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ABSTRACT

Soft magnetic materials are required to exhibit high saturation magnetization and low coercivity. Iron-based metal alloys, such as FeMnZn, are commonly used
commercial soft magnetic materials with electromagnetic shielding functions. However, these alloys generally exhibit low saturation magnetization, poor high-
temperature stability, and significant magnetic losses. In recent years, many research groups have highlighted the excellent soft magnetic properties of high-
entropy alloys (HEAs). This study develops new HEA powders with superior soft magnetic characteristics for applications in low-frequency magnetic shielding
components. The research found that the FeCoNiSiCuNb HEA, under appropriate ball-milling and annealing conditions, exhibits high saturation magnetization and
excellent high-temperature properties, retaining over 50 % of its magnetism even at 700K. At an operating frequency of 100 kHz, compared to FeMnZn, the real
permeability of the FeCoNiSiCuNb HEA is increased by 2.25 times. Preparing this HEA material as a magnetic shielding material can lead to higher inductance, a
coupling coefficient increased to 0.84, and a transmission efficiency improvement of 19 %, demonstrating the potential of high-entropy alloys in wireless charging

applications.

1. Introduction

Ideal magnetic shielding materials should possess high magnetic
permeability, high saturation magnetization, low coercive force, ther-
mal stability, and high electrical resistivity [1-8]. Magnetic shielding
materials often use soft magnetic materials [9-12], which can be cate-
gorized based on their characteristics into iron-based sintered alloys
such as silicon steel and ferrites [13-16]. Iron-based alloys have the
advantages of high magnetic flux density and high magnetic perme-
ability but suffer from low resistivity, which leads to increased eddy
current losses at high frequencies, thereby limiting their usage condi-
tions [17,18]. Ferrites, on the other hand, have the advantage of high
resistivity, allowing for lower eddy current losses in high-frequency
operating environments [19,20]. However, the saturation magnetiza-
tion of ferrites is significantly lower than that of metallic soft magnetic
materials, which limits their use in high-power environments.

Since high-entropy alloys (HEAs) were first proposed in 2004, they
have rapidly developed. The various properties of HEAs, such as high

hardness and ductility [21-24], high-temperature stability [25,26],
magnetic properties [4,27-29], electrical conductivity [30], and optical
properties [31], have been widely researched. These exceptional char-
acteristics demonstrate significant potential for various applications.
Among them, HEAs based on FeCoNi demonstrate good soft magnetic
properties and are abundant and cost-effective [32-35]. The addition of
other elements, such as copper, chromium, and silicon can adjust their
properties, improving tensile performance [36,37], strength [36-40],
and corrosion resistance [38,40,41]. For example, adding a small
amount of aluminum can produce nano-precipitates that increase the
alloy’s strength without affecting tensile ductility [36]; adding a small
amount of niobium can aid in solid-solution strengthening and the for-
mation of intermetallic compounds, thus increasing yield strength [39];
adding silicon, manganese, and molybdenum can significantly increase
microhardness [40,42]. Overall, these high-entropy alloys exhibit above
advantages. Compared to other HEAs, the FeCoNiSi series of
high-entropy alloys have higher saturation magnetization and lower
coercive force [43-46]. Additionally, it is indicated that the FeCoNiCrAl
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has soft magnetic characteristics, but its drawback is a lower saturation
magnetization compared to traditional ferrites [47,48]. Another
research team found that FeCoNiAlCr powders, after wet milling,
exhibited better shielding performance in the Ko band compared to
larger plate-like powders [49]. Studies using arc melting to produce
FeCoNiSiAl have shown that increasing the silicon content effectively
reduces the hysteresis loop parameter (As) and improves resistivity,
thereby decreasing eddy current losses [50,51]. Furthermore, the
FeCoNiCrCu has also been reported to have excellent and
temperature-stable soft magnetic properties [1].

Many electronic devices require the use of soft magnetic materials.
Soft magnetic materials, which possess low coercivity, are applicable
across a range of frequencies from tens of Hz to several hundred MHz
[20,52,53]. For instance, they are used in low-frequency applications
such as motors [54,55], high-frequency applications, including filters,
and radio antennas [56,57]. However, there is scarce literature on the
use of HEA powders as magnetic shielding materials in the kilohertz
(KHz) range [10,58]. In this frequency range, an important application
is wireless power transmission [59]. There are many methods of wireless
power transmission, among which electromagnetic induction is the
simplest and currently the most widely used method. However, it has the
limitation of only being suitable for short-range transmission. To opti-
mize magnetic flux coupling, the transmitting and receiving coils must
be very close to each other, with the transmission distance being less
than the geometric dimensions of the coils. Transformers, where the
magnetic field of coils is confined within a core material with high
magnetic permeability, are a typical example of energy transmission by
electromagnetic induction [57,60]. Other major applications include
charging devices for electric toothbrushes, radio-frequency identifica-
tion (RFID) smart cards, portable electronic devices, such as laptops and
mobile phones, and medical implant devices [61-63].

The present research designs FeCoNiSiCuNb HEAs for applications in
the low-frequency range. The material selection includes Fe, Co, and Ni
as magnetic elements, which have been proven to form a stable fcc solid
solution phase [64-66]. The addition of Si reduces electrical conduc-
tivity and eddy current losses, while also enhancing the overall perfor-
mance [67,68]. A small amount of Nb is added to suppress excessive
grain growth and improve the mechanical strength of the material [39].
The trace addition of Cu enhances grain boundary characteristics,
contributing to the high-temperature stability of the material [6,69]. It
involves preparing FeCoNiSiCuNb HEA powders through a mechanical
alloying method and investigating the effects of process parameters on
their magnetic and electrical properties. Finally, the magnetic shielding
wireless charging devices made from these HEA powders demonstrate
high applicability compared to traditional soft magnetic materials.

2. Methods
2.1. Material preparation

The Fegs 5C023.5NissSiisCuiNbg high-entropy alloy powder is syn-
thesized using a Planetary Mono Mill PULVERISETTE 6 (FRITSCH) by
mechanical alloying. High-purity elemental powders of Fe, Co, Ni, Si,
Cu, and Nb, each with a purity of 99.9 wt%, are used as raw materials.
The particle sizes are controlled to ensure optimal milling conditions: Fe,
Co, Si, and Cu powders are less than 45 pm, Nb powder is less than 10
pm, and Ni powder is less than 4 pm. The ball-to-powder ratio is fixed at
15:1, and the milling speed is set at 300 rpm. During the milling process,
there is a 40-min milling followed by a 20-min pause to prevent over-
heating. The mechanical alloying involves initial dry milling (using
absolute ethanol) followed by wet milling (with absolute ethanol added
as a process control agent, PCA) to produce the HEA [70]. The prepared
samples are named as WO (dry milling 5 h, wet milling 0 h), W5 (dry
milling 5 h, wet milling 5 h), W10 (dry milling 5 h, wet milling 10 h),
W20 (dry milling 5 h, wet milling 20 h), W30 (dry milling 5 h, wet
milling 30 h), DO (dry milling O h, wet milling 10 h), D5 (or W10, dry
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milling 5 h, wet milling 10 h), D10 (dry milling 10 h, wet milling 10 h),
D20 (dry milling 20 h, wet milling 10 h), and D30 (dry milling 30 h, wet
milling 10 h).

The resulting high-entropy alloy powder (Fesy5C0235NiasSiss.
Cu;Nbg) is then mixed with a commercial 6 wt% binder. Subsequently,
0.8 g of the mixed HEA powder is weighed and poured into a T-core
mold with an inner diameter of 7.5 mm and an outer diameter of 13.5
mm. The powder is compacted at 1,000 MPa, and the samples are
annealed for 2 h at temperatures of 700 °C, 800 °C, and 900 °C. This
toroidal sample is used for measurements of magnetic permeability,
electrical resistivity, and porosity.

2.2. Materials characterization

The microstructure of the Fesy5C0935NinsSiisCuiNbg HEA is
observed using high-resolution scanning electron microscopy (HR-SEM,
HITACHI SU8000), and the crystalline structure is examined by X-ray
diffraction (XRD, Bruker D8 DISCOVER) with Cu-Ka (1 = 0.15406 nm)
radiation. The diffraction angle (26) scanned from 20° to 90°. An
investigation of the elemental composition was conducted, employing
an X-ray energy dispersive spectrometer (EDS, Bruker XFlash 5060F)
linked with HR-SEM.

The coercive force (H.) and saturation magnetization (M;) of the
high-entropy alloy powder with different milling times are measured
using a superconducting quantum interference device vibrating sample
magnetometer (SQUID VSM, Quantum Design MPMS 3) under an
applied magnetic field of 20,000 Oe. The complex magnetic perme-
ability of the high-entropy alloy bulk material is measured using an
impedance analyzer (Keysight E4990A) with a magnetic material test
fixture (Keysight 16454A). The loss tangent is calculated by dividing the
imaginary part of the magnetic permeability by the real part. The re-
sistivity is calculated from the slope obtained from the current-voltage
(J-E) curve measured using a source meter (Model 2410, Keithley).
The pore distribution of the high-entropy alloy bulk material is
measured using a surface area analyzer (ASAP 2020, Micromeritics).
Based on the gas adsorption characteristics on the solid surface, the
reversible physical adsorption of gas molecules on the surface of the bulk
material at ultra-low temperatures corresponds to a specific adsorption
amount at a certain pressure.

2.3. Simulation of wireless charging characteristics

The electromagnetic parameters of high-entropy alloys (HEAs) and
traditional ferrites are simulated using the Ansys Maxwell software
[71-74]. A 3D Maxwell module is created and imported to perform the
simulation, which includes the analysis of magnetic fields,
self-inductance, mutual inductance, and coupling coefficients, with the
operating frequency set at 100 kHz. Subsequently, a simplified RLC
circuit is created using the Ansys Simplorer software [75,76], and the 3D
Maxwell module is imported to compare the efficiency differences be-
tween the magnetic shielding materials made from high-entropy alloys
and commercial ferrites, specifically those using FeMnZn.

2.4. Fabrication of wireless charging devices

The Fesp 5C023 5NiasSiisCuiNbg high-entropy alloy powder is used to
create an electromagnetic shielding plate. It is uniformly mixed with a
commercial 6 wt% binder, and 40 g of the mixed high-entropy alloy
powder are weighed and poured into a T-core mold with an inner square
of 60 mm x 60 mm and an outer diameter of 75 mm. The powder is
compacted at 1,000 MPa pressure for 10 min per press, and this process
is repeated twice. The sample is then placed in a quartz tube furnace for
annealing at 800 °C for 2 h. The resulting HEA shielding plate is a square
with dimensions of 60 mm x 60 mm x 1 mm.

Next, we used a 5W QI wireless charging transmitter module, model
MTARDSV, produced by Lian Teng Electronic Co., Ltd. (Taiwan). The
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module specifications are a power input of DC 5V + 0.25V and a current
output of 1A. It includes a Printed Circuit Board Assembly (PCBA) (di-
mensions: 3.2 cm x 3.2 cm), a copper wire-wound coil (serving as the
transmitter coil), and an Mn-Zn ferrite electromagnetic shielding plate
as the base. We removed the original Mn-Zn ferrite electromagnetic
shielding plate attached to the bottom of the transmitter coil and
replaced it with the high-entropy alloy magnetic shielding plate fabri-
cated in the previous section (as shown in the left image of Fig. 6(e)).
This completed the mobile phone wireless charging device, with the
high-entropy alloy serving as the magnetic shielding plate.”

3. Results

Ball milling in mechanical alloying is the most crucial step in the
powder processing. Dry milling provides higher collision energy, effec-
tively reducing the powder volume, while wet milling helps produce
smoother surfaces, enhancing powder flowability. This study employs a
combination of dry and wet milling to optimize powder characteristics.
Initially, dry milling is fixed at 5 h, and wet milling time is varied,
designated as W0-W30, where the number represents the hours of wet
milling. Fig. 1(a) shows the SEM morphology of the wet milling series
(W-series). The particle size of the powder without wet milling (WO) is
greater than 10 pm. After 5 h of milling (W5), flake structures begin to
appear, and the size significantly decreases. W10 returns to a more
rounded appearance. After 20 h of milling (W20), the size continues to
decrease, but further milling up to 30 h (W30) results in only a slight
reduction in particle size, indicating that the wet milling effect is nearing
saturation.

For the dry milling series (D-series), the powder is fixed at 10 h of wet
milling, while the dry milling time is varied, with samples designated as
DO0-D30. Note that D5 and W10 represent the same milling conditions.
Fig. 1(b) shows the SEM morphology of D0O-D30. It can be observed that
after 0 h of dry milling and 10 h of wet milling, the powder has a round
shape with particles larger than 20 pm. When the dry milling time in-
creases to 13 h, the particle size is reduced to less than 20 pm, with the
overall powder predominantly round. The results of 13 h of wet milling
are almost identical to those of 15 h of wet milling. After 30 h of dry
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milling, it is evident that the particle size is significantly reduced to
below 10 pm.

XRD was used to further analyze the phase composition of the W and
D-series powders. The wet milling time (Fig. 2(a)) or the dry milling time
(Fig. 2(d)) results in an increase in the full width at half maximum
(FWHM) of the diffraction peaks and a shift of the peak positions to
smaller angles, indicating changes in grain size, lattice strain, and
crystallinity. Fig. 2(b—e) show the calculated results for grain size and
lattice strain, while Fig. 2(c-f) present the changes in crystallinity with
wet and dry milling times.

The average grain size is calculated using the Scherrer equation [77]:

pcos0
where D is the average grain size (nm), A is the X-ray wavelength (Cu Ka
= 0.15406 nm), f is the peak FWHM, 0 is the diffraction angle, and k =
0.9 is a constant.
The lattice strain is calculated using the Williamson-Hall method
[78]:

(2)

where ¢ is the lattice strain, p is the peak width at half maximum, and 6 is
the diffraction angle. The crystallinity index (CI) is calculated using the
method reported by Pardo et al. [79]:

Ac

ClI=
Ac+Aq

3

where A, is the area under the crystalline peak, and A, is the area under
the amorphous peak. As the wet milling time increases, the grain size
gradually decreases, lattice strain increases, and crystallinity reaches its
highest value at 10 h of milling. During the dry milling process, the grain
size first decreases and then increases, while the lattice strain first in-
creases and then decreases, with the best crystallinity observed at 5 h.
Fig. 3 shows the magnetic properties of high-entropy powders pro-
duced under different milling conditions. In the W-series, as exhibited in

Fig. 1. SEM images of HEA powders with different dry milling and wet milling times. (a) D series: dry milling time fixed at 5 h, wet milling time varies from 0 to 30 h.
(b) W series: wet milling time fixed at 10 h, dry milling time varies from 0 to 30 h. The mechanical alloying process sequence involves conducting dry milling first,

followed by wet milling.
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Fig. 2. (a) XRD patterns, (b) grain size and lattice strain, and (c) crystallinity of W series HEA powders. (d) XRD patterns, (e) grain size and lattice strain, and (f)

crystallinity of D series HEA powders.

Fig. 3(a, b), W10 presents the highest saturation magnetization (M) and
the lowest coercivity (H.), making it most suitable for soft magnetic
applications. This trend indicates that crystallinity primarily governs the
magnetic properties of the dry milling series. In the D-Series, as shown in
Fig. 3(c, d), D5 has the highest saturation magnetization, while the
coercivity gradually decreases with increasing milling time. This result
indicates that extending the dry milling time effectively reduces coer-
civity but also lowers the saturation magnetization. However, the M; of
D30 is 117.14 emu/g, which is slightly lower than that of D5. Never-
theless, the H, of D30 decreases to 4.95, the lowest H. observed in both
the W and D-series. Considering the loss characteristics for subsequent
wireless power transmission applications, we will still prioritize the D30
condition for further development of electromagnetic shielding mate-
rials. To further improve its saturation magnetization, we annealed the
powder at temperatures ranging from 700 to 900 °C.

In Fig. 4(a), it is shown that as the annealing temperature increases,
grain growth occurs and porosity gradually decreases. As presented in
Fig. 4(b), the elemental mapping of Fe, Co, Ni, Si, Cu, and Nb indicates
that the HEAs prepared by dry milling, followed by wet milling, and then
annealed at 800 °C for 2 h, exhibit better elemental uniformity and
stronger solid-solution ability. Fig. 4(c) shows that annealing transforms
the powder from a single solid-solution phase achieved by ball milling to
a mixed fcc and bec phase. As shown in Fig. 4(d and e), calculations
using the Scherrer formula reveal that grain size significantly increases
upon annealing at 700 °C, with further temperature increases having
little effect on grain size.

The magnetic hysteresis curves after annealing is presented in Fig. 5
(a), while Fig. 5(b) shows the effect of annealing temperature on Mg and
H,. It is evident that annealing at 700 °C yields the highest M and H,
values. Fig. 5(c) shows the effect of annealing temperature on porosity,
with data indicating a significant decrease in porosity as the annealing
temperature rises. As exhibited in Fig. 5(d), further measurements of
resistivity changes reveal that annealing significantly reduces resistivity,
explaining why the optimal M and H, occur around 700 °C annealing
despite the increase in grain size. Fig. 5(e and f) analyze the real and
imaginary parts of the magnetic permeability of high-entropy alloys at
different annealing temperatures. At an annealing temperature of
700 °C, the bulk material still has some small pores that adversely affect
the formation and arrangement of magnetic domains. As the annealing
temperature rises to 900 °C, the porosity in the material gradually de-
creases, and grain growth improves the integrity of the magnetic do-
mains, the material’s conductivity, and the real part of magnetic
permeability. However, the decrease in resistivity due to high-
temperature annealing leads to increased eddy current losses, result-
ing in higher imaginary magnetic permeability compared to other
temperatures.

The tangent loss (tan 8) of the material can be described by the
following formula:

Il_/7 (4)

tan 6 =

where " is the imaginary part of the magnetic permeability, and y/' is the
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Fig. 3. Magnetic properties of the W series, showing (a) the hysteresis curve and (b) the saturation magnetization and coercive force. Magnetic properties of the D
series, showing (c) the hysteresis curve and (d) the saturation magnetization and coercive force.

real part of the magnetic permeability.

The tangent loss of the material annealed at 800 °C is lower
compared to the other two temperatures because the porosity at this
temperature has significantly reduced, the resistivity has markedly
decreased, and a better magnetic domain structure has formed. Table 1
summarizes the changes in the relevant material characteristics.

4. Discussion

Fig. 6 compares the soft magnetic properties of the D30 high-entropy
alloy annealed at 800 °C (referred to as D30 800 °C) with a traditional
soft magnetic material FeMnZn, which is sourced from the electro-
magnetic shielding materials of commonly available wireless charging
modules for mobile phones. In Fig. 6(a), the hysteresis curves are pre-
sented, indicating that the saturation magnetization of HEAs is higher
than that of traditional ferrites, though the coercivity is slightly higher
as well. Fig. 6(b) plots M against temperature, revealing that at 600 K,
the saturation magnetization of traditional ferrites is nearly 0 emu/g,
whereas HEAs maintain a saturation magnetization of 22.8 emu/g at
1,000 K, indicating better suitability for high-temperature applications.
For the D30 HEA annealed at 800 °C, during the M-T measurement
heating process (at a heating rate of 3 °C per minute), a small amount of
the fcc phase might still remain incompletely transformed, which causes
a slight phase change when the temperature reaches around 750 K,
resulting in a temporary kink in the M-T curve [66]. However, as shown
in Fig. S1, during the cooling process, since the slight phase change of

the fcc phase has already occurred during heating, no further phase
transformation or structural change takes place during cooling, so no
kink is observed. The complex permeability analysis of high-entropy
alloys and traditional ferrites is displayed in Fig. 6(c and d), showing
that at 100 KHz, the real part of the magnetic permeability of HEAs is
greater than that of traditional ferrites. As exhibited in Fig. 6(e), the D30
800 °C HEA was fabricated into a 60 mm x 60 mm x 1 mm square plate.
This plate was then applied as the magnetic shielding material for the
transmitter coil in a commercially available mobile phone wireless
charging module. The implementation successfully demonstrated the
functionality and efficiency of wireless charging for mobile phones.

Compared to traditional binary alloy soft magnetic materials, such as
Fe-Ni and Fe-Co alloys, which typically offer high permeability and
saturation magnetization, they also suffer from increased eddy current
losses due to higher electrical conductivity. The HEA maintains high
permeability and saturation magnetization while benefiting from
increased resistivity caused by lattice distortion. This results in lower
magnetic losses than traditional ferrites, making HEA more promising
for commercial applications. Table 2 analyzes the loss characteristics of
HEAs and traditional ferrites, showing that the tangent loss of HEAs is
lower, which is attributed to the higher resistivity of HEAs compared to
traditional ferrites.

Next, we simulated the potential application of HEAs as magnetic
shielding materials. The design diagram of the simulation is in Fig. S2,
and the parameter table is in Table S1. Detailed simulation methods
were described in Supplementary Note 1. As a result, Fig. 7(a—c) show
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the magnetic field distribution in a wireless charging module. When the
vertical distance is fixed at 10 mm and the horizontal distance is 0 mm,
the magnetic field vector is transmitted from the transmitter to the
receiver. Without adding magnetic shielding materials, the magnetic
field vector exhibits significant divergence in Fig. 7(a), indicating lower
energy transfer efficiency. Fig. 7(b and c) present the magnetic field
distribution with traditional ferrites and HEAs as magnetic shielding
materials, respectively. The HEA exhibits a more concentrated magnetic
field vector, suggesting improved energy transfer efficiency, allowing
the receiving coil to more effectively receive energy from the trans-
mitting coil. Fig. 7(d) shows the calculated magnetic field strength
comparison, where the HEA has a denser energy distribution, resulting
in a larger magnetic field strength.

The coupling coefficient analysis of different magnetic shielding
materials is presented in Fig. 7(e). In this analysis, we fixed the vertical
distance (10 mm) and the horizontal distance (0 mm) to observe the
impact of different magnetic shielding materials on the coupling coef-
ficient. HEAs show better performance in terms of the coupling coeffi-
cient compared to traditional ferrites. This trend is due to the superior
high resistivity and low loss tangent values of HEAs. These properties
allow HEAs to more effectively confine the magnetic field, increasing the

coupling coefficient and thereby improving the efficiency of energy
transfer.

Fig. 7(f) presents the analysis results of self-inductance and mutual
inductance under different magnetic shielding materials. In this anal-
ysis, we fixed the vertical distance (10 mm) and the horizontal distance
(0 mm) to observe the impact of different magnetic shielding materials
on self-inductance and mutual inductance. Without adding magnetic
shielding materials, both self-inductance and mutual inductance are
lower. This is because, in wireless charging, the coupling between the
coils depends on the magnetic flux. When there is no magnetic shielding,
the time-varying magnetic flux caused by the alternating current will
partially dissipate into the surrounding environment, resulting in lower
self-inductance and mutual inductance. When magnetic shielding ma-
terials are added, the magnetic flux is better confined, reducing mag-
netic field leakage and leading to higher self-inductance.

According to the formula for self-inductance:

L=N?u,u, {ln (%) -2+ Y} (5)

where N is the number of turns, p, is the relative permeability, r is the
coil radius, a is the wire radius, and Y is a constant representing the
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Fig. 5. Effects of annealing temperature on the D30 HEA powder, including (a) hysteresis curve and (b) saturation magnetization and coercive force. Measurements
of D30 toroidal samples include (c) porosity, (d) resistivity, (e) real part of permittivity, and (f) imaginary part of permittivity.

current distribution.

When Y = 0, it indicates that the current flows uniformly on the
surface of the wire, whereas Y = 0.25 suggests that the current is uni-
formly distributed within the wire [80]. Thus, the value of
self-inductance is proportional to the permeability. Lower permeability
results in lower self-inductance values. In contrast, HEAs, with their
higher permeability, exhibit higher self-inductance values.

The efficiency analysis of traditional ferrites and HEAs is shown in
Fig. 7(g), where AC-AC efficiency is the ratio of the output to input
power [81]. The results show that the efficiency of HEAs is 19 % higher
than that of traditional ferrites. The lower power transmission efficiency
of traditional ferrites compared to HEAs could be due to the following
reasons. First, the difference in Coupling Coefficient: The coupling co-
efficient plays an important role in wireless charging circuits. It in-
dicates that the degree of magnetic coupling between the transmitting
and receiving coils directly affects the power transmission efficiency.
The higher permeability of HEAs leads to a higher mutual inductance to
inductance ratio, resulting in a higher coupling coefficient. Therefore, at
the same input power, HEA circuits can achieve higher power trans-
mission efficiency. Second, difference in Eddy current loss: Besides the
coupling coefficient, eddy current loss is another critical factor affecting
the power transmission efficiency. The eddy current loss is the energy

loss caused by induced currents within the material due to the magnetic
field. HEAs have higher resistivity, thus generating lower eddy current
losses when the current passes through them, compared to traditional
ferrites. This advantage makes HEA circuits experience lower eddy
current losses, thereby enhancing power transmission efficiency.

5. Conclusion

The present research develops HEA soft magnetic materials for low-
frequency magnetic shielding applications. The Fegy5C0235Nia5Siss.
Cu;Nbz HEA, synthesized through dry milling, followed by wet milling
and annealing at 800 °C, exhibits superior soft magnetic properties,
better element uniformity, and stronger solid solution ability. Compared
to the traditional electromagnetic shielding material FeMnZn, HEAs
demonstrate exceptional high-temperature stability, retaining a satura-
tion magnetization of 22.8 emu/g at 1,000K, whereas the FeMnZn drops
to nearly 0 emu/g at 600K. Additionally, the higher magnetic perme-
ability of HEAs results in a higher mutual inductance to inductance ratio,
achieving a coupling coefficient of up to 0.84. The lower loss tangent of
HEAs reduces eddy current losses, enhancing the wireless power trans-
mission efficiency by 19 %.

Furthermore, the practical application of this HEA material in the
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Fig. 6. Comparative analysis of the magnetic properties of the D30 HEA powder annealed at 800 °C and the commercial electromagnetic shielding material
Fe;oMngoZn;g, including (a) hysteresis curves, (b) Curie temperature characteristics measured from 300K to 1,000K, (c) real part of permittivity, and (d) imaginary
part of permittivity. (e) Demonstration of a wireless charging module using an electromagnetic shielding plate made from the HEA with dimensions of 60 mm x 60
mm x 1 mm, positioned above the transmitter coil, successfully displaying the functionality of wireless charging for a mobile phone.

Table 1
Electromagnetic properties, porosity, and resistivity measurements of the D30
high-entropy alloy at different annealing temperatures.

D30 Dielectric Loss M, He Porosity Resistivity

Annealing Tangent (f = (emu/ (Oe) (%) (Q-m)

Temp. 100 KHz) g)

700 °C 0.06 137.53 137.55 1.18 0.54

800 °C 0.05 126.3 44.4 1.05 0.46

900 °C 0.89 129.41 4.65 0.24 0.03
Table 2

Electromagnetic properties and resistivity measurements of the D30 high-
entropy alloy (annealed at 800 °C) compared to the commercial magnetic
shielding material FeMnZn.

Materials Dielectric Loss Tangent M; Hc Resistivity
(f =100 KHz) (emu/g) (Oe) (Q-m)
D30 annealing 0.05 126.3 44.4 0.46
800 °C
FeMnZn 0.13 105.8 10.8 0.21

electromagnetic shielding plate of the transmitter coil in commercial
wireless charging modules for mobile phones successfully demonstrated
the functionality of wireless charging. These findings highlight the po-
tential of HEAs in improving the performance and efficiency of wireless
power transmission systems, making them a promising material for
future technological advancements in this field.
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