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HIGHLIGHTS

e Nanocrystalline high-entropy alloy powders (HEAs) with the unprecedented combination of superior manufacturability, large aspect

ratios, and thin intergranular amorphous layers are constructed via a multistage mechanical alloying strategy.

e FeCoNiCr4Cu,, HEAs for 20 h of dry milling and 5 h of wet milling (D20) exhibit excellent corrosion resistance, high Curie tem-

perature, and temperature-stable broadband megahertz electromagnetic wave absorption.

ABSTRACT Developing megahertz (MHz) electromagnetic wave e

Electromagnetic wave 150

(EMW) absorption materials with broadband absorption, multi-tem-
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perature adaptability, and facile preparation method remains a chal-

lenge. Herein, nanocrystalline FeCoNiCr ,Cu,, , high-entropy alloy
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powders (HEAs) with both large aspect ratios and thin intergranular W
amorphous layers are constructed by a multistage mechanical alloy-
ing strategy, aiming to achieve excellent and temperature-stable per-
meability and EMW absorption. A single-phase face-centered cubic <z
structure with good ductility and high crystallinity is obtained as
wet milling precursors, via precisely controlling dry milling time. =i : \ 9 00%05.\

Then, HEAS are flattened to improve aspect ratios by synergistically

regulating wet milling time. FeCoNiCr ,Cu, , HEAs with dry mill- L) /énocr } o
] = o ; ystalline :
ing 20 h and wet milling 5 h (D20) exhibit higher and more stable Thin amorphous layers -
. . . . Large aspect ratios
permeability because of larger aspect ratios and thinner intergranu-

lar amorphous layers. The maximum reflection loss (RL) of D20/SiO, composites is greater than—7 dB with 5 mm thickness, and EMW
absorption bandwidth (RL <—7 dB) can maintain between 523 and 600 MHz from — 50 to 150 °C. Furthermore, relying on the “cocktail
effect” of HEAs, D20 sample also exhibits excellent corrosion resistance and high Curie temperature. This work provides a facile and tunable

strategy to design MHz electromagnetic absorbers with temperature stability, broadband, and resistance to harsh environments.
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1 Introduction

Electromagnetic wave (EMW) absorption materials are
ubiquitously used in military, aerospace, communication,
and electronic industries to achieve military stealth, shield-
ing electromagnetic interference, and prevent EMW pollu-
tion [1-11]. Today, most electronic devices still operate in
the megahertz (MHz) frequency band. Facing longer wave-
lengths than gigahertz EMW, absorbers demand larger and
more matched complex permittivity and complex perme-
ability to achieve broadband EMW absorption in the MHz
band [12-16]. In addition, the harsh service environments
bring challenges to the multi-temperature adaptability
(at—50-150 °C) and corrosion resistance of EMW absorb-
ers [13, 17-22]. Excellent permeability and its tempera-
ture stability are of a paramount significance for achieving
broadband and temperature-stable EMW absorption in the
MHz frequency range [13, 23]. Iron—cobalt—nickel-based
high-entropy alloy powders (HEAs) prepared by mechani-
cal alloying method (or high-energy ball milling method) are
suitable candidates for EMW absorption materials serving
in the MHz band and a wide temperature spectrum, which
exhibit several advantages. (1) Excellent magnetic proper-
ties with high saturation magnetization, low coercivity, high
complex permeability, and high Curie temperature [13, 24].
(2) High resistivity due to severe lattice distortion effects
[24, 25]. The high resistivity can help to reduce the com-
plex permittivity to improve impedance matching and EMW
absorption performance. (3) Superior manufacturability of
the HEAs with large aspect ratios and nanocrystalline struc-
ture at the same time [13, 26]. The nanocrystalline structure
and large aspect ratios facilitate the averaging of magne-
tocrystalline anisotropy and the breaking of the Snoek’s
limit [23, 27, 28], respectively. This facilitates the improve-
ment of the permeability and its temperature stability over
a wide temperature range. Moreover, mechanical alloying
method has the advantages of room-temperature processing,
homogenous element distribution, energy saving, and high
efficiency [29-31], as compared with the complicated pro-
cess commonly used for HEAs, such as carbothermal shock
synthesis [32], ultrafast-cooling arc-discharged approach
[33, 34], atomization [31], and melting-strip casting—mill-
ing [26].

In the past, our group has successfully prepared flake-
shaped FeCoNiCr, ,Cu,, HEAs with nanocrystalline and
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thin amorphous layers nanostructure by mechanical alloying
method to break the Snoek’s limit and enhance intergranular
magnetic coupling. FeCoNiCr, ,Cu,, , HEAs with this spe-
cial structure exhibit excellent and temperature-stable per-
meability and EMW absorption performance in the MHz
frequency range at—50-150 °C [13, 23]. To obtain flake-
shaped HEAs to enhance planar anisotropy and break the
Snoek’s limit, anhydrous ethanol is usually added as a pro-
cess control agent [25, 35]. During the mechanical alloying
process, anhydrous ethanol adsorbs on the surface of metal
particles and reduces the surface energy to inhibit powder
agglomeration and obtain flake-shaped HEAs [25]. It also
enables the HEAS to avoid sticking to the ball and tank sur-
face contributing to high yield. Nevertheless, the addition of
anhydrous ethanol leads to a continuous refinement of the
particle size and a steady-state size distribution at a small
particle size for HEAs accompanying repeated cold welding
and fracturing. This eventually limits the regulation of the
aspect ratio [26, 31]. In addition, anhydrous ethanol also
decomposes during the high-energy ball milling process
causing the introduction of carbon and oxygen impurities
[25, 29, 30], which is not conducive to reducing the coerciv-
ity and improve permeability.

Compared with the wet milling method (anhydrous etha-
nol as process control agents), the HEAs prepared by the
dry milling method (without anhydrous ethanol) have larger
particle sizes, better elemental homogeneity, and greater per-
meability [26]. Simultaneously, dry milling method can also
reduce the introduction of impurities and greatly improve
the efficiency of alloying. However, according to the clas-
sic mechanisms of mechanical alloying, HEAs can absorb
more energy for plastic deformation and lattice distortion
during the dry milling process. This eventually leads to
severe amorphization and thick intergranular amorphous
layers [25]. This is not conducive to maintaining the mag-
netic coupling between nanograins and stable permeability
at elevated temperature. Therefore, the trade-off between
large aspect ratios, nanocrystalline structure with thin inter-
granular amorphous layers, and manufacturability has been a
major challenge. The ideal solution to solve this dilemma is
to rationally design the mechanical alloying process param-
eters to precisely regulate the microstructure and micromor-
phology of HEAs. Among the mechanical alloying param-
eters, the milling time crucially determines the phases, grain
sizes, and particle sizes of HEAs [29].
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In this work, we innovatively design a multistage mechan-
ical alloying (MMA, dry milling first, then wet milling)
strategy to construct nanocrystalline HEAs with large aspect
ratios and thin intergranular amorphous layers, aiming to
achieve excellent and temperature-stable permeability and
broadband MHz electromagnetic absorption. Our design
concept aims at modulating the phase transition to obtain a
single-phase face-centered cubic (FCC) structure with supe-
rior ductility and high crystallinity as wet milling precursors,
via precisely controlling the dry milling time. Then, HEAs
precursors are flattened to improve aspect ratios by synergis-
tically regulating wet milling time. Meanwhile, we reveal the
phase transition mechanism during multistage mechanical
alloying process and provide a new strategy to design the
microstructure and micromorphology of HEAs for EMW
absorption and magnetic applications in electrical industries.

2 Experiments
2.1 Preparation of HEAs

The spherical metal powders of Fe, Co, Ni, Cr, and Cu
with particle sizes less than 50 pm and purity greater
than 99% are used as raw materials for the preparation of
FeCoNiCr, ,Cu,, (atomic ratio) HEAs (Table S1). All
FeCoNiCr, ,Cu, , HEAs are prepared in a QM-QX2 ball
mill by mechanical alloying. The mass ratio of ball to metal
powders is 20:1, and the mass ratio of large ball (10 mm)
to small ball (6 mm) is 1:2. Four minutes pause are set
every half hour during operation to prevent overheating.
Multistage mechanical alloying (MMA) strategy adopts
the process of first dry milling (without anhydrous etha-
nol, argon atmosphere) and then wet milling (add 40 mL
anhydrous ethanol as a process control agent) to prepare
FeCoNiCr, 4,Cu,, HEAs. The prepared samples are named
as D5 (dry milling 5 h, wet milling 5 h), D10 (dry milling
10 h, wet milling 5 h), D20 (or W5, dry milling 20 h, wet
milling 5 h), D30 (dry milling 30 h, wet milling 5 h), W3
(dry milling 20 h, wet milling 3 h), W8 (dry milling 20 h,
wet milling 8 h), and W10 (dry milling 20 h, wet milling
10 h), respectively. We also prepare comparison samples for
20 h of dry milling only and 70 h of wet milling (W70) only
for exploring the evolution mechanism of FeCoNiCr, 4,Cu, ,
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HEASs microstructure. The detailed preparation process of
MMA strategy and microstructure design concept are shown
in Fig. la.

2.2 Structure and Morphology

The phase structure of FeCoNiCr, ,Cu,, HEAs is character-
ized by a X-ray diffraction (XRD, D8 Advance) with Cu-Ka
radiation (the step size is 0.02°; the residence time is 0.5 s).
We use a field emission transmission electron microscope
(TEM, JEM-F200) to characterize the microstructure of
FeCoNiCr 4,Cu, , HEAs. We examine the microscopic mor-
phology, element distribution and EDS energy spectrum of
FeCoNiCr, 4,Cu,, , HEAs by a scanning electron microscope
(SEM, SUPRASS) with energy-dispersive spectrometer
(EDS) detector. The length-weighted average diameters of
FeCoNiCr, 4,Cu , HEAs are tested by the laser scattering
particle size distribution analyzer (BT-9300ST) for compar-
ing the aspect ratios.

2.3 Electromagnetic Properties

The vibrating sample magnetometer (VSM7404-S) is used
to measure the coercivity H, and saturation magnetization
M, of D5, D10, D20, and D30 samples from 30 to 150 °C
under a applied field of 12,000 Oe. The Curie temperature
of D20 sample is also measured with the VSM from 50 to
840 °C. We measure the complex permeability and com-
plex permittivity of samples at—50-150 °C by Keysight
E4991B impedance analyzer with Espec SU-262 Bench-
top temperature chamber. The pure D5, D10, D20, and D30
samples are prepared into a concentric ring with inner diam-
eter of 3.1 mm and outer diameter of 8§ mm to investigate
the permeability temperature dependence. Moreover, the
D20 sample and SiO, are uniformly mixed according to the
mass ratios of 9:1, 8:2, 7:3, and 6:4 and then pressed into
concentric rings with inner diameter of 3.1 mm and outer
diameter of 8§ mm to measure the complex permeability and
disk with diameter of 18 mm to measure complex permittiv-
ity for calculating reflection loss. Finally, we use D20/SiO,
composites with mass ratio of 8:2 to test the complex perme-
ability and complex permittivity at—50—150 °C to calculate
reflection loss at different temperatures.

@ Springer
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Fig. 1 a Multistage mechanical alloying strategy and microstructure design concept. b XRD and ¢ partial enlarged image, d grain size, FCC
phase ratio, and crystallinity chart of D5, D10, D20, and D30 samples. e TEM image of D20 sample. f, g HRTEM image of D20 sample and h,
i the corresponding FFT images of nanocrystalline and amorphous regions, respectively. j SEM micrograph of D20 sample. k Length-weighted
average diameters of D5, D10, D20, and D30 samples. 1 EDS energy spectrum of D20 sample and m mass ratios of carbon and oxygen elements
in D20 and W70 samples. n Elements mapping of D20 sample
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2.4 Corrosion Resistance Properties

An electrochemical workstation (M204, Metrohm Autolab)
is used to test the potentiodynamic polarization curve and
electrochemical impedance spectra (EIS) of D20 sample in
the 3.5 wt% NaCl solution. The electrochemical tests adopt
a three-electrode system with a saturated calomel electrode
(SCE) as the reference electrode, a platinum sheet as the
counter electrode, and the D20 sample as the working elec-
trode with an exposed area of 1 cm? (pressed under 30 MPa
pressure). The open-circuit potential of D20 sample is
obtained after being soaked for 1800 s. The potentiodynamic
polarization curve is measured from the cathodic potential
to the anodic potential with the scanning rate of 0.5 mV s~
The EIS test is carried out with a scan amplitude of 5 mV
and frequencies ranging 100 kHz to 0.1 Hz. Data process-
ing for the electrochemical tests is completed by software
NOVAZ2.1 which is equipped with the workstation. Corro-
sion potential and corrosion current density are obtained
from polarization curve.

3 Results and Discussions
3.1 Microstructure Design and Characterization

Mechanical alloying is a potential synthesis technique for
the production of flake-shaped HEAs with nanocrystalline
structure [29, 30]. During the mechanical alloying process,
the metal particles undergo repeated fracturing and cold
welding with the synergistic effects of centrifugal force, hit
force, squeeze force and friction force and are finally welded
together. Alloying of metal particles at the atomic level is
achieved through reduced diffusion distances, increased
defect density, and heat released during ball milling. At the
same time, under the action of various stresses, the metal
particles produce severe plastic deformation and high den-
sity of dislocations. The annihilation and rearrangement
of dislocations form subgrain boundaries. Nanocrystal-
lines eventually form through grain boundary slip or grain
rotation [29]. Therefore, the difference from other alloying
techniques is that mechanical alloying has the advantages
of achieving alloying at room temperature, excellent ele-
ment solid solution ability, and element uniformity. The
phase formation mechanism of mechanical alloying is also
different from other alloying techniques. Elements with the
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same crystal structure are more likely to be solid-dissolved
and maintain the original phase structure. For instance,
Cr element is easy to dissolve into Fe element and form a
body-centered cubic (BCC) structure, Cu element is easy to
solid-dissolve into Ni element and form a FCC structure, and
Co element is present in both FCC and BCC structures of
FeCoNiCr, ,Cu, , HEAs [23]. According to previous studies,
the FCC phase has more slip directions than the BCC phase,
which enables it to be better ductility and fracture toughness
to maintain grain integrity and large particle sizes during
mechanical alloying [36-38]. Therefore, in order to obtain
FeCoNiCr, 4Cu,, , HEAs with high crystallinity and large
aspect ratios to enhance the permeability and its tempera-
ture stability, we design a MMA strategy, aiming to achieve
alloying, phase transition, and large particle sizes by dry
milling and flattening of alloy particles by wet milling, as
shown in Fig. la.

The XRD image shows that the five metal elements are
fully alloyed and form simple solid solution structure with
FCC phase (corresponding to (111), (200), and (220)) and
BCC phase (corresponding to (110), (200), and (211))
after 5 h of dry milling and 5 h of wet milling, as shown
in Fig. 1b. Figure 1c is a partial enlarged and split-peak fit
picture of XRD from 42° to 46°, it shows that the diffraction
peaks corresponding to BCC phase gradually broaden and
disappear, and the diffraction peaks of FCC phase remain
basically unchanged with the dry milling time increasing.
To further explore the phase transformation mechanism of
FeCoNiCr, ,Cu, , HEAs during the alloying process, we cal-
culate the grain size by the Williamson—Hall formula (Eq.
S1) [39], calculate the phase ratio by the XRD diffraction
peak area ratio [35], and perform peak shape fitting with
Jade 6 (MDI) to calculate the crystallinity [25]. Figure 1d
shows that the grain size of BCC phase decreases from 10.4
to 9 nm until it disappears, and the grain size of FCC phase
decreases from 8.6 to 8.2 nm, then increases to 9.4 nm, and
finally increases sharply to 15.7 nm with dry milling time
increasing. At the same time, the proportion of FCC phase
gradually becomes larger with dry milling time increasing.
The crystallinity remains basically constant at 5-20 h of dry
milling and decreases significantly at 30 h of dry milling.
Overall, as the dry milling time increasing from 5 to 20 h,
the grains of the BCC phase gradually decrease until disap-
pear under severe plastic deformation, and the amorphous
phase transforms into the FCC phase. The transformation
to FCC phase is completed after 20 h of dry milling, and

@ Springer
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the crystallinity of FeCoNiCr ,Cu,, , HEAs decreases with
dry milling time further increasing. Thus, the D20 sample
has simultaneously a single-phase FCC structure and a high
crystallinity. In addition, Fig. S1 shows that the single-phase
FCC structure has been formed after only 20 h of dry mill-
ing, which indicates that the phase transition mainly occurs
in the dry milling stage. The microstructure of D20 sample
is further characterized by HRTEM (Fig. 1f-g). We find that
the D20 sample is unique nanocrystalline structure (Fig. 1h)
separated by amorphous layers (Fig. 1i). The lattice fringe
with a lattice spacing of 0.207 nm is consistent with the
(111) facet of FCC phase. The average intergranular amor-
phous layer thickness A of D5, D10, D20, and D30 samples
is calculated by the following formula [40—42]:

A:B[(l/vﬂ)‘“—l] 1)

where A is the average intergranular amorphous layer thick-
ness, D is the average grain size, and V,, is the crystalline
volume fraction. Table 1 shows that the average intergranu-
lar amorphous layer thickness of the D20 sample is less than
2 nm, which is attributed to the small grain size and high
crystallinity. The thin intergranular amorphous layers facili-
tate enhancing magnetic coupling between nanograins and
temperature stability of permeability at different tempera-
tures [13, 27]. The TEM (Fig. le) and SEM (Fig. 1j) images
show that the D20 sample has a flake-shaped structure and
thin thickness. The D20 sample has a larger particle size
compared to other samples especially the W70 sample (Fig.
S2). Combined with Fig. S3, it is easy to find that the HEAs
are large spherical particles after only 20 h of dry milling.
This indicates that the alloy particles are flattened by wet
milling. Here, we use the length-weighted average diameters
to represent the aspect ratios. Figure 1k shows that the D20
sample has larger aspect ratios compared to other samples
with different dry milling times, which is attributed to the
good ductility and fracture toughness of the single-phase
FCC structure and matching wet milling time. Compared
to other samples with different wet milling times, the D20

sample also has the larger aspect ratios, as shown in Fig.
S4. This shows that the alloy particles are not sufficiently
flattened when the wet milling time is short, and the alloy
particles are seriously crushed when the wet milling time
is long. In addition, Fig. Im shows that the HEAs prepared
by MMA have less carbon and oxygen elements contamina-
tion, which is beneficial to reduce coercivity and improve
permeability. The elements mapping of Fe, Co, Ni, Cr, and
Cu elements shows that the HEAs prepared by MMA have
better element uniformity and stronger solid solution ability,
as shown in Figs. 1n and S6.

3.2 Magnetic Performance

The complex permeability of D5, D10, D20, and D30 sam-
ples is measured by impedance analyzer (E4991B) in the
MHz band at —50-150 °C. Figure 2a-d and e-h is the real
u' and imaginary u" permeability of samples, respectively.
Figure 2a-d shows that the real permeability of D5, D10,
D20, and D30 samples decreases with the frequency increas-
ing. This is because the natural resonance of D5, D10, D20,
and D30 samples occurs in the MHz band resulting in the
drop of real permeability and a natural resonance peak in
the imaginary permeability. Meanwhile, as increasing fre-
quency, the imaginary permeability of D5, D10, D20, and
D30 samples increases and then decreases (Fig. 2e-h). Fig-
ure 2a-h shows that the real permeability and imaginary
permeability of D5, D10, D20, and D30 samples increase
slightly and have excellent temperature stability with the
temperature increasing. In particular, D20 sample has more
stable complex permeability with the temperature increasing
than that of others.

We compare the complex permeability of D5, D10, D20,
and D30 samples in the MHz band at room temperature. As
shown in Fig. 3a, the D20 sample has greater real permeabil-
ity at 5 MHz, which is due to the fact that the permeability

Table 1 The grain size of FCC phase Dy, grain size of BCC phase Dy, FCC phase ratio, BCC phase ratio, average grain size D, crystal-
linity and average intergranular amorphous layer thickness A of D5, D10, D20, and D30 samples

Samples Dgcc (nm) Dgcc (nm) FCC (%) BCC (%) D, (nm) Crystallinity (%) A (nm)
D5 8.6+0.5 10.4+0.9 69.8 30.2 9.2+0.6 60.0+1.5 1.7+0.2
D10 82+0.5 9.0+1.5 77.4 22.6 8.4+0.7 59.0+1.6 1.6+0.2
D20 9.4+0.1 - 100 0 9.4+0.1 61.1+1.2 1.7+0.1
D30 15.8+0.1 - 100 0 15.8+0.1 53.0+1.0 3.7+0.1
© The authors https://doi.org/10.1007/s40820-022-00886-6



Nano-Micro Lett. (2022) 14:142

Page 7of 14 142

Mechanical alloying time i

Q150 b 0

D5
_ 110 ~
g g
2 7 2
= =
s 2
£ £
2 30 2
£ £
@ @
= 10 =

-50
100 1000
Frequency (MHz)
D5

2
>

30 788

Temperature (°C)
H

Temperature (°C)

—
>

100
Frequency (MHz)

Frequency (MHz)

(g]
—
0
S

o

—
oy
>

Temperature (°C)

—
@
d

-
joy
>

Temperature (°C)

-504

19.0
17.2
15.4
13.6
11.8
10.0
8.1
6.3
4.5
2.7
0.9

=¥
=
2

-
=
>

2
=
2
>

Temperature (°C)

6.3
5.8
5.2
4.7
4.2
3.7
3.1
2.6
21
15

=

=
=

w
=
Temperature (°C)

—
>

1000
Frequency (MHz)

Frequency (MHz)
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frequency range

is proportional to the saturation magnetization and inversely
proportional to the coercivity [27]. Compared to the other sam-
ples, the D20 sample has a larger aspect ratio to improve the
planer anisotropy and reduce the coercivity, while having a
higher crystallinity to maintain a high saturation magnetiza-
tion (Fig. 3c). In addition, the D20 sample has a larger planer
anisotropy to break the Snoek’s limit (Eq. S2) [23], resulting
in both great permeability and natural resonance frequency, as
shown in Fig. 3a. Compared to W3, W8, and W10 samples,
the D20 sample (or W5) also has a greater complex perme-
ability and natural resonance frequency due to the greater
aspect ratios, as shown in Fig. S7. To further investigate the
complex permeability temperature dependence of D5, D10,
D20, and D30 samples, we compare the complex permeability
of D5, D10, D20, and D30 samples at 300 and 1000 MHz,
respectively, as shown in Fig. 3b. The result shows that the
complex permeability of D5, D10, D20, and D30 samples
increases slightly and is relatively stable with the temperature
increasing. Figure 3c shows that the increase in permeability is
mainly due to the decrease in coercivity with the temperature
increasing. Because D5, D10, D20, and D30 samples have
high crystallinity and thin intergranular amorphous layers
to enhance the magnetic coupling between nanograins, they

SHANGHAI JIAO TONG UNIVERSITY PRESS

have temperature-stable coercivity and complex permeability.
According to the Eq. S3, we calculate the permeability temper-
ature coefficient a, to represent the permeability temperature
stability. The closer the permeability temperature coefficient is
to 0, the more stable the permeability is. Figure 3d shows that
the D20 sample has a smaller permeability temperature coef-
ficient and more stable permeability from — 50 to 150 °C. Due
to the poor crystallinity, the saturation magnetization of the
D30 sample decreases rapidly with the temperature increas-
ing, which leads to the poor permeability temperature stability.
Table S2 shows that the D20 sample has a larger complex per-
meability and a smaller permeability temperature coefficient
compared to the other samples, which is attributed to both its
larger aspect ratios and higher crystallinity. Simultaneously,
the D20 sample has a high Curie temperature (774 °C) due
to the thin intergranular amorphous layers and the synergistic
effect between the elements, as shown in Fig. S8.

3.3 EMW Absorption and Corrosion Resistance
Performance

D20 sample and SiO, are homogeneously mixed and pressed
into D20/Si0, composites under the pressure of 4 MPa to

@ Springer
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measure the complex permeability and complex permittiv-
ity in the MHz frequency range. The reflection loss (RL)
of D20/Si0O, composites at different thicknesses is calcu-
lated by the transmission line theory, described as follows
[43-46]:

RL(B) = 2010210 | (Z, = %) /(Zun + %) | @)
Zin Hy wif
Z—O = —rtanh < T\/Mr£r> (3)

where Z,, represents the input impedance, Z, represents the
characteristic impedance of the transmission line, t means
thickness of absorbers, and c represents the speed of light
in free space. We adjust the complex permeability and com-
plex permittivity by varying the mass ratios of D20 sample
and SiO,, aiming at better impedance matching and EMW
absorption performance. Figure S9 shows that the complex
permeability and complex permittivity of the D20/SiO,

© The authors

composites decrease with the SiO, mass ratio increasing. In
particular, the complex permittivity of the D20/SiO, com-
posites with mass ratio of 8:2 is much smaller than the D20/
Si0, composites with mass ratio of 9:1, which is beneficial
to improve the impedance matching and enhance the EMW
absorption performance. Figure 4a-d shows that the D20/
Si0, composites with mass ratio of 9:1 have a wider EMW
absorption bandwidth (RL < —5 dB, absorption value more
than 68.4%). According to the Planck—Rozanov limit (Eq.
S4) [47, 48], this is because the D20/SiO, composites with
mass ratio of 9:1 have a larger permeability relative to the
other mass ratios composites. The D20/SiO, composites
with mass ratio of 8:2 have both a wider EMW absorption
bandwidth (RL < —7 dB, absorption value more than 80%)
and a larger reflection loss, as shown in Fig. 4b. This is
because the D20/Si0, composites with mass ratio of 8:2
have large complex permeability and matching complex
permittivity to provide better impedance matching perfor-
mance. The closer the |Z, /Z| is to 1, the better the imped-
ance matching performance, which enables more incident

https://doi.org/10.1007/s40820-022-00886-6
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EMW to enter the absorbers without being reflected. Fig-
ure 4e—h shows that the impedance matching becomes better
and then worse as the mass ratios of HEAs in the D20/Si0,
composites decreasing, and the D20/SiO, composites with
mass ratio of 8:2 have a better impedance matching.

‘We measure the complex permeability and complex per-
mittivity of the D20/SiO, composites with 8:2 mass ratio
at—50-150 °C (Fig. S10) to calculate the reflection loss
(Fig. S11) and impedance matching (Fig. S12). Figure 5a
shows that D20/Si0, composites with 8:2 mass ratio have
stable EMW absorption performance at — 50-150 °C, and
the maximum reflection loss (RL,,,,) of the composites
shifts to lower frequency with the thickness increasing.
To further investigate the temperature dependence of the
EMW absorption performance for the D20/Si0O, compos-
ites, we compare the RL,,, and the absorption bandwidth
(RL < —7 dB) with temperature and thickness, respec-
tively. Figure 5b shows that the RL,,, of the D20/SiO,
composites becomes larger as the thickness increases.
The RL_,,, is relatively stable at —50-110 °C and slightly
decreases at 150 °C. This is because the magnetic loss

max

SHANGHAI JIAO TONG UNIVERSITY PRESS

tangent tané, =u"/u' (Fig. 5d) and the impedance matching
1Z,/Z, (Fig. 5e) of D20/SiO, composites are relatively sta-
ble at —50-110 °C. Figure S10 shows that the pemittivity
gradually increases with temperature, which leads to poor
impedance matching performance (Fig. Se) and a decrease
in EMW absorption performance at 150 °C. When
the thickness is 5 mm, the RL ,, is higher than—7 dB
at—50-150 °C, because of excellent magnetic loss and
impedance matching performance. Figure 5c shows that
the absorption bandwidth of the D20/SiO, composites
becomes wider with the thickness increasing. In addition,
the absorption bandwidth slightly increases with the tem-
perature increasing because the permeability of the D20/
SiO, composites increases with the temperature increas-
ing, and the absorption bandwidth is proportional to the
permeability (Eq. S4). Figure 5f shows the absorption
bandwidth of the D20/SiO, composites with 8:2 mass ratio
and other MHz EMW absorbers. The results show that the
D20/Si0, composites with 8:2 mass ratio have a wider
and temperature-stable EMW absorption bandwidth in the

@ Springer
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Fig. 5 a Three-dimensional reflection loss plot of D20/SiO, composites with mass ratio of 8:2 at different thicknesses from—50 to 150 °C.
b Maximum reflection loss and ¢ absorption bandwidth of D20/SiO, composites with mass ratio of 8:2 at different thicknesses from—50 to
150 °C, respectively. d Magnetic loss tangent of D20/SiO, composites with mass ratio of 8:2 from—50 to 150 °C. e Impedance matching of
D20/Si0, composites with mass ratio of 8:2 at 9 mm from —50 to 150 °C. f Comparative chart of EMW absorption bandwidth for MHz EMW
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MHz frequency range due to the high and temperature-
stable permeability [13, 49-54].

Figure 5g displays the potentiodynamic polarization curve
of D20 sample. The corrosion current density (icorr) of D20
sample is 7.0 pA cm™2. Table S4 shows that the corrosion
current density of D20 sample is smaller compared with
other HEA [55, 56]. This shows that the D20 sample has
excellent corrosion resistance due to the synergistic effect

© The authors

between elements of FeCoNiCr,4Cu,, HEAs. Figure 5h
shows the Nyquist plots and the equivalent circuit of D20
sample in the 3.5 wt% NaCl solution. Generally, the diam-
eter of the semicircle reflects the value of charge transfer
resistance (R, [17], the fitted curve is displayed in Fig. 5h,
and the fitted values of the equivalent circuit parameters are
given in Table S5. The diameter of the semicircle of Nyquist
plots and the fitted Rct values (3,739 Q) of D20 sample are

https://doi.org/10.1007/s40820-022-00886-6
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much larger than FeCoNiCu HEAs (2,856 Q) [57], sug-
gesting that the addition of Cr increases the charge transfer
resistance of the passivated film to prevent attack of anions
in the NaCl solution. Overall, FeCoNiCr, ,Cu,, , HEAs not
only have temperature-stable broadband MHz electromag-
netic absorption, but also have excellent corrosion resistance
(Fig. 51) [13, 49-51, 54]. This indicates that these HEAs
constructed by MMA strategy have the potential to be used
in harsh environments.

4 Conclusions

In summary, we have successfully developed the nanocrys-
talline FeCoNiCr, 4Cu,, high-entropy alloy powders
(HEAs) with the unprecedented combination of superior
manufacturability, homogenous element distribution, large
aspect ratios, and thin intergranular amorphous layers by a
multistage mechanical alloying (MMA) strategy. Research
results show that the phase transition occurs mainly in the
dry milling stage during MMA. As the dry milling time
increases, the BCC phase gradually transforms into amor-
phous phase and the amorphous phase transforms into FCC
phase. FeCoNiCr, ,Cu,, HEAs with both a single-phase
FCC structure and high crystallinity can be obtained by
precisely regulating the dry milling time. The flattening
process of alloy particles occurs mainly in the wet milling
stage. The alloy particles are not sufficiently flattened when
the wet milling time is short, and seriously crushed when
the wet milling time is long. FeCoNiCr, ,Cu,, HEAs for
20 h of dry milling and 5 h of wet milling (D20 sample)
exhibit greater complex permeability and smaller perme-
ability temperature coefficient than that of others because
of larger aspect ratios and thinner intergranular amorphous
layers. The maximum reflection loss (RL) of D20/SiO, com-
posites is greater than —7 dB (absorption value more than
80%) with 5 mm thickness and EMW absorption bandwidth
(RL< -7 dB) can maintain between 523 and 600 MHz
from — 50 to 150 °C. Relying on thin intergranular amor-
phous layers and synergistic effect between elements, the
Curie temperature of D20 sample can reach 774 °C. Simulta-
neously, FeCoNiCr ,Cu,, , HEAs also have excellent corro-
sion resistance (icorr=7.0 pA cm~2 and R, =3739 Q). This
indicates that HEAs constructed by MMA strategy have the
potential to be used in harsh environments.

| SHANGHAI JIAO TONG UNIVERSITY PRESS

Acknowledgements The authors acknowledge the Supported by
Program for the National Natural Science Foundation of China
(No. 52071053, U1704253, 52103334), China Postdoctoral Science
Foundation (2020M670748, 2020M680946), and the Fundamental
Research Funds for the Central Universities (DUT20GF111).

Funding Open access funding provided by Shanghai Jiao Tong
University.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-022-00886-6.

References

1. Q.Liu, Q. Cao, H. Bi, C. Liang, K. Yuan et al., CoNi@SiO, @
TiO, and CoNi@air@TiO, microspheres with strong wide-
band microwave absorption. Adv. Mater. 28(3), 486—490
(2016). https://doi.org/10.1002/adma.201503149

2. Y. Zheng, Y. Song, T. Gao, S. Yan, H. Hu et al., Lightweight
and hydrophobic three-dimensional wood-derived anisotropic
magnetic porous carbon for highly efficient electromagnetic
interference shielding. ACS Appl. Mater. Interfaces 12(36),
4080240814 (2020). https://doi.org/10.1021/acsami.0c11530

3. M. Cao, X. Wang, M. Zhang, J. Shu, W. Cao et al., Electro-
magnetic response and energy conversion for functions and
devices in low-dimensional materials. Adv. Funct. Mater.
29(25), 1807398 (2019). https://doi.org/10.1002/adfm.20180
7398

4. H.Lv,Z. Yang, H. Xu, L. Wang, R. Wu, An electrical switch-
driven flexible electromagnetic absorber. Adv. Funct. Mater.
30(4), 1907251 (2020). https://doi.org/10.1002/adfm.20190
7251

5. Z.Wu, K. Pei, L. Xing, X. Yu, W. You et al., Enhanced micro-
wave absorption performance from magnetic coupling of
magnetic nanoparticles suspended within hierarchically tubu-
lar composite. Adv. Funct. Mater. 29(28), 1901448 (2019).
https://doi.org/10.1002/adfm.201901448

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-022-00886-6
https://doi.org/10.1007/s40820-022-00886-6
https://doi.org/10.1002/adma.201503149
https://doi.org/10.1021/acsami.0c11530
https://doi.org/10.1002/adfm.201807398
https://doi.org/10.1002/adfm.201807398
https://doi.org/10.1002/adfm.201907251
https://doi.org/10.1002/adfm.201907251
https://doi.org/10.1002/adfm.201901448

142

Page 12 of 14

Nano-Micro Lett. (2022) 14:142

6.

10.

12.

13.

14.

15.

16.

17.

H. Sun, R. Che, X. You, Y. Jiang, Z. Yang et al., Cross-stack-
ing aligned carbon-nanotube films to tune microwave absorp-
tion frequencies and increase absorption intensities. Adv.
Mater. 26(48), 8120-8125 (2014). https://doi.org/10.1002/
adma.201403735

. 7Z.Ma, X. Xiang, L. Shao, Y. Zhang, J. Gu, Multifunctional

wearable silver nanowire decorated leather nanocomposites
for joule heating, electromagnetic interference shielding
and piezoresistive sensing. Angew. Chem. Int. Ed. 61(15),
€202200705 (2022). https://doi.org/10.1002/anie.202200705

Y. Zhao, H. Zhang, X. Yang, H. Huang, G. Zhao et al., In situ
construction of hierarchical core-shell Fe;O,@C nanoparti-
cles-helical carbon nanocoil hybrid composites for highly effi-
cient electromagnetic wave absorption. Carbon 171, 395-408
(2021). https://doi.org/10.1016/j.carbon.2020.09.036

J. Zhang, Z. Li, X. Qi, X. Gong, R. Xie et al., Construct-
ing flower-like core @shell MoSe,-based nanocomposites as
a novel and high-efficient microwave absorber. Compos. Part
B 222, 109067 (2021). https://doi.org/10.1016/j.compositesb.
2021.109067

C. Li, Z. Li, X. Qi, X. Gong, Y. Chen et al., A generalizable
strategy for constructing ultralight three-dimensional hierar-
chical network heterostructure as high-efficient microwave
absorber. J. Colloid Interf. Sci. 605, 13-22 (2022). https://
doi.org/10.1016/j.jcis.2021.07.054

. Y. Hou, Z. Sheng, C. Fu, J. Kong, X. Zhang, Hygroscopic

holey graphene aerogel fibers enable highly efficient mois-
ture capture, heat allocation and microwave absorption.
Nat. Commun. 13, 1227 (2022). https://doi.org/10.1038/
s41467-022-28906-4

H. Pang, Y. Duan, X. Dai, L. Huang, X. Yang et al., The elec-
tromagnetic response of composition-regulated honeycomb
structural materials used for broadband microwave absorption.
J. Mater. Sci. Technol. 88, 203-214 (2021). https://doi.org/10.
1016/j.jmst.2021.01.072

X. Liu, Y. Duan, Z. Li, H. Pang, L. Huang et al.,
FeCoNiCr ,Cu, high-entropy alloys with strong intergranu-
lar magnetic coupling for stable megahertz electromagnetic
absorption in a wide temperature spectrum. ACS Appl. Mater.
Interfaces. 14(5), 7012-7021 (2022). https://doi.org/10.1021/
acsami.1c22670

J. Liu, L. Zhang, H. Wu, Enhancing the low/middle-frequency
electromagnetic wave absorption of metal sulfides through F~
regulation engineering. Adv. Funct. Mater. 32(13), 2110496
(2021). https://doi.org/10.1002/adfm.202110496

M. Qin, L. Zhang, X. Zhao, H. Wu, Lightweight Ni foam-
based ultra-broadband electromagnetic wave absorber. Adv.
Funct. Mater. 31(30), 2103436 (2021). https://doi.org/10.1002/
adfm.202103436

H. Lv, Z. Yang, P.L. Wang, G. Ji, J. Song et al., A voltage-
boosting strategy enabling a low-frequency, flexible elec-
tromagnetic wave absorption device. Adv. Mater. 30(15),
1706343 (2018). https://doi.org/10.1002/adma.201706343

J. Yang, Z. Liu, H. Zhou, L. Jia, A. Wu et al., Enhanced
electromagnetic-wave absorbing performances and corrosion

© The authors

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

resistance via tuning Ti contents in FeCoNiCuTi, high-entropy
alloys. ACS Appl. Mater. Interfaces 14(10), 12375-12384
(2022). https://doi.org/10.1021/acsami.1c25079

B. Wen, M. Cao, M. Lu, W. Cao, H. Shi et al., Reduced gra-
phene oxides: light-weight and high-efficiency electromag-
netic interference shielding at elevated temperatures. Adv.
Mater. 26(21), 3484-3489 (2014). https://doi.org/10.1002/
adma.201400108

X. Yang, Y. Duan, S. Li, L. Huang, H. Pang et al., Construct-
ing three-dimensional reticulated carbonyl iron/carbon foam
composites to achieve temperature-stable broadband micro-
wave absorption performance. Carbon 188, 376-384 (2022).
https://doi.org/10.1016/j.carbon.2021.12.044

J. Ma, X. Wang, W. Cao, C. Han, H. Yang et al., A facile
fabrication and highly tunable microwave absorption of 3D
flower-like Co;0,-rGO hybrid-architectures. Chem. Eng. J.
339, 487498 (2018). https://doi.org/10.1016/j.cej.2018.01.
152

H. Lv, X. Zhou, G. Wu, U.I. Kara, X. Wang, Engineering
defects in 2D g-C;N, for wideband, efficient electromagnetic
absorption at elevated temperature. J. Mater. Chem. A 9(35),
19710-19718 (2021). https://doi.org/10.1039/d1ta02785a

X. Yang, Y. Duan, S. Li, H. Pang, L. Huang et al., Bio-
inspired microwave modulator for high-temperature electro-
magnetic protection, infrared stealth and operating tempera-
ture monitoring. Nano-Micro Lett. 14, 28 (2021). https://doi.
org/10.1007/s40820-021-00776-3

X. Liu, Y. Duan, X. Yang, L. Huang, M. Gao, T. Wang,
Enhancement of magnetic properties in FeCoNiCr, 4,Cu,
high entropy alloys through the cocktail effect for mega-
hertz electromagnetic wave absorption. J. Alloy. Compd.
872, 159602 (2021). https://doi.org/10.1016/j.jallcom.2021.
159602

Y. Ma, Q. Wang, X. Zhou, J. Hao, B. Gault et al., A novel
soft-magnetic B2-based multiprincipal-element alloy with a
uniform distribution of coherent body-centered-cubic nano-
precipitates. Adv. Mater. 33(14), 2006723 (2021). https://doi.
org/10.1002/adma.202006723

Y. Duan, H. Pang, X. Wen, X. Zhang, T. Wang, Microwave
absorption performance of FeCoNiAlCr 4 alloy powders by
adjusting the amount of process control agent. J. Mater. Sci.
Technol. 77, 209-216 (2021). https://doi.org/10.1016/j.jmst.
2020.09.049

B. Zhang, Y. Duan, Y. Cui, G. Ma, T. Wang et al., Improving
electromagnetic properties of FeCoNiSi, 4Al 4 high entropy
alloy powders via their tunable aspect ratio and elemental uni-
formity. Mater. Des. 149, 173-183 (2018). https://doi.org/10.
1016/j.matdes.2018.04.018

G. Herzer, Modern soft magnets: amorphous and nanocrystal-
line materials. Acta Mater. 61(3), 718-734 (2013). https://doi.
org/10.1016/j.actamat.2012.10.040

H. Li, A. Wang, T. Liu, P. Chen, A. He et al., Design of Fe-
based nanocrystalline alloys with superior magnetization and
manufacturability. Mater. Today 42, 49-56 (2021). https://doi.
org/10.1016/j.mattod.2020.09.030

https://doi.org/10.1007/s40820-022-00886-6


https://doi.org/10.1002/adma.201403735
https://doi.org/10.1002/adma.201403735
https://doi.org/10.1002/anie.202200705
https://doi.org/10.1016/j.carbon.2020.09.036
https://doi.org/10.1016/j.compositesb.2021.109067
https://doi.org/10.1016/j.compositesb.2021.109067
https://doi.org/10.1016/j.jcis.2021.07.054
https://doi.org/10.1016/j.jcis.2021.07.054
https://doi.org/10.1038/s41467-022-28906-4
https://doi.org/10.1038/s41467-022-28906-4
https://doi.org/10.1016/j.jmst.2021.01.072
https://doi.org/10.1016/j.jmst.2021.01.072
https://doi.org/10.1021/acsami.1c22670
https://doi.org/10.1021/acsami.1c22670
https://doi.org/10.1002/adfm.202110496
https://doi.org/10.1002/adfm.202103436
https://doi.org/10.1002/adfm.202103436
https://doi.org/10.1002/adma.201706343
https://doi.org/10.1021/acsami.1c25079
https://doi.org/10.1002/adma.201400108
https://doi.org/10.1002/adma.201400108
https://doi.org/10.1016/j.carbon.2021.12.044
https://doi.org/10.1016/j.cej.2018.01.152
https://doi.org/10.1016/j.cej.2018.01.152
https://doi.org/10.1039/d1ta02785a
https://doi.org/10.1007/s40820-021-00776-3
https://doi.org/10.1007/s40820-021-00776-3
https://doi.org/10.1016/j.jallcom.2021.159602
https://doi.org/10.1016/j.jallcom.2021.159602
https://doi.org/10.1002/adma.202006723
https://doi.org/10.1002/adma.202006723
https://doi.org/10.1016/j.jmst.2020.09.049
https://doi.org/10.1016/j.jmst.2020.09.049
https://doi.org/10.1016/j.matdes.2018.04.018
https://doi.org/10.1016/j.matdes.2018.04.018
https://doi.org/10.1016/j.actamat.2012.10.040
https://doi.org/10.1016/j.actamat.2012.10.040
https://doi.org/10.1016/j.mattod.2020.09.030
https://doi.org/10.1016/j.mattod.2020.09.030

Nano-Micro Lett.

(2022) 14:142

Page 13 0of 14 142

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

C. Suryanarayana, Mechanical alloying and milling. Prog.
Mater. Sci. 46, 1-184 (2001). https://doi.org/10.1016/S0079-
6425(99)00010-9

M. Vaidya, G.M. Muralikrishna, B.S. Murty, High-entropy
alloys by mechanical alloying: a review. J. Mater. Res. 34(5),
664-686 (2019). https://doi.org/10.1557/jmr.2019.37

C. Han, Q. Fang, Y. Shi, S.B. Tor, C.K. Chua et al., Recent
advances on high-entropy alloys for 3D printing. Adv. Mater.
32(26), 1903855 (2020). https://doi.org/10.1002/adma.20190
3855

Y. Yao, Z. Huang, P. Xie, S.D. Lacey, R.J. Jacob et al., Carbo-
thermal shock synthesis of high-entropy-alloy nanoparticles.
Science 359, 1489-1494 (2018). https://doi.org/10.1126/scien
ce.aan5412

Y. Li, Y. Liao, J. Zhang, E. Huang, L. Ji et al., High-entropy-
alloy nanoparticles with enhanced interband transitions for
efficient photothermal conversion. Angew. Chem. Int. Ed.
60(52), 27113-27118 (2021). https://doi.org/10.1002/anie.
202112520

Y. Li, Y. Liao, L. Ji, C. Hu, Z. Zhang et al., Quinary high-
entropy-alloy @ graphite nanocapsules with tunable interfacial
impedance matching for optimizing microwave absorption.
Small 18(4), 2107265 (2022). https://doi.org/10.1002/smll.
202107265

Y. Duan, L. Song, Y. Cui, H. Pang, X. Zhang et al., FeCoNiC-
uAl high entropy alloys microwave absorbing materials:
exploring the effects of different Cu contents and annealing
temperatures on electromagnetic properties. J. Alloy. Compd.
848, 156491 (2020). https://doi.org/10.1016/j.jallcom.2020.
156491

Y. Yang, T. Chen, L. Tan, J.D. Poplawsky, K. An et al., Bifunc-
tional nanoprecipitates strengthen and ductilize a medium-
entropy alloy. Nature $95(7866), 245-249 (2021). https://doi.
org/10.1038/541586-021-03607-y

S. Qin, M. Yang, P. Jiang, J. Wang, X. Wu et al., Designing
structures with combined gradients of grain size and precipita-
tion in high entropy alloys for simultaneous improvement of
strength and ductility. Acta Mater. 230, 117847 (2022). https:/
doi.org/10.1016/j.actamat.2022.117847

Y.F. Ye, Q. Wang, J. Lu, C.T. Liu, Y. Yang, High-entropy
alloy: challenges and prospects. Mater. Today 19(6), 349-362
(2016). https://doi.org/10.1016/j.mattod.2015.11.026

G. Williamson, W. Hall, X-Ray line broadening fromfiled alu-
minium and wolfram. Acta Metall. 1(1), 22-31 (1953). https://
doi.org/10.1016/0001-6160(53)90006-6

A. Hernando, M. Vazquez, T. Kulik, C. Prados, Analysis of the
dependence of spin-spin correlations on the thermal treatment
of nanocrystalline materials. Phys. Rev. B 51(6), 3581-3586
(1995). https://doi.org/10.1103/physrevb.51.3581

K. Suzuki, J.M. Cadogan, Random magnetocrystalline anisot-
ropy in two-phase nanocrystalline systems. Phys. Rev. B 58(5),
2730-2739 (1998). https://doi.org/10.1103/PhysRevB.58.2730
Z. Xie, Z. Wang, Y. Han, F. Han, Influence of Ge on crystalli-
zation kinetics, microstructure and high-temperature magnetic
properties of Si-rich nanocrystalline FeAlSiBCuNbGe alloy. J.

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Non-Cryst. Solids 463, 1-5 (2017). https://doi.org/10.1016/j.
jnoncerysol.2017.02.015

Y. Liao, G. He, Y. Duan, Morphology-controlled self-assem-
bly synthesis and excellent microwave absorption performance
of MnO, microspheres of fibrous flocculation. Chem. Eng. J.
425, 130512 (2021). https://doi.org/10.1016/j.cej.2021.130512
L. Song, Y. Duan, J. Liu, H. Pang, Assembled Ag-doped
a-MnO,@56-MnO, nanocomposites with minimum lattice
mismatch for broadband microwave absorption. Compos. Part
B 199, 108318 (2020). https://doi.org/10.1016/j.compositesb.
2020.108318

Y. Zhao, X. Zuo, Y. Guo, H. Huang, H. Zhang et al., Struc-
tural engineering of hierarchical aerogels comprised of multi-
dimensional gradient carbon nanoarchitectures for highly effi-
cient microwave absorption. Nano-Micro Lett. 13, 144 (2021).
https://doi.org/10.1007/s40820-021-00667-7

X. Kou, Y. Zhao, L. Xu, Z. Kang, Y. Wang et al., Controlled
fabrication of core-shell y-Fe,O;@C-Reduced graphene oxide
composites with tunable interfacial structure for highly effi-
cient microwave absorption. J. Colloid Interf. Sci. 615, 685—
696 (2022). https://doi.org/10.1016/j.jcis.2022.02.023

K.N. Rozanov, Ultimate thickness to bandwidth ratio of radar
absorbers. IEEE Trans. Antenn. Propag. 48, 8 (2000). https://
doi.org/10.1109/8.884491

L. Huang, Y. Duan, X. Dai, Y. Zeng, G. Ma et al., Bioinspired
metamaterials: multibands electromagnetic wave adaptabil-
ity and hydrophobic characteristics. Small 15(40), 1902730
(2019). https://doi.org/10.1002/sml1.201902730

S. Yan, S. Liu, J. He, H. Luo, L. He et al., Effects of Co,0; on
electromagnetic properties of NiCuZn ferrites. J. Magn. Magn.
Mater. 452, 349-353 (2018). https://doi.org/10.1016/j.jmmm.
2017.12.108

P. Yin, Y. Deng, L. Zhang, W. Wu, J. Wang et al., One-step
hydrothermal synthesis and enhanced microwave absorption
properties of Ni, sCo, sFe20,/Graphene composites in low
frequency band. Ceram. Int. 44(17), 20896-20905 (2018).
https://doi.org/10.1016/j.ceramint.2018.08.096

P. Yin, L. Zhang, Y. Wang, H. Rao, Y. Wang et al., Combi-
nation of pumpkin-derived biochar with nickel Ferrite/FeNi;,
toward low frequency electromagnetic absorption. J. Mater.
Sci. Mater. Electron. 32, 25698-25710 (2020). https://doi.org/
10.1007/s10854-020-04285-8

L. He, L. Deng, Y. Li, H. Luo, J. He et al., Design of a mul-
tilayer composite absorber working in the P-band by NiZn
ferrite and cross-shaped metamaterial. Appl. Phys. A 125(2),
130 (2019). https://doi.org/10.1007/s00339-019-2422-2

P. Yin, L. Zhang, J. Wang, X. Feng, K. Wang et al., Low
frequency microwave absorption property of CIPs/ZnO/Gra-
phene ternary hybrid prepared via facile high-energy ball mill-
ing. Powder Technol. 356, 325-334 (2019). https://doi.org/10.
1016/j.powtec.2019.08.033

P. Yin, L. Zhang, Y. Tang, J. Liu, Earthworm-like (Co/
Co0)@C composite derived from MOF for solving the prob-
lem of low-frequency microwave radiation. J. Alloy. Compd.
881, 160556 (2021). https://doi.org/10.1016/j.jallcom.2021.
160556

@ Springer


https://doi.org/10.1016/S0079-6425(99)00010-9
https://doi.org/10.1016/S0079-6425(99)00010-9
https://doi.org/10.1557/jmr.2019.37
https://doi.org/10.1002/adma.201903855
https://doi.org/10.1002/adma.201903855
https://doi.org/10.1126/science.aan5412
https://doi.org/10.1126/science.aan5412
https://doi.org/10.1002/anie.202112520
https://doi.org/10.1002/anie.202112520
https://doi.org/10.1002/smll.202107265
https://doi.org/10.1002/smll.202107265
https://doi.org/10.1016/j.jallcom.2020.156491
https://doi.org/10.1016/j.jallcom.2020.156491
https://doi.org/10.1038/s41586-021-03607-y
https://doi.org/10.1038/s41586-021-03607-y
https://doi.org/10.1016/j.actamat.2022.117847
https://doi.org/10.1016/j.actamat.2022.117847
https://doi.org/10.1016/j.mattod.2015.11.026
https://doi.org/10.1016/0001-6160(53)90006-6
https://doi.org/10.1016/0001-6160(53)90006-6
https://doi.org/10.1103/physrevb.51.3581
https://doi.org/10.1103/PhysRevB.58.2730
https://doi.org/10.1016/j.jnoncrysol.2017.02.015
https://doi.org/10.1016/j.jnoncrysol.2017.02.015
https://doi.org/10.1016/j.cej.2021.130512
https://doi.org/10.1016/j.compositesb.2020.108318
https://doi.org/10.1016/j.compositesb.2020.108318
https://doi.org/10.1007/s40820-021-00667-7
https://doi.org/10.1016/j.jcis.2022.02.023
https://doi.org/10.1109/8.884491
https://doi.org/10.1109/8.884491
https://doi.org/10.1002/smll.201902730
https://doi.org/10.1016/j.jmmm.2017.12.108
https://doi.org/10.1016/j.jmmm.2017.12.108
https://doi.org/10.1016/j.ceramint.2018.08.096
https://doi.org/10.1007/s10854-020-04285-8
https://doi.org/10.1007/s10854-020-04285-8
https://doi.org/10.1007/s00339-019-2422-2
https://doi.org/10.1016/j.powtec.2019.08.033
https://doi.org/10.1016/j.powtec.2019.08.033
https://doi.org/10.1016/j.jallcom.2021.160556
https://doi.org/10.1016/j.jallcom.2021.160556

142

Page 14 of 14

Nano-Micro Lett. (2022) 14:142

55.

56.

Y.A. Shen, H.M. Hsieh, S.H. Chen, J. Li, S.W. Chen et al.,
Investigation of FeCoNiCu properties: thermal stability, cor-
rosion behavior, wettability with Sn-3.0Ag-0.5Cu and inter-
layer formation of multi-element intermetallic compound.
Appl. Surf. Sci. 546, 148931 (2021). https://doi.org/10.1016/j.
apsusc.2021.148931

X. Qiu, C. Liu, Microstructure and properties of
Al,CrFeCoCuTiNi, high-entropy alloys prepared by laser

© The authors

57.

cladding. J. Alloy. Compd. 553, 216-220 (2013). https://doi.
org/10.1016/j.jallcom.2012.11.100

J. Yang, L. Jiang, Z. Liu, Z. Tang, A. Wu, Multifunctional
interstitial-carbon-doped FeCoNiCu high entropy alloys with
excellent electromagnetic-wave absorption performance. J.
Mater. Sci. Technol. 113, 61-70 (2022). https://doi.org/10.
1016/j.jmst.2021.09.025

https://doi.org/10.1007/s40820-022-00886-6


https://doi.org/10.1016/j.apsusc.2021.148931
https://doi.org/10.1016/j.apsusc.2021.148931
https://doi.org/10.1016/j.jallcom.2012.11.100
https://doi.org/10.1016/j.jallcom.2012.11.100
https://doi.org/10.1016/j.jmst.2021.09.025
https://doi.org/10.1016/j.jmst.2021.09.025

	Microstructure Design of High-Entropy Alloys Through a Multistage Mechanical Alloying Strategy for Temperature-Stable Megahertz Electromagnetic Absorption
	Highlights
	Abstract 
	1 Introduction
	2 Experiments
	2.1 Preparation of HEAs
	2.2 Structure and Morphology
	2.3 Electromagnetic Properties
	2.4 Corrosion Resistance Properties

	3 Results and Discussions
	3.1 Microstructure Design and Characterization
	3.2 Magnetic Performance
	3.3 EMW Absorption and Corrosion Resistance Performance

	4 Conclusions
	Acknowledgements 
	References




