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Introduction 

One of the main objectives of physicists and material 
engineers is to improve the properties of metallic 
alloys. For the FeSi type of alloy, commonly used 
in power engineering, improvement of properties 
is achieved through a long and fairly complicated 
process; this process includes: directional roll 
forming, annealing, and supersaturation. Despite 
energy-intensive efforts, textured metal sheets 
of FeSi are magnetostrictive alloys with reduced 
operating capabilities at high frequencies. During 
the last half-century, a group of materials called the 
amorphous materials has been created for electrical 
purposes [1, 2]. These materials are characterized by 
almost zero magnetostriction, low total core losses 
during the magnetization process, a low value of the 
coercive fi eld, and high initial magnetic permeability 
and magnetic saturation [3]. Initially, such alloys 
were prepared only in the form of thin tapes, hav-
ing an approximate thickness of 40 microns, which 
greatly limited their applications [4]. The system-
atic preparation of bulk amorphous alloys became 
possible when A. Inoue and colleagues developed 
three empirical criteria, described as follows. Inoue 
proposed that the alloy should consist of more than 
three components, whose radii differ by more than 
12%, and also the main components of the alloy 
should be characterized by a negative heat mixing 
process [5]. Using these assumptions, amorphous 
material samples of thicknesses of several tens of 
millimeters can be produced [6, 7]. Such dimensions 
are already suffi cient to produce magnetic cores for 
transformers and chokes. 
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The operating parameters of amorphous materi-
als can be improved by controlled heat treatment, 
which leads to nanocrystallization [8, 9]. During 
the heating process, the migration of atoms occurs 
over differing distances, facilitating the growth of 
small grains, whilst still maintaining an amorphous 
matrix structure. This means that, within the alloy 
volume, chemical and topological ordering changes 
occur and interactions between matrix atoms main-
tain near- or medium-ranged character. One of the 
indirect methods for investigating the microstructure 
of ferromagnetic materials is the law of approach to 
ferromagnetic saturation in magnetization curves. 
These measurements provide information about the 
defect structure. 

This paper presents the results of Mössbauer 
spectroscopy, X-ray diffractometry and magnetiza-
tion studies. On this basis, the effect of a one-step an-
nealing process was studied using two temperatures, 
both of which were below the crystallization point. 

Experimental procedure 

Solid amorphous samples were prepared using an in-
jection casting process; the molten alloy was injected 
into a water-cooled copper mould. The resulting 
manufactured samples were produced in the form 
of plates with the following dimensions: thickness – 
0.5 mm, width – 10 mm, and length – 15 mm. Then 
the samples were subjected to controlled annealing, 
which led to their nanocrystallization. Measurements 
of the structure were performed using a BRUKER D8 
ADVANCE X-ray diffractometer. X-ray diffraction 
was carried out over a 2-angle between 30° and 120° 
using a measuring step of 0.02° and a measurement 
time per step of 5 s. The microstructure was exam-
ined using a POLON Mössbauer spectrometer, oper-
ating with a 57Co source with an activity of 50 mCi. 
Measurements of the magnetization were performed 
using a LakeShore vibrating sample magnetometer: 
model 7301. The test samples were annealed in one 
step at 918 K and 928 K over a time period of 900 s. 
All tests were carried out on low-energy powdered 
samples. 

Results

Figure 1 shows the X-ray diffraction pattern obtained 
for a sample in the as-quenched state. 

The XRD pattern for the alloy in the as-quenched 
state has a shape that is characteristic of a sample 
that is in an amorphous state. There is a wide blurred 
maximum located within the 2 angle of 35°–50°. 
This demonstrates the absence of long-range inter-
actions. Figure 2 shows the diffraction pattern for 
the sample subjected to a controlled heat treatment 
process at a temperature of 918 K over 900 s. 

As seen in Fig. 2, controlled heating of the 
samples resulted in the appearance of sharp, rela-
tively intense peaks on the diffraction pattern, which 
correspond to four phases: Fe5Y, -Fe, -FeCo, and 
Fe23B6. The positions of the peaks, derived from 

individual phases in the X-ray diffraction pattern, 
were in each case slightly shifted relative to the 
pure crystalline phases. As the stresses within the 
amorphous matrix are signifi cant, and the grains 
are surrounded by a matrix phase, it appears that 
the amorphous matrix strongly affects the grain unit 
cells, causing their deformation. This leads to a small 
change in the distance of X-ray refl ective surfaces. 
A similar situation occurred for the sample annealed 
at 928 K (Fig. 3). 

For a sample subjected to controlled annealing 
at 928 K for 900 s, the same procedure to identify 
the crystalline phases was conducted as for the 
sample which had been heated to 918 K. On this 
basis, it was found that the same type of crystalline 
phases appeared in the second alloy. In contrast, 
the relationship between the peak intensity, derived 
from -Fe phase with respect to the Fe5Y phase, has 
changed. Figure 4 shows the transmission Mössbau-
er spectrum with the corresponding hyperfi ne fi eld 
distribution for the sample in the as-quenched state. 

The shape of the distribution of the hyperfi ne 
fi eld, and the presence of separate low fi eld com-

Fig. 1. X-ray diffraction pattern of Fe62Co10Y8B20 in as-
-quenched state.

Fig. 2. X-ray diffraction pattern of Fe62Co10Y8B20 after 
annealing in 918 K for 900 s.

Fig. 3. X-ray diffraction pattern of Fe62Co10Y8B20 after 
annealing in 928 K for 900 s.
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ponents, indicate topological blurring of the amor-
phous matrix. This means that in the volume of 
the sample, there are several non-equilibrium 57Fe 
neighborhoods. During the radial cooling process, a 
situation arises in which part of the liquid material 
forming the inner portion of the sample is cooled 
at a slightly slower speed with respect to the outer 
layer which is directly adjacent to the cooled mould. 
Figure 5 shows the Mössbauer spectrum with the 
corresponding hyperfi ne fi eld distribution of the 
sample annealed at 918 K. 

Controlled annealing at 918 K resulted in changes 
in the chemical composition of the amorphous ma-
trix, as seen by observing the change in the hyperfi ne 
fi eld distribution. A certain proportion of the iron 
atoms from the amorphous matrix had diffused, 
forming an -Fe phase, leading to the depletion 
of its local environment. The movement of the Bhf 
fi eld for this phase (marked as c) towards higher 
values may have been due to the incorporation of 
the Co atoms into its structure. The heat treatment 
process also caused the formation of a Fe5Y phase, 

which is generally regarded as a metastable [10]. 
This means that the amount of this phase can vary, 
leading to the formation of other phases containing 
iron or yttrium. Bhf fi elds associated with this phase 
are similar to those for the Fe23B6 phase. The vis-
ible low fi eld line (Fig. 5,d) on the hyperfi ne fi eld 
distribution may indicate the occurrence of a Y rich 
phase. This phase is diffi cult to identify due to the 
lack of its presence in the X-ray diffraction pattern. 
The observed phase may be a paramagnetic phase 
in the three-component R-Fe-B system; most likely 
Y1Fe4B4 type. Using the Rietveld refi nement, the 
percentages of the identifi ed crystalline phases were 
determined. Table 1 shows values, calculated with 
the assumption that the crystalline phases together 
make up 100%. Figure 6 shows the spectrum with 
the corresponding hyperfi ne fi eld distribution for 
the sample annealed at 928 K. 

The ratios of intensities associated with the phases 
Fe5Y, Fe23B6, -Fe and -FeCo have changed. Accord-
ing to Table 1, the declining share of the -Fe phase 
(marked as c) at the expense of Fe23B6 (Fig. 6,b) can 

Fig. 4. Mössbauer spectrum and corresponding distribution of hyperfi ne fi eld induction of Fe62Co10Y8B20 in the 
as-quenched state. 

Fig. 5. Mössbauer spectrum and corresponding distribution of hyperfi ne fi eld induction of Fe62Co10Y8B20 after con-
trolled annealing in 918 K for 900 s.
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be seen. The lower Bhf fi eld for this phase indicates a 
smaller share of Co. At the same time, the hyperfi ne 
fi eld distribution, associated with the amorphous ma-
trix, becomes more separated, and a new mode splits. 
This shows the emergence of a new environmental 
disequilibrium near 57Fe, associated with Co atoms. 

Next, the static hysteresis loops were produced. 
An exemplary loop for a sample in the as-quenched 
state is presented in Fig. 7. 

Based on the analysis of the static hysteresis 
loops, a set of the basic parameters is collected in 
Table 2. The data from Table 2 shows, that the 
Fe62Co10Y8B20 alloy in the amorphous state had much 
better Hc and 0Ms parameters than after annealing. 
This is due to the increasing share of hard magnetic 
Fe5Y and Fe23B6 phases and the declining share of 
magnetically soft -Fe phase. Also, the appearance of 
Co atoms, migrating into the -Fe phase, could be the 
reason for such an increase in the coercive fi eld. On 
the basis of the initial magnetization curves, obtained 
during the registration of the static hysteresis loops, 
analysis was carried out in the approach to ferromag-
netic saturation area. In strong fi elds, magnetization 
can be described by the following relationship [11, 12]: 

(1) 

where the fi rst three terms are related to the pres-
ence of structural defects, and the last one describes 
the effect of thermally-excited spin wave damping 
on the magnetization in the Holstein–Primakoff 
process. The analysis results are summarized in 
Table 2. For the alloy in the state after solidifi cation, 
in which there was only the amorphous phase, it was 
possible to determine which type of defect has the 
greatest impact on the magnetization process in high 
fi elds. It was found that, in the case of this sample, 
the process of magnetization is related to the pres-
ence of free volume conglomerates, so the relation 
(a2/(0H)2) is satisfi ed. These defects are sources 
of stresses in magnetic fi eld strengths ranging from 
0.084 T to 0.25 T. 

For samples after annealing, using the calculated 
b parameter, it can be concluded, that the magne-
tization process was signifi cantly infl uenced by the 
Holstein–Primakoff process, responsible for ther-
mally-excited spin wave damping. This parameter 
is calculated from the following expression [11, 12]: 

Table 2. Parameters obtained from the analysis of the 
hysteresis loops 

Annealing 
temperature 

[K]

Magnetic 
saturation 

[T]

Coercive 
fi eld 

[A/m]

– 1.27      289
918 1.19 21 070 
928 1.20   1 057 
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0 0 0

1 2
0

( ) 1
( ) ( ) ( )

             ( )

s

a a aM H M
H H H

b H

 
         

 

Table 1. Percentage of crystalline phases 

Annealing 
temperature 

[K]

Crystalline phase

-Fe
[%]

Fe5Y
[%]

Fe23B6

[%]

918 50.67 42.85   6.49
928 20.21 52.32 27.47

Fig. 6. Mössbauer spectrum and corresponding distribution of hyperfi ne fi eld induction of Fe62Co10Y8B20 after con-
trolled annealing in 928 K for 900 s.

Fig. 7. Static magnetic hysteresis loop for the sample in 
as-quenched state.
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(2) 

This way, part of the external magnetic fi eld 
energy is consumed to dampen spin waves, instead 
of the rotation of the magnetization vector, which 
leads to a slightly lower value of the magnetic 
saturation. 

Conclusions 

Based on the conducted studies, including XRD, 
Mössbauer spectroscopy, and analysis of static 
hysteresis loops in the approach to ferromagnetic 
saturation area, it can be concluded that the pres-
ence of defects in the amorphous structure (under-
stood to be free volumes or their conglomerates) 
have a signifi cant impact on the distribution of the 
hyperfi ne fi eld. For the process of magnetization of 
the amorphous sample in high magnetic fi elds, as 
demonstrated using the a2 parameter, the strongest 
infl uences are the linear defects. A high value of the 
spin wave stiffness (Dspf) and the smallest blurring of 
the amorphous matrix (defi ned as the occurrence of 
the minimum number of non-equilibrium neighbour-
hoods of 57Fe), indicates an increase in the packing 
density of magnetic atoms. Consequently, the in-
crease in local short-range order hinders the forma-
tion of point defects. For the sample annealed at 
918 K, the calculated linear fi t parameter b indicates 
an increase in the contribution of thermally-excited 
spin wave damping on the high fi eld magnetization 
process. At the same time, the spin wave stiffness 
parameter (Dspf) for this sample decreases, which is 
associated with the occurrence of a smaller quantity 
of magnetic atoms in the local environment. The 
exchange distance (lh) in this case is the smallest, 
which may suggest that pseudo-dislocation dipoles 
(defect conglomerates) are reduced in their linear 
size, or even are becoming point defects. This may 
indicate the diffusion of atoms in the vicinity of lin-
ear structural defects, causing their fragmentation. 
In the sample annealed at 928 K, another type of 
crystallization growth process took place, compared 
with samples annealed at the temperature of 918 K. 
A slight increase in the coercivity is due to a higher 
proportion of the magnetically-soft alpha-Fe phase, 
with respect to the semi-hard magnetic Fe5Y and 
Fe23B6 phases. The distribution of the hyperfi ne 
fi eld for this case demonstrates that the amorphous 

matrix is the most topologically fuzzy. The larger 
quantity of non-equilibrium positions around the 
close environment of 57Fe and the relatively high 
values of the Dspf parameter suggest that the process 
of magnetization in high fi elds is more similar to a 
sample in the as-quenched state. This may indicate 
that the strongest impact on this process has been 
the occurrence of linear defects. 
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of linear defects, b – slope of the linear fi t to the damping of spin waves, Dspf – spin wave stiffness parameter, Aex – 
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