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Abstract: A considerable experimental research of amorphous and nanocrystalline FINEMET-type Fe–Cu–
M–Si–B (M = Nb, V, Mo, Ta...) metallic glass systems has been conducted, aiming the optimization of the 
alloy microstructure and appropriate functional properties for technical applications. In this paper, synthesis, 
structural and magnetic characterization of ferro magnetic Fe72Cu1V4Si15B8    melt-spun ribbon in as-cast state 
was performed.  
XRD patterns exhibit both amorphous halo and sharp diffraction peaks of α-Fe (Si) and Fe23B6  nanocrystalline phases. 
Structural and phase transformations were also examined by following the variation of magnetization (at Hex= 8 kA/m) 
as a function of temperature. Thermomagnetic curve shows the Curie temperature of about 615 K as well as peak onset 
at about 745 K associated with the crystallization process. Magnetic hysteresis loops measurements were carried out by 
a Vibrating Sample Magnetometer-VSM in external DC magnetic field applied in the longitudinal and perpendicular 
direction, on the 15 mm long and 1.5 mm wide ribbon sample. The obtained results suggest that the position of easy and 
hard axis of magnetization related to the external magnetic field affects the appearance of the hysteresis loop.  

Keywords: amorphous/nanocrystalline alloy, melts pinning, structural properties, thermomagnetic properties, magnetic 
properties. 
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1. INTRODUCTION 

The fundamental properties of magnetically soft alloys 
include higher values of magnetic permeability (initial and 
saturation) with lower values of coercive field (Hc) and 
higher value of saturation magnetization (Ms). A group of 
nanocrystalline materials of the Fe-Cu-M-Si-B system, 
where M = Cr, V, Mo, Nb, Ta and W, is called 
„FINEMENT type alloys“. Research on this group of 
alloys began three decades ago, and a significant 
contribution to their characterization was given by 
Japanese researchers Yoshizawa and Yamauchi, who are 
considered to be its founders [1]. The role of copper (Cu) 
atoms is faster nucleation, because the clusters of these 
atoms serve as nucleation centers around which 
nanocrystalline clusters of the α-Fe (Si) phase are formed, 
which is the carrier of the magnetism of the alloy [2-4] and 
contributes to the magnetically soft property. In addition to 
Si atoms, B atoms contribute to the creation of a stable 
amorphous structure, but with the appearance of crystalline 

boride phases of iron (Fe2B or / and Fe3B, Fe23B6), the 
magnetically soft properties are disturbed [2, 3]. The 
presence of atoms M = Nb, Ta, V, W, Cr and Mo, leads to 
a slower growth of α-Fe (Si) crystals according to the 
following influence: Ta> Nb> Mo> W> V> Cr. It was 
found experimentally that the crystallite size of α-Fe (Si) 
was: 11.9 nm for Ta; 12.5nm for Nb, 15nm for Mo; 15.3nm 
for W; 41nm for V and 46.5nm for Cr [1]. Herzer 
investigated the influence of α-Fe (Si) crystallite size on 
the magnetic properties of the material (magnetocrystalline 
anisotropy, magnetostriction, coercive field and magnetic 
permeability). The size of the crystal grain, D, is in relation 
to the coercive field (Hc) in the following relation: 1 / D≈Hc 
(„Mager's 1 / D law“). For conventional materials, D is 
greater than 1μm, and for crystals up to 100 nm in size, the 
dependence of D6≈Hc and D-6≈μi has been observed, which 
is known in the literature as "Herzer D6 law"[2].  

So far, several methods have been developed for obtaining 
amorphous/nanocrystalline metal alloys [5], where one 
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group consists of rapid cooling of the alloy melt on a 
rotating roller (Melt spinning) [5,6]. With this method it is 
possible to obtain an amorphous ribbon up to 80 μm [7]. 
The hardening of the alloy melt must fulfill certain 
conditions so that hardened droplets do not form instead of 
the ribbon product. This is achieved by fulfilling the 
following conditions: (i) there must be an appropriate fixed 
distance between the places of extrusion of the melt on the 
rotating roller; (ii) the cooling fluid must have low 
viscosity and surface tension, (iii) cooling should be at 
constant speed, which is achieved by a constant speed of 
rotation of the cooling surface (wheel or roller), in order to 
make the ribbon homogeneous [6, 8]. The melt obtained by 
melting the components is poured from a quartz or ceramic 
ampoule having a flat nozzle on top, with a certain slit 
whose width defines the width of the ribbon. The melt is 
extruded at a certain pressure, usually with inert gas, on a 
rotating roller that rotates at a speed of 300 - 1800 rpm, 
which is necessary to provide continuous cooling of the 
melt at a speed of 106 - 108 K/s to achieve amorphization 
of the alloy [6, 8, 9]. 

The kinetics of crystallization was examined by DTA 
analysis with three different heating rates (β = 5K/min, 10 
K/min and 15 K/min), which showed two exothermic 
crystallization peaks which are for β= 5 K/min from 750 K 
to 780 K, and the second in the range from 875 K to 900 
K. The first peak represents crystallization and the second 
recrystallization [10, 11]. 

XRD analysis of the as-prepared alloy identified the 
crystalline phases as α-Fe (Si) and Fe23B6 whose 
percentage is about 15% of the alloy [10]. 

The alloy is used in practice for electro-magnetic 
interference (EMI) filters as a coil core, then for making 
sheets for shielding electronic components or conductors, 
for electromagnetic field absorbers, as well as for current 
and magnetic sensors. Also, it may be used for the 
production of cores of high-voltage pulse transformers and 
high-frequency high-power transformers. The 
aforementioned electronic components are integrated into 
devices used in defense technologies. 

Magnetic impedance effect for as-prepared alloy is: 153% 
for 18.55 MHz at H = 0 A / m and 150% for 16.24 MHz at 
H = 106 A / m for Hmax = 21.2kA / m [12, 13]. 

2. EXPERIMENTAL PROCEDURE 

2.1. Synthesis of the alloy 

The tested alloy Fe72Cu1V4Si15B8 was obtained by the 
method of rapid cooling of the melt on a cold rotating disc, 
where the starting materials of the following atomic masses 
were used: iron (Fe), "ARMKO", аFe=55,847; boron (B), 
Fe-B alloy (17% B), aB= 10,811; copper (Cu), 
electrotechnical аCu=63,546; silicon (Si), monocrystalline, 
aSi= 28,085; vanadium (V), polycrystalline, aV= 50,941. 
The mass fraction bi of every element in the alloy is 
calculated according the formula: 

 𝑏௜ ൌ ଵ଴଴

∑
೎ೕೌೕ
೎೔ೌ೔

೙
ೕసభ

 , (1) 

where for an n-component system ci stands for atomic 
percentage, bi is weight percentage, and ai is atomic mass 
of the i-th component. 

The final product was obtained in two steps: the first 
included the melting of the starting materials in an argon 
atmosphere, which was then gradually cooled to room 
temperature. This material was then remelted at a 
temperature 822 K in the second cycle and then injected 
and rapidly cooled on a rotating wheel with R=0.9m, at a 
speed of 1940 rpm. In this way, a ribbon about 1.5 mm 
wide and about 55 μm thick was obtained. 

2.2. Characterization methods 

The surface of the sample was observed with a magneto-
optical Kerr microscope (MOKE) and a magnetometer 
(evicomagnetics Kerr-Microscope & Magnetometer) in 
longitudinal mode (the applied feld is parallel with the 
sample’s surface plane). 

 X-ray diffractometry (XRD) was performed at room 
temperature using a Rigaku Smart Lab diffractometer with 
Cu Kα radiation of 0,154 nm.  

Static magnetic hysteresis loop in the longitudinal and 
perpendicular orientation was recorded with an EG&G 
Vibrating Sample Magnetometer – VSM for the sample 
weighing 4.85 mg, length 15 mm in the magnetic field in 
the range from 10 kOe to 10 kOe, at room temperature.  

Thermomagnetic measurements were done with the same 
device. 

3. RESULTS AND DISCUSSION 

3.1. МОКЕ microscopy 

Analysis of the surface showed a difference in the appearance 
between the side of the ribbon that was in contact with the 
copper wheel, which has a higher roughness ("matte"), and the 
free side (upper side of the ribbon). The increased roughness 
is a consequence of the increased friction due to the trapping 
of the gas by which the melt was extruded out of the ampoule 
between the curing melt and the high-speed rotating roller. 
The upper side is shinier, because it hardens almost without 
friction (Fig.1). 

Differences in roughness are possible up to five times [14]. 
In addition, the folds on the belt are directed in the direction 
of rotation of the roller, ie. in the direction of pulling the 
ribbon. Also, a slight difference was observed in the results 
of the structural analysis of one in relation to the other side, 
although the side of the ribbon where it is in contact with 
the copper wheel hardens faster comparing to the upper 
side. It has also been established that the magnetic and 
mechanical properties of one in relation to the other side of 
the surface are different in the ribbons obtained in this way 
[14]. On the side of the ribbon that was next to the wheel, 
the coercive field Hc near the surface and the residual stress 
σ are higher than on the free side of the ribbon [14]. It is 
interesting data that the difference in residual stress in the 
surfaces is maintained even after the amorphous ribbon is 
annealed [14]. 

г) 
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Fig. 1 Appearance of the surface of Fe72Cu1V4Si15B8 alloy 
recorded with a MOKE microscope, magnification 2, a) as-
prepared  alloy, shiny side for H = 0.66 Oe, b) as-prepared 
alloy, matt side for H = 0.26 Oe, c) alloy annealed at 773 
K, shiny side for H = 0.60 Oe and d) alloy annealed at 773 
K, matt side for H = 0.60 Oe 

When the obtained ribbons are annealed, the gloss 
decreases due to structural changes and phase 
transformations. It is known that an amorphous alloy has 
many times higher gloss compared to an equivalent 
crystalline alloy. After the thermal treatment of the starting 
alloy, the surface roughness increases due to the 
appearance of crystal grains. 

3.2. XRD analysis 

In previous studies of the as-prepared alloy 
Fe72Cu1V4Si15B8, it was determined that two crystalline 
iron phases were formed in the amorphous matrix: α-Fe 
(Si) (PDF # 35-0519) and Fe23B6 (ICSD # 54786) [10, 11]. 
By this analysis it was found that their presence is about 
15% [6].  

 

Fig.2 XRD paterns of both sides of the ribbon 
Fe72Cu1V4Si15B8 

In Fig. 2 XRD recordings of both sides of the ribbon are 
given, where the free (shiny) side is marked in black, while 
the side next to the wheel (matte side) is marked in red. 
Comparison of XRD recordings shows that the peaks with 
which the α-Fe (Si) phase was identified are more 
pronounced on the free side of the ribbon, which hardens 

more slowly in relation to the side closer to the wheel, 
suggesting that these crystalline phases are more 
represented on that side. 

3.3. Measurement with VSM device 

a) Thermomagnetic measurement 

We investigated the influence of crystallization on 
magnetic moment by thermomagnetic measurements, 
where was found that with an increase in temperature 
above 550 K there is a sharp drop in magnetization at 
temperature of 615 K (Fig. 3). This temperature is 
indicated in the diagram in Fig. 3 with No. 1 and denotes 
the Curie (Tc) temperature of the amorphous phase. 

 

Fig. 3 Thermomagnetic curve of alloyFe72Cu1V4Si15B8 

The magnetization did not reach zero value because in the 
examined alloy there is about 15% of crystalline phases 
which have higher Tc. With further heating, the 
magnetization decreases slightly, up to the temperature of 
about 745 K (point 2 in the diagram) when it rises sharply 
up to the temperature of about 800 K, when it decreases 
again to a temperature of 875 K (point 3 in the diagram). 
The thermomagnetic peak in the interval from 745 K to 875 
K results from the crystallization of the material. At a 
temperature of 875 K the magnetization dropped to zero, 
and this temperature can be considered as the Curie 
temperature, Tc for a fully crystallized alloy. 

б) Magnetic measurement 

The saturation magnetization in the longitudinal 
orientation of the sample is many times higher compared 
to the saturation magnetization in the perpendicular 
orientation of the sample in relation to the direction of the 
magnetic field action. In longitudinal orientation of the 
sample, at a field strength of 245 Oe (~ 19.5 kA/m), the 
magnetization is 216 emu/g, while for the same value of 
the magnetic field in perpendicular orientation of the 
sample, the magnetization is barely greater than zero 
(0.015 emu/g) (Fig. 4). With further increase of the 
magnetic field, in longitudinal orientation of the sample 
magnetization increases very little, while in perpendicular 
orientation it increases practically linearly from the 
beginning of magnetization, so that at H= 10 kOe (~796 
kA/m), 𝑀௦

௟௢௡௚. ൌ 229 emu/g;𝑀௦
௡௢௥. ൌ  94emu/g 

(𝑀௦
௟௢௡௚./𝑀௦

௡௢௥.≈2.4) (Fig. 4). 

a) b) 

d) c) 
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Fig. 4 Magnetic hysteresis loops for longitudinal and 
perpendicular direction of the sample relative to magnetic 
field 

Based on the examination of the influence of the magnetic 
field on the sample, it can be concluded that the position of 
the easy magnetization axis is along the sample, while the 
hard magnetization axis is perpendicular to the plane along 
the ribbon. 

The hysteresis loop of the sample after the thermo-
magnetic measurements (after heating to a temperature of 
1070 K) has degraded magnetically soft properties in 
comparison to the curve measured before heating (Fig. 5). 

 

Fig. 5 Magnetic hysteresis loop before and after subjection 
of the sample to thermomagnetic measurements. 

This is explained by the lower mobility of the magnetic 
domains because the alloy has completely crystallized, and 
the crystallites have significantly increased their diameter 
[10, 15]. 

Besides that, the alloy has become richer in the boride 
crystalline phase, where the boron which coats α-Fe reduces 
the magnetic exchange interaction, leading to additional 
degradation of magnetic properties [2, 10, 15, 16]. 

5. CONCLUSION 
By testing the ribbon of the alloy Fe72Cu1V4Si15B8, was 
found that the structural properties are different for one 
side of the ribbon compared to the other, which is reflected 

in different texture and gloss, as well as different 
diffraction peaks obtained by XRD analysis. The Curie 
temperature of the amorphous phase of the alloy is about 
615 K, while the Curie temperature of the fully crystallized 
alloy is about 875 K. The position of the easy axis of 
magnetization significantly affects the magnetization value 
along the ribbon (in-plane), which was concluded based on 
the much greater magnetization at longitudinal position of 
the sample relative to magnetic field, in comparison with 
perpendicular orientation. 
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