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The transition metal diboride (TMBj), as an electromagnetic wave absorbing material, exhibits excellent
dielectric loss properties. However, the lack of magnetic loss leads to an imbalance between dielectric loss and
magnetic loss, which limits its electromagnetic wave absorption (EMA) performance. In this study, two novel
high-entropy diborides (Mog 2Zr 2V 2Nbg 2X0.2)B2 (X =Ta, Fe) were successfully synthesized by a fast joule
heating device for 10 minutes at 1900 °C. By introducing a magnetic element (Fe), the electromagnetic properties
of the (Mog 2Zr¢ 2V 2Nbg 2Xo 2)By material were significantly enhanced, optimizing its electromagnetic balance
and improving impedance matching. This allowed for more efficient penetration and absorption of electro-
magnetic waves. Moreover, the “cocktail effect” of different elements within the high-entropy system caused
lattice distortion in the solid solution and the formation of defects that acted as polarization centers, further
enhancing electromagnetic wave absorption. As a result, magnetic (Mog 2Zrg 2V 2Nbg2Fep2)Bo material
demonstrated a minimum reflection loss of —31.1 dB at 15.4 GHz with a thickness of 6.0 mm, significantly lower
than the -12.5dB reflection loss at 5.7GHz with a thickness of 5.5mm of the non-magnetic
(Mog.2Zrg 2Vo.2Nbg 2Tag 2)B materials. This significant improvement indicated its exceptional electromagnetic
wave absorption properties. Related study provided a useful reference for designing high-performance electro-
magnetic wave absorbing materials.

1. Introduction [6,7]. Due to their distinctive properties, these ceramic absorbing ma-

terials find extensive applications in military contexts, particularly in

The swift advancement of microwave technology, coupled with the
diversification of communication devices and frequency bands, has led
to a notable increase in electromagnetic pollution. This phenomenon
presents a considerable risk to the proper functioning of electronic
equipment, the stability of digital systems, and the precision of deep
space exploration endeavors [1]. Consequently, there has been a
heightened emphasis on the development of absorbing materials
capable of effectively capturing electromagnetic waves and converting
them into heat or alternative forms of energy. In particular, the design of
absorbers necessitates materials that exhibit broad bandwidth, high
absorptivity, and exceptional stability [2-5].

Ceramic wave-absorbing materials, as a novel category of absorbers,
exhibit considerable advantages in terms of high-temperature resis-
tance, oxidation resistance, and resistance to acid and alkali corrosion
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components subjected to high temperatures, such as aircraft engine
exhausts and cruise missiles, as well as in countermeasures against
enemy radar detection. However, a significant challenge associated with
the use of ceramic materials as wave absorbers is their tendency to
exhibit poor impedance matching, primarily attributable to their
intrinsic metallic conductivity. Consequently, the modulation of the
electromagnetic properties of ceramic materials to facilitate the effective
penetration and absorption of electromagnetic waves has emerged as a
critical issue in the practical application of these materials.

Transition metal diboride (TMB,) is a prominent constituent of the
ultra-high temperature ceramics (UHTC) category, characterized by an
AlBy-type hexagonal crystal structure. This material exhibits metallic
bonding among the transition metal (TM) atoms, ionic-covalent bonding
between the TM and boron (B) atoms, and covalent bonding among the
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B atoms. Pan et al. [8,9] conducted a comprehensive analysis of the
structural configuration, hardness, and thermodynamic properties of
transition metal borides utilizing first-principles methods. Their findings
indicate that these materials exhibit significant Vickers hardness and
reveal the influence of layered structures on the thermodynamic char-
acteristics of transition metal borides. Furthermore, Pan et al. [10]
investigated the impact of various transition metals on the structural
stability and mechanical properties of borides through first-principles
calculations, concluding that the incorporation of transition metals en-
hances these properties. The crystal structure of TMB, exhibits alter-
nating layers of graphitic boron and transition metals, with the metallic
characteristics primarily arising from the d states of the transition metals
and partially from the 2p, states of boron [11,12]. Typically, the inter-
action between an incident electric field and an electric dipole results in
the dissipation of electromagnetic energy, a phenomenon referred to as
dielectric loss capability [13]. This capability is influenced by both
conductivity loss and relaxation polarization within the gigahertz fre-
quency range. The inherent conductivity of TMB, facilitates electron
migration, which contributes to a decrease in electromagnetic energy
manifested as conduction loss. Consequently, TMB, demonstrates
favorable properties such as thermal stability, resistance to oxidation
and corrosion, and effective dielectric loss characteristics, positioning it
as a promising candidate for electromagnetic wave absorption applica-
tions. However, akin to other dielectric loss absorbers, the high con-
ductivity of TMB; leads to the formation of a continuous conduction
current at its surface, resulting in inadequate impedance matching and
suboptimal performance in electromagnetic wave absorption [14,15].

In recent years, the advancement of high entropy ceramics (HEC) has
introduced a novel approach to the design of absorbing materials.
Research indicates that an increase in the configurational entropy of a
system can markedly enhance the thermal stability [16], oxidation
resistance [17], and corrosion resistance [18], while also allowing for
effective modulation of its electrical conductivity [19,20], dielectric
properties [21,22], and magnetic properties [23]. For instance, Qiao
et al. [24] developed a high-entropy MAX phase material aimed at
enhancing the wave absorption capabilities of the material, whereas
Zhang et al. [25] optimized impedance matching by manipulating the
high-entropy components, thereby altering the dielectric and magnetic
losses to improve absorption performance.

Diboride ceramic materials are characterized by their high electrical
conductivity, which typically results in significant dielectric loss, while
magnetic loss remains comparatively minimal. This phenomenon often
leads to the formation of a conductive network on the surface, causing
direct reflection of incident electromagnetic waves and consequently
hindering effective absorption. This process induces significant lattice
distortion and local stress within the material’s chemical environment,
resulting in stress fluctuations. For instance, pure-phase ZrB; demon-
strates a minimum reflection loss (RL) of no less than —5 dB within the
frequency range of 1-5 mm and 2-18 GHz, with an effective absorption
bandwidth (EAB) of zero [26]. Research indicates that high entropy
designs present considerable potential for enhancing absorption per-
formance and achieving impedance matching. Consequently, these ef-
fects enhance electron scattering, diminish electronic conductivity, and
ultimately lead to a reduction in conductive losses [27]. In addition, a
large number of defects (e.g., vacancies, interstitial atoms, etc.) in
high-entropy solid solutions can act as polarization centers, which can
inhibit dipole steering and space charge rearrangement under the action
of an alternating electric field, thus dissipating the energy of electro-
magnetic waves [28]. More importantly, the introduction of magnetic
components and a large number of charged defects will provide more
magnetic loss pathways and enhance the magnetic loss capability [13].
For example, Zhang et al [29] incorporated magnetic elements to
optimize impedance matching, resulting in improved electromagnetic
wave absorption. Similarly, Gao et al. [30] enhanced the wave absorp-
tion capabilities of composites by introducing iron, while Zhang et al.
[31] further refined impedance matching through the incorporation of
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magnetic materials as a secondary phase. Therefore, by engineering
high-entropy compositions, creating solid solutions of magnetic ele-
ments, stabilizing these elements within the crystal lattice, reducing the
material’s conductivity, and augmenting its magnetic loss capacity, it is
anticipated that one can effectively regulate the electromagnetic bal-
ance and develop high-performance high-entropy ceramic materials for
wave absorption.

In this study, based on high-entropy component design, two novel
high-entropy diborides (Mog 2Zro2Vp2Nbp2X02)B2 (X=Ta, Fe) were
successfully synthesized by a fast joule heating device for 10 minutes at
1900 °C. The incorporation of the magnetic element (Fe) significantly
enhanced the electromagnetic properties of the (Mog 2Zrg 2Vo.2Nbg 2X0.2)
B, material. This enhancement is attributed to the optimization of elec-
tromagnetic equilibrium, which facilitates improved impedance matching,
thereby allowing for more effective penetration and absorption of elec-
tromagnetic waves. Furthermore, the interaction among the various ele-
ments within the high-entropy system induces lattice distortions in the
solid solution and generates defects that act as polarization centers within
the material, further augmenting the absorption capabilities of electro-
magnetic waves. This study provided a valuable reference for the design
and advancement of novel electromagnetic wave absorption materials.

2. Experimental
2.1. Synthesis of (Mog 2Zr¢.2Vo.2Nbg 2X0.2)B2 (X = Ta, Fe) powders

Commercially available Ta and Mo powders (purity: 99.50 %,
Shanghai Aladding Biochemical Technology Co. Ltd., Shanghai, China),
Fe powders (purity: 99.90 %, Shanghai Aladding Biochemical Technol-
ogy Co. Ltd., Shanghai, China), Zr and powders (purity: 99.90 %, par-
ticle size: 0.2-0.4 pm, Shanghai Aladding Biochemical Technology Co.
Ltd., Shanghai, China), Nb and V powders (purity: 99.99 %, Shanghai
Aladding Biochemical Technology Co. Ltd., Shanghai, China) and B
powders (purity: 99.90 %, Shanghai Aladding Biochemical Technology
Co. Ltd., Shanghai, China) were used as the raw materials. High-entropy
(Mog .2Zrg 2Vo.2Nbg 2Tag 2)B2 and (Mog 2Zrg 2V 2Nbg.2Feg 2)B2 powder
were prepared by simple boron reduction method.

The preparation process of (Mog 2Zrg 2V 2Nbg 2Xo.2)Bs (X =Ta, Fe)
is shown in the Fig. 1. Weigh the transition metal powders in equal
moles, then mix them thoroughly with 10 % excess boron powder ac-
cording to the proportions in the reaction equation [32]. Grind the
mixture in an agate mortar for 2 hours to ensure sufficient contact be-
tween the raw materials and the powder. Then, press it into a bulk form
at 10 MPa, which will be referred to as the precursor, ground in an agate
mortar for 2 h, and in order to make the raw materials and powders fully
contact, they are pressed into a block with 10 MPa, and the final block is
expressed as a precursor. With a rapid joule heating device, heating at
1900 °C for 10 min, the whole heating and cooling process was carried
out in flowing argon gas (purity 99.99 %) at a flow rate of 50 sccm. After
natural cooling to room temperature, it is collected and ground into a
fine powder.

2.2. Characterization

The phase composition of samples was analyzed by X-ray diffraction
(XRD, Pert PRO), Netherlands, using Cu Ka radiation. The microstruc-
ture of as-prepared HE TMB; ceramic powders was investigated by a
scanning electron microscopy (SEM, FEISirion 200) equipped with an
energy dispersive spectroscopy (EDS). The distributions of TM elements
were investigated by a transmission electron microscope (TEM, Tecnai
F30G2; FEI, Eindhoven, Netherlands). Based on the transmission line
theory and the metal backplate model [33], the RL is determined from
the relative complex permittivity and permeability for a given frequency
and sample thickness according to the following equation [34,35]:
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Fig. 1. The preparation process of (Mog 2Zrg 2V 2Nbg 2Xp 2)B2 (X = Ta, Fe).
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where Zj is the impedance of free space, Zj, is the normalized input
characteristic impedance at the interface between the atmosphere and
the absorber, y, is the relative complex permeability, ¢, is the complex
permittivity, f is the frequency, d is the thickness of the sample, and c is
the speed of light (3 x 102 m/s). EAB is defined by a frequency range
with an RL value of less than —10 dB, which corresponds to 90 % of the
microwave energy absorbed [13].

RL(dB) = 201g ¢8)

3. Results and discussion
3.1. Phase composition and microstructure

Fig. 2 presents the X-ray diffraction (XRD) spectrum of the synthe-
sized (Mog 2Zrg 2V(.2Nbg2Xp2)B2 (X = Ta, Fe) powders. The primary
reflection peaks are attributed to the AlBa-type phase, which suggests
that (Mog.2Zrg 2V 2Nbg 2Xo 2)B2 (X = Ta, Fe) powders, incorporating
various transition metal (TM) elements, was successfully synthesized at
a temperature of 1900 °C. The results indicate that the formation of solid
solutions occurs through a multi-step process, influenced by the varying
interdiffusibility of the transition metal elements [36]. Utilizing this
rapid synthesis method, a pure phase of (Mog.2Zrg.2Vo.2Nbg 2Xo.2)B2
(X = Ta, Fe) was obtained, with a slight shift in the main reflection peak
attributed to the presence of different solid solution TM elements and
their respective atomic radii. The successful synthesis of
(Mog 2Zr( 2V.oNbg 2X0.2)Bs (X = Ta, Fe) powders demonstrates the
feasibility of incorporation magnetic elements into high-entropy
diboride.

Fig. 3(a-f) show a representative SEM analysis of as-synthesis
(Mog 2Zrg 2Vo.2Nbp2Xp2)Ba (X =Ta, Fe) powders. Tabular and
columnar particles with residual development steps are frequently seen
under various growth circumstances [37]. The morphology of the syn-
thesized (Mog 2Zrp.2Vo.2Nbg 2Feg 2)Bs powder is depicted in Fig. 3(a-c).
It is evident that the powder is uniformly distributed and has a porous
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Fig. 2. XRD patterns of (Mog_2Zr.2Vo.2Nbg 2Tag 2)B2 and

(Moo 2Zr 2Vo.2Nbg 2Feg 2)Bo  synthesized at 1900 °C for dwelling time
of 10 min.

structure, which helps to structurally enhance the dissipation of elec-
tromagnetic waves by reflecting them inside the material. The
morphology of the synthesized (Mog 2Zrg 2V 2Nbg 2Feg 2)Bo powder is
depicted in Fig. 3(e-f). Structural variations resulting from cocktail ef-
fects and lattice distortions attributable to disparities in high-entropy
components. At the nanoscale, a clear layered structure can be
observed, possibly due to the presence of nanoscale translucent
sheet-like Fe3O4 within the crystal structure, which randomly occupies
the interior of the crystal and creates gaps between the materials. It is
clear that a layered structure is seen on top of the pore structure, which
is anticipated to show stronger interfacial polarization and help to in-
crease the dielectric loss.

Fig. 4(a-b) show a typical dark-field TEM image of the as-synthesized
sample. It can be clearly seen that the as-synthesized sample is nano-
crystalline particles and layered structure. From the selected region
electron diffraction (SAED) in Fig. 4(c), it can be seen that the as-
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Fig. 3. SEM images Of (a-c) (MOO‘zZl’ono_szo'zTao_z)Bz and (d-f) (MOo_zzI'o_zV()'szo.zFeo'z)Bz.
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Fig. 4. (a-b) TEM image, (c) SAED pattern, and (d) HRTEM image of (Mog 2Zrg 2V 2Nbg 2Feg 2)Ba.

synthesized sample has good crystallinity and symmetrically arranged
diffraction patterns, exhibiting a typical AlB, hexagonal structure,
which is consistent with the XRD results. As shown in Fig. 4(d), the
surface spacing of the synthesized (Mog 2Zrg 2V 2Nbg 2Feg 2)Ba (100) is
0.286 nm. The difference in surface spacing may be caused by solid
solutions of transition metal ions of different sizes in the new high-
entropy system. Fig. 5 displays a representative STEM-EDS study of
(Mog 2Zr( 2Vg.oNbg 2Feg 2)Bs to describe the distribution of various TM
elements. EDS elemental atlas Fig. 5(b) and (d) confirmed that the TM
cations were distributed uniformly throughout the grain. It is possible to
conclude that a single-phase HEB; powder with a homogeneous
elemental distribution was synthesized when combined with XRD and
STEM-EDS studies.

Fig. 6(a-f) plots the high-resolution XPS spectra of Mo 3d, Nb 3d, V
2p, Zr 3d, Fe 2p, and B 1 s, revealing the presence of Mo-B (231.11 and
230.68 eV for Mo 3ds,2 and Mo 3ds/2, respectively), Nb-B (205.71 eV
and 208.69 eV for Nb 3ds,2 and Nb3ds,», respectively), and V-B (529.7
and 531.5 eV for V 2p3,2 and V 2py /9, respectively), Zr-B (181.742 and
181.17 eV for Zr 3ds/3 and Zr 3d3,», respectively), and Fe-B (722.46 and
708.75 eV, respectively, for Fe 2p3,5 and Fe 2p, /5, respectively) species.
The X-ray photoelectron spectroscopy (XPS) results validated the syn-
thesis of the high-entropy phase (Mog 2Zr( 2V 2Nbg oFeg 2)Bo.

3.2. Electromagnetic properties

The principle of electromagnetic wave absorption can be described
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Fig. 5. STEM images of (a) (Mog 2Zr¢ 2V 2Nbg 2Tag 2)B2 and (c) (Mog.2Zrg 2Vo 2Nbg 2Feg 2)B2. EDS elemental mappings of (b) (Mog 2Zro 2V 2Nbg 2Tag 2)B2 and (d)
(Moo 2Zr0.2V0.2Nbo 2Feg 2)Ba.

by the interaction between electromagnetic waves and materials. After
the interaction between electromagnetic waves and materials, the
electromagnetic wave energy (Ej, Incident) can be decomposed into
three parts: reflected electromagnetic wave energy (Egr, Reflection),
transmitted electromagnetic wave energy (Er, Transmission), and
absorbed electromagnetic wave energy (Ea, Absorption) [38]. The
absorbing material not only needs to reduce the Et, but also needs to
reduce the Er as much as possible, so that the outside world is protected
from the interference of the radiation source, and the radiation source
itself is also protected from the interference of secondary reflection
electromagnetic waves. The dissipation of EM wave energy can be car-
ried out by electronic and/or magnetic interactions between the mi-
crowave absorber and the alternating EM wave field. Therefore, the
complex permittivity (¢, = ¢ + je”) and complex permeability (u, = +
ju") are the two key factors that determine the absorption performance
of electromagnetic waves, with the real part (¢’ and ) and the imaginary
part (¢” and p”) representing the storage and loss capacity of electro-
magnetic wave energy, respectively [34].

In order to evaluate the electromagnetic wave absorption perfor-
mance of the synthetic HEB; powder, the frequency-dependent EM pa-
rameters are summarized in Fig. 7. As shown in Fig. 7(a), the € decreases
with increasing frequency, which is a dispersion phenomenon. Essen-
tially, the polarizability of a dielectric consists of several contributions
to electronic, ionic, orientation, and steric charge polarization [29,39].
The relaxation frequencies of electron and ion polarization are in the
frequency range of THz and PHz, respectively, and the offset of the
orientation direction can be maintained with the action of the alter-
nating electric field in the GHz range. However, space charge polariza-
tion does not contribute due to its lower relaxation frequency, while the
effect of orientation polarization weakens with increasing frequency.
Thus, electron and ionic bias polarization plays a dominant role in
determining polarizability, while orientation and steric charge
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polarization contribute to dielectric losses [40]. In the case of TMB,
compounds, the bonding between transition metal (TM) and boron (B) is
characterized by both ionic and covalent interactions. The ionic
component arises from the transfer of charge from the transition metal
atom to the boron atom, while the covalent aspect is attributed to the
hybridization of the d electrons from the transition metal and the p
electrons from boron. It is observed that as one progresses from 3d to 5d
TMB, compounds, the strength of the ionic bonding between the tran-
sition metal and boron diminishes. Consequently, the dielectric polari-
zation capability of (Mog 2Zrg 2V 2Nbg 2Fep 2)B> is considerably greater
than that of (Mog 2Zr¢ 2Vo.2Nbg.2Tag 2)Bo. Fig. 7(b) shows the frequency
dependence of the virtual permittivity (¢”), which is mainly due to po-
larization relaxation losses and conduction losses, which can be
expressed as:

T [

—t— 3
1+ w?t? + 2nfeg )

& R g+ £ = (€9 — €o)

Where ¢,” and &7 denote polarization and conduction losses, respec-
tively, €y and e, refer to the dielectric constant in a vacuum and at
infinite frequencies, w is the angular frequency, 7 is the relaxation time,
and f is the frequency. The presence of residual impurities and paraffin
can stimulate interfacial polarization (known as the Maxwell-Wagner
effect [28]) and associated relaxation in heterogeneous materials,
which is related to the specific surface area of HE TMB; powder. In Fig. 7
(b), it can be seen that the &” of (Mo 2Zrg 2Vo.2Nbg 2Tag 2)B> is relatively
flat and low in the range of 1-18 GHz, and the ¢’ of
(Moyg 2Zrg 2V 2Nbg oFeg 2)Ba fluctuates greatly in the range of 1-18 GHz,
and it can be seen that the dielectric loss capacity of the material in the
frequency band above 11 GHz is strong, and the average particle size is
nearly twice as different from other previous studies, and its value is
much larger than the value in other studies, so it can be seen that the
material mainly dissipates electromagnetic wave energy through
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Fig. 6. High-resolution XPS spectra with peak fitting of (a) Mo 3d, (b) Nb 3d, (¢) V 2p, (d) Zr 3d, (e) Fe 2p and (f) B 1s for the as-synthesized
(Moy.2Zrg 2V 2Nbg 2Feq 2)Bo high-entropy ceramic (Circles stand for experimental data and solid lines are fitting results.

polarization loss [31]. In addition, the formation of multi-principal
component solid solutions is expected to introduce a large number of
defects that can act as polarization centers, hindering the reorientation
of the dipole and the rearrangement of space charges in the alternating
electric field, resulting in energy consumption [41].

The real permeability (i) and virtual permeability (u”) of HE TMB,
are shown in Fig. 7(c) and (d). In diborides, the incorporation of boron
(B) atoms leads to a reduction in the atomic magnetic moment of the
system; specifically, the magnetic moment (MM) value diminishes as the
molar ratio of B atoms increases. This phenomenon can be attributed to
the propensity of B atoms to establish nonpolar B-B covalent bonds,
which possess a higher binding strength [42]. Most transition metal
diborides exhibit paramagnetic behavior, while those belonging to the
fourth subgroup demonstrate antiferromagnetism [43]. This antiferro-
magnetic characteristic influences the magnetization of high-entropy
borides (HEB). Furthermore, the introduction of FeBy, a notable ferro-
magnetic material, significantly impacts the magnetic storage capacity

of the system. Fig. 7(c) shows that the y of both groups is maintained at
about 1, and (Mo 2Zrg 2Vo.2Nbg 2Fep 2)B2 has a low magnetic suscepti-
bility value due to the introduction of FeB, with ferromagnetic prop-
erties [29], which has a negative impact on the magnetic storage
capacity. However, in Fig. 7(d), the wvalue of w7 of
(Mog 2Zrg 2V 2Nbg oFep 2)Ba is nearly 4 times higher than that of
(Mog 2Zrg 2V 2Nbg oTag 2)Bo, and the value is larger in the low fre-
quency band, indicating that the introduction of magnetic elements
effectively increases the magnetic loss and narrows the gap between
dielectric loss and magnetic loss. Therefore, the introduction of FeBy
into HE TMB,, avoids skin effects and enables better impedance match-
ing at high frequencies.

Typically, the dielectric loss capability is evaluated by the dielectric
loss tangent (tand, = €”/¢/). As can be seen from Fig. 8(a), the overall
value of (Mog2ZrgoVooNbgoFeg2)By is lower than that of
(Mog.2Zrg 2Vo.2Nbg 2Tagp 2)Bs, indicating that the introduction of mag-
netic elements will cause strong lattice distortion (local stress) and stress
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fluctuations in the local chemical environment of the material, which
can enhance the electron scattering and reduce the electron conductiv-
ity, effectively reducing the conductivity loss. As expected, a significant
resonance tand, = u”/y, is observed in Fig. 8(b), which can be attributed
to the resonance loss. In the weak EM field in the GHz range, the electron
paramagnetic resonance frequency is in the microwave frequency range,
which is expected to lead to a strong attenuation of EM wave energy [41,
44]. In addition, excitation from different d-orbital energy levels also
contributes to the resonant loss as a response to the incident EM wave
energy [41]. Therefore, resonant and eddy current losses are the main
contributors to magnetic losses, where eddy current losses are only
related to the conductivity (6) and matching thickness (d) of the mate-
rial [44]. The magnetic loss tangent of (Mog 2Zrp 2V 2Nbg 2Feg 2)Bs is
significantly higher than that of (Mog 2Zr¢ 2V 2Nbg 2Tag 2)Bg, indicating
that the introduction of magnetic elements can effectively improve the
magnetic loss capacity of highly conductive materials and optimize
impedance matching. As shown in the Fig. 8(c), the total loss tangent
(tans, + tané,) of (Mog.2Zrg 2Vo.2Nbg 2Tag 2)B2 remains almost constant
with frequency, while the total loss tangent of (Mog 2Zr 2V 2Nbg 2Feg 2)
B, decreases with increasing frequency, which proves that the overall
loss capacity of (Mog.2Zrg 2V 2Nbg 2Feg 2)B; is significantly improved
under the influence of magnetic elements and high-entropy design.

As shown in the Fig. 9(a) and (b), the Cole-Cole semicircles are
present in all the samples, indicating the presence of the Debye relaxa-
tion process in the samples, and due to the non-negligible conductivity
and multiple relaxation times in the HEB,, we identified a skewed
semicircle representing the relaxation process [45].These results show

that there is a polarization loss in the electromagnetic field of HEB,.
After the obvious introduction of magnetic elements,
(Mog 2Zrg 2V 2Nbg oFep 2)B2 has more Cole-Cole semicircles and a larger
semicircle radius than (Mog 2Zr( 2V oNbg 2Tag 2)Bo, indicating a higher
number of polarization relaxations and a higher polarization relaxation
intensity. HEB; has a large number of oxygen vacancies and is
dipole-polarized in the electromagnetic field. The Debye relaxation
process is triggered by these two polarizations. It was demonstrated that
the introduction of magnetic elements can also lead to more polarization
types, which further deplete electromagnetic waves. Under the weak EM
field in the GHz range, the electron paramagnetic resonance frequency is
in the microwave frequency range, which is expected to cause a strong
attenuation of EM wave energy [11,13]. In addition, excitation from
different d orbital energy levels as a response to the energy of the inci-
dent EM wave also leads to resonance losses [41,44]. Therefore, reso-
nance losses and eddy current losses are the main contributors to
magnetic losses, where eddy current losses are only related to the con-
ductivity (c) and matching thickness (d) of the material, as shown in Eq.
(4) [34]. The type of loss can depend on the following formula:

Co = ww)f " = 2mpodo @

where |1y is the vacuum permeability. Assuming that eddy current loss is
the only cause of magnetic loss, the Cy value should be kept constant.
According to Fig. 8(d), it is evident that electron paramagnetic reso-
nance loss is the predominant factor. Within the tested frequency range,
the (Mog 2Zrp2Vo.2Nbg 2Tag 2)By material exhibits minimal variation
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Fig. 8. Frequency dependences of (a) dielectric loss tangent(e"/¢"); (b) magnetic loss tangent (u”/w); (c) total tangent; (d) Co—f curves.

with frequency, suggesting that only eddy current loss is influential.
Conversely, the (Mog 2Zrg 2V oNbgoFep2)Bs material demonstrates
significant changes in response to frequency fluctuations within the
same testing range, indicating that electron paramagnetic resonance
occurs in the test range, and as can be seen from Fig. 8(b), The
(Mog.2Zrg 2V oNbg oFeg 2)Bo resonates at 2.5, 4.2, 5.7, 7.2, 8.8, 10.4,
11.8, 13.2, 15.0, 16.8 and 17.7 GHz, while the
(Mog 2Zrg 2V oNbg 2Tag 2)Bs has no resonant losses. The occurrence of
resonant losses in the GHz range is mainly due to the anisotropic mag-
netic susceptibility, the crystal field effect, and the large number of
defects in HE TMB; caused by electron paramagnetic resonance [46].
The occurrence of resonant loss in the GHz range is mainly due to the
anisotropic magnetic susceptibility of (Mog 2Zrg2Vo.2Nbg.2X0.2)B2
(X = Ta, Fe), the crystal field effect, and the electron paramagnetic
resonance caused by a large number of defects [47]. It is proved that the
introduction of magnetic elements enriches the types of magnetic losses,
thereby adjusting the impedance matching. Combined with the tangent
of dielectric and magnetic losses, it can be inferred that the synergistic
effect of dielectric and magnetic losses 1is achieved in
(Mog.2Zrg 2V 2Nbg 2Feg 2)Bo. Taking into account the impact of double
loss, the attenuation constant (o) presented in Fig. 9(c) was employed to
conduct a thorough assessment of the dissipation capacity of
(Moog.2Zr9.2V0.2Nbg.2X0.2)B2 (X = Ta, Fe).:

2
a= @ x \/ (wren — pe) +\/ (we — e + (e + pe')?

As shown in the Fig. 10, (Mog 2Zrg2Vo.2Nbg 2Fep2)Bs exhibits a
strong frequency-dependent dissipation capability much higher than

()

that of (Mog.2Zrp 2V 2Nbg 2Tag 2)B2, and exhibits stable and high-energy
dissipation capability in the high frequency band. In order to evaluate
the electromagnetic wave absorption capacity, the reflection loss (RL) is
simulated using Eq. (1) as the key criterion. The minimum reflection loss
(RL)of pure phase ZrB; is not less than —5 dB in the range of 1-5 mm
and 2-18 GHz, while the effective absorption bandwidth (EAB) is 0 [26].
As shown in the figure, almost 90 % of the electromagnetic wave ab-
sorption can be achieved at different thicknesses, especially in the high
frequency band (14-18 GHz), (Mog 2Zrp.2Vo.2Nbg 2X0.2)B2 (X = Ta, Fe)
can achieve almost full band coverage absorption capacity. Among
them, the HE TMB,;, with a thickness of 6.0 mm can achieve a minimum
reflection loss (RLyn) of —33.1 dB (15.4 GHz). It is proved that through
the high-entropy design and the introduction of magnetic elements, the
magnetic loss can be increased while maintaining high dielectric loss by
enriching the polarization type, so that the electromagnetic wave can be
absorbed by the internal loss of the material. It can effectively control
the electromagnetic loss balance of highly conductive absorbing mate-
rials, so as to optimize the impedance matching and overcome the
bottleneck that electromagnetic waves cannot enter the highly
conductive ceramic materials. From the above analysis, it can be seen
that by designing (Mog.2Zr.2Vo.2Nbg 2X0.2)B2 (X = Ta, Fe) to customize
the impedance matching, a strong broadband absorption capacity can be
achieved, that is, the dielectric loss can be adjusted by reducing the
conductivity, and the magnetic loss can be enhanced by adding a
component with more magnetic field energy dissipation paths.

As show in Fig. 11, due to the synergistic effect of reduced conduc-
tivity and increased magnetic loss, the goal of balancing the dielectric
loss and magnetic loss in the tuned single-phase HEB; is achieved,
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leading to good electromagnetic wave absorption performance. The
material exhibits favorable electrical conductivity, as the presence of
free electrons allows for the absorption of electromagnetic (EM) energy
during exposure to electromagnetic wave radiation. This process facili-
tates an increase in EM energy consumption through the migration of
electrons within the material system [48]. And due to the introduction of

FeB, with ferromagnetic properties, it leads to the synergistic effect of
electron paramagnetic resonance loss and eddy current loss, which im-
proves the magnetic loss; at the same time, it increases the number of
polarization relaxation times, enhances the strength of polarization
relaxation and, under the influence of a large number of boron va-
cancies, dipole polarization occurs, which results in a better depletion of
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electromagnetic waves, effectively tuning the balance of electromag-
netic loss in the high-conductivity absorbing material, thus optimizing
the impedance matching, which leads to a good electromagnetic wave
absorption performance, to overcome the bottleneck of electromagnetic
waves cannot enter the high-conductivity ceramic-like materials.

4. Conclusion

In summary, we successfully synthesized two novel high-entropy
diborides, specifically (Mog.2Zro2Vo.2Nbg 2X0.2)B2 (X = Ta, Fe), utiliz-
ing a rapid Joule heating apparatus at a temperature of 1900 °C for a
duration of 10 minutes. Among these compounds, the nonmagnetic
variant, (Mog 2Zrg2Vo.2oNbg2Tag2)Bs, demonstrates suboptimal elec-
tromagnetic wave absorption characteristics, with a minimum reflection
loss of merely —12.5 dB at a frequency of 5.7 GHz and a thickness of
5.5 mm. Conversely, the magnetic variant, (Mog 2Zry.2Vo.2Nbg oFe 2)Ba,
exhibited superior electromagnetic wave absorption -capabilities,
achieving a minimum reflection loss of —33.15 dB at 15.4 GHz with a
thickness of 6.0 mm. Analysis of the electromagnetic parameters indi-
cated that the incorporation of the magnetic element (Fe) significantly
enhances both the permittivity and permeability of the
(Moo 2Zr 2V 2Nbg 2Xo 2)B2 material, thereby optimizing its impedance
matching and facilitating the efficient absorption of electromagnetic
waves. Furthermore, the "cocktail effect" arising from the presence of
various elements within the high-entropy system contributed to the
development of lattice distortions and defects, which serve as polari-
zation centers within the solid solution, further augmenting the mate-
rial’s electromagnetic wave absorption capabilities. This research
offered valuable insights for the advancement of effective electromag-
netic wave absorbing materials.
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