
of 1.5 mm, Tg = 812 K for diameter of 2 mm) was determined 
 as well.  

The magnetic permeability relaxation (Δµ/µ), which was 
determined for samples with thickness of 0.03, 0.08 and 0.20 mm 
has a value of 9.4, 4.9 and 3.0 %. Moreover, (Δµ/µ) has value of 
1.4 and 0.9 % for rods with diameter of 1.5 and 2 mm. 

Figure 13 presents magnetic after effects (Δµ/µ) determined at 
room temperature versus sample thickness for glassy ribbons and 
rods in as-cast state. 

 

 
 
Fig. 12. Hysteresis loops of tasted Fe72B20Si4Nb4 glassy 
alloy ribbons with thickness of 0.03, 0.08 and 0.02 mm   
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Table 3.  
Thermal and magnetic properties of Fe72B20Si4Nb4 bulk metallic glass in form of rods 

 
Thermal properties 

 
Magnetic properties 

Alloy 

 
Thickness 

[mm] 
 

Tg 
[K] 

Tp1  
[K] 

Tp2 
[K] 

 
 Hc 

[A/m] 

 

µr Δµ/µ 
[%] 

 
1.5 

 
810 860 952 

 
 

 
11 

 
426 

 
1.4 

Fe72B20Si4Nb4 

2.0 812 865 952 
 
 

 
55 

 
161 

 
0.9 

 

Fig. 13. The magnetic permeability relaxation (Δµ/µ) determined 
at room temperature versus sample thickness  

Δµ/µ is directly proportional to the concentration of defects in 
amorphous materials, i.e. microvoids concentration. It is obvious 
that value of magnetic permeability relaxation decrease with 
increasing sample thickness. That result has also probably 
corresponds with a variation of crystallization temperatures and 
soft magnetic properties of studied glassy material.  

Table 2 and 3 also give information about thermal and 
magnetic properties of studied amorphous alloys in form of 
ribbon and rods. The obtained results of structure, thermal and 
magnetic properties allow to classify the studied Fe-based glassy 
alloy for suitable material for electric and magnetic applications.

4. Conclusions 
 
The investigations performed on the samples of Fe72B20Si4Nb4 

bulk metallic glass allowed to formulate the following statements: 
the X-ray diffraction and transmission electron microscopy 
investigations have revealed that the studied as-cast bulk 
metallic glasses were amorphous, 
the TEM images reveal only a changing of contrast and no 
appreciable contrast corresponding to a crystalline phase is seen, 

the SEM images show that studied fractures could be 
classified as mixed fracture with indicated fluvial fractures, 
which as characteristic for glassy metals, 
a two stage crystallization process was observed for studied 
bulk amorphous alloy, 
changes of Curie temperatures, crystallization temperatures 
and magnetic properties as a function of glassy ribbons 
thickness (time of solidification) were stated,  
the magnetic permeability relaxation (Δµ/µ), which is directly 
proportional to the microvoids concentration in amorphous 
structure decrease with increasing sample thickness,  
the investigated thermal and magnetic properties allow to 
classify the studied bulk metallic glasses as suitable materials 
for electric and magnetic applications. 
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