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In this study, we investigated the effects of boron addition on glass forming ability (GFA) and soft magnetic
properties of Fe;; 5Sij35xBo<Nb;Cu; nanocrystalline alloys. By increasing the boron content in the alloys, GFA
is expected to be increased via calculation on thermodynamic factors including mixing enthalpy, mixing
entropy, and atomic radius differences. This enhancement in GFA is highly beneficial for powder production
via gas atomization. Since gas atomization typically exhibits a lower cooling rate compared to the melt spinning
process, achieving an amorphous structure is more challenging. However, by improving the GFA through alloy
design, amorphous phase formation was successfully demonstrated even under these conditions. As a result, it
was confirmed that the fully amorphous powders exhibited significantly improved coercivity compared to
powders with initial crystallites. This alloy-design-based approach not only contributes to cost reduction in
processing by enabling amorphous formation under less stringent cooling conditions, but also leads to enhanced
magnetic properties.
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1. Introduction

Soft magnetic materials are widely utilized in various
applications due to their excellent magnetic properties.
These materials are processed into different forms such as
ribbons, sheets, and powders [1-3]. In particular, powder-
type soft magnetic materials offer the advantage of easy
shape control through compression molding techniques
[4]. Thanks to these benefits, soft magnetic powders have
become highly desirable for use in electrical devices and
components, including inductors [5, 6]. With the ongoing
trend toward miniaturization and improved efficiency in
electronic components, the demand for advanced
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materials is increasing [7]. In this context, nanocrystalline
soft magnetic powders are especially promising, as they
exhibit superior magnetic performance compared to
conventional soft magnetic materials [8]. These materials
typically consist of nanograins approximately 20 nm in
size embedded in an amorphous matrix [9].

This unique structure contributes to excellent magnetic
characteristics, such as low coercivity and high perme-
ability [10]. The presence of numerous nanocrystals
enables enhanced magnetic properties through exchange
interactions between neighboring grains, which helps
reduce magnetic anisotropy [11]. Soft magnetic powder is
typically fabricated by gas atomization process which
includes melting the alloy and spraying the molten alloy
with high pressure gas [12]. As a result, the amorphous
and sphere-shape powder can be produced. The process
makes more easily the alloy with high GFA, but the
fabrication of the nanocrystalline powders consisting of
copper (Cu) is difficult. Because the Cu has a positive
mixing enthalpy with Fe, thereby overall mixing enthalpy
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of alloy increases. Moreover, Cu tends to form fine nano
clusters in the amorphous matrix, which inhibits the
formation of fully amorphous state, it leads to decrease
the GFA [13]. As a result, when the cooling rate provided
by the gas atomization process is insufficient to fully
suppress crystallization, the formation of a completely
amorphous structure becomes challenging, particularly for
nanocrystalline-type compositions [14, 15]. This often
leads to the occurrence of powders containing partial
crystalline phases. Also, after heat treatment to such
powders, it may lead to significant grain coarsening due
to the presence of pre-existing crystalline phases, thereby
deteriorating the magnetic properties [16].

To solve the problem, it needs to enhance the cooling
rate in atomization process. However, equipment
upgrades or process modifications increases production
complexity and cost. Alternatively, the designing new
alloy composition to enhance the GFA can be more
economical and effective way. Such compositional design
can minimize the reliance on advanced processing
technologies while enabling the fabrication of high-
quality amorphous or nanocrystalline powders with
desirable properties.

In this study, we aimed to enhance the GFA by
modifying the composition of FINEMET [17]
(Fes35S1135BoNb;Cuy), a representative nanocrystalline
soft magnetic alloy, through the reduction of silicon (Si)
content and the corresponding increase in boron (B)
content. B is known to improve the GFA of Fe-based soft
magnetic alloys due to its small atomic radius and large
negative mixing enthalpy with Fe and other constituent
elements [18, 19]. Therefore, increasing the B content is
expected to be effective in enhancing the GFA [20]. To
evaluate the improvement in GFA, ribbons were
fabricated using the melt spinning method. By varying the
wheel speed, different cooling rates were simulated, the
GFA of the designed alloys ribbons was compared. After
optimizing the composition of alloy, we confirmed
whether the alloy could also retain an amorphous state
when processed by gas atomization. As a result, the
newly designed alloy with increased boron content
showed a more distinct formation of a fully amorphous
phase, confirming the enhancement of GFA in the
modified composition. Based on this optimized com-
position, fully amorphous nanocrystalline powders were
successfully fabricated via the gas atomization process,
and their structural and magnetic properties were
evaluated. The optimized powders exhibited significantly
improved magnetic properties compared to the original
composition, validating the effectiveness of the alloy
design strategy proposed in this study.
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2. Experimental

2.1. Materials

The following materials were purchased from TAEWON
SCIENTIFIC CO., Korea: Fe (99.95 wt.%), Si (99.999
wt.%), Cu (99.997 wt.%), Fe-B (mixed 85/15 wt.%, 99.9
wt.%), Fe-Nb (mixed 50:50 at.%, 99.5 wt.%). The quartz
tube, with an outer diameter of 15 mm, an inner diameter
of 12 mm, and a length of 150 mm, along with a
rectangular slit measuring 0.2 mm by 5 mm, was
purchased from Y&I Tech CO., Korea.

2.2. Fabrication of the alloys

The Fes;35Sii35.xBoixNb;Cu; alloys for melt spinning
were fabricated using an arc melting method. The alloy
ingots were weighed to 10.000 g, with precision to three
decimal places. The specific compositions of the alloys,
designated as FINEMET, #1, #2, and #3, are detailed in
Table 1. The alloys were produced in a high-purity argon
(Ar, 99.999%) atmosphere to prevent oxidation, following
high vacuum atmosphere of 10 Pa. To ensure thorough
mixing, the alloy was flipped back and 4 to 5 times to
produce the final ingot.

2.3. Fabrication of the powder and ribbons

The Fes;5S1135xBoxNbsCu; powder and ribbons were
fabricated by gas atomization and melt spinning. The
powder was supplied from ZENIX Co., Korea and the
ribbons were produced under different wheel speed
conditions, with a copper wheel speed of 5 to 30 m/s, an
injection pressure of 20 kPa, and a distance of 0.1 mm
between the wheel and the nozzle. Fabricated ribbons
measured 5 mm in width and 20 pm in thickness.

2.4. Nanocrystallization of powder and ribbons

To compare on amorphous and nanocrystalline
powder, we treated the annealing process in muffle
furnace in Ar atmosphere. We conducted annealing from
525, 550, 580 °C to obtain proper temperature for
nanocrystalline matrix. The nanocrystallization was
analyzed by XRD.

Table 1. The precise compositions of Fes; 5Sij3.5.xBo+Nb;Cu,
alloys.

Alloy Fes; 55115 5xBoNb;Cuy
FINEMET Fe3.5S13.5BoNb;Cu;
#1 Fe7;.5Si12.5B1oNb;Cuy
#2 Fez35Si115B1iNbsCuyy
#3 Fes3.58i10.5B12NbsCuy
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2.5. Characterization

The structures of the amorphous and nanocrystalline
powder was analyzed via X-ray diffraction (XRD; Rigaku
D/Max-2500VL/PC). The magnetic properties of powder
were analyzed by DC loop tracer (Remagraph C-500,
MAGNET-PHYSIK) under an applied field of 800 A/m,
and the vibrating sample magnetometer (VSM; EZ9,
Microsense) under an applied magnetic field of 15000
Oe. And the microstructure of sample was confirmed by
using field emission transmission electron microscopy
(FE-TEM; Talos F200X, Thermo Fisher Scientific).

3. Results and Discussions

Figure 1 presents the strategies of developing nano-
crystalline soft magnetic powders with compositions of
Fe7;.5Si135xBoxNb;Cu; to enhance GFA and magnetic
properties by designing the alloy composition. The soft
magnetic powder was produced by using gas atomization
that has 10%-10* K/s cooling rates [21], that process
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illustrated in Fig. 1a. From gas atomization process, some
powder fabricated with amorphous and crystals phases in
the initial state result from low cooling rate of gas
atomization. In the Fig. 1b, there are two kinds of alloy
consist of high and low GFA alloy that are formed fully
amorphous and with crystals and amorphous dual phases.
The initial structural characterization can be obtained
from XRD result, in the Fig. 1c. When the alloy of low
GFA composition was fabricated, the alloy has the crystal
peaks in (110) and (200) plane of a-Fe at 20 = 45° and
65°. Otherwise, the alloy of high GFA composition has
the amorphous phase without any crystal peaks. When the
annealing to alloy for nanocrystallization, the alloy has
crystal peaks in the initial state, the crystals in the matrix
could be have abnormal grain growth. It can be led to
deteriorate the magnetic properties [22, 23]. Because the
uneven grains lead to interrupt to exchange interactions
[24]. Therefore, the initial structure of alloy fabricated gas
atomization has to be fully amorphous phases for
enhancing magnetic properties. To obtain fully amorph-
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Fig. 1. (Color online) Manufacturing overview of nanocrystalline soft magnetic sphere shape powder with low coercivity perfor-
mance. (a) Schematic illustration showing the gas atomization for fabricating sphere shape metal powder. (b, ¢) Comparison of (b)
phase different and (c) structural characterization on high and low GFA powder. (d) Strategy on designing new alloy with several
GFA factors. (e¢) SEM image of Fes;5Si;05B12NbsCu; powder. (f) Coercivity data of low and high GFA alloy.
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Fig. 2. (Color online) (a, b) XRD data of Fes;5Sij3sBoNb;Cu; ribbons with (a) free side and (b) wheel side. (c) The comparison of
coercivity and thickness of each ribbon were fabricated on several wheel speed conditions utilized melt spinning.

ous powder, we set the strategy by designing new alloy
with calculation of GFA factors, as mixing enthalpy,
mixing entropy, and atomic radius differences. It can be
seen in Fig. 1d. In the Fig. le, the SEM result of soft
magnetic powder of sphere shape presented with D50 of
13.15 um. The Fig. 1f shows the enhanced coercivity as
magnetic properties between annealed low GFA alloy and
high GFA alloy. High GFA alloy have low coercivity
compared the low GFA alloy around decreased 90 %.
Based on the results, the initial phase of powder is
important for properties. In other words, despite the
inherent difficulty of producing fully amorphous powders
through the gas atomization process, the designing of
alloy enabled the successful fabrication of fully amorphous
powders. As a result, the magnetic properties were
improved compared to conventional powders with partial
crystallinity. The following figure will explain the alloy
design strategy and the experimental approach employed
to achieve high GFA.

Figure 2 shows the structural and magnetic characteri-
zation of Fe;35Si;3 5BoNb;Cu; ribbons. When the conven-
tional FINEMET alloy was processed via gas atomi-
zation, fully amorphous powders could not be obtained;
instead, partially crystalline powders were produced. To
address this issue, we aimed to develop a new alloy
composition capable of forming a fully amorphous phase.
As a first step, ribbons were fabricated from the
conventional FINEMET alloy using the melt spinning
process. The wheel speed, which directly affects the
cooling rate, was gradually reduced from 30 m/s to 5 m/s
in order to identify the condition at which crystallization
begins. Based on this identified condition, further
experiments were conducted using the newly designed
alloy to determine whether it could maintain an
amorphous structure under the same low cooling rate.
Fig. 2a and b shows the XRD results of free side and
wheel side of Fes;5Si;35BoNbs;Cu; ribbons under

fabricated 30 m/s — 5 m/s separately. Since the wheel side
is in direct contact with the copper wheel, it exhibits a
higher cooling rate than the free side [25]. Therefore,
XRD analysis was performed on both sides to compare
their structural differences. Based on the results from both
sides of the ribbon, a crystal peak corresponding to the
(110) plane of a-Fe at 20 = 45° was confirmed on the free
side at a wheel speed of 5 m/s. This observation indicates
that at a cooling rate corresponding to 5m/s, the alloy
fails to form a fully amorphous structure on FINEMET.
Fig.2c compares the thickness and coercivity of the
fabricated ribbons. As the wheel speed decreases, the
ribbon thickness gradually increases. The coercivity tends
to decrease with increasing ribbon thickness. However, a
subsequent increase in coercivity was observed in
samples exhibiting crystalline phases. This suggests a
degradation in magnetic properties due to crystallization.
The decrease in coercivity with increasing ribbon
thickness is attributed to the pinning effect arising from
surface defects, which can enhance the effective packing
density of magnetic domains [26]. Based on these results,
it was confirmed that the conventional FINEMET alloy
exhibits crystalline phases when processed at a wheel
speed of 5m/s. To improve the GFA, a new alloy
composition with increased B content was designed and
fabricated into ribbons using melt spinning at the same
wheel speed of 5m/s. If the resulting ribbon maintains a
fully amorphous structure under this condition, it
indicates that the GFA of the newly designed alloy has
been successfully enhanced.

Figure 3 and Table 2 shows the thermodynamic
parameters related to the GFA of Fe;;5S1;3.5.xBo+Nb;Cuy
alloys. Based on these -calculations, the effect of
compositional variations on GFA was theoretically
evaluated in this study. The alloys were designed by
decreasing 1 at% of Si and increasing 1 at% of B for
enhancing GFA. The results of GFA can be calculated by
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Fig. 3. (Color online) Comparison of mixing enthalpy (AH;y),
mixing entropy (ASyx), and atomic size difference (5) of the
Fe735S113.5.xBo+xNb3Cu, alloy with varying boron content.

Table 2. Comparison of mixing enthalpy (AH;x), mixing
entropy (ASnix), and atomic size difference (8) of the
Fe73 58113 5xBosxNb;Cu, alloys.

AH,nig

ASmix

All 5(°
oy (J-mol™) (K" -mol™) %)
FINEMET -24.07 7.18 10.61
#1 -23.85 721 11.09
# -23.55 722 11.55
#3 -23.27 7.22 12.00
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mixing enthalpy, mixing entropy, and atomic radius
difference. The mixing enthalpy [18, 19], AH,,;, is defined
as:

AHpix = Yy 12 j 4AHR? i M

AHZE is the mixing enthalpy between A and B elements
and c;c; are atomic percent. It is well known that a larger
negative value of the mixing enthalpy enhances the GFA
of an alloy by stabilizing the formation of the amorphous
phase. As a result, the mixing enthalpy was found to
increase from —24.07 kJ/mol to —23.27 kJ/mol by increasing
B content in alloy, corresponding to an increase of
approximately 3.3%. This change can be explained by
considering that the mixing enthalpy between Fe and Si is
approximately —35 kJ/mol, while that between Fe and B is
around —26 kJ/mol. Although a slight increase in mixing
enthalpy was observed, the 3.3% increase is relatively
minor and is not expected to cause a significant difference
in the GFA of the alloy. Also, the mixing entropy [26],
ASpix ,18 defined as :

ASmix =—R Z?:l CilnCi (2)

R is the gas constant. The mixing entropy reflects the
degree of atomic mixing and indicates the overall
compositional randomness of the alloy. In the present
results, no significant difference was observed in the
mixing entropy. In contrast, the atomic radius differences
exhibited a noticeable variation. The atomic radius
differences [27], 9, is defined as :

§ =100/X™, ¢;(1 —1;/7)? A3)

7 is the average atomic radius. A large atomic radius
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Fig. 4. (Color online) (a, b) XRD data of Fes;5Si;;3.5.xBo+xNb3;Cu ribbons with (a) free side and (b) wheel side.
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difference hinders atomic diffusion, thereby promoting
denser atomic packing, which is known to enhance the
GFA. Also, according to the amorphous formation rule
[20], an atomic radius difference of over 12% or more
facilitates the formation of an amorphous phase. As a
result, it was confirmed that the atomic radius difference
increased by approximately 13% with increasing B

content. This can be attributed to the significant
a -
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difference in atomic radius between Si (0.1153 nm) and B
(0.082 nm). Based on this, alloy #3 is expected to exhibit
the highest GFA among the investigated compositions.
This calculation approach is expected to provide a more
accessible method for identifying alloys with high GFA
[28].

Figure 4 shows the structural properties with XRD
results of Fes;5S1135..Bo:xNbs;Cu, ribbons with free side
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Fig. 5. (Color online) Structural and magnetic characterization of both amorphous and nanocrystalline powder. (a, b) XRD data of
Fe7;35S113.sByNb;Cu; and #3 alloy (Fes;5Sij0sB12Nb;Cu,) powder on different conditions of (a) as-cast and (b) annealed at 525, 550,
and 580 °C in 1 h. (c) VSM plot of #3 alloy (Fe;;5Sij0sB12Nb;Cu,) annealed powder. (d) Comparison of saturation magnetization
(black color) and coercivity (red color) of Fes; 5Sij3 sBoNb;Cu; and #3 alloy (Fes; 5Si10.sB12NbsCu,) powder. (e,f) TEM images of #3
alloy (Fes;5Si19.sB12Nb;Cu,) nanocrystalline powder annealed at 580 °C in 1 h.
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(a) and wheel side (b). All ribbons were fabricated at a
wheel speed of 5m/s, which corresponds to the critical
condition that does not satisfy the cooling rate required
for amorphous formation for FINEMET alloy, as shown
in Fig.2. As a result, distinct crystalline peaks
corresponding to the (110) and (200) planes of a-Fe at
20=45° and 65°, respectively, were observed in all alloy
ribbons except for alloy #3. These results are consistent
with the trends predicted by the calculated GFA-related
factors, supporting the expectation that alloy #3 possesses
the highest GFA among the tested compositions. Through
ribbon-based experiments, the improvement in GFA
achieved via alloy design was confirmed. As a result,
alloy #3, which contained an additional 3 at% of B,
exhibited the highest GFA. Based on this finding,
spherical powders were subsequently produced using gas
atomization, and their structural and magnetic properties
were comparatively analyzed.

Figure 5 shows the structural and magnetic charac-
terization of amorphous and nanocrystalline powder. Fig.
5a shows the XRD results of initial state of powders with
composition of Fes; 5Si;3 sBoNbsCu,; and #3 alloy prepared
by gas atomization. As a result, the XRD pattern of alloy
#3, which was expected to exhibit the high GFA,
confirmed the formation of a fully amorphous phase. This
indicates that the addition of B effectively enhanced the
GFA. Consequently, even in the powder fabricated via gas
atomization, the improved GFA was clearly demon-
strated. To induce nanocrystallization in alloy #3, heat
treatments were performed at 525 °C, 550 °C, and 580 °C
for 1 hour in a muffle furnace under an argon atmosphere.
XRD analysis was conducted to evaluate the extent of
nanocrystallization, and the results are presented in
Fig.5b. In the sample annealed at 580°C, distinct
crystallization peaks corresponding to the (110), (200),
and (211) planes were observed at 20 =45°, 65°, and 82°,
respectively. These results indicate that crystallization was
successfully achieved at this temperature. Subsequently,
Fe7.5Si135BoNb;Cu; powder was also subjected to nano-
crystallization under the same heat treatment conditions,
and the magnetic properties of the nanocrystallized
powders were compared. The results can be seen in
Fig.5¢ and d, and Table 3. As a result, the saturation
magnetization (M;) measured by VSM was found to be
slightly lower in alloy #3. The Si content was reduced
and B was increased in alloy #3, the saturation magneti-
zation decreased. B is a paramagnetic element that dilutes
the ferromagnetic moment of iron, resulting in a slight
decrease in the M; [29]. Also, the FINEMET alloy
exhibits a relatively high M; value due to partial crystalli-
zation at the initial stage from XRD result. Furthermore,
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Table 3. Comparison of saturation magnetization and coerciv-
ity of Fe73‘5Si13,5B9Nb3Cu] and #3 (Fe73,5Si10,5B|2Nb3Cu]) pow-
der.

Annealing temperature, 1 h

Alloy

Properties as-spun  525°C  550°C  580°C
M, (emu/g) 128.05 127.76  126.67 127.74
FINEMET
H, (Oe) 4.56 3.55 3.66 3.77
3 M, (emu/g) 120.12 12528 12391  119.01

H, (Oe) 0.82 0.509 0.34 0.23

thermal annealing promotes the formation of high-density
a-Fe nanocrystals, which contributes to a further increase
in M. However, the difference between the pre-existing
crystallites and those formed during annealing appears to
weaken the exchange interaction between grains, thereby
leading to an increase in coercivity [11, 30, 31]. However,
when comparing the samples annealed at 580 °C, the
decrease in saturation magnetization was only about
5.5%, while a significant improvement in coercivity was
observed. The coercivity of the partially crystallized
powder was 3.77 Oe, whereas that of the well-amorphized
#3 alloy was reduced to 0.23 Oe, representing approxi-
mately a 90% decrease. This suggests that, compared to
alloys that had already undergone initial crystallization,
the #3 alloy maintained its amorphous state more effec-
tively and, upon annealing, formed uniformly distributed
nanocrystals. TEM observations were conducted to
investigate the nanocrystallization behavior, as shown in
Fig. 5e and f. Fig. 5e presents the TEM images of the
annealed powder fabricated from the #3 alloy using a gas
atomizer. Fig. 5f shows a high magnification image of the
annealed powder. The average grain size was measured to
be approximately 18.4 nm, and the nanocrystals were
densely distributed within the amorphous matrix. As a
result, enhanced exchange interactions between the
nanocrystals led to superior magnetic properties [11]. In
summary, the results confirmed that compositional modi-
fication is effective for improving GFA and magnetic
properties of Fe-based nanocrystalline soft magnetic
powders.

4. Conclusion

In this study, we demonstrated that the GFA of Fe-
based soft magnetic nanocrystalline alloys can be
effectively enhanced by increasing the B content. The
designed alloy, Fes;5Si;sB1oNb;Cuy, successfully formed
a fully amorphous structure even under the gas
atomization. The enhancement in GFA was initially
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predicted using thermodynamic factor calculations and
subsequently verified through melt spinning experiments
and XRD analysis. As a result, the optimized alloy
exhibited significantly reduced coercivity after nano-
crystallization, highlighting the advantages of starting
from a fully amorphous state. These findings suggest that
composition-based GFA optimization is a practical and
effective approach for developing high-performance soft
magnetic powders using gas atomization.
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