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Abstract: These days, electric motor qualities and energy-saving problems are significant to our soci-
ety. The critical component of these problems is related to magnetic materials. In this respect, here,
we investigated the (FexCoq_,)72B1925i48Nby (0 < x <1, at 0.1 intervals) ribbon alloys’ structural,
thermal, and magnetic properties. Replacing Co with Fe turned out to increase saturation magnetiza-
tion up to 127.7 emu/g and improve thermal stability. Additionally, we conducted heat treatment at
843, 893, and 943 K for 10 mins, and the annealing effect in the amorphous (FexCo1_,)72B19.25i1 §Nby
(0.4 <x <0.9, at 0.1 intervals) ribbons on structural and magnetic properties are analyzed. The
saturated magnetization (Ms) value has increased by about 20 to 30 emu/g by the heat treatment and
tends to increase as the annealing temperature increases until the annealing temperature approaches
893 K. After annealing at 943 K for 10 mins, the highest saturation magnetization of 156.8 emu/g
was achieved. In addition, all four samples show the same coercivity trend. The coercivity decreases
when the initial heat treatment at 843 K is applied to the ribbons. However, after annealing at this
high temperature, such as 893, 943 K, the Fe3B, and (Fe, Co),3B¢ phases are also generated and cancel
out the good soft magnetic properties of o-(Fe, Co) phase.

Keywords: amorphous; annealing; nanocrystallites; soft magnetic properties; glass forming ability;
crystallization temperature

1. Introduction

The development of soft magnetic materials with improved properties has become
increasingly important in recent years due to the emergence of energy problems such as
the need for low carbon and nature-harmonious societies [1]. In order to reduce electricity
consumption and physical dimensions, there is a need for transformers and motors with
improved energy efficiency [2,3]. This requires the development of a new material with
excellent soft magnetic properties that can withstand severe operating conditions such as
high temperature and frequency [4-6]. Moreover, the demand for soft magnetic materials
is not limited to energy-related applications, but also includes various other industries such
as telecommunications and automotive [7]. As technology advances and new applications
emerge, the need for soft magnetic materials with good performance in harsh environments
continues to grow. Therefore, researchers and engineers are constantly exploring new ma-
terials and manufacturing techniques to meet the increasing demand for high-performance
soft magnetic materials. These efforts not only contribute to the advancement of technology,
but also play a crucial role in addressing the global energy and environmental challenges
we face today.

In this respect, Fe-based and Co-based amorphous alloys have good soft magnetic
properties such as high permeability and low core loss due to random magnetic anisotropy
and exhibit high strength and corrosion resistance [1,8,9]. In addition, replacing the Co
with the Fe improves the saturation magnetization (Ms) according to the Slater-Pauling
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curve [10]. Additionally, the addition of Co to the Fe-based amorphous alloy improves
the high-temperature magnetic properties of the alloy [11-14], and greatly increases the
glass-forming ability (GFA) through melting and liquidus temperature reduction [15].
Accordingly, the (Fe, Co)-B-5i alloy system, in which metalloid elements were added to
improve GFA and expand the supercooling region, was developed in 1974 and had excel-
lent soft magnetic properties and high strength compared to other Fe-B-5i systems [16-18].
However, since B and Si reduce the magnetic moment of the material [4,19], adding a small
amount of Nb that does not reduce soft magnetic properties to replace metalloids (Si and
B) in Fe-Co amorphous alloys can lead to good GFA and thermal stability through its low
diffusion coefficient and the formation of network-like atomic configurations [9,15,20,21].
Furthermore, recent studies have shown that Fe-Co-B-Si-Nb alloys also possess other ad-
vantageous properties. For example, they exhibit high mechanical strength, good corrosion
resistance, and excellent thermal stability [4,10,20,22,23]. These properties make Fe-Co-B-Si-
Nb alloys suitable for use in various applications, such as magnetic cores for high-frequency
transformers and motors, magnetic shielding materials, and magnetic sensors [24].

Despite such improved mechanical properties, glass-forming ability, and thermal
stability, amorphous alloys still have limitations in their soft magnetic properties being
significantly degraded under high frequencies due to their metastable state and the absence
of magnetic domain walls [4,25-27]. This can be optimized for applications by remov-
ing residual stress and reducing magneto-crystalline anisotropy by exchange-coupled
with fine ferromagnetic nanocrystallites and surrounded amorphous matrix through heat
treatment [4,23,28-32]. For Fe-based amorphous alloys, mainly used in soft magnetic ap-
plications, the first crystalline phase precipitated at the lowest temperature is most likely
x-Fe, which contributes primarily to high magnetization [2]. Therefore, an appropriate
heat treatment temperature is usually within the range between the end of the first crys-
tallization and the beginning of the second crystallization, which effectively controls the
volume fraction, precipitate size, and distribution of «-Fe [33].

Typical examples of commercial nanocrystalline alloy systems include FINEMET (Hi-
tachi Metals Ltd., Tokyo, Japan) (Yoshizawa et al., 1988), Nanoperm (MH&W International
Corp., Mahwah, New Jersey, USA) (Suzuki et al., 1991a, 1991b), and HITPERM (Carnegie
Mellon University, Pittsburgh, PA, USA) (Willard et al., 1998). FINEMET was first devel-
oped by Yoshizawa in 1988 and has a specific microstructure characterized by randomly
oriented submicron-sized x-FeSi particles and a bec structure, which has high initial perme-
ability and low saturation magnetostriction but has lower magnetic saturation flux density
compared to Si steel [2,34-36]. Additionally, Nanoperm exhibits high magnetic saturation
flux density values of 1.5-1.7 T but includes expensive and easily oxidizable elements such
as Zr and Hf [2]. HITPERM has a high Curie temperature but has a maximum coercivity of
200 A/m and high material costs due to the addition of a large amount of Co [2,37].

Although Fe-based alloys exhibit excellent soft magnetic properties at ambient tem-
peratures, their limited thermal stability and Curie temperatures below 700 K lead to a loss
of magnetic ordering at high temperatures, making them unsuitable for high-temperature
applications [7,38,39]. To overcome these limitations, recent reports suggest incorporating
cobalt into nanocrystalline systems to achieve superior soft magnetic properties coupled
with high-temperature magnetic stability [7,24,40].

In our study, an amorphous alloy has been developed based on Co-B-5i-Nb, where Co
has been partially substituted by Fe. We aim to explore the effect of Fe/Co ratio variation
in the (Fe, Co)7B192Sis §Nby alloy system from 0 to 1.0 at 0.1 intervals on its thermal and
magnetic properties. In addition, we investigate the changes in the structural and magnetic
properties of the (FeyCoj_,)72B19,5i4 sNb4 alloy system in response to the thermal treat-
ment. Specifically, we examine the impact of varying Fe/Co ratios ranging from 0.4 to 0.9
at 0.1 intervals of the (FexCoj_y)72B19.25i4 sNby alloy system on the microstructural and
magnetic property changes according to different annealing temperatures. To achieve the
best microstructure, saturation magnetization, and coercivity, the amorphous ribbon pre-
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cursors created through melt spinning undergo annealing at several specific temperatures
higher than the primary crystallization temperature (Tx).

Our study is expected to contribute to the development of novel magnetic materials with
superior properties for high-temperature applications. By exploring the impact of Fe/Co
ratio variation on the thermal and magnetic properties of the (FexCo1_y)72B1925is sNby alloy
system, we can gain insights into the mechanisms underlying the observed changes and
optimize the alloy composition and annealing temperature to achieve desired properties.

2. Materials and Methods

Alloy ingots with the nominal atomic percentage composition of (FeyCo1_)72B1925i48Nby
(0 <x <1, at0.1 intervals) were prepared with an arc-melting technique under a Ti-gettered
high-purity argon atmosphere. Raw materials with high purity of Fe (99.95%), Co (99.95%),
B (99.5%), Si (99.999%), and Nb (99.95%) were melted four times for homogeneous mixing
of the alloys. After the ingot manufacturing process, amorphous ribbons were fabricated
by casting molten ingots onto a fast-rolling single copper wheel speed of 51 m/s. All melt-
spinning processes were performed at a vacuum level of 10~ torr in a chamber equipped
with a diffusion pump. The loading amount of the sample was 6 g at a time, and the average
width and thickness of the fabricated ribbons were 2-3 mm and 0.02-0.03 mm, respectively.
The detailed atomic distribution of the as-spun ribbon was inspected using field emission
scanning electron microscope-energy dispersive x-ray spectroscopy (SEM-EDS). To confirm
the rapid solidification status and phase analysis, x-ray diffraction (XRD, D8 Advance,
Bruker, Billerica, MA, USA) was used at an accelerating voltage of 40 kV, current of 40 mA,
scanning rate of 2.4° /min, and two theta ranges of 20° to 80°, and Cu-K« was used as
the target. In addition, the magnetic characteristics of the rapidly solidified amorphous
ribbon were examined using a vibrating sample magnetometer (VSM, EV9, MicroSense,
Lowell, MA, USA) to investigate the magnetization behaviors when applying the maxi-
mum applied field of 10,000 Oe. Differential scanning calorimetry (DSC, Labsys N-650,
SINCO, Seoul, Korea) was measured on amorphous ribbons to determine the appropriate
heat treatment temperature and assess glass-forming ability (GFA) under argon flow and
heating rate of 0.34 °C/s, and maximum heating temperature of 1200 °C. Based on the
DSC outcome, nanocrystallization in the amorphous matrix was conducted by isothermal
annealing under vacuum at different temperatures for 10 mins, followed by water quench-
ing. The crystallized structure was determined by x-ray diffraction with Cu-K« radiation.
Phase identification was concluded through the software Bruker DIFFRAC.EVA v4.3.1.
Comparison of amorphous and annealed samples’ magnetic properties, such as saturation
magnetization (Ms), proceeded with a vibrating sample magnetometer under an in-plane
applied magnetic field ranging from —10,000 to 10,000 Oe.

3. Results and Discussion

All specimens were measured by scanning electron microscopy—energy dispersive
X-ray spectroscopy (SEM-EDS) to confirm that all elements are evenly mixed. Figure 1
shows the SEM-EDS spectrum for each element for the (FexCoj_)72B19,Sis gNby (x = 0.7)
as-spun ribbon. Consequently, it is clearly shown that the as-spun ribbon is chemically
homogeneously mixed.

Figure 2 shows x-ray diffraction (XRD) patterns of the (FexCoj_x)72B1925i48Nby
(0 <x <1, at 0.1 intervals) as-spun ribbons. Since the patterns show broad halo humps
around 20 = 45° without any sharp diffraction peaks, all samples can be assumed to be
amorphous. It is clear that all of the alloys have good glass-forming ability (GFA). Accord-
ing to the previous reports, this high GFA appears to be a result of satisfying the following
three empirical component rules [10,22,41-44]; (1) multi-component alloy systems com-
posed of three or more elements, (2) significantly different atomic size ratios of about 12%
or more between the major three constituent elements, and (3) negative heats of mixing
among their elements. Although the atomic size of Co is almost the same as that of Fe, they
have significant atomic size mismatches with the other constituent elements, as the radii
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are 0.146 nm for Nb atoms, 0.125 nm for Co atoms, 0.111 nm for Si atoms, and 0.09 nm for
B atoms [22,44]. These differences in atomic size let the Fe-Co-B-5i-Nb alloy system have a
dense packing density. The enthalpy of mixing is —9 kJ/mol for the Co-B pair, —11 k] /mol
for Fe-B pair, —16 kJ /mol for Fe-Nb pair, —18 k] /mol for Fe-Si pair, —21 k] /mol for the
Co-Si pair, —25 kJ/mol for the Co-Nb pair, and —39 kJ/mol for B-Nb pair [44,45]. Since a
large negative mixing enthalpy between each element, it can constitute a thermally stable
structure which is beneficial to the glass-forming ability.

Fe Co

f 10pm ' f 10pm !

10pm ! f 10pm !

10um

Figure 1. SEM-EDS spectrum for Fe, Co, B, Si, and Nb elements for the as-spun (FexCo1_)72B1925i1 §Nby
(x =0.7) ribbon.
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Figure 2. XRD patterns of the (FexCo1_)72B1925i4 gNby4 as-spun ribbons (a) 0 < x < 0.4 (b) 0.5 <x <1.

Figure 3 depicts M-H curves of the (FexCoj_)72B1925i48Nbs (0 < x < 1, at 0.1 in-
tervals) as-spun ribbons. All samples seem to have completely square-shaped, and this
indicates that all samples are soft magnetic materials with very small coercivity (Hc) values.
Each of the saturation magnetization (Ms) values are shown in Table 1, and the tendency
of these values according to the Fe content is shown in Figure 4. The M; value increases
almost linearly with increasing Fe substitution to Co through this. Our results exhibit
similar tendencies to other previous studies on the magnetic properties of multi-component
alloys [23,46—48]. This trend does not follow the Slater-Pauling curve mentioned earlier
in the Section 1, which seems to be because the Slater-Pauling curve applies better to the
3D-transition metal alloys [49-51]. Therefore, predicting the saturation magnetization of
Fe/Co multi-component alloys as a function of their Fe/Co ratio requires considering the
specific characteristics of each alloy, such as the electron count and exchange interaction,
magnetic interaction, electron-electron interaction, and structure of each metal because of
their complex interactions. In addition, the highest Mg value is 127.7 emu/g for the Fe-
only-based alloy Fez»B1925is gNby (x = 1). It seems to be because Fe has a higher magnetic
moment than Co [48].
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Figure 3. Hysteresis loops of the (FeyCo1_)72B19,5i48Nby as-spun ribbons (a) 0 <x < 0.4 (b) 0.5 <x < 1.
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Figure 4. Saturation magnetization tendency of the (FexCo1_)72B192Sis §Nbys (0 < x <1, at 0.1 inter-
vals) as-spun ribbons with linear regression analysis corresponding to R? value.
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Table 1. Thermal and magnetic properties of the (FexCoq_y)72B1925i1§Nby4 (0 < x <1, at 0.1 intervals)
as-spun and annealed ribbons.

Alloys Annealing Condition Thermal Properties Magnetic Property
(FexCoq_,)72B19.25i4 sNby [K] Ty, [K] Tg, [K] M; [emu/g]

C072519_28i4'8Nb4 (x = 0) AS-SPLIII 821.2 795.6 54.8
C064.8Fe7‘2319,25i4,8Nb4 (x = 0.1) As—spun 825.8 795.6 65.2
CO57.6F814_4B1942514.8Nb4 (x = 0.2) As—spun 833.8 797 .4 72.0
C050_4Fe21,6319,2814.8Nb4 (x = 03) AS-SPLIII 841.5 806.1 71.3
CO43,2F628'8B19.2Si4.8Nb4 (x = 0.4) As—spun 845.8 812.4 86.5
843 110.2
893 107.5
943 108.4
C036Fe36B19_ZSi4_8Nb4 (x = 0.5) As—spun 850.7 826.1 96.5
843 112.5
893 112.6
943 105.6
C028_8F843'2819.28i4.8Nb4 (.X = 06) As—spun 848.8 801.6 103.2
843 129.5
893 129.6
943 130.3
C021,6Fe50.4B1942Si4_8Nb4 (x = 0.7) As—spun 851.8 816.3 1119
843 138.5
893 141.1
943 141.7
C014_4Fe57_6819.2514.3Nb4 (x = 0.8) As—spun 853.5 809.1 112.5
843 144.3
893 146.2
943 149.5
CO7'2FE64.8B19V25i4.8N_b4 (X = 09) As—spun 856.7 812.0 123.3
843 146.8
893 156.1
943 156.8
Fe7;B19.2Sis gNby (x = 1) As-spun 853.8 827.1 127.7

The differential scanning calorimetry (DSC) curves measured to analyze the thermal
characteristics and set the heat treatment temperature of the amorphous ribbons are shown
in Figure 5. According to Figure 5, the glass transition temperature (Tg) and first crystal-
lization temperature (Tx) of (FexCo1_)72B192Si4gNby (0 < x <1, at 0.1 intervals) tend to
increase from 795.6 to 827.1 K and 821 to 856.7 K, respectively as the Fe content increases. A
higher Ty is indicative of better thermal stability since structural change occurs at that point.
Thus, it is considered that thermal stability and glass-forming ability (GFA) increase with an
increase in Fe content. In particular, the increase in GFA is considered to be a phenomenon
caused by strengthening the s-d hybrid bonding nature by providing more empty d shells
by adding Fe transition elements [46]. A two-stage crystallization process was observed in
some compositions, which is related to the crystallization sequence of amorphous alloys.
This is probably due to further crystallization of the remaining amorphous or metastable
phases, such as bcc-Fe [52]. Accordingly, the heat treatment was conducted for 10 mins for
the alloys (FexCo1_x)72B1925is §Nby (0.4 < x < 0.9, at 0.1 intervals) to examine the changes
in structural and magnetic properties depending on the temperature and the annealing
temperature was raised by 50 K starting at 843 K, which is the temperature between the
glass transition temperature (Tg) and the first crystallization temperature (Tx). Regarding
the annealing time, it was determined, based on the results of several studies, that the
average grain/precipitate size decreased when this annealing time was short, while other
phases were formed when it was longer than 120 mins [2,4,9,31,46,53-55].
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Figure 5. DSC curves of the (FexCo1_,)72B19Sis §Nby as-spun ribbons (a) 0 <x < 0.5(b) 0.6 <x < 1.

Figure 6 shows the x-ray diffraction (XRD) patterns of the annealed (FexCo1_)72B19.25i1 8Nby
(0.4 < x <0.9, at 0.1 intervals) ribbons for 10 mins. After annealing at 843 K, all of the
samples show «-(Fe, Co) phase. However, after annealing over 893 K, Fe3B, and (Fe,
Co)23Bg phase is also created together with the «-(Fe, Co) phase. In particular, it was
found that the intensity or the number of peaks corresponding to the Fe3B phase increases
when x = 0.7 or higher is annealed, indicating a correlation between the Fe content and
the formation of the Fe3B phase. Thus, it is concluded that the higher the Fe content, the
lower the temperature at which the Fe3B phase is formed. In addition, three phases of
a-(Fe, Co), Fe3B, and (Fe, Co),3B¢ precipitated simultaneously upon annealing means that
the network-like structure becomes stronger as Fe content increases [27,28]. It also has
been reported that the primary precipitation metastable phase of (Fe, Co)23B¢ leads to high
stability against the crystallization of supercooled liquid [56,57]. Also, when the annealing
temperature increases, the intensity tends to be increased because it is normal that the
crystalline phase fraction increases in accordance with the annealing temperature [9].

Referring to Figure 7 and Table 1, the saturated magnetization (Ms) value has increased
by about 20 to 30 emu/g by the heat treatment, and generally, the saturation magnetiza-
tion tends to increase as the annealing temperature increases. For example, in the case
of (FexCo1_y)72B192514 sNby (x = 0.8), the saturation magnetization is gradually increased
from 112.5 emu/g to 149.5 emu/g in accordance with annealing temperature. However,
in most compositions, when annealing at 893 K or higher, there was no significant M;
improvement effect as in the case of annealing at 843 K for the first time. For instance, in
the case of (Fe;Co1_y)7B192Si4gNby (x = 0.7), the first heat treatment at 843 K increased
26.6 emu/g compared to the Mg value for as-spun, but when annealed at 893 K, it increased
by 2.6 emu/g compared to the 843 K annealed ribbon and when annealed at 943 K, the
increase was only 0.6 emu/g. Even when the Fe content is small (x < 0.5), it was observed
that the saturation magnetization decreased. This phenomenon is caused by a higher
crystallization amount on Fe3B and (Fe, Co)23B¢ and a lower residual amorphous matrix [4].
In other words, when annealed at 843 K, there were mainly x-(Fe, Co) phases with more
ferromagnetic atoms per mole than Fe3;B and (Fe, Co),3B¢ phases which greatly increased
the saturated magnetization value, but the higher the annealing temperature, the more
Fe3B and (Fe, Co),3B¢ phase precipitates, offsetting the overall magnetic moment [4,58].
Nevertheless, it is recommended to conduct the thermal treatment near the first crystalliza-
tion temperature since it is true that annealing has improved the soft magnetic properties
of (FeyCo1_y)72B1925i48Nby (0 < x <1, at 0.1 intervals) alloy system.
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Figure 6. XRD patterns of the annealed (FeyCo1_,)72B192Si48Nby (0.4 < x < 0.9, at 0.1 intervals)
ribbons for 10 mins at (a) 843 K (b) 893 K (c) 943 K.
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Figure 7. Variation of the saturation magnetization of the (FexCoj_y)7:B1925i4gNby (0.4 < x < 0.9, at
0.1 intervals) as-spun and annealed ribbons for 10 min at 843, 893, 943 K, respectively.

Figure 8 exhibits the evolution of coercivity (Hc) as a function of the annealing tem-
perature at 843, 893, 943 K for (FeyCoj_y)72B1925i48Nbs (0.5 < x < 0.8, at 0.1 intervals)
as-spun and annealed ribbons. The graph was plotted as In(H.) values to show the trend
better. The coercivity of each alloy showed the same trend; when the initial heat treatment
at 843 K was applied to the ribbons, the coercivity decreased, but as the heat treatment
progressed to 893 K and 943 K, the coercivity increased. This phenomenon seems to be
because coercivity is a structurally sensitive parameter. During the heat treatment process
at 843 K, magnetic softening seems to be observed as structural relaxation due to the
relaxation of internal stress within the amorphous state [7,47,52,59,60]. In addition, due to
insufficient diffusion of atoms, the homogeneous distribution of fine x-(Fe, Co) grains in
the amorphous matrix with random magnetic anisotropy cannot be excluded as the cause
of the reduction of the coercivity [47,60-63]. In the subsequent heat treatment processes
(annealing at 893 and 943 K, respectively), the o-(Fe, Co) grain size increases, acting as a
grain coarsening and a pinning center for wall displacement, which seems to have resulted
in a magnetic hardening effect [52,55,59,60,63,64]. Furthermore, the formation of strong
anisotropic phases, such as Fe3B (tetragonal structure), and (Fe, Co),3Bg (face-centered
cubic structure), results in increased pinning center of magnetic domain wall movement,
increasing the coercivity [2,7,53,59].

This study investigates the influence of the Fe/Co ratio on the structural, thermal, and
magnetic properties of the Fe-Co-B-Si-Nb system. The results indicate that the alloy design
strategy, which involves ferromagnetic elements such as Fe and Co, other glass-forming
elements like B and Si, and early transition metals element Nb, is effective in improving
the structural integrity of the material. Higher Fe content substantially enhances the glass-
forming ability (GFA) and thermal stability of the alloys by increasing their glass transition
temperature (Tg) and crystallization temperature (Tx). As the Fe/Co ratio is varied from
100 at. % cobalt to 100 at. % iron, the as-spun amorphous ribbon samples exhibit a
significant improvement in saturation magnetization. Optimal annealing treatments lead to
lower coercivity and higher saturation magnetization, resulting in improved soft magnetic
properties in the nanocrystalline alloy.
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Figure 8. The trend of the coercivity of the (FexCoj_y)72B19,Si48Nby (0.5 < x < 0.8, at 0.1 intervals)
as-spun and annealed ribbons for 10 min at 843, 893, 943 K, respectively.

4. Conclusions

In this study, we observed the effect of changes in the Fe/Co ratio in the (FexCoj_y)7
B195SiggNby (0 < x <1, at 0.1 intervals) alloys on saturation magnetization (M;) and the
crystallization temperature (Tx) and observed the effect of thermal treatment on structural
and magnetic properties. The structural characteristics of alloys were measured by X-ray
diffraction (XRD) and confirmed that as-spun ribbons were chemically mixed uniformly
using scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS).
Magnetic and thermal properties were measured by vibrating sample magnetometer (VSM)
and differential scanning calorimetry (DSC). The following conclusions could be drawn.

1. The effects of Fe/Co ratio variation on glass-forming ability (GFA), saturation magneti-
zation (M), and crystallization temperature (Tx) are as follows. To prove the certainty
of as-spun ribbon fabrication, field emission scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDS) was used to confirm the uniformity of the
detailed atomic distribution of the as-spun ribbon. We identified that each element of
the scan ribbon (FexCo1_5)72B1925i4 8Nby4 (x = 0.7) is chemically uniformly mixed. All
as-spun samples are completely amorphous, and the saturation magnetization (Ms)
values tend to increase with increasing Fe substitution for Co. Fe7;B1925i4 gNby (x = 1)
has the highest saturation magnetization (Ms) value of 127.7 emu/g. In addition, the
crystallization temperature (Tx) and glass transition temperature (Tg) tend to increase
to 856.7 K and 827.1 K as the Fe content increases. Therefore, replacing Co with Fe
improves magnetic and thermal properties.

2. The effect of heat treatment on (Fe;Co1_y)7B192Si4gNby (0.4 < x < 0.9, at 0.1 inter-
vals) as-spun sample characteristics is as follows. We conducted heat treatment at
843 K, 893 K, and 943 K for 10 mins and investigated structural and magnetic property
changes. Compared to as-spun ribbons, coercivity (H.) showed reduced coercivity
(Hc) when treated with 843 K in the heat treatment but increased coercivity (H) as
heat treatment progressed to 893 K and 943 K. The saturation magnetization (Ms)
value increased by heat treatment by up to 37 emu/g, but there was no significant sat-
uration magnetization (M) improvement annealed at a high temperature compared
to annealed at 843 K. After annealing at 843 K, all samples exhibit an «-(Fe, Co) phase,
but after annealing above 893 K, the Fe3;B and (Fe, Co)23B¢ phases are also produced,
deteriorating the soft magnetic properties. In particular, it was confirmed that the
intensity or peak number corresponding to more Fe3B phases increased due to the cor-
relation between the Fe content and the formation of the Fe3B phase when annealing



Metals 2023, 13, 715 12 of 14

was performed at x = 0.7 or more. Therefore, annealing the (FexCo1_)72B19.25is §Nby
(0.4 <x <0.9, at 0.1 intervals) alloy system near the first crystallization temperature
can improve the soft magnetic properties.

In conclusion, the effect of adding Fe substitution of Co and annealing temperature
on structural, thermal, and magnetic properties of (FeyCo1_y)72B192SisgNby (0 < x <1,
at 0.1 intervals) alloy was confirmed in this report. Soft magnetic materials are used in
electronic devices such as transformers that convert primary electrical energy to magnetic
energy and convert secondary electrical energy to magnetic energy, electromagnets that
convert electrical energy to rotating power, and generators that generate electricity by elec-
tromagnetic induction. This new nanocrystalline alloy material with excellent soft magnetic
properties is expected to be widely used in various electromagnetic conversion parts.
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