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Nanocrystallization of iron-based amorphous alloys Fe82Nb2B14RE2, where RE = Y, Gd, Tb, Dy, was studied 
by differential thermal analysis (DTA) in the temperature range from 300 K to 1300 K. The structure before 
and after the first stage of crystallization (~810 K) was checked by X-ray diffraction (XRD). The 
measurements allowed determining the temperature and activation energy of nanocrystallization. In 
addition, the influence of magnetization in an alternating magnetic field on the nanocrystallization process in 
the amorphous alloy Fe82Nb2B14Gd2 was studied. The electrochemical changes caused by the alternating 
magnetic field were investigated by potentiometry and voltammetry. 
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1. Introduction 
 
Amorphous and nanocrystalline ferromagnetic alloys 
based on iron are materials with unique physico-
chemical properties, which explains their extended 
application. Such alloys are of great importance since 
in these types of material enhancement of the effect of 
soft magnetic properties can be observed [1-5].  
 It should be emphasized that amorphous materials 
are homogeneous and do not contain grains or other 
structural elements of noticeable size. The alloys are 
obtained as a result of rapid cooling of the melts and, 
in their nature, remain closer to solid solutions than to 
inhomogeneous sediments. Actually, they may contain 
chemical and structural inhomogeneities, especially in 
the subsurface layers with plane areas and peaks, the 
heights of which may reach 10 nm. The size of certain 
inhomogeneities may be even larger (0.2-1.0 µm), but 
then the surface defects may be smaller (< 10 nm). 
Since the changes in the domain boundaries, due to 
the presence of defects, are, in fact, very small, the 
magnetic permeability remains quite high [6,7]. 
 Soft magnetic properties are connected with 
particular structural changes taking place during 
thermal annealing at temperatures close to 

crystallization, and are usually explained by  
magnetic interactions between iron nanograins. 
Indeed, a microstructure with iron nanograins 
embedded in an amorphous surrounding  
smoothes out the magnetic anisotropy and causes an 
enhancement of the magnetic permeability. It is also 
known that, in the case of Fe–Nb–B (NANOPERM 
type) amorphous alloys, such an effect occurs in the 
relaxed amorphous phase, without formation of a 
nanostructure. 
 It is necessary to establish the principal factors 
responsible for the structural stability and 
nanocrystallization of amorphous alloys under the 
actual operating conditions of magnetic devices, and 
their functional characteristics as a whole. It is known 
that the addition of boron, and other amorphizing 
agents, significantly enhances the stability of the 
amorphous phase based on Fe [8,9]. However, the 
mechanism of the action of the alloying atoms is not 
completely clarified and requires additional 
investigations by both theoretical and experimental 
methods. In particular, it is important to analyze  
the influence of annealing and different magnetic 
fields on the physico-chemical properties of 
amorphous alloys. 
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2. Experimental 
 
Experiments were carried out on the following 
amorphous metallic alloys (AMA) based on iron: 
Fe82Nb2B14Y2, Fe82Nb2B14Gd2, Fe82Nb2B14Tb2, and 
Fe82Nb2B14Dy2. The AMA were obtained by melt 
spinning in helium atmosphere onto a copper wheel 
with a circumferential speed of about 30 m/s.  
The purities of the initial metals were the following: 
Fe (99.99 wt.%), Y (99.96 wt.%), Gd (99.96 wt.%), 
Tb (99.96 wt.%), and Dy (99.96 wt.%). The alloys 
were obtained in the Kyiv G.V. Kurdyumov  
Institute for Metal Physics of NASU, in the form of 
strips with thicknesses of 20-25 µm and widths of  
1-3 mm. 
 The microstructures and elemental compositions  
of the initial samples were investigated using a 
scanning electron microscope (SEM) Zeiss Supra 55 
VP ESEM. 
 Crystallization of the obtained alloys was 
examined with the use of differential thermal analysis 
(DTA, Netzsch DTA 404PC) technique. The samples 
(about 20-25 mg of alloy) were encapsulated into an 
alumina (aluminum oxide) crucible and heated up to 
1123-1373 K at different constant heating rates (5, 8, 
15, and 25 K/min). The same empty alumina crucible 
was used as reference plate. The Fe82Nb2B14Gd2 
sample was also analyzed after magnetization in a 
low-frequency (50 Hz, 0.43 T) alternating magnetic 
field (AMF) for 30, 90, and 210 min. 
 Structural investigations were carried out by X-ray 
diffraction (XRD), using a Bruker D8 diffractometer 
with Cu Kα-radiation. The XRD spectra were 
measured for samples in the as-quenched state and 
after heating up to 850 K with a heating rate of 
15 K/min (samples used in DTA experiments), i.e. 
after the first stage of crystallization. 
 To evaluate the corrosion resistance of the 
amorphous alloys, we used the chronopotentiometric 
method, which makes it possible to study spontaneous 
electrochemical processes running on the electrode–
solution boundary according to the changes in the free 
potential (E). The changes in the free potential of the 
AMA-electrode were recorded with respect to a  
Cl– | AgCl | Ag (sat) reference electrode. The working 
electrode was an amorphous metallic alloy strip and 
the duration was 20 min. The initial (E0) and final (Ef) 
values of the potential were determined from the 
dependence E = f(t). 

 For cyclic voltammetry, we used a three- 
electrode scheme, in which, in parallel with the 
working and reference electrodes, we used an 
auxiliary electrode in the form of a platinum plate. 
The potentials were scanned in the range from –1.5 to 
+0.5 V at a sweep rate of 20 mV/s.  
The electrochemical investigations were  
performed using an IPM PC-R Jaissle 
Potentiostat/Galvanostat in a 0.05 М aqueous solution 
of H2SO4 [10]. 
 
 
3. Results and discussion 
 
The properties of amorphous alloys depend both on 
their elemental composition and on the structural  
state. The elemental compositions of the investigated 
Fe-based amorphous alloys doped by rare-earth 
elements were determined by energy-dispersive X-ray 
analysis, on a scanning electron microscope (Fig. 1, 
Table 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Microphoto of the surface of the АМA 
electrode Fe82Nb2B14Gd2. 

 
 
 Fig. 2 shows DTA curves in the temperature range 
from 600 K to 1000 K (heating rate 15 K/min) for all 
the investigated alloys. The complete curves  
(300 K-1300 K) revealed only one stage of 
crystallization i.e. one endothermal peak up to the 
temperature of 850 K. 

 
 
 

Table 1 Chemical composition of the surface of the Fe-based amorphous metallic alloys studied here. 
 

Chemical element, at.% 
Sample 

Fe Nb B Y Gd Tb Dy 
F1 82.34 1.76 13.54 2.36 – – – 
F2 82.32 1.95 13.82 – 1.91 – – 
F3 82.33 1.83 13.86 – – 1.98 – 
F4 82.29 1.77 13.78 – – – 2.16 
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Fig. 2 DTA curves for the Fe-based amorphous alloys: 1 – Fe82Nb2B14Y2, 2 – Fe82Nb2B14Gd2,  
3 – Fe82Nb2B14Tb2, 4 – Fe82Nb2B14Dy2 (heating rate 15 K/min).  

 
 

Table 2 Activation energies Ea and peak temperatures Tp determined by DTA. 
 

Amorphous alloy Heating rate, K/min Tp, K 
Еа, kJ/mol 
(Kissinger) 

Еа, kJ/mol 
(Ozawa) 

5 803 
8 807 
15 813 

Fe82Nb2B14Y2 

25 817 

472.3 485.8 

5 798 
8 804 
15 808 

Fe82Nb2B14Gd2 

25 815 

527.3 539.1 

5 801 
8 804 
15 809 

Fe82Nb2B14Tb2 

25 811 

535.5 544.0 

5 802 
8 806 
15 812 

Fe82Nb2B14Dy2 

25 816 

529.0 549.1 

 
 
 It may be noticed that the temperature of the  
DTA peak, Tp, which corresponds to the highest 
crystallization rate, depends on the rare-earth  
alloying additive. The lowest value of Tp was  
observed for the Fe82Nb2B14Gd2 alloy (808 K)  
and the highest one for the Fe82Nb2B14Y2 alloy 
(813 K). The same tendency was observed for the 
other heating rates (5 K/min, 8 K/min, and 25 K/min), 

with the reservation that the peak positions are  
shifted to higher temperatures for higher heating  
rates. Taking into consideration this temperature  
shift and using the Kissinger method and Ozawa’s  
method [11], the activation energy Ea was  
calculated for the studied alloys (Table 2). The 
corresponding straight lines for Fe82Nb2B14Y2 are 
shown in Fig. 3. 
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Fig. 3 Arrhenius plot ln(T2/V) vs. 1000/T (a) and ln(V) vs. 1000/T (b) for the crystallization of the AMA 
Fe82Nb2B14Y2 according to the Kissinger (a) and Ozawa’s (b) method.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 X-ray diffraction patterns of the initial AMA samples: Intensity (I) vs. Bragg angle (2θ).  
1 – Fe82Nb2B14Y2, 2 – Fe82Nb2B14Gd2, 3 – Fe82Nb2B14Dy2, and 4 – Fe82Nb2B14Tb2. 

 
 
 XRD patterns obtained for the samples in the  
as-quenched state are presented in Fig. 4. In all four 
cases the XRD diffractograms are typical of iron-
based amorphous alloys, and do not show any 
characteristic of a crystalline structure. 
 The XRD patterns obtained for the samples heated 
up to 850 K with a heating rate of 15 K/min, i.e. after 
the first stage of crystallization, revealed lines 
corresponding to nanocrystalline iron and the iron 
boride Fe23B6 [12,13]. 

 After magnetization in an alternating magnetic 
field, the Fe82Nb2B14Gd2 sample showed the same 
peak temperature corresponding to the 
nanocrystallization process, but the heat flow 
depended on the time kept in the magnetic  
field (Fig. 5). No significant structural changes  
were noted on the XRD patterns after exposure  
to the alternating magnetic field. But magnetization 
caused some noticeable changes in the corrosion 
resistance. 
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Fig. 5 DTA curves of the Fe82Nb2B14Gd2 sample after (0÷210) min magnetization in an alternating magnetic 
field (heating rate 5 K/min). 

 
 
 

Table 3 Results of potentiometry (0.05 M H2SO4) of the contact and external sides of AMA Fe82Nb2B14Gd2, 
before and after magnetization in an alternating magnetic field. 

 
AMF, min Surface Е0, V Еf, V ∆Е = Ef – E0, V 

contact -0.42 -0.44 -0.02 
0 

external -0.46 -0.44 0.02 
contact -0.51 -0.53 -0.02 

210 
external -0.56 -0.53 0.03 

 
 
 
 Fe-based amorphous alloys show high corrosion 
resistance in a 0.05 M H2SO4 aqueous solution [14], 
so we used this aggressive environment for the 
electrochemical analysis. In the electrochemical 
investigations the contact and external surfaces of the 
AMA strips were distinguished. According to the 
results of the chronopotentiometry (Table 3) of 
Fe82Nb2B14Gd2 AMA, previously magnetized in AMF 
for 210 min, the potential of the contact side was 
shifted to more negative values, i.e. the corrosion 
resistance of was reduced. For the external side the 
potential was shifted to less negative values, which 
represents an increase of the corrosion resistance. 
However, after 20 min in the aggressive media, both 
values became similar. The same was observed for the 
sample that had not been exposed to an alternating 
magnetic field. 

 Table 4 and Fig. 6 show the results of cyclic 
voltammetry in the range from -1.5 V to +0.5 V in a 
0.05 M aqueous solution of H2SO4 of the AMA 
Fe82Nb2B14Gd2 sample magnetized in AMF for 
210 min. After exposure to AMF the corrosion 
potentials of the amorphous alloys were  
shifted to the cathode zone and the corrosion  
currents became higher. This means that the 
alternating magnetic field reduced the corrosion 
resistance of both the external and contact sides of the 
AMA. 
 Magnetization of the AMA Fe82Nb2B14Gd2 
changed not only the corrosion resistance, but also the 
electrical conductivity of the sample (Fig. 7). After 
exposure to the alternating magnetic field, the sample 
showed higher resistivity, which increased with 
increasing time of exposure. 
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Тable 4 Corrosion parameters (0.05 M H2SO4) of the contact and external sides of AMA Fe82Nb2B14Gd2 
before and after magnetization in AMF, for different numbers of cycles (ν = 20 mV/s). 

 
Initial AMF for 210 min 

Contact External Contact External Cycle 
Ecor, V icor·103, А/сm2 Ecor, V icor·103, А/сm2 Ecor, V icor·103, А/сm2 Ecor, V icor·103, А/сm2 

1 -0.56 14.38 -0.56 27.18 -0.45 16.01 -0.51 29.75 
5 -0.52 39.83 -0.52 32.59 -0.54 59.85 -0.53 37.75 
10 -0.55 6.05 -0.53 6.75 -0.56 10.00 -0.54 26.87 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Voltammetry curves (0.05 M H2SO4) of the contact (a) and external (b) sides of AMA Fe82Nb2B14Gd2 
after 210 min magnetization in an alternating magnetic field. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Resistivity of AMA Fe82Nb2B14Gd2, 
before and after magnetization in AMF. 

 
 
4. Conclusions 
 
The crystallization of Fe82Nb2B14RE2 (RE = Y, Gd, 
Tb, and Dy) amorphous metallic alloys proceeds in 
two stages. The first stage occurs at a temperature of 
about 810 K and is due to nanocrystallization of iron 
and formation of the iron boride Fe23B6. Full 
crystallization presumably takes place at higher 
temperatures. 

 No significant structural changes, or changes of 
the temperature corresponding to the 
nanocrystallization process, were observed for 
amorphous Fe82Nb2B14Gd2 after magnetization in an 
alternating magnetic field. 
 The alternating magnetic field reduced the 
corrosion resistance of the external and contact sides 
of the AMA Fe82Nb2B14Gd2 in a 0.05 M aqueous 
solution of H2SO4. 
 The amorphous alloy Fe82Nb2B14Gd2 having been 
exposed to an alternating magnetic field showed 
higher resistivity. 
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