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Abstract: A sandwich composite with broad-band wave-absorbing properties in C-band was designed and prepared, and the 

electromagnetic parameters and reflectivity of the composite board were analyzed by a coaxial cable method and a vector 

network analyzer. The thickness of the composite laminate is 5 mm, and the surface layer of the board and the bottom layer are 

the glass fiber/epoxy resin composite material, and the Fe50Ni50 powders/butyl rubber nanocomposite is the interlayer. 

Spherical Fe50Ni50 powders with a particle size of about 100 nm were prepared by a liquid-phase reduction method, and a 

two-step blending method was used to prepare the Fe50Ni50/butyl rubber nanocomposite. The result shows that the 

wave-absorbing mechanism of the interlayer is the magnetic loss in the frequency band of 2~18 GHz. The matching of the 

surface layer and the interlayer is the key to obtain the broad-band wave-absorbing properties, and the good wave-absorbing 

properties can be obtained by adjusting the thickness of the surface layer and the interlayer. When the thickness of the 

composite laminate is 5 mm and the thickness of the interlayer is 2 mm, the wave-absorbing frequency band for R being less 

than -10 dB, is in the range of 5.6~7.6 GHz and 16.8~18 GHz, and the width of wave-absorbing band reaches 3.2 GHz, and the 

wave-absorbing bandwidth in the C-band is 2 GHz, which has achieved a breakthrough. 
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Radar-absorbing materials (RAM) are used in stealth 

technologies for concealment of an object from radar detec-

tion

[1-3]

. RAM mainly includes wave-absorbing coatings 

and structural absorbing composite materials. 

Wave-absorbing coatings can only be used in the known 

frequency band because of the thin thickness and a narrow 

wave-absorbing frequency band. While, wave-absorbing 

properties of structural RAM can be designed in a compos-

ite material which can serve as reinforcement, so that 

structural RAM can not only resist a force but also has the 

function of absorbing wave. Therefore, the wave-absorbing 

properties of the structural RAM can be designable with 

enough thickness. That is to say, the wave-absorbing prop-

erties in low frequency (especially being less than 8 GHz) 

can be improved by adjusting the thickness of materials. 

Meanwhile, structural RAM also has advantages of broad-

band absorption properties and design-ability of the 

wave-absorbing properties which makes it be the frontier 

topic in current researches

[4,5]

. The key points of the struc-

tural RAM mainly include designable technologies and 

mechanisms of broadband absorption, preparation methods 

and techniques of wave-absorbing composites, and studies 

of wave-absorbing agents, etc. And the preparation of ab-

sorbent and the design of wave-absorbing composite mate-

rials are particularly important among them

[6,7]

.  

Sandwich composites are one of the main forms of 

structural RAM

[7]

. The thickness of sandwich composites 

for aircrafts is generally less than 5 mm, which requires 
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wave absorption in the frequency range of 2~18 GHz. In the 

current researches of absorbing materials, when the mate-

rial thickness is less than 5 mm, the wave-absorbing per-

formance of material laminate in X-band (8~12 GHz) is 

better, but always shows poor absorption performances in 

C- band (4~8 GHz)

[4]

. Hence, when the material thickness 

is less than 5 mm, how to achieve better wave-absorbing 

performance in the band whose frequency is less than 8 

GHz, is a key problem

[5]

.  

In this paper, in view of the above problems, a 5 mm 

thickness composite laminate with sandwich structure was 

designed, the upper and lower layers of the laminate were 

made of glass fiber/epoxy composites, and the middle layer 

was made of a kind of nanocomposite, FeNi alloy pow-

ders/IIR. By adjusting the thickness of the upper layer and 

the middle layer, the broad band absorbing performance 

could be obtained in the C-band. 

There are two main categories in the study of absorbing 

agents, the one is dielectric loss type, such as graphene, and 

carbon nanotube

[8-12]

, and the other is magnetic metal pow-

der. The main advantage of dielectric absorbing agent is 

low density, but the disadvantage is that its dielectric con-

stant is large and it has no magnetic properties, so it has 

poor matching performance with air impedance. Nano 

magnetic alloy powders are the focus of current researches 

in RAM because of their good thermal stability, high per-

meability and electromagnetic loss, and good penetration of 

electromagnetic wave etc.

[13,14]

. Our group has researched 

different kinds of magnetic metal powder wave-absorbing 

agents for long time, prepared and studied radar wave ab-

sorbing properties of these powders, including polygon 

nickel powders and sphere Fe50Ni50 powders with particle 

size of about 100 nm, amorphous/nanocrystalline powders 

and FeSiAl powders with particle size of 30 µm and so 

on

[15-20]

. Furthermore, the problem of dispersion of mag-

netic alloy powders in the matrix with high powder content 

has been solved and magnetic alloy powders/epoxy resin 

(or rubber) composites have been fabricated of which me-

chanical properties and wave-absorbing properties have 

been studied in detail

[21-23]

. In these studies, the most im-

portant technology is the preparation of magnetic metal 

powders/epoxy resin nanocomposites and magnetic metal 

powders/rubber nanocomposites. It is easy to be agglomer-

ated for magnetic alloy nanopowders because of their 

magnetic properties and large specific surface area and high 

surface energy. So the aim that the magnetic nanopowders 

are dispersed in nano-scale in resin matrix, especially in the 

solid rubber matrix is very difficult to be achieved. There-

fore, the preparation process of composites should be 

closely integrated with that of magnetic nanopowders. 

On the basis of the previous researches, butyl rubber (IIR) 

with good resistance to environmental performance, high 

strength and strong adhesive properties was adopted as the 

matrix, instead of silicone rubber (SIR) with poor self vis-

cosity and low intensity. At the same time, Fe50Ni50 alloy 

nanopowders, which has high permeability, was used as 

absorber, instead of pure Ni powders and FeCuNbSiB na-

nocrystalline powders. And Fe50Ni50 nanopowders/IIR 

nanocomposite with good flexibility and resistance to en-

vironmental properties was fabricated, of which powder 

mass fraction was 80%. Then the nanocomposites were 

used as the interlayer to prepare the "glass fiber/epoxy re-

sin" composite laminate, and it vulcanized along with the 

epoxy resin, which could ensure high bonding strength of 

the interlayer and other epoxy resin layers. This paper ex-

plored the wave-absorbing properties of Fe50Ni50 nano-

powders and Fe50Ni50 powders/IIR nanocomposites in 

2~18 GHz band, and optimized the thicknesses of nano-

composites and layers of the composite laminate in order to 

realize the precise design of the wave-absorbing properties 

of the composite laminate and the effective broadening of 

the absorption band. 

1  Experiment 

1.1  Preparation and characterization of Fe50Ni50 

powders 

The compound of NiSO

4

 (AR grade) and FeSO

4 

(AR 

grade) with the Fe/Ni molar ratio of 1/1 to 1/0.1 in the wa-

ter solution, reacted with N

2

H

4

 for about 30 min to generate 

FeNi powders. The reaction conditions were pH value of 

about 14 and the temperature of 85 

o

C. The powders were 

separated from water solution by magnetic separation 

method. And the reaction equations are as follows: 

4 2 4 2 2 2 4

2FeSO N H 4NaOH 2Fe N 4H O 2Na SO+ + → ↓ + ↑ + +

 

                                            (1) 

4 2 4 2 2 2 4

2NiSO N H 4NaOH 2Ni N 4H O 2Na SO+ + → ↓ + ↑ + +

 

                                              (2) 

Experiments show that FeNi alloy nanopowders prepared 

by liquid phase reduction method will be rapidly oxidized 

in 1 h and cannot be stored for long time when the content 

of Ni in FeNi alloy nanopowders is lower than 33 at%. 

Therefore, the content of Ni was modified to 50 at% in this 

study. Here, the obtained powders were named Fe50Ni50 

powders�the composition is the atom rate�. 

The phase identification of the FeNi powders was per-

formed by X-ray diffraction (XRD) on a Bruker-axe D8 

ADVANCE X-ray diffractometer with Cu Kα radiation. The 

test conditions were that tube voltage was 40 kV, the cur-

rent was 40 mA, and the step was 0.02º. There are FeNi

3

 

phase and Fe

2

O

3

 phase, for that a small amount of Fe pow-

ders were generated and oxidized in the reaction process 

(Fig.1). 

Particle microstructures and morphologies were observed 

by JEM-2100 high resolution transmission electronic mi-

croscopy (HR-TEM). The Fe50Ni50 powder is a single 

regular spherical particle, and the size of particle is 20~100 
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nm. The Fe50Ni50 alloy powder is composed of two layers 

with different components. The content of Ni of the core 

layer is lower than that of the outer layer, while the content 

of Fe is opposite. There is s clear interface between the two 

layers (Fig.2). 

1.2  Preparation and characterization of Fe50Ni50 

powders/IIR nanocomposites 

Butyl rubber (IIR) was dissolved in toluene solvent, and 

then appropriate amount of sulfur, accelerator DM, ZnO, 

and stearic acid, etc. were added into the mixture, stirred to 

mix and dissolved evenly. At last, the extracted Fe50Ni50 

powders were mixed with the mixture and the toluene was 

removed. The remaining was fully mixed with two roll mill 

to obtain Fe50Ni50 powders/IIR nanocomposite, and the 

powder content was 80 wt%. Fig.3 shows the preparation 

flow chart of Fe50Ni50 powders/IIR nanocomposite. 

The nanocomposite was pressed into the thin film by the 

powder pressing machine, and it was cured at temperature 

of 160 

o

C for 1 h, and the pressure of 1 MPa. 

The microtopographies of the films were observed by a 

field emission scanning electron microscopy (JSM-6701F), 

and the ingredient was measured by SEM-EDS. 

The Fe50Ni50 nanopowders are easily reunited and cannot 

be exposed to the air for the large specific surface area and  

 

 

 

 

 

 

 

 

 

 

 

Fig.1  XRD pattern of FeNi powders 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  TEM images (a, b) and EDS spectra (c, d) of FeNi powders: (a) the particle structure, (b) the powders, (c) element composition in 

core layer, and (d) element composition in shell layer 

 

 

 

 

 

 

 

 

 

Fig.3  Flow chart of Fe50Ni50 powders/IIR nanocomposites preparation 
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high surface energy. What is more, the aim that the FeNi 

powders were dispersed in nano-scale in IIR matrix is very 

difficult to be achieved for high weight percentage and IIR 

as a kind of high elastic solid

[4,5]

. 

SEM images show that the FeNi powders evenly distrib-

ute in the IIR matrix, and nano-scale dispersion effect is 

achieved (Fig.4). The bright parts in Fig.5 are proved to be 

Fe50Ni50 powders by EDS, and the dark parts in Fig.5 

represent IIR (the Ni content in particle is about 35 wt%, 

and the Fe content is 25 wt%). SEM analysis shows that the 

method of powders scattered in IIR matrix and the tech-

nology of nanocomposites preparation is feasible. 

The density of the Fe50Ni50 powders/IIR nanocomposite 

is 1.9 g/cm

3

, and the resistivity of the nanocomposite is 10

7

, 

while that of PE is 10

11

. 

1.3  Preparation of fiberglass/interlayer/epoxy resin 

composites 

The layers of twill fiberglass/E-51 epoxy resin (specifi-

cation of the fiberglass: sw210-90b, made by Nanjing Fi-

berglass Research and Design Institute Co. Ltd.) were laid 

in upper surface and lower surface of the flat mould, and 

the Fe50Ni50 powders/IIR nanocomposite as the interlayer 

was laid in the middle of the flat mould, which formed a 

sandwich structure, fiberglass/interlayer/fiberglass compos-

ite laminate. The laminate was cured at the temperature of 

160 

o

C for 60 min and the area pressure of 1 MPa. 

The microstructure of the composite laminate was ob-

served by a body microscope. Fig.6 shows the sketch of 

laminate and the microstructure of the composite laminate. 

The interlayer thickness is 1 mm. No defects are found in 

the combination of the interlayer and fiberglass/E-51 layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Microstructures of FeNi powders/IIR nanocomposites 
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Fig.5  SEM image and EDS analysis of FeNi powders/IIR nano-

composites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Laminate sketch (a) and microstructure (b) of the  

composite laminate 

 

2  Results and Discussion  

2.1  Absorption properties of Fe50Ni50 nanopowders 

The electromagnetic parameters, the complex permittiv-

ity and permeability, of the samples were tested by Agilent 

E8363 vector network analyzer in a frequency range of 

2~18 GHz.  

The sample made up of 80wt% Fe50Ni50 powders and 

20wt% paraffin, was pressed into a coaxial ring with the 

inner diameter of 3 mm and outer diameter of 7 mm. 

The electromagnetic parameters of Fe50Ni50 nanopow-

ders are shown in Fig.7. In the frequency range of 2~18  

5 µm 

Spectrum 1 

Glass fiber/epoxy 

composite 

FeNi

p

/IIR 

composite 

 

Glass fiber/epoxy 

composite 

 

a 

 

Wave absorbed 

layer 

 

Glass fiber  

layer 

 

Glass fiber 

layer 

 

b 

 

0.159 µm 

0.237 µm 



3786                               Yuan Zhifen et al. / Rare Metal Materials and Engineering, 2020, 49(11): 3782-3789                        

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Electromagnetic parameters of Fe50Ni50 nanopowders: (a) ε′, ε′′, (b) µ′, µ′′ and (c) tanδ

ε

, tanδ

m

 

 

GHz, the real part of the complex permittivity, ε′, of 

Fe50Ni50 nanopowders is about 15 (Fig.7a). And the 

imaginary part of the complex permittivity, ε′′, increases 

with the frequency increasing (Fig.7a), because the cou-

pling effect between particles is enhanced and the conduc-

tive network is formed due to the action of electromagnetic 

wave. The electrical conductivity increases, which will lead 

to ε" increased along with the increasing of frequency 

(Eq.3): 

( )

0

2πfε σ ε

′′

=

  

                        (3)  

In Eq.(3), ε

0

 is permittivity of vacuum, f is the frequency of 

electromagnetic wave, and σ is electrical conductivity. 

The real part of complex permeability of Fe50Ni50 na-

nopowders, µ′ is about 2~1 in the frequency range of 1~6 

GHz. In addition, µ′ decreases with the increase of fre-

quency (Fig.7b). 

The loss mechanism of Fe50Ni50 nanopowders was 

magnetic loss, because the tan value of ε, tanδ

e

 is less than 

tanδ

m

 in frequency range of 2~16 GHz. As shown in Fig.7c, 

the tan value of µ, tanδ

m

 of the Fe50Ni50 nano powders is 

0.5~0.7 in the frequency range of 2.5~9 GHz, which means 

that theFe50Ni50 nanopowders displays good 

wave-absorbing property.  

In addition, the wave absorption characteristics of 

Fe50Ni50 nanopowders are very similar to those of pure Ni 

nanopowders (diameter 100 nm), while absorption proper-

ties of the former are significantly better than those of the 

latter

[24,25]

. In the frequency range of 2~18 GHz, the ε′ of 

Fe50Ni50 nanopowders and Ni nano powders are both large, 

about 15; meanwhile, the ε" increases with frequency in-

creasing. But tanδ

m

 of Fe50Ni50 nanopowders is obviously 

larger than that of Ni nanopowders, and the frequency 

bandwidth of Fe50Ni50 nanopowders is 3~9 GHz when 

tanδ

m

 is more than 0.5, which is lower than that of Ni 

nanopowders (6~12 GHz). Hence, it is beneficial to im-

prove the wave absorbing performance in the frequency 

band especially being less than 6 GHz by the FeNi 

nanopowders instead of the pure Ni powders. 

2.2  Absorption properties of Fe50Ni50 powders/IIR 

nanocomposites 

The electromagnetic parameters of the Fe50Ni50 pow-

ders/IIR nanocomposites were measured by Agilent E8363 

vector network analyzer in a frequency range of 2~18 GHz. 

The absorption mechanism of RAM includes two aspects. 

On the one hand is that the electromagnetic wave is attenu-

ated by dielectric loss or magnetic loss of the RAM when 

the electromagnetic wave enters inside the material. On the 

other hand is that the electromagnetic wave is attenuated by 

the interference effect of reflection wave formed on the 

surface of the material. 

Consequently, the wave-absorbing materials need to meet 

two requirements

[26]

. Firstly, when electromagnetic wave is 

normal incidence, the electromagnetic wave must enter the 

interior of the material as much as possible. That is to say, 

the electromagnetic matching between the air and the sam-

ple’s surface must be suitable and the electromagnetic pa-

rameters of the material should meet µ

r

/ε

r

=1

 

as far as pos-

sible. Relative permeability (µ

r

) of nonmagnetic materials is 

very small (about 1) in the high frequency band. On the 

contrary, relative permittivity (ε

r

) is large. For example, ε

r

 

of epoxy resin matrix material is more than 4 when the 

frequency, f, is more than 1 GHz. In order to meet good 

electromagnetic matching, the µ

r

 needs to be increased and 

ε

r 

needs to be decreased.  

Compared with that of Fe50Ni50 powders, the ε

r

 of the 

Fe50Ni50 powders/IIR nanocomposites is significantly de-

creased and the value is about 10 in 2~18 GHz (Fig.8a). At 

the same time, the µ

r

 of the nanocomposites is 2~1 in 1~6 

GHz, and is about 1 in 6~18 GHz (Fig.8b). It is beneficial 

to reduce the reflectivity of the radar wave in the surface of 

the nanocomposite, and more electromagnetic wave can 

enter into the nanocomposite. 

When the electromagnetic wave enters the interior of the 

sample, the electromagnetic wave can quickly be attenuated, 

namely electromagnetic loss of the specimen should be 

large, and the material loss tangent value, tanδ, needs to be  
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Fig.8  Electromagnetic parameters of Fe50Ni50 powders/IIR nanocomposites: (a) ε′, ε′′, (b) µ′, µ′′ and (c) tanδ

ε 

, tanδ
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large, generally larger than 0.3. Only in this way, the mate-

rial can have excellent wave-absorbing properties. The loss 

mechanism of Fe50Ni50 powders/IIR nanocomposite is 

electromagnetic loss (Fig.8c). The tanδ

m

 of the nanocompo-

sites is more than 0.3 in 1~9 GHz and about 0.45 in 3~7 

GHz. Hence, the nanocomposite material has good absorp-

tion performances in 1~9 GHz. But compared with those of 

Fe50Ni50 powders, the wave-absorbing properties of the 

nanocomposites are decreased significantly because IIR is a 

kind of diamagnetic material, which can decrease the mag-

netic properties of the nanocomposites. 

According to the absorption mechanism of RAM, the over-

all performances of the RAM (i.e. the reflectivity R) are jointly 

determined by the electromagnetic wave absorbing effect of 

the material (the magnetic loss and dielectric loss) and the in-

terference effect of reflected wave formed on the surface of the 

material. Therefore, wave absorbing properties of monolayer 

material are determined by the µ, ε, µ/ε, tanδ

m

 and thickness of 

the material d. These parameters such as µ, ε and tanδ

m

 are re-

lated to the frequency of electromagnetic wave. When the fre-

quency is fixed, the value of µ

r

/ε

r

 determines the surface re-

flectivity of the material, which is the maximum 

wave-absorbing (upper limit) caused by the dielectric loss or 

magnetic loss. The tanδ and d determine the basic amount of 

wave-absorbing in the specific frequency. The wave absorbing 

amount is much greater when the both values are larger. The 

wavelength λ of the electromagnetic wave which can enter the 

material is decided by the µ

r 

and ε

r

 of the material. The inter-

ference effect works when d is equal to (1/4)kλ. Meanwhile, 

the absorption peak appears, and the wave-absorbing amount 

is the most. 

According to the transmission line theory, the reflectivity 

R can be represented as follows when the electromagnetic 

wave is normal incidence. 

1

20lg

1

Z

R

Z

−

 

=

 

+

 

                             (4)

    

r r

r

r

j2π

tanh

f d

Z

c

µ ε

µ

ε

 

=

 

 

 

                  

(5) 

Where, Z is normalized input impedance. C is the speed of 

light, f is frequency, µ

r

 and ε

r

 is the complex permeability 

and complex permittivity of samples, respectively, d is the 

thickness of samples and tanh is the hyperbolic tangent 

function. 

Fig.9 shows the reflectivity, R, of Fe50Ni50 powders/IIR 

nanocomposites with different thicknesses. As the thickness 

of the nanocomposite reaches 1.5 mm, the electromagnetic 

wave absorption peak (i.e. main absorption peak) begins to 

appear and shifts toward the direction of the lower fre-

quency along with the increase of the thickness. As the 

thickness is up to 5mm, the secondary absorption peak of 

the nanocomposite begins to appear. 

Absorbing characteristics of different wave absorbing 

requirements could be designed by changing thicknesses of 

composites as shown in Table 1. When the thickness of 

Fe50Ni50 powders/IIR nanocomposite is 2 mm, the absorp-

tion band width reaches 3 GHz when R is less than -10 dB 

in 2~18 GHz, which shows the nanocomposite has excellent 

wave-absorbing properties. 

2.3  Optimization of absorption properties of compos-

ite laminates 

According to the absorption mechanism, a little electro-

magnetic wave can be generally attenuated by the way of 

the magnetic loss, and a large number of electromagnetic 

waves are attenuated by interferential absorption in narrow 

frequency band. Therefore, the performance of electro-

magnetic wave-absorption depends on the external surface  
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Fig.9  Overall absorption properties of Fe50Ni50 powders/IIR 

nanocomposites with different thicknesses 

 

reflectivity, the tanδ value and the thickness d of the mate-

rial. In order to broaden the wave-absorbing band, an effec-

tive method is to make full use of the interferential absorp-

tion principle. And the single material is divided into a plu-

rality of layers with different electromagnetic parameters, 

and then a composite laminate is composed of multiple 

layers. The emphasis of the wave-absorbing properties of 

the multilayer materials is the thickness and electromag-

netic parameters of each layer and the calculation workload 

of the properties is enormous. 

In this paper, a simple multilayer composite laminate was 

designed and prepared (Fig.6). The interlayer of the com-

posite laminate was Fe50Ni50 powders/IIR nanocomposite 

as the wave-absorbing layer, and the glass fiber/epoxy resin 

layer was on the both sides of the interlayer. When keeping 

the consistent thickness of the composite laminate, 

wave-absorbing properties in different frequency bands and 

the wave-absorbing bandwidth could be designed by 

changes of the thickness of surface layer and the interlayer. 

According to the transmission line theory, the 

wave-absorbing performance of the multilayer material can 

be calculated. The radar wave is partly reflected and ab-

sorbed by interface with input impedance Z

in

(K) from the 

free space Z

0

=(µ

0

/ε

0

)

1/2

. The electromagnetic reflection co-

efficient of the absorber is determined by the following 

formula: 

in 0

in 0

( )

( )

Z N Z

Z N Z

Γ

−

=

+

                           (6) 

Reflectivity R is:  

in 0

in 0

( )

20 lg 20 lg

( )

Z N Z

R

Z N Z

Γ

−

= =

+

             �7� 

For multilayer composite laminate, only the interlayer, 

Fe50Ni50 powders /IIR composite, can absorb electromag-

netic waves. The surface layer can effectively reduce re-

flections of external surface of the interlayer, and reflect 

multiply electromagnetic waves with adding two reflecting 

surfaces. Fig.10 and Table 2 show that the wave-absorbing 

performances can be changed by adjusting the thickness of 

surface layers. When the thicknesses of the interlayer are 

more than 2 mm, the composite laminate of 5 mm has 

broadband wave-absorption. When the thickness of the in-

terlayer is certain, the width of absorption frequency band 

can be broadened by increasing the thickness of the surface 

layers. Take the 5 mm thickness laminate as an example, 

compared with the Fe50Ni50 powders /IIR composite, 

when the thickness of surface layer, interlayer and bottom 

layer are 0.1, 2 and 2.9 mm, respectively, the 

wave-absorbing curves of the composite laminate in 2~18 

GHz (Fig.10) is similar to that of Fe50Ni50 powders/IIR 

nanocomposite of 5 mm thickness (Fig.9). The absorption 

peaks of the 5 mm thickness laminate appear in the fre-

quency band of 5.6~7.6 GHz and 16.8~18 GHz, and the 

width of absorption frequency band for R less than -10 dB 

reaches 3.2 GHz, which is twice than that of Fe50Ni50 

powders/IIR composite. The center frequency of the ab-

sorbing peak is 6.6 GHz, and the corresponding R is -25 dB. 

The main absorption frequency band for R less than -10 dB 

extends into C-band. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Wave-absorbing properties of the composite laminates 

Table 2  Absorption properties of the composite laminate 

Composites’ 

thickness, d/mm 

Thickness of layers/mm 

Absorption frequency band/ 

GHz (R�-4 dB) 

Absorption frequency 

band/GHz (R�-10 dB) 

Center frequency of main 

absorption peak/GHz 

5 GF/interlayer/GF=0.1/2/2.9 (1) 4.06~9.67  (2) 13.92~18 5.59~7.63, 16.81~18 6.61 (-13.84 dB) 

4 GF/interlayer/GF=0.1/2/1.9 (1) 4.57~11.37  (2) 17.49~18 6.78~8.99 7.97 (-14.27 dB) 

2 GF/interlayer/GF=0.1/1/0.9 12.9~18 - 18 (-6.5 dB) 
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3  Conclusions 

1) The spherical Fe50Ni50 nanoparticles with a uniform 

diameter of about 100 nm have been prepared by liquid 

phase reduction method. Fe50Ni50 nanopowders are evenly 

distributed in butyl rubber material as nano-scale by solvent 

extraction and solution blending method. The Fe50Ni50 

powders/butyl rubber nanocomposite, in which powders are 

well-distributed, and powder mass fraction is 80 wt%, is 

successfully prepared. Magnetic loss of nanocomposite is 

dominant in the range of 2~18 GHz.  

2) A simple sandwich composite laminate is designed and 

prepared. The interlayer of the composite laminate is 

Fe50Ni50 powders/IIR nanocomposite, and the glass fiber 

/epoxy resin layer is on the both sides of the interlayer. When 

keeping the consistent thickness of the composite laminate, 

wave-absorbing properties can be designed by changes of the 

thickness of surface layer and the interlayer. When the 

thickness of the interlayer is more than 2 mm, the 5 mm 

thickness laminate has broadband wave-absorption. The main 

absorption frequency band for R less than -10 dB is in the 

range of 5.6~7.6 GHz to extend into C-Band. The width of 

absorption frequency band for R less than -10 dB reaches 3.2 

GHz in 2~18 GHz, which presents excellent broad-band 

wave-absorbing properties. 

References 

1 Balci O, Polat E O, Kakenov N et al. Nature Communica-

tions[J], 2015, 6: 1 

2 Pang J F, Ma X J, Xie X Y. Electronic Components & Materi-

als[J], 2015, 34(2): 7 

3 Kong LB, Li Z W, Liu L et al. International Materials Re-

views[J], 2013, 58(4): 203 

4 Micheli D, Apollo C, Pastore R et al. Composites Science and 

Technology[J], 2010, 70(2): 400 

5 Ra’di, Simovski C R, Tretyakov S A. Physical Review Ap-

plied[J], 2015, 3(3): 037001 

6 Eun Se-Won, Choi Won-Ho, Jang Hong-Kyu et al. Compos-

ites Science and Technology[J], 2015, 116(8): 18 

7 Choi Ilbeom, Kim Jin Gyu, Seo Il Sung et al. Composite 

Structures[J], 2012, 94(9): 3002 

8 Cao W Q, Wang X X, Yuan J et al. Journal of Materials Che-

mistry C[J], 2015(3): 10 017 

9 Wen B, Cao M S, Lu M M et al. Advanced Materials[J], 

2014(26): 3484 

10 Cao M S, Yang J, Song W L et al. ACS Applied Materials & 

Interfaces[J], 2012(4): 6949 

11 Ma J R, Shua J C, Cao W Q et al. Composites Part B[J], 2019, 

166: 187 

12 Cao M S, Wang X X, Cao W Q et al. Small[J], 2018, 14: 

1800987 

13 Chen X G, Ye Y, Cheng J P. Journal of Inorganic Materials[J], 

2011, 26(5): 449 (in Chinese) 

14 Li S F, Jian T J, Liang Z et al. Materials Science and Engi-

neering B[J], 2013, 178(4): 225 

15 Zheng X L, Zhu Z H, Lu H F. Journal of Functional Materi-

als[J], 2014, 45(24): 24 014 (in Chinese) 

16 Lu H F, Zhu Z H. Journal of Functional Materials[J], 2012, 

44(3): 421 (in Chinese) 

17 Hu Q, Zhu Z H, Yin L. Rare Metal Materials and Engineer-

ing[J], 2014, 40(3): 403 

18 Hu Q, Zhu Z H. Rare Metal Materials and Engineering[J], 

2014, 40(3): 403 (in Chinese) 

19 Xia L, Zhu Z, Li X M. Rare Metals[J], 2014, 33(5): 573 

20 Zhu Z H, Yin L, Hu Q et al. Rare Metal Materials and Engi-

neering[J], 2014, 43(5): 1037 

21 Li X M, Zhu Z H, Song H et al. Advanced Materials Re-

search[J], 2011, 306-307: 874   

22 Li X M, Zhu Z H, Zheng X L et al. Journal of Functional 

Materials[J], 2012, 44(3): 337 (in Chinese) 

23 Zheng X L, Zhu Z H, Li X M. Rare Metals[J], 2013, 32(3): 294 

24 Lu H F, Zhu Z H, Xu X J. Journal of Functional Materials[J], 

2014, 45(10): 10 128 (in Chinese) 

25 Zhu Zhenghou, Zhao Hui. RSC Advances[J], 2016, 6(20): 

16413 

26 Wang C, Gu J L, Kang F Y. Materials Review[J], 2009, 23(5): 5 

�C��������	
���������������� 

���

1

�� �

2

�� �

2

 

(1. ���� ����	
����� �� 330031) 

(2. ���� ������������ �� 330031) 

 

�  �����������C�� !"#$%�&'()*+,-.�/012345�6789:;<:;�+,-.=(

3>?@�ABCD+,-.=EFG 5 mm�=H*�I*GJKLM/NOPQ+,-.�RFe50Ni50ST/UVWXYZ+,

-.G[�)*D\0]^_`5���abcG100 nm(deFe50Ni50Sf�\0ghij5���Fe50Ni50/IIR+,-.Dk

lH
, Fe50Ni50ST/IIRYZ+,-.� 2~18 GHz$m R>noGpDH*�)*(qrstu#$%�v&(wx�yRz

{|}H*�)*(EFtu~�(%�&'D�+,-.=EFG 5 mm�)*EFG 2 mm��=(R�-10 dB(%�$mG

5.6~7.6 GHz�16.8~18 GHz�%�m#��3.2 GHz��-.�C��%�m#��2 GHz��u���D 

����YZ+,-.; %�&'; C��; ,�YZS 

 

�����������1987��������������	
����� �� 330031�3��0791-83969142�E-mail: 

yuanzhifen123@163.com 


