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ABSTRACT: Ceramic materials have obvious advantages in o HEBTE RL (dB) 0 HEB-Ti RL (@5)
thermal stability, but impedance mismatch limits their ability ‘
to attenuate electromagnetic (EM) waves. Herein, a novel
series of high-entropy (V,,Nbg,Zry,Tag-X,2)B, (X = Mo, Ti, and
Hf) ceramics were successfully synthesized via ultrafast high-
temperature sintering (UHS) apparatus based on joule heating. \
The results indicated that the effect of high-entropy = 12% S-C bands) b Al o
component on the magnetic loss of the system was relatively o 72 4 6 81012141618
small, but the effect on the dielectric loss was larger. Among > T Frequency (GHz)

them, the (Vy,Nbg,Zrq,Tag,Tig,)B, (HEB-Ti) sample demonstrated superior absorbing properties due to relatively moderate
dielectric loss and optimal EM impedance matching. Moreover, because of its relatively moderate attenuation constant, it could
achieve the maximum penetration of the EM wave and the minimum reflection after absorbing wave. As a result, the minimum
reflection loss (RL,,;,) was as low as —40.7 dB, and the effective absorption band covered the entire low-frequency range from 2 to 8
GHz. Its excellent absorption performance was mainly due to the synergistic effect of various dielectric attenuation mechanisms,
including defect polarization, dipole polarization, and conduction loss. Furthermore, thermogravimetric (TG) analysis showed that
the sample exhibited excellent thermal stability and could withstand temperatures up to 550 °C in air and 1000 °C in an argon gas
environment. The relevant work could provide meaningful references for the design of new high-performance ceramic wave-
absorbing materials.
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1 Introduction ability to attenuate EM waves. Ceramic materials are ideal
microwave absorbing materials that can be served in extreme
The radar stealth capability of high-temperature components in  environments due to good antioxidation properties and excellent
advanced aircraft necessitates the development of electromagnetic chemical corrosion resistance [10]. Among ceramic materials,
(EM) wave-absorbing materials with exceptional thermal stability high-entropy diborides (HEBs) have garnered significant attention
(1-3]. Currently, EM absorbing materials mainly include  because of their tunable electrical conductivity and excellent
magnetic materials (ferrites [4,5], magnetic metals [6,7], etc.) and chemical stability [11-14]. However, achieving an optimal balance
carbon-based materials (graphene [8], carbon nanotubes [9], etc.). between oxidation resistance and EM wave absorption for HEBs
Magnetic materials are prone to magnetic loss and decreased remains a significant challenge.
absorption performance at high temperatures. Carbon-based In high-temperature environments, oxidation resistance plays a
materials suffer from insufficient oxidation resistance in high- critical role in ensuring the long-term stability of materials.
temperature aerobic environments, significantly reducing their Previous studies have shown that the multielement alloying effect
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in HEBs enabled these materials to exhibit remarkable stability,
providing a unique advantage in high-temperature applications.
For example, Tallarita et al [15] reported that
(Hfy,Mo,,Tay,Nby,Tiy,)B, demonstrated an exceptionally low
oxidation weight gain rate at temperatures as high as 1473 K,
significantly outperforming its individual diboride components,
such as TiB,, HfB,, and TaB,. Similarly, Guo et al. [16] reported
that  (Zry,Hf,,Ta,,Nby,Tiy,)B, exhibited superior oxidation
resistance up to 1400 °C, surpassing the performance of most
constituent metal diborides, including TiB,, CrB,, ZrB,, NbB,, and
TaB,. Despite the promising high-temperature stability of HEBs,
their EM wave absorption properties are often affected by the
formation of oxide layers under high-temperature conditions.
Related studies have indicated that as the temperature increased,
the EM wave absorbing properties of materials can be significantly
altered. For example, Qiao et al. [17] systematically investigated
the EM wave absorption properties of high-entropy
(Mo0y25Crg25 Tig25V25)sAlIC, (MCTV) after oxidation at various
temperatures, ranging from room temperature to 800 °C. The
results revealed that the EM wave absorption behavior of the
MCTV-600 and MCTV-800 samples differed significantly from
that of the MCTV and MCTV-400 samples, primarily because of
phase composition changes. Specifically, as the temperature
increased, oxide layers progressively formed on the material
surface. The formation of oxide layers significantly affects the EM
properties, particularly by altering the conductivity and dielectric
constant. These issues were critical parameters to influence the
EM wave absorption. Therefore, achieving excellent EM wave
absorption and thermal stability in HEBs is highly important.

However, the EM wave attenuation capacity of most absorbers
utilizing HEBs is restricted because of their impedance mismatch.
Recent studies have demonstrated that component modulation
can effectively enhance the EM wave absorption performance of
materials. For example, Wang et al. [18] synthesized carbonized
cellulose  paper/HEAs-Mn, ;s with emblematic ~ shell-core
heterointerfaces by manipulating the molar ratio of the
component elements. Its minimum reflection loss reached
—51.35 dB at an ultrathin thickness of 1.03 mm, achieving efficient
EM wave absorption. Moreover, Cheng et al. [19] significantly
improved the microwave absorption performance of polymetallic
sulfide (PMS)/acetylene black (ACET) composites by modulating
the ACET content. For HEBs, Zhang et al. [20] prepared an
efficient and broadband EM wave absorbing material, high-
entropy (Cr,Zr,HfNb,Ta)B,, with a minimum reflection loss of
-56.2 dB at 8.48 GHz by incorporating Cr. Therefore, reasonable
component modulation is expected to achieve excellent EM wave
absorption performance and thermal stability for HEB.

HEBs show wide application potential due to the large
composition adjustable space. At present, the most studied
system of HEBs were (Hfy,Zr,,Ta,,Ti,,Nby,)B, series [21-25].
Therefore, completing the study of HEBs with different

components is highly important. However, studies on HEBs
containing the VB, phase are scarce [26,27], which may be related
to the fact that the introduction of V increases the difficulty of
single-phase solid-solution formation. To mitigate these issues,
three novel VB,-containing high-entropy (V,Nby,Zry,Ta,,X;,)B,
(X = Mo, Ti, and Hf) materials were prepared in this work.
Among them, Mo, Hf, and Ti were selected as variable elements,
mainly on the basis of the following considerations: The
introduction of Mo can significantly improve the electrical
conductivity of the materials and then increase the dielectric
constant of the materials to optimize its absorption performance
in a specific frequency range. The introduction of Hf can improve
the thermal stability and oxidation resistance, and its good
electrical conductivity also plays an important role in enhancing
the absorption capacity of EM waves. The introduction of Ti can
improve the conductivity and oxidation resistance of the
materials, which is expected to synergistically improve the
absorption performance and thermal stability.

This work utilized the ultrafast high-temperature sintering
(UHS) method to prepare three novel high-entropy
(VooNby,Zr,,Tay,Xy,)B, (X = Mo, Ti, and Hf) materials. By
adjusting the components and triggering various EM loss
mechanisms, such as defect polarization, dipole polarization, and
conduction loss, the EM wave absorption performance of the
(V2Nby2Zry,Ta),X,2)B, system was improved. The (V,Nby,Zr,
Tay,Tiy,)B, (HEB-Ti) sample exhibited excellent EM wave
absorption performance. Its maximum EAB covered the entire
low-frequency range from 2 to 8 GHz, and the RL,;, can reach
-40.7 dB at 7.68 GHz with a thickness of 2.0 mm. In addition, the
materials exhibited excellent thermal stability and can withstand
temperatures up to 550 °C in air and temperatures up to 1000 °C
in an argon gas environment. Related studies could provide
important reference for the preparation and development of EM
wave-absorbing materials in high-temperature environments.

2 Experimental

2.1 Material selection

Commercially available transition metal powders (involving V,
Nb, Ta, Zr, Mo, Ti, and Hf) and amorphous boron powders were
used as raw materials. The detailed information of the raw powder
materials is listed in Table 1.

2.2 Material preparation

Ultrafast high-temperature sintering (UHS) is an innovative
sintering method that can efficiently and rapidly prepare high-
performance materials. It has significant features such as a
uniform temperature distribution, high heating and cooling rates,
and high sintering temperatures [28]. This rapid heat treatment
can effectively prevent phase separation and excessive grain

Table 1 Detailed information on raw materials

Raw material

Detailed information

v Purity: 99.9%, particle size: 100-200 mesh, Shanghai Aladding Biochemical Technology Co., Ltd., China
Nb Purity: 99.8%, particle size: < 45 pm, Shanghai Aladding Biochemical Technology Co., Ltd., China

Zr Purity: 99.9%, particle size: 15-53 pum, Shenzhen Jin Titanium New Material Technology Co., Ltd., China
Ta Purity: 99.9%, particle size: 53-150 um, Shenzhen Jin Titanium New Material Technology Co., Ltd., China
Mo Purity: 99.99%, particle size: < 100 um, Shanghai Aladding Biochemical Technology Co., Ltd., China

Ti Purity: 99.98%, particle size: < 45 um, Shanghai Aladding Biochemical Technology Co., Ltd., China
Hf Purity: 99.9%, particle size: 20-63 pum, Shenzhen Jin Titanium New Material Technology Co., Ltd., China
B Purity: 99%, particle size: < 20 um, Shanghai Aladding Biochemical Technology Co., Ltd., China
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growth and control the chemical composition and microstructure,
thereby improving the material properties [29,30].

In the experiment, three new types of high-entropy
(V2Nby,Zry,Tag,X,,)B, (X = Mo, Ti, and Hf) were prepared via
a UHS apparatus (1030D, Shenzhen Zhongke Jingyan Technology
Co., Ltd., China), and the detailed preparation process is shown in
Fig. 1. First, these transition metal powders were equimolarly
weighed and then well mixed with 20% excess boron powder
according to the ratio of the reaction equation [31]. Detailed
information on the molar ratios of the raw reactants is listed in
Table 2. The transition metal powders and boron powders were
then mixed and ground by hand in an agate mortar for 6 h.
Afterward, the mixed powders were pressed into a green body of
¢10 mm in diameter with a pressure of 10 MPa for 1 min. The
green body was then placed between two pellets of the graphite
heater of the UHS apparatus. An alternating current was
subsequently applied to both ends of the pellets to heat the
samples to 1900 °C within seconds under the protection of argon
gas. During this process, borothermal reduction occurred. The
temperatures were measured by an infrared radiation
thermometer (E1RH, Fluke, USA). After the samples were heated
at 1900 °C for 10 min, the current was subsequently decreased,
allowing the samples to cool to ambient temperature. The as-
obtained samples were collected and then ground into powders
for subsequent testing.

2.3 Material characterization

The phase composition of the samples was tested via a powder
X-ray diffractometer (PXRD; Advance D8, Brucker, USA) using
Cu Ka radiation. The surface compositions were analyzed via an
X-ray photoelectron spectroscope (XPS; ESCALAB 250XI,
Thermo Fisher Scientific, USA). The morphology and elemental
distributions were investigated by a scanning electron microscope
(SEM; Regulus 8230, Hitachi, Japan) with an energy-dispersive
spectrometer (EDS) system and a transmission electron
microscope (TEM; Talos F200X, Thermo Scientific, USA).

(a) (b)
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\ Grind into powder

P

Raw material mixture block A

Vacancy defect information was obtained via an electron
paramagnetic resonance (EPR; EMXplus-6/1, Bruker, USA). The
thermal stability of the samples in air and Ar was evaluated via a
thermogravimetric analyzer (TG; 209F1, Netzsch, Germany). The
EM parameters from 2 to 18 GHz were measured via a vector
network analyzer (N5234A, Agilent, USA). Before the
measurement, each sample and paraffin wax were mixed at a mass
ratio of 7:3 and compacted into a toroidal shape (¢, = 7.00 mm,
¢, = 3.04 mm). Paraffin was used as the matrix materials to
determine the real EM wave absorption capacity because the
paraffin framework was lossless for incident EM waves [32].

3 Results and discussion

3.1 Phase composition and microstructure

Figure 2 shows the typical XRD patterns of (Vi ,Nby,Zry,
Tay,Xy,)B, (X = Mo, Ti, and Hf) and the variation in the
diffraction peaks of the (111), (110), and (101) crystal planes. As
shown in Fig. 2(a), all samples exhibited similar diffraction peaks
in the range of 10°-90°. These diffraction peaks corresponded to
the AlB,-type (P6/mmm spatial group) phase, which is consistent
with the results reported by Liu et al. [23]. No diffraction peaks of
oxide impurities were observed in any of the samples, indicating
that they were single-phase solid solutions. An analysis of the
(111), (110), and (101) diffraction peaks depicted in Fig. 2(b)
revealed that the peak positions shifted to different degrees.
Compared with the peak position of HEB-Mo, there was no
significant shift in the peak position of HEB-Ti. In contrast, the
peak position of HEB-Hf shifted to the left by approximately 0.9°.
The difference in peak position was caused mainly by the different
atomic radii of Mo, Ti, and Hf. A larger atomic radius increased
the lattice spacing (d) [33]. The brag equation showed that when
the lattice spacing (d) was larger, the angle 20 was smaller [34].
The atomic radii of Mo, Ti, and Hf were 1.40, 1.45, and 1.59,
respectively [35]. Therefore, the peak position shift of HEB-Hf was

On/Off

Collect Joule-heating rapid synthesis

High-entropy (V,,Nb,Zr,,Tay,X,,)B, (X = Mo, Ti, and Hf)
Fig.1 Schematic diagram of preparation route for high-entropy (V,Nb,,Zr,Ta,,X,,)B, (X = Mo, Ti, and Hf).

Table2 Constituents of raw materials used for synthesizing (V,,Nby,Zr,,Ta,,X,)B, (X = Mo, Ti, and Hf) and their corresponding sample codes

Sample code Composition

Molar ratio of raw reactant

HEB-Mo (Vg2Nby,Zry,Tag ,M0y,)B,
HEB-Ti (V2Nbg,Zrg,Tay,Tiy,)B,
HEB-Hf (V.2Nbyg,Zrg , Tag ,Hfy 5)B,

V:Nb:Zr:Ta:Mo:B = 0.2:0.2:0.2:0.2:0.2:1.2
V:Nb:Zr:Ta:Ti:B = 0.2:0.2:0.2:0.2:0.2:1.2
V:Nb:Zr:Ta:Hf:B = 0.2:0.2:0.2:0.2:0.2:1.2
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more significant than that of HEB-Ti. Overall, the change in the
XRD peak may be related to various defects, such as lattice
distortion, dislocations, and vacancies, which are introduced by
heteroatom doping and high-temperature synthesis processes.

To further investigate the elemental composition, the as-
synthesized samples were analyzed via XPS. As shown in Fig. 3(a),
the full XPS spectra of HEB-Mo, HEB-Ti, and HEB-Hf samples
revealed the presence of five different transition metal elements.
Specifically, the HEB-Mo sample contained V, Nb, Ta, Zr, and
Mo. The HEB-Ti sample contained V, Nb, Ta, Zr, and Ti. The
HEB-Hf samples contained V, Nb, Ta, Zr, and Hf. These results
further confirmed the successful synthesis of the high-entropy
(V2Nby,Zr,,Ta,,X,,)B, (X = Mo, Ti, and Hf) system. The high-
resolution V 2p, Nb 3d, Ta 4f, Zr 3d, and B 1s spectra were further
analyzed to assess the influence of Mo, Ti, and Hf on the surface
chemical states of (V,Nb,,Zr,Ta),X,,)B,. As shown in Figs. 3(b)-
3(f), the XPS peaks corresponding to V 2p, Nb 3d, Ta 4f, Zr 3d,
and B 1s all shifted toward lower binding energies, indicating
changes in the chemical state of the surface elements. This shift
indicated an increase in the electron density around the atoms,
which may influence the lattice constants [36]. According to the
XRD results, an increase in the radius of doped atoms can lead to
local lattice expansion, altering the electronic environment of the

observed shift of the XPS peaks toward lower binding energies
was consistent with the peak shift to lower angles in the XRD
patterns. These results further indicated that variations in the high-
entropy components induced structural modifications within the
material system.

Figures 4(a)-4(c) show the morphology of all the as-
synthesized samples. There were irregularly shaped particles and
agglomerates in all the samples. With the change in component
element content, the grain size clearly increased, accompanied by
increased porosity. The formation of intragranular pores may be
attributed to rapid grain growth during the sintering process. In
this scenario, the migration rate of the grain boundaries was faster
than that of the pores, leading to the retention of the pores within
the grains [37]. Notably, the presence of appropriate pores in HEB-
Ti can improve interface impedance matching, ensuring that
more EM waves can enter the materials and be absorbed rather
than reflected [38]. The elemental distribution of the samples was
characterized via SEM with EDS. As shown in Figs. 4(d)-4(f), the
five metal elements in all the samples were homogeneously
distributed at the micrometer scale. In addition, no elemental
segregation could be observed in the entire scanning area,
indicating good element distributions of (V,,Nby,Zr,,Ta,,X,,)B,
(X = Mo, Ti, and Hf). Combining the XRD and SEM-EDS

Intensity (a.u.)

surrounding atoms and potentially inducing lattice distortion. The analyses, it could be concluded that single-phase
-->
(k) 32.9°
42.3°
25.8° !

) \ 133.3° 3

& \ ‘A\ 43.2°

2 \26.7°

o

gk : ,)\
i 133.4° '
126.7° A %

10 20

20 (°)

24 26 28 30 32 34 36 38 40 42 44
20 (°)

Fig.2 (a,b) XRD patterns of samples and their diffraction peaks corresponding to (111), (110), and (101) crystal planes.
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(VaNby,Zr,Tay,X,)B, (X = Mo, Ti, and Hf) ceramics with
different pore numbers were successfully prepared via component
modulation and UHS methods.

The microstructure evolution of the samples was further
analyzed via high-resolution TEM (HRTEM), as shown in
Figs. 5(a)-5(c). The d-spacings of the (100) lattice planes for HEB-
Mo, HEB-Ti, and HEB-Hf were approximately 0.263, 0.265, and
0.269 nm, respectively. The results indicated that an increase in
the atomic radius led to a corresponding increase in the lattice
spacing (d), which was consistent with the XRD results (Fig. 2(b)).
The selected area electron diffraction (SAED) patterns with high
symmetry shown in the insets of Figs. 5(a)-5(c) further confirmed
the formation of hexagonal structures in all the samples. In
addition, defects in the lattice, such as lattice stacking,
deformation, disappearance, and point defects, gradually increase

to1g) -
T RV oy

i & Laniche :
distoration

- o)

H d=0.265 nm

(mo)Discontinuous

9221030-5

with increasing atomic radius. These defects are caused by metal
atoms with different radii and masses in high-entropy systems.
Figures 5(d)-5(f) show the strong resonance peaks of
(V2Nby2Zry,Ta,X02)B, (X = Mo, Ti, and Hf), further indicating
the formation of numerous dangling bonds and defects with
unpaired electrons in the structure [39,40]. Compared with the
HEB-Mo sample, the HEB-Ti and HEB-Hf samples presented
stronger peak intensities. The introduction of Ti and Hf clearly
caused the electronic transition, creating more dangling bonds
and unpaired electrons. These dangling bonds and defects could
act as dipole polarization centers to further enhance EM wave
attenuation by inducing dipole polarization [41]. Overall, the pore
structure and defect density of (V,Nby,Zr,Tay,X,,)B, (X = Mo,
Ti, and Hf) could be effectively controlled via modulation of the
high-entropy component.

.Zoae axis: [101]

ny -

. Zone, axis: [101]

(010) (111)

Discontinuous|

d=0,269 ml‘::mce fru’l_g\e

H (100) {

HEB-Hf (_‘n"-) Defects

1. nm

Intensity (a.u.)
Intensity (a.u.)

C)

HEB-Hf

Intensity (a.u.)

3300 3400 3500 3600

Magnetic field (G)

3700 3300 3400

3500

Magnetic field (G)

3600 3700 3300 3400 3500 3600

Magnetic field (G)

3700

Fig.5 (a—c) HRTEM images alongside SAED patterns and (d-f) EPR spectra of samples.
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3.2 High-temperature stability

Figure 6 shows the TG curves of (V,Nby,Zr,,Ta,,X,,)B, (X =
Mo, Ti, and Hf) in both air and argon atmospheres, covering a
temperature range from room temperature to 1000 °C. Under an
air atmosphere (Fig. 6(a)), the mass of the HEB-Mo sample
remained nearly unchanged until 490 °C. The masses of the HEB-
Ti and HEB-Hf samples did not significantly change below
550 °C, indicating good thermal stability. In the temperature range
from 550 to 800 °C, all the samples exhibited significant weight
gain, which was attributed to high-temperature oxidation
reactions, as described by Reaction (1) [42]:

(V,Nbo2Zr0,Ta0,Xo2)B,(X = Mo, Ti, and Hf) + 5/20, >
(VO‘ZNbozZro.zTao.zonz)Oz +B,0; (l) M

The variation in weight gain rates among the samples indicated
that the specific oxidation behavior was closely influenced by the
material composition. Above 800 °C, the weight gain rates of all
the samples decreased significantly. This deceleration may be due
to the formation of B,O; protective glassy layers that provide
protection for the underlying sample from further oxidation to
some extent [43]. At approximately 1000 °C, a slight decrease in
the mass of all the samples was observed, possibly resulting from
the gasification of the B,O; protective layer (Reaction (2)):

B,O:(1) — Bzo3(g) (2)

which led to the partial loss of this protective layer. In contrast,
under an argon atmosphere (Fig. 6(b)), the mass of all the samples
remained nearly unchanged over the entire temperature range
(room temperature to 1000 °C), demonstrating their excellent
high-temperature thermal stability in an inert atmosphere. In
summary, the samples exhibited good thermal stability in air
atmosphere, but high-temperature oxidation led to mass gain,
followed by a slight decrease in mass near 1000 °C due to B,Os
volatilization. Under an argon atmosphere, the samples
maintained high thermal stability over the entire temperature
range without significant mass changes, fully demonstrating their
superior performance in an inert environment.

3.3 EM wave absorption performance

To evaluate the EM wave absorption capability, the reflection loss
(RL) values of the samples were calculated via Egs. (3) and (4) [44]:

free space impedance, relative complex permittivity, and relative
complex permeability, respectively. Moreover, d, ¢, f, and j
represent the absorber thickness, ray speed, frequency, and
imaginary number units, respectively. In general, an RL value of
—10 dB means that 90% of the incident EM wave radiation is
absorbed, and the corresponding bandwidth indicates an EAB [45].

Figure 7 shows the frequency dependence of the 3D RL plots
and 2D color mapping of the EAB for HEB-Mo, HEB-Ti, and
HEB-Hf. As shown in Figs. 7(a) and 7(b), HEB-Mo exhibited an
RL,,;, of —11.3 dB at 11.28 GHz with a thickness of 2.0 mm, and
its maximum EAB was 0.7 GHz. In contrast, HEB-Ti
demonstrated superior EM wave absorption performance,
achieving an RL,;, of —40.7 dB at 7.68 GHz with a thickness of
2.0 mm and a maximum EAB of 2.3 GHz (Figs. 7(c) and 7(d)).
For HEB-Hf, the RL,,, reached —24.1 dB at 12.64 GHz with a
thickness of 1.5 mm, and the corresponding maximum EAB was
2.6 GHz (Figs. 7(e) and 7(f)). HEB-Ti clearly demonstrated the
best overall EM wave absorption performance because of its low
RL, wide EAB, and thinness. Overall, this study achieved tunable
EM wave absorption in high-entropy (V,,Nb,,Zr,,Tay,X,,)B, (X =
Mo, Ti, and Hf) via modulation of the high-entropy component.
According to SEM, TEM, and EPR analyses, component
modulation can introduce defects that facilitate the establishment
of polarization centers. This may be an important factor in
optimizing impedance matching and improving the EM wave
attenuation ability.

In addition, the 1/4 wavelength curves of all the samples were
investigated. As shown in Figs. 8(a)-8(c), the RL peak of all
samples shifted to a lower frequency with increasing absorption
layer thickness (d,,), which can be explained by the 1/4 wavelength
matching theory (Eq. (5)) [46,47]:

nc

Afmr /1, |le.

where n = 1, 3, 5, ..., and d,, fi» ¢ & and c represent the
matching thickness of the absorber, peak frequency, relative
complex permeability, relative complex permittivity, and velocity
of light (3x10° m/s), respectively. In addition, an RL value smaller
than —4 dB was generally considered a qualified value with an
absorption coefficient (> 60%) in the low-frequency region
because it was difficult to decouple the impedance matching and
EM wave attenuation [48]. Notably, the RL values of HEB-Ti at

dm = (5)

Ziw — Zo 2-8 GHz were smaller than —10 dB, indicating that its EAB
RL = 20log Zin + Zo ©) covered the entire S-C band. Thus, it has significant advantages in
terms of low-frequency absorption.
7. = 7o, /| *|tanh (j 2”fd\/ﬂr5r> (4) 34 Comparison of EM wave absorption to that of other
r ¢ materials
where Z,, Z, ¢, and y, denote the input characteristic impedance, We summarize the RL, ;, values and optimal EAB values of some
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Fig.6 TG curves of (V(,Nby,Zr,,Tay,X,,)B, (X = Mo, Ti, and Hf) from room temperature to 1000 °C in (a) air and (b) argon.

vh# £ % i

Tsinghua University Press

| Sci@pen

J Adv Ceram 2025, 14(2): 9221030



Synthesis of novel high-entropy diborides with high-efficiency electromagnetic wave absorption and excellent thermal stability

9221030-7

reported materials in Fig. 9. Jian ef al. [49] noted that pure ZrB,
exhibited RL values greater than —5 dB at a thickness range of
1-5 mm in the frequency range of 2-18 GHz. Song et al. [50]
reported that TiB, exhibited an RL,;, of —21 dB at 8 GHz. Other
materials, including TaC [51], SiC [52], Ti,C, [53],
(Tig,Zrg,Nby, T2y, X, )C (X = Mo, Hf and Cr) [54],

(Cr,Zr,HEND,Ta)C [55], FeCoNiCrAl [56], LiZn FHMs [57],
[59]3

(Tig,Zro,Mog,Nby,Tag,)B,  [58],  (Ti,Zr,Nb,Ta)B,-SiC

Reflection loss (dB)

(e) HEB-Hf
0 P RL (dB)
o T
o 242
B -10 3 | —4.84
4 " | -7.26
[ -20 | ~9.68
| &
3 _4 | 169
g A RL,;,=-24.1dB —19.4
& 5 218

(12.64 2&{15 mmi)

—24.2

~

SiC/Si;N, aerogels [60], MoS,/TiO,/Ti;C,T, composites [61], and
NbS,/PrGO composites [62], demonstrated sufficiently low RL
values, and their absorption was predominantly in the higher
frequency range of 8-18 GHz. Conversely, our prepared HEB-Ti
exhibited superior EM wave absorption in relatively low-
frequency bands (< 8 GHz). The maximum EAB of HEB-Ti
covered the entire low-frequency range of 2-8 GHz. Its RL,;,
reached as high as —40.7 dB, demonstrating strong EM wave
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Fig.7 Frequency dependence of 3D RL plots and 2D color mapping of EAB for (a, b) HEB-Mo, (¢, d) HEB-Ti, and (e, f) HEB-Hf.
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absorption capability. Comparative analysis suggested that the as-
prepared HEB-Ti possessed great potential in the field of low-
frequency EM wave absorption. This research thus provides
valuable insights for advancing the development of high-
performance ceramic wave-absorbing materials.

Typically, excellent impedance matching (|Z,/Z)) is an
essential prerequisite for a good EM wave absorber. When the
|Z/ Zy| value equals 1, EM waves can penetrate the surface of the
materials without undergoing any reflection. As shown in
Figs. 10(a)-10(c), the |Z,/Z)| values for HEB-Mo were
significantly lower than 1, with a thickness range of 1.0-2.0 mm at
a frequency of 2-18 GHz, indicating poor impedance matching,
Conversely, both HEB-Ti and HEB-Hf achieved |Z,/Z,| values
within the optimal range of 0.8-1.2 across the same frequency and
thickness ranges. Specifically, the |Z,/Z,| values for HEB-Ti and
HEB-Hf were 0.98 and 0.88, respectively, demonstrating their
superior impedance matching performance compared with that of
HEB-Mo. Furthermore, the results indicated that HEB-Ti
exhibited better |Z,/Z| characteristics than both HEB-Mo and

0
This work: HEE-M ¢
=5 This work: HEB-Ti J&'
—10- HEB-Mo This work: HEB-Hf Y
HEB-Hf a Other work:
—15 4 , . § s o
*{; K A;’ oy 1:«- _#s‘:
—_ * * TiB, 7Y Ny
% —20 1 HEB-Ti HEB-Hf T e +rlrllf,\bla)('
~ = v X — "
= —254 Low-frequency YT CNTVPANIFegp; (Tiy 0 B Ny Tag )C
_JE SIC/SiN, aerogels ¥+
—20 LiZn FHMS, o <
z 30 MosymiogTicyr,  (ThaZroaMonaNbu;TaC
(FeCoNiCrAl) HEA
—351 (TiosZro; M0y Nby, Tag,)Q @ (Tig4Zry Moy ;Nby,Tag)B,
—40 - * (Zr;HEND, Ta)Cl IraC
—45 4 Strong absorption HEB-Ti %"s”l’mu (V,Ti,Ta,NB)B,-SiC
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—So 44— . o O —
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Fig.9 RL,;, and optimal EAB of (V,,Nby,Zr,,Ta,,X,,)B, (X = Mo, Ti, and Hf)
and some reported materials.
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HEB-Hf did, underscoring its potential as a more effective EM
wave absorber.

Another important parameter for comprehensively analyzing
EM wave performance is the attenuation constant («), which can
be calculated via Eq. (6) [63]:

_ Yorf

T

X\/‘UHEH

A higher attenuation constant means that the material’s ability
to convert EM wave energy into other forms of energy is
greater [64]. As shown in Fig. 10(d), the « of HEB-Mo was greater
than those of HEB-Ti and HEB-Hf. However, with respect to RL
and EAB, HEB-Mo demonstrated the weakest EM wave
absorption performance among the tested materials. The results
showed that a high attenuation constant does not directly indicate
excellent EM wave absorption capability. An ideal EM wave
absorber must balance attenuation capability with optimal
impedance matching to maximize EM wave penetration into the
materials. Among the analyzed samples, HEB-Ti exhibited the
best impedance matching alongside a moderate attenuation
capability. Owing to the synergistic effect of these two factors,
HEB-Ti thus exhibited superior EM wave absorption
performance.

_‘ulsl + \/(‘H”S// _y/s/)z + (‘u/s// _#//8/)2 (6)

3.5 EM parameters and EM wave absorption mechanism

The EM wave absorption performance is strongly associated with
the EM parameters. Therefore, the relative complex permeability
(4= y'+ ju'") and relative complex permittivity (e,= &' + je”’) of
the samples were analyzed in the frequency range of 2-18 GHz.
According to the theory of EM wave energy conversion, the real
parts of the permittivity (¢') and permeability (u’) are related to
the ability of the absorbing materials to store EM energy, whereas
the imaginary parts of the permittivity (&) and permeability (u'")
are related to the ability of the absorbing materials to dissipate EM
energy [65]. As shown in Figs. 11(a) and 11(b), the y’ and p”
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Fig. 10 (a—c) Impedance matching and (d) attenuation constant of (V,,Nb,,Zr,Ta,,X,)B, (X = Mo, Ti, and Hf).
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values of all the samples were close to 1 and 0, respectively,
indicating that the effect of high-entropy component regulation
on the magnetic loss of the system was relatively small. The effect
of high-entropy component regulation on the dielectric loss of the
system was studied below.

As shown in Figs. 12(a) and 12(b), both the &’ and &” values of
all the samples decreased with increasing frequency, which may be
related to dipole polarization and dispersion effects [66].
Additionally, the presence of multiple resonance peaks in the &
and &” curves can be noted, indicating a significant polarization-
relaxation phenomenon in the materials [19,41]. By further
comparison, HEB-Mo exhibited higher values of &’ (36.15-16.05)
and &” (17.87-8.90), indicating excellent EM wave energy storage
and dissipation capabilities for EM waves. In contrast, the values
of & and ¢ for HEB-Ti slightly decreased, ranging from 31.26 to
2409 and from 9.89 to 5.20, respectively, whereas HEB-Hf
presented the lowest values of ¢ (20.11-16.02) and &” (5.36—
3.58). Combined with the impedance matching analysis results
(Figs. 10(a)-10(c)), HEB-Ti exhibited moderate &' and & values,
indicating good impedance matching between the materials and
the external EM wave. To further evaluate the dielectric loss
capability of HEB-Mo, HEB-Ti, and HEB-Hf, the dielectric loss
tangent tand, (tand, = /&) was calculated and is presented in
Fig. 12(c). The results indicated that the order of the dielectric loss
capacity was HEB-Mo > HEB-Ti > HEB-Hf, which was consistent
with the results of the attenuation constant (Fig. 10(d)).

To analyze the dielectric loss mechanism, Cole-Cole plots
(¢"—€¢ curves) of HEB-Mo, HEB-Ti, and HEB-Hf were
constructed, as shown in Fig. 13. The dielectric loss in materials is
attributed to polarization relaxation and conduction loss, which
can be categorized into interfacial and dipolar polarization [67].
The polarization relaxation can be delineated by Cole-Cole plots
via Egs. (7) and (8) [68]:

o

. (& — €0 )2mfT
2mfe,

1+ (2nf)’e ®

By simplifying these equations, the relationship between &" and
€'’ can be obtained as shown in Eq. (9) [69]:
) 2

’ €s+£oo 2 AV & — €
G 2 ) +HE = (55

where ¢, and ., represent the static permittivity and permittivity
at the high-frequency limit, respectively. Moreover, 7, 0, and ¢,
represent the polarization relaxation time, conductivity, and
vacuum permittivity, respectively. Every occurrence of the
Cole-Cole semicircle indicated the existence of one Debye
relaxation process [70].

As shown in Figs. 13(a)-13(c), the Cole-Cole curves for all
samples exhibited multiple regular circular processes, indicating
the existence of multiple Debye relaxation mechanisms in EM
fields, which were caused by dipole polarization. Notably, many
irregular and distorted semicircles could be observed in HEB-Ti
and HEB-Hf, indicating that other mechanisms, such as defect
polarization, could also increase dielectric loss [71]. In addition, a
slight linear tail could be observed at the end of all the Cole-Cole
curves. This phenomenon indicated the existence of conduction
loss. The linear tail slopes of different samples were different,
reflecting their differences in electrical conductivity [72].

To further evaluate the contribution of conductivity loss, we
evaluated the approximate electrical conductivities (0,¢) of the
samples via free-electron theory and the measured &” values via
the equation o,c = 2meye”’f [73], as illustrated in Fig. 13(d). The
results revealed that the variation in sample conductivity was
consistent with the characteristics of the end line of the Cole-Cole
curve. Overall, HEB-Tj exhibited moderate H and &” values in the
(Vo 2Nby,Zr,,Tay,X,,)B, (X = Mo, Ti, and Hf) samples, enabling
effective impedance matching and a balanced loss capacity. SEM,

)

’ & — €
€ =t W 7) TEM, and EPR results indicated that HEB-Ti exhibited a
moderate level of microstructural defects, including lattice
(a) 110 (b)o.4
108 —e— HEB-Ti —e— HEB-Ti
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Fig. 11 (a) Real part and (b) imaginary part of complex permeability of (V,,Nby,Zr,Ta,,X,)B, (X = Mo, Ti, and Hf).
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Fig. 12 (a) Real part and (b) imaginary part of complex permittivity and (c) the dielectric loss tangent of (V,Nby,Zr,Ta,,Xy,)B, (X = Mo, Ti, and Hf).
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stacking, deformation, disappearance, and point defects. These
defects induce multiple dielectric loss mechanisms, such as defect
polarization, dipole polarization, and conduction loss. Under the
synergistic influence of these mechanisms, HEB-Ti demonstrated
exceptional absorbing properties.

As discussed above, HEB-Ti demonstrated superior EM wave
absorption performance due to relatively moderate dielectric loss
and good EM impedance matching. The EM wave absorption
mechanisms of HEB-Ti are shown in Fig. 14. First, the presence of
appropriate pores in HEB-Ti improved interface impedance
matching, ensuring that more EM waves entered the materials
and were absorbed rather than reflected. Second, since HEB-Ti
has good electrical conductivity, free electrons in the system can
absorb EM energy under EM wave radiation and increase the
consumption of EM energy through electron migration within the
material system [74]. Moreover, the formation of vacancy defects

in HEB-Ti led to the disruption of the original equilibrium states
of polarization. Local charge separation and dipole formation
under alternating electric fields increase the number of
polarization loss sites. These defective sites generate many dipoles,
which undergo dipole polarization in the presence of incident EM
waves [75]. As a result, the EM wave absorption performance and
impedance matching of HEB-Ti could be effectively improved.

4 Conclusions

In summary, three novel high-entropy materials (V,,Nby,
Zry,Tag,Xp,)B, (X = Mo, Ti, and Hf) were successfully
synthesized within 10 min via a UHS apparatus at 1900 °C via
Joule heating. In these material systems, compositional
modulation  significantly  influences the  microstructural
characteristics of these materials. Notably, HEB-Ti exhibited an
appropriate number of microstructural defects, including lattice
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Fig. 13 (a—c) Cole-Cole curves and (d) g, of (V,Nby,Zry,Tay,Xy,)B, (X = Mo, Ti, and Hf).
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dislocations, stacking faults, and point defects. These defects
trigger multiple dielectric loss mechanisms (defect polarization,
dipole polarization, and conduction loss), thereby effectively
absorbing EM waves. Moreover, the effect of high-entropy
component on the magnetic loss of the system was relatively
small, but the effect on the dielectric loss was larger. The HEB-Ti
sample exhibited strong absorption properties due to relatively
moderate dielectric loss and good EM impedance matching.
Moreover, because of its relatively moderate attenuation constant,
it could achieve the maximum penetration of the EM wave and
the minimum reflection after absorbing wave. As a result, HEB-Ti
demonstrated superior EM wave absorption performance. The
maximum EAB covered the entire low-frequency range of
2-8 GHz, with a RL,;,, of —40.7 at 7.68 GHz and a thickness of
1.5 mm. In addition, HEB-Ti exhibited excellent thermal stability
and can withstand temperatures up to 550 °C in air and 1000 °C
in an argon gas environment. Owing to its excellent thermal
stability and outstanding EM absorption performance, HEB-Ti
ceramics are promising candidates for EM wave absorption in
harsh environments.
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