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Abstract:

To solve the increasingly serious problem of electromagnetic wave (EW) pollution, 

a development procedure for high-performance EW absorption (EWA) materials is 

urgently required. High-entropy ceramics offer a good prospect in the field of EWA 

materials due to their unique effect brought by multi-component elements. Therefore, 

in this study, the composition of high-entropy ceramics was designed by utilizing the 

Goldschmidt tolerance factor. Then, the high-entropy perovskite 

Ba(Zn0.2Yb0.2Ta0.2Nb0.2V0.2)O3 (BZO) ceramic with high EWA performance was 

prepared by high-temperature solid-phase method. The EWA mechanism of the 

material was explored based on the phase composition, microstructure, and 

electromagnetic parameters of the specimens. Good impedance matching and better 
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attenuation ability were obtained for BZO sintered at 1100 °C (BZO-1100) due to the 

crystallographic transition and increase in crystal interfaces. Consequently, BZO-1100 

achieved excellent EWA performance at a thickness of 2.12 mm, with a minimum 

reflection loss of 54.09 dB and an effective absorption bandwidth of 2.81 GHz in the 

X-band. Moreover, the possibility of the practical application of BZO high-entropy 

ceramics was verified by electric field distribution simulations and radar cross section 

simulations. This study provides a valuable reference for the design of high-

performance high-entropy perovskite ceramic EWA materials. 

Keywords: Perovskite; High-entropy ceramics; Electromagnetic wave absorption; 

Radar cross section simulation

1. Introduction

With the rapid advancement of fifth-generation communication technologies and 

electronic devices, proliferation of electromagnetic waves (EWs) emitted from 

various sources represents a significant hazard to both human health and equipment 

integrity [1, 2]. Therefore, the investigation of efficient EW absorption (EWA) 

materials has attracted significant research interest at the global scale. However, due 

to the miniaturization of electronic devices and complex application environments, 

EWA materials need to simultaneously exhibit high absorption, wide bandwidth, thin 

thickness, and light weight [3, 4]. To meet the above-mentioned requirements, a large 

pool of potential candidates for EWA materials has emerged, which includes carbon-

based absorbents [4–7], silicon-based absorbents [8, 9], rare-earth metallic 
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compounds [10–12], ceramic materials [13–15], MXenes [16, 17], metal–organic 

frameworks [18, 19], and transition metal oxides [20-22]. Among these materials, 

high-entropy ceramics have been considered as one of the ideal EWA materials in the 

last decade due to their unique physical and chemical properties [23].

The concept of high-entropy ceramics is derived from the term “high-entropy 

alloys” (HEAs) [24]. Similar to HEAs, high-entropy ceramics are usually defined as 

solid solutions with high conformational entropy, and they are composed of five (or 

more) cationic or anionic subcrystals with an atomic concentration of 5–35% [25]. In 

2015, Rost et al. highlighted the concept of high-entropy ceramics for the first time by 

successfully preparing high-entropy oxide ceramics with rock salt structure [26]. They 

not only applied the concept of high-entropy in the field of ceramics, but also brought 

high-entropy ceramics to the attention of researchers. Subsequently, a wide variety of 

high-entropy ceramics has sprung up in numerous fields, such as thermal barrier 

coatings [27], photocatalysis [28], lithium-ion batteries [29], anti-oxidation coatings 

[30], EWA materials [31, 32], etc. The utilization of high-entropy ceramics in various 

significant fields can be attributed to their unique set of four effects: (i) High entropy 

effect, (ii) Lattice distortion effect, (iii) Sluggish diffusion effect, and (iv) Cocktail 

effect. The four primary effects of high-entropy ceramics on EWA materials derived 

from these ceramics can be succinctly summarized as follows [33]. The high-entropy 

effect facilitates the formation of a stable solid solution at high temperatures and aids 

in maintaining the crystal structure of the material. The lattice distortion effect refers 

to the lattice distortion caused by different crystal structures and bond energies 
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between the constituent elements, which results in defect generation. In contrast, the 

sluggish diffusion effect induces grain boundary dislocations and non-uniform 

diffusion of grains, enhancing the local structural stability of the material. This 

phenomenon contributes to the enhancement of the oxidation and corrosion resistance 

of the material, as well as its mechanical strength. The cocktail effect refers to the 

interactions among components with different properties in high-entropy ceramics, 

which enables high-entropy ceramics to simultaneously exhibit complex and diverse 

properties of different components. High-entropy ceramic materials with outstanding 

EWA properties can be acquired by utilizing the four primary effects in component 

design [34].

Perovskite oxides (ABO3) have been applied in many practical fields such as 

energy storage, catalysis, and EWA due to their excellent structural stability, low 

density, wide band gap, and good catalytic properties [35, 36]. Interestingly, the stable 

perovskite oxide consists of an A-site cation with coordination number 12, a B-site 

cation with coordination number 6, and an octahedral oxygen anion. Incorporation of 

multiple metal cations with different properties makes it feasible to attain the desired 

coordination number of A-site/B-site cations that can meet the specified conditions. 

This presents a crucial avenue for designing and tuning the properties of high-entropy 

perovskite oxides. Noteworthy, Goldschmidt tolerance factor (tG) is one of the 

efficient judgments for predicting the stability when designing high-entropy 

perovskite oxides, and is calculated as follows [37]:

𝑡𝐺 =
𝑅𝐴 + 𝑅𝑂

2(𝑅𝐵 + 𝑅𝑂)
                                                     (1)
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where RA, RB, and RO represent the average ionic radii of the A-site cation, B-site 

cation, and oxygen anion, respectively. When 0.75 ≤ tG ≤ 1, a stable perovskite 

structure is maintained in the high-entropy ceramics. Specifically, 0.9 ≤ tG ≤ 1 forms a 

cubic phase; when t > 1.0, a tetragonal or hexagonal phase may be formed; and for 

0.75 ≤ tG < 0.9, an orthorhombic or rhombic phase may be formed. 

    To achieve the stable formation of novel high-entropy ceramics with perovskite-

type structures, Ba2+ ions were specifically used for the A-site. Next, the combination 

of metal elements in the B-site was designed herein, and the corresponding tG was 

calculated. First, V, Nb, and Ta, all belonging to the VI B group with similar chemical 

properties, were selected. Subsequently, elements Zn and Yb were selected for 

valence and coordination number considerations. The tG of 

Ba(Zn0.2Yb0.2Ta0.2Nb0.2V0.2 )O3 was calculated to be 1.00. Therefore, the specimen 

was expected to form a stable perovskite structure.

In this study, Ba(Zn0.2Yb0.2Ta0.2Nb0.2V0.2)O3 (BZO) high-entropy ceramics were 

prepared by a high-temperature solid-phase method. The phase composition, 

microstructure, and EWA properties were systematically investigated. Furthermore, 

the electric field distribution and radar cross section (RCS) properties were simulated 

and calculated to reveal the EWA mechanism of the materials. This study provides a 

useful literature reference for the development and application of ABO3 type high-

entropy oxide ceramics in EWA. 

2. Experimental

2.1. Specimens Preparation 
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All the reagents utilized in the preparation were of analytical grade. BaCO3, ZnO, 

Yb2O3, Nb2O5, Ta2O5, and V2O5 powders were mixed according to the metal ion 

molar ratio of 5:1:1:1:1:1:1. Next, to the resulting mixed powder, appropriate amount 

of anhydrous ethanol was added and then the mixture was ball milled at 300 rmin1 

for 20 h. The mixture was transferred to an oven for drying at 60 °C for 24 h. Dried 

powder was sieved to produce the precursor. After adding an appropriate amount of 

polyvinyl alcohol (PVA), the precursor was cold pressed in a mold with a diameter of 

50 mm. The relevant cold pressing pressure was 10 MPa and the holding time was 1 

min. Finally, the pressed powder discs were transferred to a muffle furnace for 

sintering. The furnace was slowly heated to 550 °C at 1 °Cmin1 for PVA exclusion, 

and then ramped up to the target sintering temperature (1000–1400 °C) at 5 °Cmin1. 

According to the target sintering temperature, the five specimens were named as 

BZO-1000, BZO-1100, BZO-1200, BZO-1300, and BZO-1400, respectively. The 

fabrication process of BZO high-entropy ceramics is schematically shown in Fig. 1.

Fig. 1 The fabrication process of BZO high-entropy ceramics.

2.2. Characterization
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The phase composition of BZO was analyzed by X-ray diffraction (XRD, Ultima 

IV, Rigaku). The morphology and elemental distribution of the prepared specimens 

were characterized by scanning electron microscopy (SEM, JEM-6700F, JEOL) and 

transmission electron microscopy (TEM, JEM-3010F, JEOL). The permittivity and 

permeability in the frequency range of X-band (8.2–12.4 GHz) were measured by the 

waveguide method through a vector network analyzer (N5230A, Agilent). The 

sintered specimens were cut into rectangular shape with a length of 22.89 mm, a 

width of 10.18 mm, and a thickness of 2 mm. The electric field distribution and RCS 

were simulated by using ANSYS Electronics Desktop software. In order to facilitate 

calculations, the simulation model of the specimens was simplified. The electric field 

distribution model size was 22.89 µm  10.18 µm  2 µm and the RCS model size 

was 180 mm  180 mm  3 mm. 

3. Results and discussion

3.1. Microstructural characteristics and phase component

Fig. 2a shows the XRD patterns of BZO specimens obtained at different 

temperatures. At lower temperatures (1000–1100 °C), the XRD patterns of the 

specimens were consistent and the individual diffraction peaks could correspond to 

the PDF cards of the perovskite oxides. With the increase in temperature, the singular 

diffraction peak of the specimen commenced to decompose into multiple peaks, 

concomitant with a diminution in the peak intensities. When a temperature threshold 

of 1400 °C was reached, the diffraction peak intensities attenuated to such an extent 

that it became challenging to discern them in contrast to observations at lower 
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temperatures. The alteration observed in the XRD pattern indicates a potential 

transformation in the crystallographic and phase architecture of the material. 

  To advance the analysis of the phase structural alterations in the material, SEM 

investigation was conducted on the specimens subjected to various thermal conditions 

(as depicted in Figs. 2b–f). At a temperature of 1000 °C, the specimen exhibits a 

morphology characterized by substantial particulate structures. With the increase in 

the temperature to 1100 °C, the formation of columnar crystallites initiates in the 

material, albeit in concert with a residual presence of particulates (denoted by red 

circular marks). With the further thermal increment, the specimen initially coalesces 

into large aggregates of columnar crystals (as depicted in Fig. 2d), subsequently 

transitioning into a dispersion of diminutive columnar crystallites with diverse 

morphologies (illustrated in Fig. 2e). Finally, at a temperature of 1400 °C, the 

formation of columnar crystals culminates, and the material exhibits a uniform 

morphological profile (shown in Fig. 2f). Changes in crystal structure introduce a 

wealth of interfaces and defects in the material, which results in the increased 

polarization relaxation. Furthermore, the observed alterations in the crystalline 

structure are in concordance with the analytical insights derived from XRD pattern. 

The XRD profiles underwent a transition from acute and symmetric peaks to 

diminished and diffused peaks with asymmetric contours, as the specimens evolved 

from large-size particulate forms to small-size columnar crystallites. Fig. 3 illustrates 

the TEM micrographs of the BZO-1100 and BZO-1200 specimens. The images reveal 

that the specimens processed at 1200 °C retain particulate features, yet the dimensions 
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of these particles are markedly reduced relative to the specimen subjected to the 

treatment at 1100 °C. This observation infers the presence of a small number of 

particles that have not been converted into columnar crystals, indicating an 

incomplete phase transition at the elevated temperature of 1200 °C. This conclusion is 

consistent with the SEM analysis results. Furthermore, elemental mapping analysis 

confirms uniform distribution of constituent elements throughout the material. 

Synergistic integration of the findings of XRD, SEM, and TEM analyses evidently 

indicates the successful synthesis of the high-entropy perovskite ceramic BZO.

Fig. 2 (a) XRD patterns of BZO specimens; and SEM images of BZO specimens: (b) BZO-1000, 
(c) BZO-1100, (d) BZO-1200, (e) BZO-1300, and (f) BZO-1400. 
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Fig. 3 TEM images of (a) BZO-1100 and (b–h) corresponding mapping; (i) TEM images of BZO-
1200 and (j–p) corresponding mapping.

3.2. EWA property

In accordance with transmission line theory, the EWA performance of specimens 

can be quantitatively assessed by determining the minimum reflection loss (RLmin). 

This critical parameter can be derived by applying the following mathematical 

formulas [38, 39]: 

RL = 20 lg |Zin - Z0

Zin + Z0
|                                                      (2)

Zin = Z0
μr

εr
tanh(j 2πfd

c
μrεr)                                  (3)

where Zin and Z0 represent the input impedance and characteristic impedance of air, 

respectively. εr and μr (BZO has no magnetic component, the corresponding μr is 

considered as 1) are the relative complex permittivity and permeability, respectively. 
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c refers to the velocity of light, f denotes the frequency of electromagnetic waves, and 

d represents thickness of specimens. Fig. 4 shows the RL values and impedance 

matching of BZO ceramics in the X-band. Figs. 4a–f illustrate that the BZO 

specimens exhibit suboptimal EWA characteristics at increased thicknesses, whereas 

they demonstrate enhanced EWA efficacy in the thinner range of 1.0–2.4 mm.  To 

facilitate a more explicit comparison of the EWA capabilities of BZO specimens 

across varying temperatures, the RLmin values were obtained alongside their 

corresponding effective absorption bandwidth (EAB) for specimens with different 

thicknesses, as illustrated in Figs. 4a1–f1. It is observed that the BZO-1100, BZO-

1200, and BZO-1300 specimens exhibit commendable EWA properties. Notably, the 

BZO-1100 specimen stands out with the most favorable RLmin value of 54.09 dB at 

9.4 GHz, coupled with an extensive EAB of 2.81 GHz. The EWA performance of 

BZO specimen can be preliminarily explained in terms of impedance matching (as 

shown in Figs. 4a2–e2). At thinner thicknesses, BZO-1100, BZO-1200, and BZO-

1300 specimens exhibit a greater number of regions where the impedance matching 

approaches an ideal value of 1. In contrast, the BZO-1000 and BZO-1400 specimens 

exhibit a limited number of impedance matching regions, which conduces to their 

relatively inferior EWA performance. Furthermore, Fig. 5 presents a comparative 

evaluation of the BZO specimens against other recently documented EWA materials. 

The data presented in Table 1 complement this analysis by providing the pertinent 

thicknesses of the compared materials. The data reveal that, in contrast to these EWA 

materials, the BZO-1100 boasts superior EWA characteristics at lower thicknesses. 
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This result suggests that the BZO specimen stands out as a promising candidate for an 

efficacious EWA material. 

Fig. 4 (a–e) The 3D RL values of BZO specimens; (a1–e1) RL values of BZO specimens at 
different thicknesses and (a2–e2) the Zin/Z0 of BZO specimens. 
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Fig. 5 Comparison of EWA performance of BZO with other EWA materials. 
Table 1. EWA performance of BZO and other reported materials.

Materials RLmin (dB) EAB (GHz)
Thickness 

(mm)
Ref.

B4C 42.42 3.4 2.9 [40]

MoS2-Ni 19.7 2.92 4.8 [41]

Ti3AlC2 28.11 2.6 3.13 [42]

SiC-Si3N4 33.4 4.2 3 [43]

PDC-SiCN (Ni) 39 1.7 2 [44]

Co-SiCN 46.4 3 1.05 [45]

(MnNiCuZn)0.7Co0.3Fe2O4 27 2.5 5.3 [46]

Ni0.5Zn0.5Nb0.04Fe1.96O4 20.8 3.2 8.5 [47]

(Zr0.2Ti0.2Hf0.2Nb0.2Ni0.2)C 42.61 3.6 1 [48]

BZO 54.09 2.81 2.12 This study

3.3. EWA mechanism

For further systematic investigation of the fundamental factors affecting the EWA 

characteristics of the as-prepared specimens, a thorough investigation on the dielectric 

properties was conducted. According to Debye theory, the real part (ε') and imaginary 

part (ε'') corresponding to the storage capacity and attenuation ability, respectively, 

can be represented by the following equations [49, 50]: 
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ε' = ε∞ +
εs - ε∞

1 + ω2τ2                                                         (4)

ε'' =
εs - ε∞

1 + ω2τ2 ωτ + σ
ωε0

= εp'' + εc''                                  (5)

where ε0 denotes the vacuum permittivity, quantified as 8.854 × 1012 Fm1, εs 

signifies the static permittivity, and ε∞ corresponds to the relative permittivity at light 

frequencies. The symbols σ, τ, and ω represent electrical conductivity, polarization 

relaxation time, and angular frequency, respectively. εp'' and εc'' refer to the 

contributions of the ε'', arising from polarization loss and conductance loss. Fig. 6a 

shows the real part of the dielectric constant of different BZO specimens, which first 

decreases and then increases with increasing temperature. This fluctuation may be 

related to the polarization process and crystal structure. In general, high temperatures 

and centrosymmetric crystal structures result in low real parts of the dielectric 

constant. In case of BZO-1000, an elevated real part of the dielectric constant is 

observed, which can be attributed to its comparatively lower sintering temperature 

and prevalence of symmetric granular crystallites. With the increase in the 

temperature to 1100 °C, the specimen exhibits a coexistence of granular and columnar 

crystalline morphologies, leading to the formation of an asymmetric crystal structure. 

This morphological transition well correlates with a notable reduction in the dielectric 

constant of BZO-1100, reflecting the influence of crystal symmetry on the dielectric 

properties of the material. However, the concurrent existence of particulate and 

columnar crystalline forms in BZO-1000 introduces a plethora of structural defects 

and interfaces, which sustains the real part of the dielectric constant at a not too low 
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value. With the further increase in temperature, a substantial portion of the specimen 

undergoes a transformation into centrosymmetric columnar crystallites. This 

morphological evolution is accompanied by an increase in the dielectric constant, 

which also represents an increase in the attenuation of EWs. Fig. 6b exhibits that the 

imaginary part of the BZO specimen first decreases and then increases with 

temperature, which is related to the change in material conductivity and crystal 

structure. With the transition of the BZO high-entropy ceramics from granular to 

columnar crystalline forms, interconnected conductive pathways are established, 

which results in an enhancement in the imaginary component of the dielectric 

permittivity. Conversely, the observed decrease in the imaginary part of dielectric 

constant for BZO-1100 may be attributed to the thermal molecular movement, which 

disrupts the dipole orientational polarization of the molecular ensemble. This 

disruption leads to a reduction in the overall polarization capacity, as the contribution 

from defect-induced polarization is insufficient to counterbalance the loss of 

molecular dipole alignment. However, an excessively high imaginary part of the 

dielectric constant may cause an impedance mismatch, resulting in the reflection of 

more EWs, which do not enter the interior of the material. The dissipative capacity of 

a material with respect to EWs can be characterized by tan δ (tan δ = ε''/ε'). An 

increased value of tan δ is indicative of the enhanced capability of the material to 

dissipate the energy of EWs. This parameter is intrinsically linked to the dielectric 

properties of the material and reflects its efficiency in converting electromagnetic 

energy into thermal energy, which is a manifestation of energy loss within the 
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material. Fig. 6c delineates that the specimens BZO-1000 and BZO-1400 exhibit 

higher values of tan δ at lower frequencies, implying a more pronounced energy 

dissipation capability compared to the other specimens. This observation indicates 

that BZO-1000 and BZO-1400 may offer superior loss characteristics under low-

frequency conditions. However, the magnitudes of both the dielectric constant and tan 

δ represent but a single facet of the EWA performance. A comprehensive evaluation 

of EWA performance necessitates an integrated analysis, considering additional 

material properties and characteristics.

Fig. 6 (a) ε', (b) ε'', and (c) tan  of BZO specimens. 

Figs. 7a–e display the Cole–Cole diagrams for the BZO specimens, and these Cole–

Cole curves are as irregular as those of some of the reported high-entropy materials 

[48, 51, 52]. Typically, a semicircular profile within a Cole–Cole plot indicates the 

occurrence of a unique Debye relaxation process, suggesting the mechanism of 

dielectric relaxation within the material. All BZO specimens demonstrate the presence 

of multiple Cole–Cole semicircular features, confirming the existence of concurrent 

dielectric relaxation processes within the BZO matrix. Furthermore, the Cole–Cole 

plots for BZO high-entropy ceramics exhibit short or negligible tail extensions, 

implying that the polarization dissipation constitutes the predominant loss mechanism, 

significantly overshadowing the dielectric losses within the material. For high-entropy 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4809394

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



17

materials, the presence of multi elements with different ionic radii tends to change the 

distribution of their influencing charges and promotes the formation of electric 

dipoles, which results in complex dipole polarization relaxation. Moreover, a variety 

of local defects such as defects, vacancies, lattice distortions, and grain boundaries, 

which are abundant in high-entropy ceramics, can also act as polarization centers, thus 

improving polarization relaxation and enhancing EWA performance.

Noteworthy, the electrical conductivity of a composite material is a pivotal 

parameter influencing its conductive loss behavior, which can be quantitatively 

assessed through the following formula [53]:

                                              𝜎 = 2𝜋𝑓𝜀0𝜀''                                                        (6) 

Fig. 7f illustrates the change in conductivity of BZO high-entropy ceramics at 

different temperatures, revealing a non-monotonic trend wherein the conductivity 

initially diminishes and subsequently escalates with the augmentation of temperature. 

This behavior is consistent with the change in the imaginary part of the dielectric 

constant, caused by the transformation of the crystal shape and accelerated motion of 

electrons at high temperatures. In general, a larger conductivity represents a larger 

conduction loss. However, the increase in conductivity also indicates that more EWs 

are reflected by the material, leading to a decrease in the impedance matching 

performance of BZO-1000 and BZO-1400 and a decrease in EWA efficiency.

The input impedance serves as a direct indicator of the efficacy of impedance 

matching between a material and the incident EWs, with optimal matching being 

attained when the input impedance of the material is infinitely close to the free-space 
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impedance (Z0, 377 Ω) [54]. This condition ensures minimal reflection and maximal 

absorption of the electromagnetic energy, which is essential for designing materials 

for EWA applications. Fig. 8a presents the input impedance characteristics of the 

BZO specimens subjected to different temperature, where the input impedance of the 

all BZO specimens is lower than the Z0 value. The low input impedance is caused by 

the excessively high imaginary part of the dielectric constant of the BZO specimens. 

Among the specimens, BZO-1100 stands out with a significantly higher input 

impedance, indicating that it exhibits best impedance matching properties. This 

enhanced impedance matching is indicative of a more effective absorption of the 

incident EWs, thereby reducing RL values and optimizing the EWA performance of 

the material. 

The attenuation constant (α), a critical parameter in the assessment of the capacity 

of a material to diminish the intensity of EWs, is quantified through the following 

relationship [55]: 

α =
2πf
c μ''ε'' - μ'ε' + (μ'2 + μ''2)(ε'2 + ε''2)                               (7)

A higher value of α indicates a greater ability to attenuate the EWs, which is desirable 

for applications requiring efficient EWA characteristic. Fig. 8b depicts the variation 

of α of BZO specimens at different temperatures, revealing a trend where the α 

initially decreases and subsequently escalates with an increase in temperature. This 

pattern is consistent with the variations observed in the dielectric constant. The BZO-

1000 and BZO-1400 specimens exhibit increased attenuation constants, indicating 

their potential to effectively dissipate EW energy. However, their suboptimal 
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impedance matching impedes their EWA performance, as the inability to match the 

impedance of the material with that of the incident waves leads to increased reflection 

and reduced absorption. In contrast, the BZO-1200 and BZO-1300 specimens 

demonstrate intermediate levels of impedance matching and attenuation constants. 

Their enhanced EWA performance is attributed to the occurrence of a greater number 

of polarization relaxation processes, which facilitate more efficient energy dissipation 

mechanisms compared to the BZO-1000 and BZO-1400 variants. The BZO-1100 

stands out among the high-entropy BZO ceramic specimens due to its optimal 

impedance matching, which is crucial for minimizing RL values and maximizing 

energy absorption. Coupled with favorable decay constants and a multiplicity of 

polarization relaxation processes, BZO-1100 exhibits the most effective EWA 

performance, making it a promising candidate for applications requiring superior EW 

management capabilities.

Fig. 7 (a–e) Cole–Cole plots and (f) conductivity of BZO specimens at different temperatures. 
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Fig. 8 The (a) Zin value and (b) α value of BZO specimens. 

Based on the above-mentioned analysis, the potential EWA mechanism of BZO 

high-entropy ceramics was determined, as shown in Fig. 9. With excellent impedance 

matching, most of the incident waves propagated into the prepared specimen with the 

reflection of only a very small portion. The columnar crystals formed by the high-

entropy ceramics contacted each other and formed a conductive network, which 

increased the conductive loss. The contact of the columnar crystals with granular 

crystals introduced defects and heterogeneous interfaces, leading to significant 

interfacial polarization losses. Moreover, high entropy ceramics with multi-

component metal ions generated dipole polarization between them, thus further 

optimizing the EWA performance. In summary, the superior EWA performance 

exhibited by Ba(Zn0.2Yb0.2Ta0.2Nb0.2V0.2)O3 high-entropy ceramics could be attributed 

to the synergistic effects of optimal impedance matching and a multitude of effective 

attenuation mechanisms.

3.4. Electric field distribution and RCS simulation

For in-depth analysis of the EWA mechanism, the electric field distribution of a 

BZO high-entropy ceramic specimen was simulated by using ANSYS Electronics 
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Desktop software. To simplify the calculation, the size of the high-entropy ceramic 

specimen was reduced to 1/10 (22.89 μm  10.18 μm  2 μm). Fig. 10 shows the 

simulation results of the electric field distribution of BZO at different temperatures, 

where the electric field of BZO specimens first increases and then decreases with the 

increase in temperature. The maximum electric field strength was achieved with 

BZO-1100 (shown with more orange areas), while the lowest electric field strength 

was obtained for BZO-1000 and BZO-1400 (shown as mostly green areas). The 

highest electric field strength of the BZO-1100 was attributed to optimal impedance 

matching performance, resulting in more EWs entering the material rather than being 

reflected. Although BZO-1100 exhibits a lower conductivity than the other specimens, 

more EW waves entering the interior of the material endow it with the ability to 

generate more conduction current. Therefore, BZO-1100 shows the largest electric 

field strength, indicating that its actual conduction loss is the best among the BZO 

specimens. Moreover, this simulation result also shows that the conduction loss 

performance of EWA materials does not only depend on the dielectric constant 

imaginary part and conductivity, but on the combination of multiple factors such as 

dielectric constant imaginary part and impedance matching. 

The RCS is a physical quantity that measures the ability of a target object to reflect 

radar waves, which can be used as one of the bases for judging the EWA performance 

for practical applications [56]. Therefore, the RCS performance of the materials at 9.4 

GHz was calculated by simulation through ANSYS Electronics Desktop software. 

Figs. 11a–f demonstrate that the 3D RCS appearance of the BZO specimen is slightly 
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smaller than that of a perfect electrical conductor (PEC).  Moreover, the color of the 

edges in the RCS plots of PEC is closer to red, while the color of the center in the 

BZO specimens is closer to blue. All these observations indicate that the RCS 

performance of the BZO specimens is better than that of the PEC, with BZO-1100 

exhibiting the best performance. For visual comparative analysis, the RCS values of 

BZO-1100 and PEC are shown in Fig. 11g (Phi = 0°, Theta = 0–360°). When theta is 

329°, a very small value of 32.74 dBm is achieved. At this point, the RCS of the 

BZO-1000 is reduced by 94.8% compared to that of the PEC, indicating the excellent 

RCS performance of the BZO-1100. This simulation is consistent with the EWA 

performance of BZO high-entropy ceramics.

Fig. 9 Schematic illustration of the EWA mechanism of BZO high-entropy ceramics. 
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Fig. 10 Simulation results of electric field distribution in BZO high-entropy ceramics: (a) BZO-
1000, (b) BZO-1100, (c) BZO-1200, (d) BZO-1300, and (e) BZO-1400. 

Fig. 11 Simulated results of RCS for (a) Metal, (b–f) BZO high-entropy ceramics, and (g) 
Comparison of RCS performance between metal and BZO-1100 specimens. 

4. Conclusion

In this study, a series of Ba(Zn0.2Yb0.2Ta0.2Nb0.2V0.2)O3 (BZO) high-entropy 

perovskite ceramics at different temperatures was successfully prepared by a simple 

high-temperature solid-phase method to obtain excellent EWA characteristics. 

Compared with other BZO specimens, BZO-1100 exhibits excellent EWA 

performance with an RLmin of 54.09 dB and an EAB of 2.81 GHz. The improved 

EWA performance is attributed to its excellent impedance matching as well as 

superior loss capability. The simulation of electric field distribution verifies that BZO-

1100 shows better loss capability. The simulation of RCS proves that BZO-1100 

exhibits potential for practical application. This study provides a significantly 
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important reference for the design of high-performance EWA materials and 

preparation of high-entropy perovskite ceramics with high EWA performance.
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