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Abstract: In order to improve the impedance matching condition and broaden the effective absorbing 

bandwidth, a series of cylindrical periodic structured gypsum composites with different kinds of carbonaceous 

materials as absorbents were fabricated by two-step moulding process. The influences of the mass fraction of 

helical carbon fiber (HCF), carbon nanotube (CNT), and graphene (GE) on the morphology, permittivity, 

resistivity, and electromagnetic (EM) wave absorbing properties of the proposed gypsum composites were 

investigated. The experimental results show that the composite with 2 wt.% HCF exhibits optimum EM wave 

absorption performance, its reflection loss is lower than -10 dB in 2-18 GHz and bandwidth thickness ratio 

coefficient reaches 0.8 GHz/mm. The EM wave absorption mechanisms were further explained by the 

simulation of EM field and power loss distribution. The dielectric loss of carbonaceous absorbents, the 

destructive interference, and the EM wave diffraction and multiple refractions caused by the periodic 

cylindrical arrays are the main EM wave attenuation mechanisms of the fabricated composites. This study 

could provide guidance for the design of broadband EM wave absorbing materials. 

Keywords: Wave absorption; 3D Periodic structure; Gypsum composite; Carbonaceous materials; Broadband 
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1 Introduction  

Electromagnetic (EM) interference, health hazard and information leakage caused by EM radiation have 

become serious issues in modern society [1,2]. To solve these problems, it is essential to use EM wave 

absorbing building materials in civil engineer, endowing buildings with EM radiation protection function. 

Thus, many researchers have attempted to develop EM wave absorbing building materials, and more and more 

building materials with EM wave absorption ability, such as cement materials [3-6], ceramic materials [7,8], 

and other composites [9-11], have been reported in recent years. Most of the EM wave absorbing building 

materials are fabricated by merely introducing dielectric or magnetic absorbents. However, owing to 

impedance mismatching caused by the unilateral increase of permittivity or permeability, these materials only 

can exhibit ideal EM absorbing performance in some specific frequency bands, and broadband EM absorption 

cannot be obtained. In addition, some metallic materials with high density will limit the application of building 

materials due to the dramatic increase of the weight, so lightweight carbonaceous materials are the best 

absorbents for developing EM wave absorbing building materials. 

Structural design is a feasible way to enhance the EM absorption capability and broaden the effective 

bandwidth. The multilayer structure is one of the most common structures in the fabrication of EM wave 

absorbing building materials [12-15]. Sun et al. [13] designed a 3D extruded and sprayed graded double-layer 

EM wave absorbing cement materials, the specimen comprises a 15 mm impedance matching layer and a 15 

mm absorbing layer shows optimum EM absorption performance, and an effective bandwidth of 9.56 GHz 

can be attained. The porous aggregates, such as expanded perlite [16-18], glass beads [19,20], etc., are often 

used to adjust the pore structures of building materials, improving EM wave absorption properties. Wang et 

al. [16] uses the expanded perlite to optimize the impedance matching of the cement matrix, when the cement 

composites contains 10 wt.% expanded perlite and 40 wt.% fly ash, the maximum absorption bandwidth with 

reflection loss (RL) of −10 dB reaches approximately 14 GHz in the 2–18 GHz ranges. The effective 
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bandwidth for -10 dB of the gypsum composite filled with 3 wt.% carbon black (CB) and 40 vol.% expanded 

perlites can be broader than 12.5 GHz [17]. However, the thickness of these multilayer and porous structured 

materials is nearly 30 mm, the bandwidth thickness ratio is low. 

Design of planar periodic structure can achieve the thin thickness development of EM wave absorbers, 

but effective absorption can be obtained only in their resonance frequency bands. In order to broaden the 

bandwidth of periodic structured absorbers, multiple resonance structure [21-23] and three-dimensional (3D) 

structure [24-30] were designed. However, complex manufacturing processes of multiple resonance structured 

absorber confine their further applications. Nowadays, researchers have paid more and more attentions on 3D 

periodic structures, which can greatly enhance the EM attenuation capacity and broaden effective bandwidth 

by the synergistic action of microscopic and macroscopic effects [28]. A two-layer periodic stepped structured 

absorber engraved through a numerically controlled lathe exhibits broadband EM wave absorbing 

performance, and its RL can be less than −10 dB in 2.64−40 GHz [29]. Fan et al. [30] fabricated a broadband 

absorbing composites with 3D periodic structure via hot-press moulding, its absorbing bandwidth of RL < 

−10dB can span from 2 GHz to 30 GHz. But the above process is not applicable to the building material matrix. 

In our previous study, a cylindrical periodic structured gypsum absorber with CB as absorbent was fabricated 

by a two-step molding process, and the RL of the fabricated absorber is lower than -10 dB in 2−18 GHz [31]. 

However, the effects of different kinds of absorbents and EM absorption mechanisms need to be further 

investigated. 

In this study, cylindrical periodic structured gypsum composites incorporate with different carbonaceous 

materials, such as graphene (GE), carbon nanotube (CNT) and helical carbon fiber (HCF), were fabricated, 

and the effects of carbonaceous materials mass fraction on the EM parameters, conductivity and EM 

absorption performance of the gypsum composites were studied. In addition, the EM absorption mechanisms 

were discussed combined with EM field and power loss simulation. This paper could provide some guiding 



5 

 

suggestions for the design of wideband EM wave absorbing building materials. 

2 Experimental 

2.1 Materials 

The gypsum powder, produced by Meilijia building materials (Beijing) co., Ltd, China, was used as 

matrix materials. Its initial and final setting time is 10 min and 25 min, respectively, and its chemical 

components are shown in Table 1. Helical carbon fiber (HCF) was supplied by Guangdong Shuanghong New 

Material Technology Co., Ltd., China. Carbon nanotube (CNT) and Graphene (GE) were produced by 

Shenzhen Hongdachang Evolution Technology Co., Ltd., China. The basal properties of HCF, CNT and GE 

are listed in Table 2. Acrylonitrile butadiene styrene (ABS) plastic, supplied by Hangzhou Zhuopu New 

Material Technology Co. Ltd., China, was selected as the matrix materials to prepare the master mould by 3D 

printing. Silicone rubber (SLR) and vulcanizing agent were used to fabricate flexible mould, which were 

produced by Guangdong Huachuang Chemical Co. Ltd., China. Additionally, the carbon materials dispersant 

and deionized water were needed as well. 

Table 1 Chemical composition of gypsum 

Component CaSO4 MgO SiO2 SrO Al2O3 Fe2O3 K2O BaO 

Content (wt.%) 92.593 4.038 2.359 0.360 0.310 0.144 0.054 0.003 

Table 2 Basal properties of carbonaceous materials 

Carbonaceous materials Helical carbon fiber Carbon nanotube Graphene 

Bulk density (g/cm3) 0.12 0.06 0.20 

Specific surface area (m2/g) 500 270 150 

Conductivity (S/cm) ＞220 ＞150 ＞100 
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2.2 Sample fabrication  

2.2.1 Sample fabrication for RL measurement 

Samples for RL measurement were fabricated by two-step methods, as shown in Fig. 1. The specific 

procedures of sample fabrication are as follow: 

(1) Preparation of flexible mould: An ABS master mould with a size of 180 mm × 180 mm was printed 

by a 3D printer. The printed ABS mould was put in a same size steel container, and then the pre-weighed SLR 

mixed with vulcanizing agent was poured into the container. After vibrated and solidified, the flexible mould 

was obtained. The SLR/vulcanizing agent ratio by weight was selected as 1:0.05. 

(2) Fabrication of gypsum absorber with cylindrical periodic arrays: Carbon materials and dispersant 

were first mixed in pre-weighted deionized water, and ultrasonic dispersed for approximately 20 minutes. 

Then adding the pre-weighted gypsum powder into the solution, and mixed for 2 minutes to obtain the gypsum 

slurry. The carbon materials/dispersant and gypsum/deionized water mass ratios were selected as 1:0.2 and 

1:0.5, respectively. The prepared SLR flexible mould was put in an oiled steel enclosure, and poured the 

gypsum slurry into the steel enclosure and vibrated. The sample was removed after 2 h and dried in a 

thermostatic drier box with the temperature of 50 °C until its quality was constant.  

The carbon absorbent mass fraction of the samples is 0.5%, 1%, 1.5% and 2%. The geometrical 

parameters of the cylindrical periodic arrays are selected according to our previous study [31], the diameter 

and height of cylindrical periodic arrays are 20 mm and 15 mm, respectively. 
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Fig. 1. The procedures of cylindrical periodic structured gypsum absorber fabrication. 

2.2.2 Sample fabrication for permittivity test 

The sample for the permittivity test by waveguide method was fabricated using a special mould. The 

samples are rectangle, and the sizes are 10.2 mm × 22.9 mm × 10 mm (for X-band) and 7.9 mm × 15.8 mm × 

10 mm (for Ku-band), respectively. The fabrication procedure of the toroidal shape samples for permittivity 

measurement by coaxial method is as below: the tested materials were dispersed in molten paraffin wax, and 

molded into toroidal shaped samples with 7 mm inner diameter, 3.04 mm external diameter and 3~5 mm 

thickness. The volume fraction of the tested materials in the samples was 50 vol.%. The photographs of the 

samples for waveguide method and coaxial method are illustrated in Fig. 2. 

 

Fig. 2. Photograph of the samples for waveguide method (a) and coaxial method (b). 

2.3 Characterization 

The morphology and microstructure of HCF, CNT, GE and gypsum composites were investigated by 

means of scanning electron microscopy (SEM, Quanta200). The electric resistance of gypsum composites was 

measured by a digital multimeter, and the corresponding resistivity (ρ) was calculated by ρ=RS/L, where, S is 

the cross-sectional area of the sample, L is the length of the sample, R is the electric resistance of the sample. 

The sample size parameters were selected as 10 mm × 10 mm × 50 mm. The flexural strength of the gypsum 

composites incorporate with different carbonaceous materials was tested by a Testing Antifracture Machine 

(TYE-6A), and the loading rate selected as 0.05 kN/S. The sample size was 40 mm× 40 mm × 160 mm. 
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The permittivity of raw materials was measured by coaxial method in the frequency range of 2~18 GHz, 

and the permittivity of the prepared gypsum composites with different carbon absorbents was measured by 

waveguide method in 8.2~18 GHz. The EM wave absorption properties were tested by the arch test method 

in 2~18 GHz. An Agilent N5234A Vector Network Analyzer, 140 mm coaxial airline, X-band and Ku-band 

waveguide, six pairs of horn antennas, and Agilent 85071E measurement software were used. The testing 

system of coaxial method, waveguide method and arch method are presented in Fig. 3 (a), (b) and (c), 

respectively. High Frequency Structure Simulator (HFSS) software was used to simulate the EM field 

distribution in 8.2~18 GHz. 

 

Fig. 3. Testing system of coaxial method (a), waveguide method (b) and arch method system (d). 

3 Results and discussion 

3.1 Microstructures and electromagnetic properties of different carbonaceous materials 

The microstructures of the used carbon materials were evaluated by SEM measurement, as illustrated in 

Fig. 4. The morphology of HCFs is shown in Fig. 4 (a), it can be observed that the HCFs have a typical spiral 

chiral morphology without coil gap. The coil length of HCFs is in a wide range from about 5 μm to 100 μm, 



9 

 

and its external coil diameter is approximately less than 10 μm. Fig. 4 (b) presented the configuration of CNT, 

from which it can be seen that the CNT curved to be entangled and cross-linked together, and its external 

diameter is nanometer scale. The microtopography of GE sheets was illustrated in Fig. 4 (c), and it can be seen 

that the GE sheets curl slightly, and show an irregular shape. The measurements of the GE sheets are in the 

range of 50~500 μm approximately. 

 

Fig. 4. SEM images of HCF (a), CNT (b) and GE (c). 

As the carbon materials possess no magnetic properties, only the dielectric properties of three kinds of 

carbon materials was investigated via coaxial method in 2-18 GHz. Dielectric properties of the dielectric 

materials are characterized by complex permittivity ε, which can be expressed as ε=ε'-jε". The terms ε' is 

associated with energy storage, and ε" stands for the energy dissipation from conduction, dipolar, relaxation 

and any other mechanisms. The EM attenuation capacity of dielectric materials can be substituted by the 

dielectric loss factor, which can be calculated by tanδe=ε"/ε' [32]. 

The permittivity and dielectric loss factor of the used carbon materials in this study are presented in Fig.5. 

Fig. 5 (a) shows the permittivity of HCF, from which it can be observed that the real part (ε′) of complex 

permittivity decreases from 24.4 to 8.7, and the imaginary part (ε″) declines from 22.1 to 7.3, with the 

frequency increase. The ε′ and ε″ of CNT exhibit similar trend, the ε′ declines from 16.5 to 10.4, meanwhile 

the ε″ declines from 10.7 to 4.4, as shown in Fig. 5 (b). The ε′ of GE slightly fluctuates in the range of 6.6-8.1, 

and the ε″ increases from 1.8 to 3.8 with the increase of frequency, which can be found in Fig. 5(c). The 
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dielectric loss factors (tanδe) of the three kinds of carbon materials are illustrated in Fig. 5 (d), and it is visibly 

that the order of the loss factor is HCF>CNT>GE. The tanδe of HCF increases first and then decreases, and 

its maximum value of 1.23 is obtained in 10.5 GHz. The tanδe of CNT and GE are in the range of 0.33-0.68 

and 0.2-0.54, respectively. The above results indicates that the HCF possess higher EM attenuation ability 

than CNT and GE. 

 

Fig. 5. Permittivity and dielectric loss factor of different carbon materials: (a) Permittivity of HCF; (b) Permittivity of CNT; 

(c) Permittivity of GE; (d) Dielectric loss factor of three kinds of carbon materials. 

3.2 Microstructures of gypsum composites with different carbon absorbents 

The microstructures of the fractured cross section of the specimens with different carbonaceous materials 

were observed by SEM, as illustrated in Fig. 6. It is obvious that more and more carbonaceous materials appear 

in the field of view with the increase of mass fraction, and the morphology of gypsum hydration products 

cannot be significantly affected by adding different carbonaceous materials. 
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Fig. 6. SEM images of gypsum composites with different carbon materials: (a1)-(d1) composites with 0.5 wt.%, 1 wt.%, 1.5 

wt.%, and 2 wt.% HCF; (a2)-(d2) composites with 0.5 wt.%, 1 wt.%, 1.5 wt.%, and 2 wt.% CNT; (a3)-(d3) composites with 

0.5 wt.%, 1 wt.%, 1.5 wt.%, and 2 wt.% GE. 

The dispersion states of HCFs in gypsum matrix can be obtained in Fig. 6 (a1-d1). It is found that the 

small agglomerated particles of HCFs are distributed independently in the matrix when its mass fraction is 
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lower than 1%. As the HCF mass fraction increases to 1.5%, the HCF aggregates become much bigger 

distinctly. However, most aggregates still remain independent. It is visibly that the adjacent HCFs aggregates 

are connected to each other when the HCF mass fraction is 2%, forming local conductive network in gypsum 

matrix, which is beneficial to the enhancement of conductivity.  

Fig. 6 (a2-d2) show the morphology of the specimens with different mass fraction of CNTs. For the 

gypsum matrix with 0.5% CNT, the CNT cannot be easily observed. And CNT clumps with the diameters of 

nearly exceeding 10 μm can be frequently found when the specimen with 1% or 1.5% CNT. When the CNT 

mass fraction increases to 2%, the diameter of CNT clusters constantly grows, and most of the clusters are 

entwined with each other. It is also found that the HCF and CNT are trending to be agglomerated at the 

intersections of the hydrated gypsum fibers. 

The SEM images of the cross sections of gypsum composites with different GE mass fractions are shown 

in Fig. (a3-d3). Compared with HCF and CNT, the GE sheets were prone to be embedded in the gypsum 

hydration products, thus, GE sheets are independently dispersed in gypsum matrix when the GE mass fraction 

is less than 1.5%. When the gypsum matrix contains 2% GE, GE sheets are slightly stacked in disorder, and 

the distance between adjacent GE sheets is shortened and even contact with each other. 

3.3 Permittivity and resistivity of gypsum composites with different carbon absorbents 

The permittivity of gypsum composites with different carbon absorbents was investigated by wave-guide 

method in 8.2-18 GHz, and the results are shown in Fig. 7. Their permittivity in 2-8.2 GHz cannot be measured 

because of the limitation of wave-guide method condition. 

Fig. 7 (a)-(c) show the ε′, ε″ and tanδe of gypsum composites with different mass fractions of HCF. It can 

be seen that the ε′, ε″ and tanδe all increase with the increase of HCF mass fraction. When the composite with 

2% HCF, its ε′, ε″ and tanδe can be in the ranges of 5.42-5.88, 2.15-3.03 and 0.38-0.52, respectively, which 

possesses high dielectric loss capacity. The variations of ε′, ε″ and tanδe of the CNT/gypsum composites 
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exhibits the similar regularity, as shown in Fig. 7 (d)-(f). The ε′ and ε″ of the composites with 2% CNT fluctuate 

in the ranges of 4.60-5.05 and 0.85-1.09, respectively, and its tanδe fluctuates between 0.17 and 0.23. The 

permittivity and loss factor of the composites with different mass fractions of GE are illustrated in Fig. 7 (g)-

(i), the ε′, ε″ and tanδe increase with the enhancement of GE mass fraction. When GE mass fraction is 2%, the 

ε′ increases from 4.82 to 5.63 with increase of frequency, and the ε″ and tanδe fluctuate drastically in the ranges 

0.03-0.58 and 0.01-0.11, respectively. It also can be found from Fig. 7 that the ε′, ε″ and tanδe of the composites 

with HCF are higher than those with CNT or GE under the same mass fraction. And the order of the 

enhancement to the permittivity and loss factor of gypsum matrix is HCF>CNT>GE, which is closely related 

to their intrinsic dielectric characteristics. 

 

Fig. 7. Permittivity and loss factor of gypsum based composites with different carbon materials: (a)~(c) ε′, ε″ and loss factor 



14 

 

of HCF/gypsum composites; (d)~(f) ε′, ε″ and loss factor of CNT/gypsum composites; (g)~(i) ε′, ε″ and loss factor of 

GE/gypsum composites. 

When the carbon absorbents disperse in gypsum matrix, the conductivity of gypsum matrix will be 

changed by the gradual formation of conductive network. In order to investigate the effects of carbon 

absorbents mass fraction on the conductivity of gypsum composites, the resistivity (ρ) of the gypsum 

composites with different carbon absorbents were measured, and the results are shown in Fig. 8. It is visible 

that the resistivity of the composite with GE is the highest and that with HCF is the lowest under same mass 

fractions. And the resistivity of gypsum composites monotonically decreasing with the increase of carbon 

absorbents mass fraction, which is consistent with the variation rule of dielectric constant.  

For a typical dielectric material, the relaxation loss originated from polarization effects and conductance 

loss due to the moving of charge carriers under applied EM field will lead to the increase of ε″. The ε″ can be 

determined by 𝜀" = 𝜎 2𝜋𝑓𝜀0⁄  [33,34], where σ is the conductivity, f is the frequency and ε0 is the free space 

permittivity. It reveals that the ε″ of a dielectric material is positively correlated with σ, that is negatively 

correlated with ρ. Therefore, for the composites with different carbon absorbents, the variation of ε″ and 

conductivity exhibits similar regularity with the variation of carbon absorbents mass fraction. 

 

Fig. 8. Resistivity of gypsum composites filled with different carbon materials. 
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3.4 EM wave absorbing properties of gypsum composites with different carbon absorbents 

The EM wave absorption properties and effective bandwidths (RL<-10 dB) of the cylindrical periodic 

structured gypsum absorbers with different carbon absorbents are illustrated in Fig. 9 (a)-(c).  

 

Fig. 9. The RL and effective bandwidth of the gypsum composites with different mass fraction of carbon materials: (a) 

Gypsum composites with different HCF mass fraction; (b) Gypsum composites with different CNT mass fraction; (c) Gypsum 

composites with different GE mass fractions. 



16 

 

Fig. 9 (a) shows the RL curves of the composites with different HCF mass fractions, it can be observed 

that the RL values can be influenced obviously by the variation of HCF mass fraction. Generally, the overall 

EM wave absorption performance keep increasing with the HCF mass fraction increases from 0.5 wt.% to 2 

wt.%, as the effective bandwidth can be broadened continually. It should be noted that the RL values in the 

frequency range of 2-6 GHz decrease observably with the increase of HCF mass fraction. When the specimen 

with 2 wt.% HCF, the minimum RL reaches -21 dB at 4.2 GHz, and the RL values are less than -10 dB in the 

whole 2-18 GHz frequency range. 

The EM wave absorbing properties and effective bandwidth of the composites with different CNT mass 

fractions are presented in Fig. 9 (b). Similarly, with the CNT mass fraction increases from 0.5wt.% to 2 wt.%, 

the minimum RL value decreases and the effective bandwidth increases monotonously. The effective band 

shifts to lower frequency, however, the EM wave absorbing performance in lower frequency ranges of 2-5 

GHz cannot be ideal. For the composite with 2 wt.% CNT, its RL can be lower than -10 dB in the frequency 

range of 5-18 GHz, and the minimum RL of -36.6 dB is obtained at 16.9 GHz. 

When the GE mass fraction of the composites varies from 0.5 wt.% to 2 wt.%, the variation of RL and 

effective bandwidth are shown in Fig. 9 (c). It is obvious that the increase of GE mass fraction is beneficial to 

the enhancement of EM wave absorption in lower frequency. But the overall absorption bandwidth will be 

slightly reduced when the GE mass fraction reaches 2 wt.%, which can be attributed to the locally developed 

conductive network formed by the laminar GE. For the composites with 2 wt.% GE, the RL can be under -10 

dB in 7.1-10.5 GHz and 11.8-18 GHz, while the RL of the composites with 1.5 wt.% GE is less than -10 dB 

in 7.6-8 GHz and 8.3-18 GHz, and the minimum RL of -25.7 dB can be attained in 12.9 GHz. 

In general, the effective band can be moved to lower frequency range by increasing carbon absorbent 

mass fraction, and the comprehensive EM wave absorption capacity of above three kinds of carbon materials 

are arranged as HCF>CNT>GE. As discussed in Ref [31], the first absorption peak of RL curve occurred in 
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lower frequency could be caused by the destructive interference. According to the following equation, it is 

well expressed that the interference frequency is determined by the EM parameters and whole thickness [35-

37]. 

 4 1,3,5,7,9
r r

f nc t n     

where, f is the interference frequency, t is sample thickness, εr and μr are the relative permittivity and 

permeability, respectively. The thicknesses of the gypsum composites fabricated in this work are fixed at 20 

mm, thus the permittivity is the only factor for the movement of absorption peaks. The increase of permittivity 

will decrease the corresponding interference frequency, improving EM absorption properties in the lower 

frequency range. In addition, the difference between the EM wave absorption with three kinds of carbon 

absorbents can be attributed to their different dielectric loss abilities, as shown in Fig. 7. 

3.5 Analysis of EM wave absorbing mechanism 

Effective bandwidth and minimum RL of some reported typically gypsum absorbers for EM wave 

absorption are summarized in Table 3. In order to evaluate the EM wave absorbing properties of the absorbers 

with different thickness, a bandwidth thickness ratio coefficient γ is defined as γ=B/T, where B represents the 

effective bandwidth which is measured in GHz, T is the thickness of EM wave absorber which is measured in 

mm. The γ values of the gypsum absorbers listed in Table 3 were calculated, and the results are shown in Fig. 

10. 

According to Table 3 and Fig. 10, it can be found that the RL of slab structured gypsum composites can 

hardly reach -10 dB in 2-18 GHz, and their values of γ are lower than 0.23 GHz/mm. The honeycomb and 

porous structures absorbers exhibit higher EM absorbing capacity in lower frequency range and possess wider 

effective bandwidth, their γ can be 0.55 GHz/mm and 0.625 GHz/mm, respectively. The 3D cylindrical 

periodic structured gypsum absorbers with different carbonaceous materials as absorbents show excellent EM 

wave absorbing performances. For the 3D cylindrical periodic structured absorber with CB and HCF, the RL 
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can be under -10 dB in the whole 2-18 GHz, and both of their γ reach 0.8 GHz/mm. Compared to the slab 

structured absorber, the CNT or GE modified absorber with 3D cylindrical periodic arrays possess larger 

bandwidth thickness ratio, which are less than those with CB and HCF as absorbents. 

Table 3 EM wave absorption properties of some reported gypsum absorbers in 2-18 GHz 

Structure type Absorbent 
Fraction 

(wt.%) 

[RL]min 

(dB) 

F 

(GHz) 

B 

(GHz) 

T 

(mm) 
Ref. 

Single layer  Graphite 25 -19.53 13.8 1  10 [38] 

Single layer Diatomite/Ni0.5Zn0.5Fe2O4 15 -6.12 11.7 \ 10 [39] 

Single layer  Graphite, ferrite 20, 30 -23 3.2 2.3 10 [40] 

Multi-layers Carbon fiber 2.8 -27.08 2.35 1  15 [41] 

Honeycomb structure CB 0.6 -19 3.4 5.5  10 [9] 

Porous structure CB 3 -15 2 12.5 20 [16] 

Cylindrical periodic arrays CB 2 -27.3 16.3 16  20 [ 31] 

Cylindrical periodic arrays 

HCF 2 -21 4.2 16 20 

This 

work 

CNT 2 -36.6 16.9 13 20 

GE 1.5 -25.7 12.9 10.3 20 

[RL]min: minimum reflection loss; F: frequency at [RL]min; B: bandwidth of RL under -10 dB; T: total thickness of sample. 
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Fig. 10. Bandwidth thickness ratio coefficient of some reported gypsum composites and fabricated in this work. 

The excellent EM wave absorption performance of the cylindrical periodic structured composites is the 

result of combination of the dielectric loss of carbonaceous materials and the structural effect of cylindrical 

periodic arrays. When the incident waves enter into the composites, the composites can dissipate the EM 

energy of the incident wave into heat by the dielectric loss of carbonaceous materials. For a dielectric loss 

composite, its attenuation constant α can be express as the following equation [42] 

     2 2
= 2 ' ' tan 1 tan 1 tan

e e e
f c              

where, c is the speed of light, f is the frequency, ε′ and μ′ are the real part and imaginary part of permittivity, 

respectively, tanδe represents the dielectric loss factor. The above equation indicates that the higher of the 

permittivity and dielectric loss factor leads to higher attenuation constant. As shown in Fig. 7, the gypsum 

composites with a same mass fraction of three kinds of carbonaceous materials exhibits different permittivity 

and dielectric loss factors, which can be arranged as HCF>CNT>GE. According to the above equation, the 

gypsum composite with HCF as absorbent possesses the highest attenuation constant, which can be verified 

by the testing results of the RL shown in Fig. 9. Moreover, the HCF with chirality characteristic possesses 

extra EM wave attenuation mechanism compared to CNT and GE, including the cross polarization, induced 



20 

 

current dissipation, and multi-interface scattering [43,44]. 

Besides the dielectric loss of carbonaceous materials, the design of cylindrical periodic arrays plays an 

important role in the dissipation of incident waves. As discussed in our previous study [31], the first absorption 

peak at a lower frequency of the RL curve can be attributed to the destructive interference.  

In order to further investigate the EM wave absorbing mechanism of the cylindrical periodic structured 

composites, the distribution of electric field, magnetic field, and power loss of the composites with 2 wt.% 

different carbonaceous materials are simulated. Fig. 11 (a), (d) and (g) illustrate the electric distribution of the 

composites with 2 wt.% HCF, CNT, and GE at 16.2 GHz, 16.5 GHz, and 16.4 GHz, respectively. It can be 

seen that the electric field mainly distributes on the center and edge of top surface of the cylindrical array and 

the surface of the basal layer, and some on the lateral surface of the cylindrical array. The results indicate that 

the EM energy would be mainly attenuated on the top surface of cylindrical array by the EM wave diffraction 

and on the surface of basal layer by the destructive interference. In addition, the multiple refractions of EM 

waves would also be occurred between the adjacent arrays, which makes a contribution to the EM wave 

attenuation. As shown in Fig. 11 (b), (e) and (h), the magnetic field of the three composites mainly 

concentrated in the basal layer, and can be rarely found in other areas. The areas of power loss distributions 

of the three composites and their electric field distributions overlap each other, respectively, further confirming 

the major EM loss of the composites fabricated in this work derive from electric loss. Furthermore, the discrete 

cylindrical periodic arrays can be regarded as a series equivalent capacitance, improving the impedance 

matching condition of the composites, which is beneficial to the enhancement of EM wave absorption 

performance [26]. 
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Fig. 11. The distribution of electric field (a, d, g), magnetic field (b, e, h), and power loss (c, f, i) of the gypsum composites 

with 2 wt.% carbonaceous materials: (a-c) the composites with 2 wt.% HCF; (d-f) the composites with 2 wt.% CNT; (g-i) the 

composites with 2 wt.% GE. 

3.6 Mechanical properties of gypsum composites incorporate with different carbonaceous materials 

The flexural strength of the gypsum composites incorporate with different carbon materials is shown in 

Fig. 12. It can be seen that the flexural strength of pure gypsum used in this work is 7.1 MPa. The flexural 

strength of gypsum matrix can be decreased obviously by introducing CNT and GE, when the mass fraction 

of CNT and GE variation from 0.5% to 2%. When the HCF mass fraction is 0.5%, the gypsum matrix can be 

slightly strengthened, the flexural strength reaches 7.5 MPa. However, with the further increase of HCF mass 

fraction, the flexural strength will be decreased. It also can be found that the order of the influence degree of 
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three carbon materials on the flexural strength of gypsum matrix is GE＞CNT＞HCF. 

 

Fig. 12. The effects of different carbon materials on the flexural strength of gypsum matrix. 

 

4 Conclusions 

In this study, the EM parameters and wave absorption properties of cylindrical periodic structured 

gypsum composites with different carbonaceous absorbents were comparative experimental investigated. The 

results indicate that the orders of increasing rates of both the conductivity and complex permittivity of the 

composites with same mass fraction are HCF>CNT>GE, and their variation of EM wave absorbing properties 

shows the same regularity. The gypsum composite with 2% HCF possesses optimum EM absorbing 

performance, its RL values can be less than -10 dB in 2-18 GHz and bandwidth thickness ratio coefficient 

reaches 0.8 GHz/mm. The simulation results of EM field and power loss distribution shows the EM wave 

absorbing mechanism of the fabricated cylindrical periodic structured composites can be attributed to the 

dielectric loss of carbonaceous absorbents, the destructive interference, the EM wave diffraction and multiple 
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refractions caused by the 3D periodic arrays. The proposed gypsum composites possesses broadband 

absorption characteristic with great potential application in EM radiation protection and treatment. 
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Figures

Figure 1

The procedures of cylindrical periodic structured gypsum absorber fabrication.

Figure 2

Photograph of the samples for waveguide method (a) and coaxial method (b).



Figure 3

Testing system of coaxial method (a), waveguide method (b) and arch method system (d).



Figure 4

SEM images of HCF (a), CNT (b) and GE (c).

Figure 5

Permittivity and dielectric loss factor of different carbon materials: (a) Permittivity of HCF; (b) Permittivity
of CNT; (c) Permittivity of GE; (d) Dielectric loss factor of three kinds of carbon materials.



Figure 6

SEM images of gypsum composites with different carbon materials: (a1)-(d1) composites with 0.5 wt.%,
1 wt.%, 1.5 wt.%, and 2 wt.% HCF; (a2)-(d2) composites with 0.5 wt.%, 1 wt.%, 1.5 wt.%, and 2 wt.% CNT;
(a3)-(d3) composites with 0.5 wt.%, 1 wt.%, 1.5 wt.%, and 2 wt.% GE.



Figure 7

Permittivity and loss factor of gypsum based composites with different carbon materials: (a)~(c) ε′, ε″
and loss factor of HCF/gypsum composites; (d)~(f) ε′, ε″ and loss factor of CNT/gypsum composites;
(g)~(i) ε′, ε″ and loss factor of GE/gypsum composites.



Figure 8

Resistivity of gypsum composites �lled with different carbon materials.



Figure 9

The RL and effective bandwidth of the gypsum composites with different mass fraction of carbon
materials: (a) Gypsum composites with different HCF mass fraction; (b) Gypsum composites with
different CNT mass fraction; (c) Gypsum composites with different GE mass fractions.



Figure 10

Bandwidth thickness ratio coe�cient of some reported gypsum composites and fabricated in this work.



Figure 11

The distribution of electric �eld (a, d, g), magnetic �eld (b, e, h), and power loss (c, f, i) of the gypsum
composites with 2 wt.% carbonaceous materials: (a-c) the composites with 2 wt.% HCF; (d-f) the
composites with 2 wt.% CNT; (g-i) the composites with 2 wt.% GE.



Figure 12

The effects of different carbon materials on the �exural strength of gypsum matrix.


