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Effect of Heat Treatment on Magnetic Properties of Bulk
Amorphous Alloys Fe63+xCo10Y7-xB20 (x=0, 2)
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This paper presents the results of tests on amorphous alloys Fe65Co10Y5B20, Fe63Co10Y7B20 in the state after
solidification and after thermal treatment. The thermal treatment was performed below the crystallization
temperature and above the Curie temperature (750K/25 min). The samples for the investigation had the
shape of rods with a diameter of 1 mm and a length of 20 mm. The structure and magnetic properties were
studied for the research material. The structure was investigated using XRD and the magnetic properties
using VSM and FERROTESTER. XRD studies showed that the samples both in solidified state and after
thermal treatment had an amorphous structure. The losses for the re-magnetization of the tested samples
were comparable to those for commercially used FeSi materials. The process of magnetization in the
vicinity of the area called the approach to ferromagnetic saturation is associated with all tested samples
with rotation of the magnetization vector near free volumes. An interesting result of the conducted research
is that not always a thermal treatment made on general principles leads to improvement of magnetic
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In materials engineering, modern materials with
exceptional functional properties are still being sought for.
Such materials include amorphous materials that have
been tested for over 50 years [1]. Despite numerous studies
on the amorphous structure and methods leading to
obtaining amorphous materials, their nature is not fully
known. Very interesting in terms of use are amorphous
iron alloys (Mgs) [2-5]. They have very good mechanical
properties, good corrosion resistance, exhibit good
magnetic properties and are not too expensive to produce
[6-7]. Depending on the chemical composition, they may
exhibit high magnetization saturation (Ms), low losses on
remagnetization (P), low coercive field (Hc), which makes
them an attractive material for use in various types of
electrotechnical equipment [8]. The amorphous structure
has no pattern as it is in the case of a crystalline structure.
Therefore, it is difficult to evaluate and describe the
properties of the material under investigation. Determining
the properties requires a lot of research. The reason may
be that the amorphous structure for different alloys may
be formed in different ranges of the supercooled liquid
region. In the volume of amorphous alloys, areas with
different concentration of components may be formed,
which implies different density. These areas may be called
clusters or clusters of atoms. It is these clusters of atoms
that affect the properties of amorphous materials. In the
case of amorphous tapes (up to 100  m thick) called
conventional amorphous materials, the properties of
samples taken from different areas are similar. However,
in the case of massive amorphous materials (from 100
ìm), these properties differ significantly.This change is visible
for areas coming from a different distance from the inlet of
the mold in which the molten alloy solidifies [9]. In order to
homogenize the solidified material, it is usually used to
heat it. In amorphous materials, defects of the structure
can be distinguished, which can be divided into free
volumes and pseudolocation dipoles [10-12].These defects
are examined using an indirect method based on the
analysis of the primary magnetization curve carried out in

accordance with the assumptions of H. Kronmüller’s theory
[10-12]. It has been shown in numerous works that the
change in the shape of Ewing’s knee gives the possibility
to assess the impact of structural defects on magnetic
properties [10-22].

The paper presents the results of investigations of
structure and magnetic properties for bulk amorphous
Fe65Co10Y5B20, Fe63Co10Y7B20 alloys in the form of rods with a
diameter of 1 mm and a length of about 20 mm. It has
been shown that thermal treatment performed according
to the adopted scheme does not always lead to
improvement of magnetic properties. It was also found
that after isothermal annealing (750K / 25 min) the
magnetization process in the area of the approach to
ferromagnetic saturation is associated with the same types
of defects of the amorphous structure.

Computational details
The components for the production of the test material

were purity:   Fe - 99.99% at.;  Co - 99.98% at .;  Y - 99.98%
at .; B - 99.99 at% .. In the first stage the preparation of test
material was prepared 10 g ingot. The ingots were then
divided into smaller portions, which were used to produce
supercooled samples. Samples of Fe65Co10Y5B20,
Fe63Co10Y7B20 alloys in the form of rods 20 mm in length and
1 mm in diameter by means of liquid alloy suction methods
for a water-cooled copper mold. Both ingots and rods were
produced in an arc furnace (100 - 450A) in a protective
atmosphere of argon. In both melting processes, pure
titanium melted before melting, which served as an
absorbent of the remaining impurities in the chamber. In
the work, the samples were investigated in solidified state
and after heat treatment were carried out in a vacuum
oven at 750 K and annealing time of 25 min.

A X-ray diffractometer from the BRUKER D8 ADVANCE
company equipped with a cobalt lamp was used to study
the structure. Structural investigations were carried out for
powdered samples in the range of 2Θ angle from 30 ° to
120 ° (0.02 ° measuring step, measuring time per 5s step).
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Magnetization measurements were made using a
vibration magnetometer working in a magnetic field with
an intensity of up to 2 T. These measurements were made
for open samples in the form of rods with a diameter of 1
mm and a length of 5 mm. During the analysis of the
magnetization curves, the demagnetizing field was taken

into account.The internal magnetic field is the vector

sum of the external field applied to the sample of

the anisotropy field and the demagnetizing field

:

(1)

Due to the small value of the anisotropy field for further
calculations, they were neglected. Taking this into account,
the internal magnetic field can be determined from the
formula:

(2)

where: Hod = Nod . M,
Nod - demagnetization factor,
M - magnetization.
Taking into account that the tested samples had the

shape of bars while calculating their demagnetisation
coefficient Nod  the dependence was used:

where m is the ratio of the length to the diameter of the rod
[23].

On the basis of the analysis of the curves of the primary
magnetization curve, which was carried out in accordance
with the assumptions of H. Kronmüller’s theory called the
approach to ferromagnetic saturation, the type of defects
of the amorphous structure and the areas of their influence
in the magnetization process were determined [10-12].In
higher magnetic fields, where the process of magnetization
is no longer affected by the defects of the amorphous
structure, the range corresponding to the Holstein-Primakoff
paraproces was determined [24]. The total core losses

were measured using the automated FEROTESTER system
operating in the 50 - 1000 Hz frequency range.

Results and discussions

Fig. 1. X-ray diffraction images for bulk amorphous Fe65Co10Y5B20 (a)
alloys, Fe63Co10Y7B20 (b) in as quenched state [25, 26] and after

isothermal annealing
Figure 1 shows X-ray diffraction pattern obtained for the

investigated samples in the state after solidification and
after heat treatment.

Analyzing the obtained X-ray diffraction patterns for the
tested samples, both in the state after solidification and
after isothermal annealing at 750K / 25min, one can notice
a single wide maximum occurring near the angle of 2θ=
44°. Such a maximum is typical for amorphous alloys
formed on the basis of iron. These results indicate that the
structure of the tested samples is characterized by a lack
of volumetric periodicity in the arrangement of atoms, and
atoms interact with each other for short distances without
preserving angular translations. The lack of crystallographic
planes from which X-rays are reflected in accordance with
the Bragg law, giving clear rings is the reason for the
creation of a wide diffuse maximum in X-ray diffraction
images.

Figure 2 shows the dependence of magnetic
susceptibility on the amplitude of the magnetizing field

Fig. 2. The dependence of magnetic
susceptibility on the amplitude of the
magnetizing field (a, c) and total core
losses as a function of the maximum

induction (b, d) for the bulk
amorphous alloy Fe65Co10Y5B20, in the

state after solidification (a, b) [25]
and after isothermal annealing (c , d)
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(2a, 2b) and the total core losses as a function of the
maximum induction (2b, 2d) for the massive amorphous
Fe65Co10Y5B20 alloy, in the as-quenched state (2a, 2b) and
after isothermal annealing (2c) , 2d).

Figure 3 shows the dependence of magnetic
susceptibility on the amplitude of the magnetizing field
(3a, 3c). Furthermore, the total core losses in the function
of the maximum induction for the bulk amorphous
Fe63Co10Y7B20 alloy are presented (3b, 3d).

As can be seen in figure 2a and 3a, magnetic permeability
at 50 Hz for a solidified sample of Fe65Co10Y5B20 alloy is
about 3000, while for the second alloy Fe63Co10Y7B20 about
4,800.As the frequency increases, a reduction in the
maximum of magnetic susceptibility is observed. It should
also be added that the increase in the amplitude of the
magnetizing field is the reason for the gradual decrease of
magnetic susceptibility. The shape of the magnetic
susceptibility curves as a function of the amplitude of the
magnetizing field after the thermal treatment is similar to
that of the samples after solidification. However, it should
be noted that the magnetic susceptibility for samples of
tested alloys after thermal treatment decreased slightly.
This phenomenon may be related to the decomposition of
the amorphous state. In the case of the investigated alloys
both in the solidified state and after the isothermal process
of 750K / 25min, the value of total core losses as a function
of the maximum induction is comparable with the loss
value characteristic of classical Fe-Si alloys. The total core

losses as a function  of the square of the magnetizing field
frequency for both investigated alloys are shown on figure
4.

In figure 4, for each of the curves we can observe an
increase in total losses along with the square of the
frequency of the magnetizing field. The non-linear
relationship P(f2) is evidence of additional losses in the
sample. They can be result from one or more processes
and are associated with magnetic delay. This delay may
be caused inter alia the diffusion of interstitial atoms or by
thermal fluctuations. These fluctuations in soft magnetic
materials can allow passage of the domain wall through
the energy barrier. It should be noted that the total losses
for re-magnetization are much lower for the Fe63Co10Y7B20
alloy. This means that the introduction of an additional 2%
at. Y in the place of Fe affects the reduction of core losses.
It is known that yttrium has a large atomic radius (180
µm) and has effects on the improvement the improvement
of the glass transition ability of FeCoB alloys [27], while Fe,
Co and B have atomic radii 135 µm, 140 µm and 80µm,
respectively. This choice of alloying elements is in
accordance with the criteria adopted by A. Inoue [28]. The
increase in the amount of Y most likely affects the non-
uniform redistribution of alloy elements in volume, i.e. the
formation of areas of different density. This pattern of
amorphous structure formation may be the reason for both
improvement and deterioration of magnetic properties. In
the case of Fe65Co10Y5B20 alloy, the behavior of the total

Fig. 4. Total core losses a function of the square of the
magnetizing field frequency for the tested alloys: Fe65Co10Y5B20 in
the state after solidification (a) [25] and after heat treatment (b),
and Fe63Co10Y7B20 in the state after solidification (c) [25] and after

heat treatment (d), for a maximum induction equal to 0.6 T.

Fig. 3. The dependence of magnetic
susceptibility on the amplitude of the

magnetizing field (a, c) and total core losses as a
function of the maximum induction (b, d) for the
bulk amorphous alloy Fe63Co10Y7B20, in solid state
(a, b) [25] and after isothermal annealing (c, d)
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losses before and after heating requires no comment. On
the other hand, for the second of the investigated alloys,
the total losses for re-magnetization as a function of the
square frequency for the sample after heating have a higher
value than in the state after solidification. It should be noted
that the amorphous structure can be formed in a wide
range of subcooled liquid. Therefore, it is possible to obtain
an amorphous structure with a highly diversified structure
in terms of the distribution of elements and the size of
atomic aggregates. This statement may explain the
abnormal behavior of total losses to the demagnetization
of the alloy with a higher Y content. In the volume of the
alloy there are areas with different content of components.
These areas can be a fraction of a cubic nanometer or fill a
significant part of the material. For the magnetic material,
the course of losses for re-magnetization is closely related
to the domain structure, and specifically to the free
movement of domain walls in the volume of the material.
When the domain wall encounters an obstacle, its
movement slows down, because it requires more energy.
This causes an increase of core losses in the material. In
this particular case, in the sample after solidification, small
areas could be formed with different similar compositions,
preceded by a matrix constituting the front for the atom
jump between these regions. As a result of isothermal
heating, the supplied energy cause the migration of atoms.
This leads to enlarging the areas that are the composition

Fig. 5. Static hysteresis loops recorded
for the investigated alloys: Fe65Co10Y5B20 in

the state after solidification (a) [26] and
after heat treatment (b), and Fe63Co10Y7B20

in the state after solidification (c) [26]
and after heat treatment (d)

fluctuations. Therefore, it can be assumed that in the
sample after heating the inhomogeneous areas were so
large that the movement of domain walls occurred for
higher energies than in the samples after solidification. An
important technical parameter of magnetic materials is
their saturation magnetization. By means of a vibration
magnetometer, static hysteresis loops (fig. 5) were
recorded, which have a typical shape as in the case of
magnetic materials exhibiting so-called magnetically soft
properties. On the basis of the static hysteresis loops
analysis it was found that the heat treatment for both tested
alloys caused a decrease in saturation magnetization (fig.
5b, 5d), i.e. for Fe65Co10Y5B20 alloy from 1.37 T to 1.24 T,
and for Fe63Co10Y7B20 alloy from 1.25 T to 1.17 T. This
magnetization behavior confirms that the annealing
process below the crystallization temperature and above
the Curie temperature does not always lead to an
improvement in the magnetic properties.

Based on the analysis of the initial magnetization curves
according to the theory of H. Kronmuller, in the area called
the approach to ferromagnetic saturation, the types of
defects of the structure and their influence on the
magnetization process of the obtained alloys were
determined.

Figure  6   presents   high - field  magnetisation  curves
M/Ms((µ0H)-1/2) (a, c) and Ms((µ0H)1/2) (b, d) for the

Fig. 6. High-field magnetisation curves
M/Ms((µ0H)-1/2), Ms((µ0H)1/2) for the alloy

Fe65Co10Y5B20in the state after solidification (a, b)
[26] and after heat treatment (c, d)
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alloyFe65Co10Y5B20 in the state after solidification and after
heat treatment.

The linear relationship of reduced magnetization as a
function of ((µ0H)-1/2) for the sample after solidification and
after annealing is observed. For a sample in solidified state,
this relationship occurs in the range of  field from 0.25 T to
0.64 T, and after isothermal heating - from 0.25 T to 0.53 T.
This means that, within this magnetic field range,the
magnetization pro cess is connected with small rotations
of the magnetic moments in the vicinity of point defects.
In stronger magnetic fields, of greater than 0.64 T and
0.53 T for the samples in the as-quenched and annealed
states, respectively, the slight increase in the magnetization
is caused by the Holstein-Primakoff paraproces. This
process is connected with damping of thermally-induced
spin waves.

For the second investigated alloy - Fe63Co10Y7B20, similar
relationships were observed (fig.7).

In the case of the Fe63Co10Y7B20 alloy, also the point
defects have a decisive influence on the magnetisation
process (in the fields from 0.30 T to 0.72 T for the sample
after solidification and from 0.24 T to 0.48 T for the sample
after isothermal heating). The linear dependence of
Ms((µ0H)1/2) indicates the occurrence of the Holstein-
Primakoff paraprocess [24].

Conclusions
The structure of alloys after solidification and after

isothermal heating at 750K / 25 min was investigated using
an X-ray diffractometer. Based on the obtained results, it
was found that the alloy structure is an amorphous structure
In a stronger magnetic field (i.e. greater than 0.4HC), during
the magnetization process of the alloy, irreversible
processes take place, and magnetic hysteresis is observed.
The area of the hysteresis loop is a measure of the losses
associated with magnetization and de-magnetization [29-
31]. Based on the research, it was found, the investigated
sample has higher core losses than classic amorphous
ribbons, which is related to its lower electric resistance.
Lower electrical resistance value is related to thickness of
the investigated material. This leads to higher losses on

Fig. 7. High-field magnetisation curves
M/Ms((µ0H)-1/2), Ms((µ0H)1/2) for alloy

Fe63Co10Y7B20 in solid state (a, b) [26] and after
heat treatment (c, d)

eddy currents. It was also found that in addition to losses
caused by magnetic hysteresis and eddy currents, there
are also additional losses during the magnetization of alloys.
Additional losses are mainly related to relaxation caused
by atomic migration. Comparing the loss values for samples
after solidification and after annealing, we can conclude a
slight reduction in losses for the Fe65Co10Y5B20 alloy. In the
case of the second alloy, a slight increase in losses is
observed. On the basis of magnetic studies, it was found
that the magnetic permeability for the Fe65Co10Y5B20 alloy is
about 3000, while for the second of the tested alloys, i.e.
Fe63Co10Y7B20, it is about 4800. After the isothermal
annealing process of the tested alloys, a slight reduction of
magnetic susceptibility was observed. This may be related
to the decomposition of the amorphous state.

Using the vibration magnetometer (VSM), static
hysteresis loops were recorded. It was fond, that the shape
of the registered loops is typical for magnetic materials
exhibiting magnetically soft properties. Saturation
magnetization for the tested alloys was also determined
(1.37 T for the Fe65Co10Y5B20 alloy and 1.25  T for the
Fe63Co10Y7B20 alloy). . In addition, it was found that the heat
treatment of investigated materials resulted in a reduction
of these values.

The investigation of the ‘magnetisation in the area close
to ferromagnetic saturation’ showed that, the
magnetisation process in strong magnetic fields for both
investigated alloy is connected with rotation of the
magnetic moments in the vicinity of the point defects, and
the damping of the thermally-induced spin waves by the
magnetic field (Holstein-Primakoff paraproces)
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