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Abstract 

A simple polymer derivation method was applied in this paper to prepare a series 

of SiCN (MWCNTs) composite ceramics by adjusting the mass ratio of multi-walled 

carbon nanotubes (MWCNTs). The percolation threshold of the corresponding 

MWCNTs addition amount when SiCN(MWCNTs) composite ceramics exhibit the 

optimal electromagnetic wave (EWM) absorption performance was studied, the effect 

of different addition amounts of MWCNTs on reflection loss (RL), effective 

absorption bandwidth (EAB), electromagnetic parameters, impedance matching 

parameters (Z) and attenuation coefficient (α) of composite ceramics was analyzed, 
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and the EMW absorption mechanism of the corresponding composite ceramics when 

MWCNTs addition amount fix at percolation threshold was discussed. The results 

showed that composite ceramics exhibited the best EMW absorption performance 

when the addition amount of MWCNTs reached the percolation threshold (10wt%): 

the minimum reflection loss (RLmin) was -37.9 dB, and the EAB was 2.8 GHz at a 

thickness of 2.4 mm; its RLmin was -21.7 dB, and the EAB reached 4.7 GHz at a 

thickness of 1.7 mm. By changing the sample thickness from 1.0 mm to 5.0 mm, the 

EAB containing the C, X and Ku bands can be acquired. Therefore, it is expected to 

be a promising candidate for the new generation of EMW absorbers due to its light 

weight, high efficiency and broad band. 

Keywords: polymer derivation method; SiCN-based composite ceramics; percolation 

threshold; conductive network; electromagnetic wave absorption performance 

1. Introduction 

The continuous development of modern technology and the advent of the 5G era 

lead to that electromagnetic wave (EMW) pollution has quickly evolved into an 

environmental issue closely concerned by the world [1]. Nowadays, various countries 

have increased the research on EMW pollution, and related standards are being 

developed to purify the space contaminated by EMW. In order to prevent EMW from 

harming human body and polluting environment, simple and effective measures 

commonly used are to absorb EMW by EMW absorbers and deplete electromagnetic 

energy in the material, which can reduce redundant EMW in the space to achieve the 
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purpose of purifying the environment and ensuring human health [2]. In recent years, 

considerable attention has been paid to SiCN ceramics in the field of EMW absorbers 

[3]. Relevant studies have shown that SiCN ceramics can withstand a high 

temperature of 1100 ℃ in air atmosphere without changes in morphology and 

structure, and this excellent high temperature resistance and oxidation resistance is 

absent in polyester-based and carbon-based EMW absorbers [4]. Beyond that, the 

carbon nanodomain contained in it ensures a good dielectric loss performance and a 

certain EMW absorption capacity (SiCN ceramics with thickness of 8 mm can absorb 

about 90% EMW in the range of 6~16 GHz. It is also a good EMW absorber while 

serving as a dispersible particle absorber for matrix), which is rare in most 

high-temperature resistant ceramics, so SiCN ceramics are considered as potential 

candidates in the field of EMW absorbers [3]. However, compared with 

polyester-based and carbon-based EMW absorbers, SiCN ceramics have the 

disadvantage of narrow effective absorption bandwidth (EAB) at a small thickness, 

which greatly limits its use in harsh environment [2,3,5,6]. To this end, reducing the 

thickness of SiCN ceramics and increasing its EAB under the condition of ensuring 

the EMW absorption rate is of great research significance and practical application 

value. 

Carbon nanotubes (CNTs) have a similar structure to graphite, and exhibit a good 

electrical conductivity, which is attributed to that π electrons contained in CNTs can 

move freely in the non-localized conjugated system formed within and on its surface 

[7,8]. The introduction of CNTs into the ceramic matrix as inclusions can improve the 
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conduction loss and EMW absorption capacity of composite ceramics, which has been 

demonstrated in our previous work [9]. However, too few addition amount of 

inclusions (conductive materials) is not conductive to the formation of a 

three-dimensional conductive network, which will lead to electron transport lag and 

thus affect the EMW absorption performance; ceramics may become highly 

conductive materials because of excessive addition amount, which will result in too 

large permittivity of composite ceramics and impedance mismatch, and thus 

deteriorate the EMW absorption performance [2,9]. When the concentration of 

inclusions in the composite materials reaches a certain value, the phenomenon of 

sudden and substantial improvement of performance parameters of the composite 

material is referred to as percolation phenomenon, and the concentration value of the 

corresponding inclusions is called “percolation threshold”; When the content of 

inclusions exceeds the percolation threshold, the performance of the composite 

material will not improve or will deteriorate [10-12]. In the composite ceramic system, 

if the EMW absorption performance of composite ceramics can be greatly improved 

by using the minimum conductive filler (namely, the percolation threshold), it will 

have a great stimulative effect on reducing production cost and providing a better 

environment for the society. 

Accordingly, in order to explore the minimum filling rate of conductive filler 

(namely, the percolation threshold of conductive filler) when composite ceramics 

exhibit the optimal EMW absorption performance, Multi walled carbon nanotubes 

(MWCNTs) with good electrical conductivity were introduced into SiCN ceramics by 
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the polymer derivation in this study. A conductive percolation network was gradually 

formed in the SiCN ceramic matrix by adjusting the addition amount of MWCNTs 

(3wt%~30wt%). On this basis, the percolation threshold of MWCNTs for composite 

ceramics with the best EMW absorption performance was analyzed, and the effect of 

the change in the addition amount of MWCNTs on the EMW absorption performance, 

permittivity, impedance matching parameters (Z) and attenuation constant (α) of SiCN 

(MWCNTs) composite ceramics was discussed. In this paper, the formation 

conditions of conductive percolation state inside SiCN ceramics and the EMW 

absorption performance and mechanism of composite ceramics under such conditions 

were analyzed for the first time, which provides a new idea for optimizing the EMW 

absorption performance of SiCN-based composite ceramics. 

2. Experiment 

A simple polymer derivation was applied in this experiment. First, liquid 

polysilazane (PSZ, HT-1800) was cross-linked for 2 h in a tubular furnace with 

nitrogen at 600 ℃ to obtain the cross-linked precursor, which was then ball-milled to 

get the precursor powder. Next, MWCNTs (ID: 5~10 nm, OD: 10 ~30 nm, 

purity: >90%) of different mass ratios (0wt%, 3wt%, 5 wt%, 7wt%, 9wt%, 10wt%, 

15wt%, 20wt%, 25wt%, 30wt%) were mixed with precursor powder by ball milling 

and then pressed into disc-shaped tablets. Finally, the tablets were pyrolyzed for 2 h in 

a tubular furnace with nitrogen at 1100 ℃ to obtain SiCN (MWCNTs) composite 

ceramics (abbreviated as SiCN (MWCNTs)). In the following, SiCN (MWCNTs) with 

3wt%, 5wt%, 7wt%, 9wt%, 10wt%, 15wt%, 20wt%, 25wt%, 30wt% addition amount 
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of MWCNTs were respectively named samples 3, 5, 7, 9, 10, 15, 20, 25, 30, and the 

SiCN ceramic (abbreviated as SiCN) with 0wt% addition amount of MWCNTs was 

named sample 0 to facilitate the analysis. The experimental flow chart is shown in Fig. 

1. The test equipment information of the sample is shown in Table 1. 

Fig.1 Preparation Process Diagram of SiCN (MWCNTs) 

Table 1 Test equipment list 

3. Results and Discussion 

3.1 Phase Composition Analysis 

Fig. 2a shows the XRD pattern of each sample. The XRD image of each ceramic 

presented typical diffuse scattering peaks, indicating the amorphous state of ceramic 

samples. Compared with SiCN, SiCN (MWCNTs) showed an additional carbon (C 

PDF Card No 25-0806) diffraction peak near 26°, which is caused by the introduction 

Equipment Equipment information 

XRD 

Raman spectrometer 

                  D/MAX-Ultima IV, Rigaku, Japan  

                       Renishaw, UK 

SEM 

TEM 

XPS 

Vector network analyzer  

                       EVO18, Zeiss, German 

                      JEM-1200EX, JEOL, Japan  

                    PHI1600EXCA, UK 

                     E5071C, Keysight, USA 
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of MWCNTs [9]. With the rise of MWCNTs content, the diffraction peak of carbon 

increased, indicating its elevated crystallinity. Except for the diffraction peaks of 

carbon, no other diffraction peaks appeared in SiCN (MWCNTs), showing that no 

additional phases were generated in composite ceramics. Fig. 2b is the Raman 

spectrum of each sample. The clear D peak and G peak in each sample indicated the 

existence of free carbon in ceramics, which provided media for electron transport and 

transition [4]. The defect level of carbon-containing materials can be characterized by 

the intensity ratio of D peak to G peak (ID/IG), and a larger ratio of ID/IG demonstrated 

a higher defect level in the material [2]. It was observed from Fig. 2b that the ID/IG of 

SiCN (MWCNTs) was significantly increased compared with that of SiCN, 

suggesting that the introduction of MWCNTs brought a great quantity of defects to 

SiCN (MWCNTs). In the alternating electromagnetic filed, defects can promote 

polarization loss as polarization centers and thus positively contribute to the 

attenuation of EMW [2,13]. 

Fig. 2 XRD Pattern (a) and Raman Spectrum (b) of SiCN (MWCNTs) 
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Fig. 3 SEM Images (0~30) of SiCN (MWCNTs), EDS Analysis Diagram (0-1) of 

Sample 0 and EDS Analysis Diagram (10-1) of Sample 10 

3.2 Microstructure Analysis 

Fig. 3 shows the SEM images of each sample at a magnification of 10000 (Fig. 3 

0~30) and the EDS analysis diagrams of sample 0 and sample 10 (Fig. 3 0-1 and Fig. 

3 10-1). It can be observed from Images 0~30 that ceramic matrices presented 

amorphous block-like continuous structures with a small number of holes in it. With 
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the increase of MWCNT addition amount, Images 0~30 showed the evolution of 

conductive network formation in the ceramic matrix: At a lower content of MWCNTs, 

MWCNTs were not connected to each other but existed as independent conductor 

units; With the increase of MWCNTs content, the number of independent conductor 

units increased (Fig. 3 0~9). When the addition amount of MWCNTs reached 10wt%, 

it was observed that MWCNTs lapped with each other (Fig. 3 10), indicating that 

independent conductor units were interconnected to form conductive network, which 

may lead to a sudden improvement in the dielectric loss performance [14]; As the 

addition amount of MWCNTs continued to increase, the conductive network tended to 

be saturated, and the phenomena that the conductor units agglomerated, and the 

conductive networks interlaced and covered with each other appeared(Fig. 3 15~30). 

Fig. 4 schematically shows the evolution of MWCNTs in the ceramic matrix from 

independent random dispersion to interweaving into network to agglomeration and 

stacking. 

Fig. 4 Evolution Diagram of Conductive Network in SiCN (MWCNTs) 

Fig. 3 0-1 shows that the elemental composition (Si, C, N and O) of the ceramic 
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matrix. Oxygen may be introduced through the preparation process due to the absence 

of oxygen in PSZ [15]. Compared with sample 0, the content of C element in sample 

10 increased significantly (Fig. 3 10-1), which is attributed to the addition of 

MWCNTs; while the content of N element decreased, which may be induced by the 

fact that in the composite system of SiCN (MWCNTs), Si is more easily to bond with 

C rather than N, and the decomposition of non-bonded N-containing groups in the 

pyrolysis process leads to the decrease in the content of N element [16]. In order to 

further observe the internal structure of SiCN (MWCNTs), TEM analysis was 

performed on sample 10, and the results are shown in Fig. 5. From the figure a 

multi-walled tube with a diameter of about 20 nm was observed to be embedded in 

the ceramic matrix (Fig. 5 10-1 and Fig. 5 10-2). HRTEM analysis of the tube shows 

that its lattice fringe distance was 0.33 nm, which was indexed to the (004) crystal 

plane of C (Fig. 5 10-3), demonstrating that MWCNTs are still intact in the ceramic 

matrix after pyrolysis at 1100 ℃. A slight decrease in the diameter of MWCNT was 

found at the fracture (decrease from 15 nm to 13 nm, Fig. 5 10-4 and Fig. 5 10-5), 

which suggests that there is a good interface bonding between MWCNTs and SiCN 

ceramic matrix, and that MWCNTs may have the effect of toughening the ceramic 

matrix through pull out, bridging and other mechanisms [17]. In addition to MWCNTs, 

circular eddy carbon can be observed in the ceramic matrix (Fig. 5 10-5). The 

existence of eddy carbon provides a channel for electron transport and transition, and 

is also the basis for SiCN ceramic matrix to have certain dielectric loss properties [3, 

4, 18]. Fig. 5 10-6 is the selected area electron diffraction pattern of the sample. In the 
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figure, the widened diffraction ring was indexed to the (004) crystal plane of C [19], 

and no other obvious diffraction ring was observed, indicating that no additional 

crystal phase exists except C in the amorphous ceramic matrix, which is consistent 

with the XRD analysis results. 

Fig. 5 TEM Images (10-1~10-5) of SiCN (MWCNTs) and Selected Area Electron 

Diffraction Pattern (10-6) 

3.3 Chemical Composition Analysis 

XPS can be used to analyze the chemical composition of the sample and the 

bonding mode of internal atoms. Fig. 6 0-1 and Fig. 6 10-1 show that elements 

contained in sample 0 and sample 10 were Si, C, N, and O. The Si2p peaks of sample 

0 and sample 10 can be deconvoluted into Si–C, Si–N and Si–O peaks (Fig. 6 0-2 and 

Fig. 6 10-2). Compared with sample 0, the amount of Si-N peaks in sample 10 

decreased significantly (Fig. 6 0-2 and Fig. 6 10-2), suggesting that the introduction 
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of MWCNTs changed the bonding mode of atoms in the SiCN ceramic matrix, which 

may be owning to the fact that Si becomes more easily to bond with C rather than 

with N due to the insertion of MWCNTs [16]. The C1s peaks of sample 0 and sample 

10 can be deconvoluted into C-C, Si-C and C-O peaks (Fig. 6 0-3 and Fig. 6 10-3). In 

comparison with sample 0, the amount of Si-C peaks in sample 10 increased 

significantly (Fig. 6 0-3 and Fig. 6 10-3) [9], indicating that MWCNTs were 

embedded into SiCN ceramics by bonding with Si, and that MWCNTs had good 

interface bonding with the ceramic matrix [9], which agrees with the SEM analysis 

results. 

Fig. 6 XPS Spectra of Sample 0: Survey spectrum (0-1), narrow scan spectra of Si2p 

(0-2) and C1s (0-3); XPS Spectra of Sample 10: Survey spectrum (10-1), narrow scan 

spectra of Si2p (10-2) and C1s (10-3) 

3.4 EMW Absorption Performance Analysis 

According to the transmission line theory, the reflection loss (RL) of each sample 
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can be calculated to characterize its EMW absorption performance. The specific value 

of RL can be calculated according to the Eq. (1) and Eq. (2) [20,21]. 𝑍 = 𝑍𝑖𝑛/𝑍0 = √𝜇𝑟𝜀𝑟 tanh [j (2π𝑐 )√𝜇𝑟𝜀𝑟fd]                                  (1) RL(dB) =  20log│(𝑍𝑖𝑛 − 𝑍0)/(𝑍𝑖𝑛 + 𝑍0)│                               (2) 

Where, Z is the impedance matching parameter, 𝑍𝑖𝑛 is the wave impedance of the 

sample, 𝑍0 is the wave impedance of the free space, 𝜀𝑟 is the complex permittivity 

of the sample, 𝜇𝑟 is the complex permeability, d is the thickness, f is the frequency, 

and c is the speed of light. If the calculated RL is less than -10 dB, it means that more 

than 90% of the EMW is absorbed. The data with RL< -10 dB is referred to as 

effective absorption data, and the corresponding bandwidth for RL< -10 dB is called 

EAB. 

The calculated RL of each sample at different thickness and the 3D projection 

and 3D images of RL are shown in Fig. S1. By comparing and observing Fig. S1, it 

was observed that in sample 0, there was no EAB in the 3D projection (Fig. S1 0-2), 

and the minimum RL (RLmin) at 11GHz was about -3.5 dB (Fig. S1 0-1) when the 

thickness was fixed at 4 mm, indicating that about 55.3% of EMW is absorbed at this 

frequency band. The eddy carbon contained in the SiCN ceramic matrix is the basis 

for it to have EMW absorption performance to some extent [3, 4, 18]. After 3wt% 

MWCNTs were added to the ceramic matrix, sample 3 had no EAB (Fig. S1 3-2), but 

its RLmin decreased to -5.8 dB at 9.2 GHz at a thickness of 4 mm (Fig. S1 3-1), 

indicating that about 73.7% of EMW is absorbed at this frequency band. The addition 

of MWCNTs introduced new independent conductor units into ceramics, which 
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increased the conduction loss and improved the EMW absorption performance of the 

material [9]. By increasing the addition amount of MWCNTs, EAB started to appear 

in the 3D projection of sample 5 (Fig. S1 5-2), and the EAB was 1.0 GHz at a 

thickness of 5 mm (Fig. S1 5-2), indicating that increase in the number of independent 

conductor units leads to the enhance of conduction loss and the emergence of EAB. 

By further increasing the addition amount of MWCNTs, the EAB of sample 7 was 

expanded to 2.2 GHz at a thickness of 5 mm (Fig. S1 7-2), indicating that the added 

MWCNTs still play the role of increasing the number of independent conductor units 

in the material and increasing the conduction loss. By continuing to rise the addition 

amount of MWCNTs, the EAB of sample 9 increased to 2.3 GHz at a thickness of 5 

mm, and discontinuous effective absorption regions were found at near the sample 

thickness equal to λ/4 (Fig. S1 9-2). When the addition amount of MWCNTs was 

further increased, the EAB of sample 10 showed a sudden jump, which rushed to 4.7 

GHz at a thickness of 1.7 mm. Compared with sample 9, the thickness of sample 10 

decreased by 3.3 mm, with the EAB increased by 104% (Fig. S1 10-2). The sudden 

change of EAB indicates the arrival of conductive percolation state inside the ceramic: 

After the number of MWCNT independent conductor units in the matrix reaches a 

certain value, they begin to lap each other to form conductive percolation network, 

which greatly reduces the resistivity of the composite material, thus facilitates the 

rapid and continuous transfer of electrons in conductive pathways and the generation 

of joule heat, resulting in a sudden increase in the conductivity and dielectric property 

of composites, and finally leads to a sudden jump in the EMW absorption 
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performance (EAB) [22,23]. On the basis of the percolation state, we continued to 

increase the addition amount of MWCNTs, and the EAB of sample 15 was observed 

to decrease instead of increasing: its EAB was 3.7 GHz at a thickness of 1.3 mm, and 

2.1 GHz at a thickness of 2.8 mm (Fig. S1 15-2). The change trend of EAB was 

reversed, possibly because as the number of independent conductor units continues to 

grow, they will further intertwine and agglomerate in the conductive network; 

although this allows the conductivity of composite ceramics to keep growing, but too 

much conductivity can lead to impedance mismatch problem: incident waves are 

reflected at the air-material interface with impedance mismatch, which greatly reduces 

the likelihood of their entering the materials and being consumed, and the EAB is 

narrowed accordingly [2, 14]. The addition amount of MWCNTs continued to 

increase to 20wt%, 25wt% and even 30wt%, and similar to sample 15, the EAB of 

samples 20, 25 and 30 tended to be narrowed gradually: the EAB of sample 20 was 

1.8 GHz at a thickness of 2.2 mm (Fig. S1 20-2); the EAB of sample 25 was 1.7 GHz 

at a thickness of 2.6 mm (Fig. S1 25-2); the EAB of sample 30 was 1.5 GHz at a 

thickness of 2.9 mm (Fig. S1 30-2). The EAB of samples 15, 20, 25 and 30 at 

different thickness were all smaller than that of sample 10. According to the above 

analysis of EAB, it was speculated that a conductive percolation state was achieved 

inside the ceramic when the addition amount of MWCNTs was 10wt% (by this time, 

composite ceramics exhibited the best EMW absorption performance), and further 

increasing its content would only lead to impedance mismatch and decrease of EAB. 

3.5 EMW Absorption Mechanism Analysis 
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The impedance matching parameter Z represents the matching degree between 

material impedance and free space impedance. The closer its value is to 1, the better 

the impedance matching between the two is, and the greater the probability of EMW 

entering the material to be consumed [9]. In order to explore the relationship among 

the addition amount of MWCNTs, impedance matching performance of composite 

ceramics and EAB, we calculated the Z (Fig. S2 Z·0~Z·30) of each sample at 

different frequencies and thickness by the Eq. (1), and attached the 3D projection of 

RL (Fig. S2 RL·0~RL·30) behind it, to analyze the effect of Z on EAB. For 

0.8≤Z≤1.3, the data within this interval were temporarily referred to as the effective 

impedance matching data, and their corresponding regions in the 2D platform 

representation of Z were called the effective impedance matching band (EZB) [4, 9]. 

In Fig. S2 two obvious EZBs were observed in the Z images of samples 0~9 (as 

shown in Fig. S2 Z·0~Z·9), but no EAB was found at the frequency and thickness 

where the two bands were located (Fig. S2 RL·0~RL·9), which shows that it is likely 

the insufficient electromagnetic attenuation capacity rather than impedance mismatch 

that leads to poor overall EMW absorption performance of composite ceramics when 

the addition amount of MWCNTs is between 0wt% and 9wt%: the incident EMW can 

enter the material to a large extent, but pierces through the material as transmitted 

waves because it cannot be effectively attenuated inside the material, resulting in the 

deteriorated material performance. When the addition amount of MWCNTs was 

10wt%, two EZBs changed to one, which was located near the sample thickness equal 

to λ/4 (Fig. S2 Z·10). At this time, the EAB of sample 10 also appeared near the 
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thickness equal to λ/4 (Fig. S2 RL·10), and its range was covered in the range of EZB, 

indicating that when the addition amount of MWCNTs was 10wt%, appropriate 

impedance matching was one of the reasons for excellent EMW absorption 

performance of composite ceramics. When the addition amount of MWCNTs 

exceeded 10wt%, we found that the location of EZB did not move significantly with 

the increase of MWCNTs content, but the area of EZB decreased gradually (Fig. S2 

Z·15~Fig. S2 Z·30), and the EAB of the samples also decreased gradually (Fig. S2 

RL·15~Fig. S2 RL·30), which suggests that there is a good synergistic relationship 

between impedance matching and EAB of composite ceramics with the addition 

amount of MWCNTs at 10wt%, and impedance matching gets worse by further rising 

the content of MWCNTs, thus further deteriorating the EMW absorption performance 

of ceramics. This conclusion accords with the speculation on the cause of EAB 

narrowing in section 3.4. 

Complex permittivity (ε𝑟=ε'-jε″) and complex permeability ((μ𝑟=μ'- jμ″) are 

basic parameters to analyze the EMW absorption performance. Where ε' and μ' are the 

real parts of permittivity and permeability, which represent the storage capacity of the 

sample to electric and magnetic energy, respectively. ε" and μ" are the imaginary parts 

of permittivity and permeability, which represent the theoretical loss capacity of the 

sample to electric and magnetic energy, respectively. ε″/ε′  and μ″/μ′  are the 

dielectric loss tangent (𝑡𝑎𝑛𝛿ε) and magnetic loss tangent (𝑡𝑎𝑛𝛿μ), which represent the 

actual dissipation capacity of the sample to electric and magnetic energy, respectively. 

Since neither SiCN ceramics nor MWCNTs contain magnetism, it is speculated that 



18 

 

dielectric loss makes a key contribution to the attenuation of EMW energy. The 

establishment of dielectric theory has aroused the attention of many researchers to the 

dielectric properties of the mixture composed of multiple dielectrics. Due to the 

interaction between different phases and the accumulation of space charges at the 

interface between different phases, which further leads to the formation of local fields, 

the mixture shows an effective permittivity (ε𝑚) at the macro level, which can be 

reckoned by the logarithmic mixing rule (Eq. (3)) given by Lichtenecker [24-26]:  (ε𝑚)𝑛 = ∑ 𝑣𝑖(𝜀𝑖)𝑛𝑖                                                    (3) 

Where, 𝑣𝑖 is the volume fraction of each single phase, 𝜀𝑖 is the permittivity of each 

single phase, and n is a constant between -1 and 1. Due to the difference in the angle 

between the arrangement direction of dielectrics and the direction of applied electric 

field, ε𝑚 of composite materials composed of multiple dielectrics can be calculated 

by the following three ways: 1. When the dielectric layers are in the same direction as 

the applied electric field (Fig. 7a), the mixture as a whole can be considered as a 

parallel circuit. According to the electric field intensity of each layer and the Eq. (4), ε𝑚 of the composite material can be obtained: ε𝑚 = ∑ 𝑣𝑖𝑖 𝜀𝑖                                                        (4) 

2. When each dielectric layer is perpendicular to the direction of the applied electric 

field (Fig. 7b), the mixture as a whole can be regarded as a series circuit. According 

to the electric field intensity of each layer and the Eq. (5), ε𝑚 of the composite 

material can be obtained: 

1ε𝑚 = ∑ 𝑣𝑖𝜀𝑖𝑖                                                            (5) 
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Eq. (4) and Eq. (5) are two extreme cases of the Eq. (3), with n values of 1 and -1, 

respectively. 

3. Considering different geometric shapes, concentrations and distributions of 

dielectrics (Fig. 7c), different values of n were selected; Maxwell derived the Eq. (6) 

to calculate ε𝑚 of composite materials with irregular states of inclusions [25,26]: 

ε𝑚 = 𝑣1𝜀1(23+ 𝜀23𝜀1)+𝑣2𝜀2𝑣1(23+ 𝜀23𝜀1)+𝑣2                                                   (6) 

When the inclusions are materials with low dielectric loss that have adjacent 

permittivity with the matrix, the result of the Eq. (6) is close to that of the logarithmic 

mixing rule, indicating that in this case ε𝑚 is the average of components in the 

composite material [25]. When the inclusions are materials with high dielectric loss 

that have higher permittivity than the matrix (such as conductive CNTs), once the 

concentration of inclusions reaches the percolation threshold, dielectric percolation 

will occur inside the material, leading to a very sudden change in dielectric behavior. 

In this case, due to the dielectric percolation and the interaction between high 

dielectric loss materials, the permittivity of the composite material can be higher than 

that of any component [10-12]. The inclusions in this study were MWCNTs (highly 

conductive materials). For the purpose of exploring the influence of its concentration 

on dielectric properties of composite ceramics, electromagnetic parameters of each 

sample were tested, and the results are shown in Fig. 8. 
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Fig. 7 Distribution between Filler Dielectric and Dielectric Matrix: Parallel to each 

other and parallel to the direction of the electric field (a), parallel to each other and 

perpendicular to the direction of the electric field (b), fillers are randomly distributed 

in the matrix, and the two have no definite angle relation with the direction of the 

electric filed (c) 

According to Fig. 8a, when the addition amount of MWCNTs was ≤ 9wt%, ε' 

hardly fluctuated with the change of frequency, and the image presented as a straight 

line. With rising the addition amount of MWCNTs, the value of ε' gradually rose 

slightly. When the addition amount of MWCNTs was increased to 10wt%, the ε' of the 

samples increased significantly (the addition amount of MWCNTs increased by 1wt%, 

and the ε' increased by 1.5 times), frequency dispersion (2~17 GHz, the value of ε' 

decreased gradually with the increase of frequency) and chromatic dispersion (17~18 

GHz, the value of ε' went up with the increase of frequency) were observed [2]. 

Frequency dispersion is conducive to the coordination of impedance matching of 

composite ceramics, and chromatic dispersion is accompanied by the loss of energy as 

is the process of resonance [2, 21]. The sudden change of the ε' of sample 10 may be 

related to the formation of conductive network and percolation state in the ceramics 

[14]. When the addition amount of MWCNTs was greater than 10wt%, ε' continued to 

rise with the increase of addition amount, indicating that the storage capacity of the 
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samples to electric energy continued to increase, but it is worth noting that the 

advantage of impedance matching is usually limited by a higher ε' [27]. Fig. 8b shows 

the change of ε" of each sample. According to the figure, when the addition amount of 

MWCNTs was≤ 9wt%, the ε" of the sample hardly fluctuated with the change of 

frequency and almost showed a straight line. With the increase of MWCNTs addition 

amount, ε" gradually increased slightly (as the addition amount of MWCNTs rose 

from 3wt% to 5wt%, ε" increased by 0.68; if the addition amount of MWCNTs rose 

from 5wt% to 9wt%, ε" increased by 0.29), which indicates that the increase in the 

content of MWCNTs at this time plays a role in enhancing the dielectric loss of 

composite ceramics, but the effect is unconspicuous. When the addition amount of 

MWCNTs reached 10wt%, the ε" of the sample rose sharply (if the addition amount 

of MWCNTs lifted by 1wt%, ε” rose by 2.46), and with the increase of frequency in 

the range of 16~18 GHz, ε” showed a downward trend, indicating that an obvious 

conduction loss occurred in the sample at this time [28]. The sudden increase of ε" 

and the clear presentation of conduction loss are associated with that a state of 

conductive percolation is achieved inside the material at this time [14,22,23]. When 

the addition amount of MWCNTs was > 10wt%, ε″ was on the rise overall with the 

increase of addition amount. In the range of 6~10 GHz, the slope of the ε" curve 

gradually increased, indicating that the carrier concentration in the material increased 

[2,28]. Compared with samples 0~10, a special phenomenon appeared in ε″ of 

samples 15~30: in the range of 10~12 GHz, it rose with the increase of frequency, 

which is presumably caused by that the contribution to dielectric loss of direct current 
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loss is greater than that of alternating current loss [29]. The behavior of ε" also 

changed abruptly when the addition amount of MWCNTs was 10wt%, indicating that 

the content of MWCNTs in the material reached the percolation threshold at this time. 

Fig. 8c shows the 𝑡𝑎𝑛𝛿ε of each sample, which characterizes the dissipation capacity 

of the material to electric energy in EMW. By comparing Fig. 8b and Fig. 8c, 𝑡𝑎𝑛𝛿ε 

had a similar change rule with ε", 𝑡𝑎𝑛𝛿ε of samples 3~30 was higher than that of 

sample 0, indicating that the addition of MWCNTs plays a positive role in improving 

the dielectric loss performance of composite ceramics. When the addition amount of 

MWCNTs was ≤ 9wt%, 𝑡𝑎𝑛𝛿ε fluctuated slightly with the change of frequency, and 𝑡𝑎𝑛𝛿ε gradually increased slightly with rising addition amount of MWCNTs. When 

the addition amount of MWCNTs increased to 10wt%, 𝑡𝑎𝑛𝛿ε rose dramatically, with 

the maximum increased to 0.41. By continuing to increase the addition amount of 

MWCNTs, 𝑡𝑎𝑛𝛿ε  began to decrease instead of increasing in the range of some 

frequency bands (8~11 GHz, Fig. 8c). According to comprehensive analysis of Fig. 8 

a, b, c, we found that when the addition amount of MWCNTs was 10wt%, an abrupt 

change occurred at ε', ε″ and 𝑡𝑎𝑛𝛿ε of the samples, demonstrating that MWCNTs 

lapped and interacted with each other in the ceramics at this time, resulting in a 

conductive percolation state inside the ceramics, which further triggered the dielectric 

percolation and the abrupt change in and dielectric behavior [10-12,22,23]. This 

conclusion also accounts for the sudden increase in EAB of sample 10. From the 

above analysis, when the addition amount of MWCNTs was 10wt%, the EMW 

absorption performance parameter (EAB) and dielectric loss behavior of composite 
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ceramics changed dramatically. Therefore, the percolation threshold of MWCNTs in 

composite ceramics was believed to be 10wt%. Since neither the ceramic matrix nor 

MWCNTs contain magnetism, μ" and 𝑡𝑎𝑛𝛿μ were close to 0 (Fig. 8e and Fig. 8f) as 

the μ' of all samples was close to 1 (Fig. 8d). By comparing Fig. 8c and Fig. 8f, 

dielectric loss made a substantial contribution to EMW attenuation, while the 

contribution of magnetic loss was negligible. Hence, complex permeability 

parameters of samples are not elaborated here. 

Fig. 8 ε′ (a), ε′′ (b), 𝑡𝑎𝑛𝛿ε(c), μ′(d), μ′′ (e) and 𝑡𝑎𝑛𝛿μ(e) of SiCN (MWCNTs) 

In order to further explore the dielectric loss behavior of the samples, we 

introduced the Debye relaxation model to analyze the dielectric loss mechanism in the 

material. If the polarization of the material follows the Debye relaxation during the 

interaction with EMW, then its ε″-ε' curve should be a semicircle (Cole semicircle), 

and each semicircle represents a polarization process that follows the Debye 

relaxation [4,21]. Fig. 9 shows the ε″-ε' images of sample 0 and sample 10. By 

comparing Fig. 9a and Fig. 9b, obvious Cole semicircles appeared in sample 10 
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compared with sample 0, indicating that the addition of MWCNTs provided abundant 

interfacial polarization for composite ceramics [30,31]. Cole semicircles were mainly 

distributed at higher frequencies, indicating that interfacial polarization is the main 

mechanism of dielectric loss at higher frequencies [4]. In the lower frequencies, the 

ε″-ε' image of sample 10 presented nearly as a straight line, indicating that conduction 

loss is the main way to dissipate electric energy at lower frequencies [22, 23, 32]. The 

occurrence of conduction loss is related to the formation of the conductive percolation 

state in the sample at this time [22, 23, 32]. In addition, a certain deviation existed 

between the Cole semicircle of sample 10 and the standard semicircle, indicating that 

there are other polarization or relaxation behaviors besides interfacial polarization, 

such as dipole relaxation [9]. There were abundant intrinsic dipoles in the ceramic 

matrix and MWCNTs, which will spin as the direction of the alternating electric filed 

changes, leading to dipole relaxation and further energy loss [9]. The above analysis 

of ε″-ε' image showed that interfacial polarization, conduction loss and dipole 

relaxation are main mechanisms for the dielectric loss of composite ceramics 10. 

 

Fig. 9 Cole-Cole Semicircle Image of Sample 0 (a) and Sample 10 (b) 
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Besides impedance matching and dielectric loss performance, the thickness (𝑡𝑚, 

which can be calculated by the Eq. (5)) and the attenuation constant (α, which can be 

calculated by the Eq. (6)) of the material are also important parameters that affect its 

EMW absorption performance [33]. The effect of thickness on the EMW absorption 

performance of the material can be explained by 
𝑛𝜆4 (n=1, 3, 5…) matching model (Eq. 

(7)): 𝑡𝑚 = 𝑛𝜆4 = 𝑛𝑐4𝑓𝑚√|𝜇𝑟||𝜀𝑟| (n = 1,3,5,7 … )                                    (7) 

Where, 𝑡𝑚 is the thickness of the sample, λ means the wavelength of EMW, 𝑓𝑚 

represents the corresponding frequency at the peak on the RL curve, and other 

parameters have the same meaning as above. If the sample thickness conforms to the 

nλ/4 matching model in the Eq. (7) (i.e., the sample thickness is n/4 times the 

wavelength of EMW), the incident EMW penetrating through the air-material 

interface interferes destructively with the reflected EMW from the material bottom, 

which maximizes the attenuation of EMW [4]. Fig. 10a is the RL of sample 10 at 

different thickness, from which the corresponding (frequency, thickness) points (i.e. 

(𝑓𝑚, 𝑡𝑚) point, drawn with colored points in Fig. 10b) at the peak of curve in Fig. 

10a were observed to be in good agreement with the λ/4 curve (Fig. 10b), which 

shows that the λ/4 thickness matching condition also makes an indispensable 

contribution to the attenuation of EMW for the sample. In addition, we also found that 

the Z value corresponding to the peak of the RL curve was close to 1 (Fig. 10c), 

which shows that the λ/4 thickness matching condition and appropriate impedance 

matching are well coordinated and work together to contribute to the excellent EMW 



26 

 

absorption performance of composite ceramics. α (calculated by the Eq. (8)) refers 

to the overall attenuation capacity of the material to EMW energy, and a larger value 

suggests a greater EMW attenuation of the material. 

α = (πfc ) √2μ′ε′√𝑡𝑎𝑛𝛿ε𝑡𝑎𝑛𝛿μ − 1 + √（𝑡𝑎𝑛𝛿ε2 + 1)(𝑡𝑎𝑛𝛿μ2 + 1)            (8)  

Fig. 10e shows α of each sample. It can be observed from the figure that as the 

addition amount of MWCNTs increased, α was on the rise on the whole, indicating 

that the increase of MWCNTs content will improve the EMW attenuation capacity of 

materials. Similar to the change rule of permittivity, when the addition amount of 

MWCNTs increased from 9wt% to 10wt% (percolation threshold), α of sample 10 

increased suddenly, up to 224.81, 1.8 times that of sample 9, showing its excellent 

EMW attenuation performance. This result tallies with the previous analysis of EAB 

and permittivity. 

Table 2 Comparison of performance parameters of composite ceramics after 

introducing different fillers into SiCN ceramics 

Based on the above analysis, the EMW absorption performance (EAB), Z, ε', ε″, 

Fillings  Filling 

rate(wt%) 

Sample 

thickness

(mm) 

RLmin(dB) EAB(GHz) Ref 

Fe2O3 

Fe2O3 and Eu2O3 

Co 

Co(acac)3 

Ni(II) complex  

Ni 

Fe(acac)3 

15 

60 

10 

60 

30 

20 

50 

2 

2 

2 

2 

4 

2 

4 

-11 

-12 

-8 

-14 

-11 

-23 

-10.5 

<1 

<1(0.7) 

<1 

<1 

<1 

2 

3.3 

34 

35 

36 

37 

15 

5 

18 

MWCNTs 10 1.7 -21.7 4.7 This work 



27 

 

𝑡𝑎𝑛𝛿ε and α of SiCN (MWCNTs) composite ceramics changed abruptly when the 

addition amount of MWCNTs was 10wt%, which suggests that the percolation 

threshold of MWCNTs in composite ceramics was 10wt%. Sample 10 had an EAB of 

4.7 GHz at a thickness of 1.7 mm (Fig.S1 10-2), and the EAB covering C, X and Ku 

bands can be obtained by adjusting its thickness from 1.0 mm to 5.0 mm (Fig. 10a). 

Compared with other similar SiCN-based composite ceramics, SiCN (MWCNTs) 

composite ceramics have significantly improved the EAB while reducing its thickness 

(Table 2) [5,15,18,34-37]. The excellent EMW absorption performance is the result of 

coordination and joint action of multiple mechanisms, rather than a single mechanism 

acting alone. The EMW absorption mechanism of sample 10 can be schematically 

expressed by Fig. 11, which can be specifically summarized as below: First, good 

impedance matching enables the maximum EMW to enter the material; Second, 

conductive network in the material promotes the rapid and continuous electron 

transport, during which part of electric energy is converted into heat energy and 

dissipated. At the heterogeneous interface between SiCN ceramics and MWCNTs is 

easily formed a local field under the action of electric field, by the action of which 

atoms at the interface deviate from the original position, that is, a polarization process 

occurs, resulting in interfacial polarization loss. Intrinsic dipoles in SiCN ceramics 

and MWCNTs spin as the direction of the alternating electric field changes, because 

the spin speed of some dipoles will lag behind the speed at which the direction of the 

alternating electric field changes, so the spin has a certain hysteresis, that is, spin 

relaxation occurs, resulting in relaxation loss. Finally, the EMW reflected from the 
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bottom of the material interferes destructively with the incident EMW as much as 

possible due to the λ/4 thickness matching condition, reducing the amount of reflected 

EMW. Owing to the coordination and combined action of a variety of EMW 

attenuation mechanisms, SiCN (MWCNTs) composite ceramics exhibit excellent 

EMW absorption performance. 

 Fig. 10 RL of Sample 10 under Different Thickness (a) and Simulation of Thickness 

and Frequency under nλ/4 Condition (b), Z (c), 3D Diagram of RL (d) and α (e) 
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Fig. 11 EMW Absorption Mechanism Diagram of Sample 10 

4. Conclusion 

A polymer derivation method was employed in this paper to prepare a series of 

SiCN (MWCNTs) composite ceramics by adjusting the mass ratio of MWCNTs. The 

effect of the addition amount of MWCNTs on the RL, EAB, permittivity, Z and α of 

composite ceramics was discussed, the percolation threshold of the corresponding 

MWCNTs when composite ceramics exhibit the optimal EWM absorption 

performance was studied, and the EMW absorption mechanism of composite 

ceramics (with the widest EAB) when the MWCNTs addition amount was 10wt% was 

analyzed. The results of analysis indicate that the EAB, Z, ε', ε″, 𝑡𝑎𝑛𝛿ε and α of 

composite ceramics changed abruptly when the addition amount of MWCNTs was 

10wt%, which suggests that the percolation threshold of MWCNTs in composite 

ceramics was 10wt%, and the composite ceramics (sample 10) obtained at this time 

had the best EMW absorption performance: its RLmin was -37.9 dB, and the EAB 

reached 2.8 GHz at a thickness of 2.4 mm; its RLmin was -21.7 dB, and the EAB 

reached 4.7 GHz at a thickness of 1.7 mm. By changing the thickness of sample 10 
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from 1.0 mm to 5.0 mm, the EAB containing the C, X and Ku bands can be acquired. 

Excellent EMW absorption performance is the result of the combined action from 

suitable impedance matching, good conduction loss, a certain degree of interfacial 

polarization loss and dipole relaxation loss, and λ/4 thickness matching condition. In a 

word, the as-prepared SiCN (MWCNTs) composite ceramics can be expected to be a 

potential candidate in the field of light, efficient and broadband EMW absorbers. 
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