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Abstract: In this paper, a three-layered cement-basedwave-
absorbing board is designed andprepared bymixingwave-
absorbing fillers such as nano-Si3N4, multi-layer nano
graphene platelets (NGPs), nano-Ni, carbon fiber (CF) and
carbon black (CB) into cement slurry. The effect of the
amount of wave-absorbing fillers on the mechanical prop-
erties, resistivity and wave-absorbing reflectivity of ce-
ment slurry is studies. The microstructure of NGPs, nano-
Si3N4 and the wave-absorbing board are characterized by
TEM and SEM. Research shows that low content of NGPs
and other wave-absorbing fillers can significantly reduce
the resistivity of cement slurry and improve its mechani-
cal strength, anddensemassive crystals are precipitated in
the cement hydration products. The reflectivity test reveals
that in the frequency range of 2~18 GHz, the minimum re-
flectivity of the three-layered cement-based wave absorb-
ing board reaches −18.8 dB, and the maximum bandwidth
less than −10 dB reaches 15.3 GHz. This study can serve as
reference for the preparation of new three-layered cement-
based wave absorbing boards.
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1 Introduction
Currently electromagnetic waves have become the fourth
major source of pollution next to water, atmosphere and
noise pollutions, and the harm of electromagnetic pollu-
tion is pervasive [1, 2]. In order to reduce the hazardous
impact of electromagnetic radiation on the environment,
studies have been made by scholars at home and abroad,
focusing on the absorption and shielding of electromag-
neticwaves. Shielding is realizedmainly by preventing the
penetration of electromagnetic waves by taking advantage
of the high conductivity of the material, which forms a
closed conductive path. But thismethod cannotweaken or
eliminate electromagnetic waves fundamentally, and elec-
tromagnetic waves reflected by the surface of the material
will also generate secondary clutter pollution. The use of
wave-absorbing fillers in design can convert the energy of
electromagnetic waves into heat or other forms of energy
to themaximumextent and thus fundamentally avoids the
hazards caused by electromagnetic radiation [3, 4].

Due to their easy accessibility and good environmen-
tal adaptability, the traditional cement-based composites
are widely used in infrastructure such as buildings, roads,
bridges, tunnels and ports. The use of fillers in cement-
based materials is to improve their rheological property,
strength, durability, conductivity and absorbing proper-
ties. Nanomaterials have become a new type of absorb-
ing filler with potential applications thanks to their sur-
face size effect, quantum Hall effect, macroscopic quan-
tum tunneling effect and dielectric confinement effect and
good electrical conductivity [5–8].

In recent years, some scholars have conducted re-
search on the application of nano graphene platelets
(NGPs) and their derivatives in cement-based materials,
and achieved fruitful results [9]. The study by Rodrigo et
al. [10] shows that cement mortar specimens doped with
0.021% NGPs can increase the compressive strength by
63.6%, 94.1% and 95.7% at 3d, 7d and 28d, respectively,
compared with ordinary mortar samples. Sun et al. [11]
investigated the electrical response of cement-based com-
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posites with NGPs under different loading amplitudes and
rates. The results reveal that the composites doped with
NGPs are sensitive to the piezoresistive effect and have sta-
ble repeatability under different loading conditions. Re-
search by Huang [12] indicates that the doping of NGPs
improves the breaking strength of cement-based compos-
ites, which is 82% higher than that of ordinary ones, and
the electrical conductivity of composites is significantly
enhanced. Chen et al. [13] prepared rGO/CF composite
by coating the surface of carbon fiber (CF) with reduced
graphene oxide (rGO) by electrophoretic deposition. They
found that in the X wave band (8.2~12.5 GHz), the ab-
sorbing property of the cement-basedmaterial mixed with
0.4wt%rGO/CF is 31% higher than that of the cement-
based material mixed with 0.4 wt% CF. Jiang et al. [14] ex-
plored the effect of graphene content, water-binder ratio,
curing period and water content on the electrical conduc-
tivity of cement-based composites. The results show that
the conductivity of composites is determined by the distri-
bution and contact of graphene in cement matrix. When
the doping content of graphene exceeds the percolation
threshold, the curing period and water content have little
effect on the electrical conductivity of the composite.

Nano-Ni is an excellent magnetic medium absorbing
filler. Its absorption mechanism for electromagnetic en-
ergy depends on three effects, i.e. the electron scatter-
ing caused by thermal vibration of lattice electric field,
the electron scattering resulting from impurity and lat-
tice defects and the interaction between electrons. Due to
the strong activity of nano-Ni, the movement of electrons
increases under electromagnetic wave radiation, which
accelerates magnetization and converts electromagnetic
wave energy into heat energy. Meanwhile, with large mag-
netic permeability, it has strong electromagnetic interac-
tion with high-frequency electromagnetic waves, hence
its highly efficient absorption performance. As mentioned
above, studies have been reported on the mixing of
NGPs into cement-based materials to improve the pore
structure of cement slurry, promote the hydration pro-
cess, and enhance the mechanical properties. However,
few reports are available on doping nano-Si3N4, NGPs,
nano-Ni, CF and CB into cement slurry to prepare three-
layered cement-based absorbing boards. In this paper,
three-layered cement-based absorbing boards are used to
study the effect of nano-Si3N4, NGPs, nano-Ni, CF and CB
on the mechanical strength, microstructure, electrical re-
sistivity and absorption properties of cement slurry, laying
some theoretical foundations for the development of new
types of cement-based absorbing boards.

2 Experiment

2.1 Experimental materials

Thematerials in the experiment include ordinary Portland
cement (P•II Grade 42.5), produced by Jiangsu Conch Ce-
ment Factory and its quality meets the requirements of
“General Purpose Portland Cement” (GB175-2007). NGPs,
nano-Si3N4, nano-Ni and CF are supplied by Beijing
Zhongke Leiming Technology Co., Ltd. The indicators of
NGPs are as follows: purity is greater than 99.5wt%, thick-
ness is 0.4~20 nm, diameter is 5~10 µm, number of lay-
ers is 1~5 layers, density is 0.23 g/cm3, volume resistivity
is 4×10−4 Ω·cm. The indicators of nano-Ni are as follows:
purity is greater than 99.9 wt%, average particle diame-
ter is 50 nm, specific surface area is 23.2 m2/g, bulk den-
sity is 0.22 g/cm3, crystal form is near-spherical, and the
color is black. The indicators of nano-Si3N4 are: purity is
greater than 99.9 wt%, average particle diameter is 500
nm, specific surface area is 10.3 m2/g, bulk density is 0.116
g/cm3, crystal shape is face-centered cube, and the color
is grayish white. CF performance indicators are: diame-
ter is less than 8µm, carbon content is greater than 95%,
tensile strength is larger than 3500 MPa, tensile modulus
is larger than 210 GPa, elongation is less than 2.1%, den-
sity is 1.74~1.79×103 kg/m3, resistivity is 1.0~1.6 Ω·cm. The
silica fume is produced by Shanghai Lidian Silicon Fume
Material Co., Ltd., and the performance indicators are as
follows: total alkalinity is less than 1.5%, SiO2 content is
larger than 85%, specific surface area is 15m2/g, activity in-
dex is greater than 105%, water content is less than 3.0%
and water absorption rate is less than 125%. The water
reducer, produced by Shanghai Sanrui Polymer Material
Technology Co., Ltd., is a polycarboxylic acid, with the wa-
ter reducing rate being around 45%. The dispersing agent,
a white flocculent powder, is Carboxymethy cellulose sup-
plied by Hebei Xingtai Cellulose Co., Ltd.

2.2 Mix proportion design

According to the “transmission line” theory of electromag-
netic wave propagation, some of the electromagnetic wave
energy incident on the surface of the material is reflected
due to the mismatch between the interface impedance of
thematerial and the spatialwave impedance. Some energy
is absorbed by the wave absorbing filler inside the mate-
rial and converted into other forms of energy, and some is
transmitted. It is difficult for a layer of structural material
mixed with a single type of wave absorbing filler to real-
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Table 1:Mix proportion and thickness of board.

NO NGPs
(%)

Nano-Ni
(%)

CF
(%)

CB
(%)

Nano-
Si3N4
(%)

Silica
fume
(%)

Water
reducer
(%)

Ds
(%)

W/C
(%)

Tb
(mm)

E0 10 0.32 0.31 30

GPE1
Up 2 10 0.32 0.42 8

Middle 0.025 0.75 10 0.33 0.32 11
Down 0.5 4 10 0.35 0.35 0.74 11

GPE2
Up 2 10 0.32 0.42 8

Middle 0.025 0.75 10 0.33 0.32 11
Down 1.0 4 10 0.36 0.38 0.80 11

GPE3
Up 2 10 0.32 0.42 8

Middle 0.05 0.75 10 0.35 0.33 11
Down 0.5 4 10 0.35 0.35 0.74 11

Note: Up, Middle, Down and All represent the matching layer, absorbing layer, absorbing & reflecting layer and the whole of the three-layer
cement-based wave absorbing board. Ds denotes dispersant, and Tb denotes thickness of board.

ize impedancematching and broadband absorption. Thus,
multilayer compounding is an effective way to solve such
problems. The structural design of cement-based wave-
absorbing board fundamentally solves the problems of
wave-absorbing frequency and board thickness, matching
of absorption performance and board impedance, board
shape and structure, and so on. Also, it adjusts and im-
proves the technical scheme continuously through exper-
iments to achieve optimal absorption performance in dif-
ferent frequency ranges.

Ordinary cement-based materials have a high dielec-
tric constant and impedance. In order to match their
surface with the wave impedance in space, a matching
layer needs to be designed so that electromagnetic waves
incident on the surface of cement-based materials can
smoothly enter their interior. The layer should have a low
impedance. The matching layer needs to be doped with
cavity and lightwave-transmittingmaterial, which can reg-
ulate the impedance effectively and achieve the goal of
gradual impedance change [15]. According to the previ-
ous research results of the research group on conductive
cement-basedmaterials, electricity andmagnetism have a
certain correlation. Combined with the previous research
results, the comprehensive mix ratio of the three-layer
wave-absorbing material was determined. Nano-Si3N4 is
a ceramic-based nano material prepared by a special pro-
cess, with small particle size, large specific surface area,
and uniform distribution. It has high surface activity, high
purity, low bulk density, 95% ultraviolet reflectance, high
mechanical strength, good chemical corrosion resistance,
and high strength especially at high temperature. It is
likely to form dense dispersed phase in composite ma-

terials, thus improving their comprehensive performance
greatly. Its magnetic loss tangent value is 3×10−3, and
has good wave permeability. Considering the problem of
dispersion, the amount of nano-functional materials in
cement-based materials should not exceed 5%, and the
amount selected in this test is 2%. The middle layer is de-
signed as an absorbing layer, and magnetic media fillers
(NGPsandnano-Ni)withgoodabsorptionperformanceare
mixed, so that electromagnetic waves can be absorbed to
the maximum extent without excessive reflection or trans-
mission. The bottom layer is designed as an absorbing &
reflecting layer, and carbon-based materials (CF and CB)
with excellent conductivity are mixed. A closed conduc-
tive network formedby conductive fillers is used to prevent
electromagneticwaves frompassing through, so that some
energy of the electromagnetic waves is converted into elec-
tric heat energy and the rest is reflected to the absorbing
layer for continuous absorption. With this design idea in
mind, according to the research team’s previous studies,
a new type of three-layer cement-based absorbing board
is prepared by mixing resistive, dielectric and magnetic
media absorbing fillers. In order to ensure similar fluid-
ity of the slurry while formed, the mixing ratio and board
thickness in this design are shown in Table 1 (the mass
of cement is taken as 1), and the designed sample size is
300×300×30 mm3.
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2.3 Test Method

2.3.1 Slurry preparation

Add60∘Cofwater into abeaker, slowly adddispersant into
thewater as required, and stir to ensure that the dispersant
is fully dissolved in the water. Then, add the required CF
into the beaker and stir evenly to fully disperse CF for later
use. Weigh the required materials, and put cement, silica
fume and CB into a stirring pot. After they are stirred, add
the evenly dispersed CF. Finally, a certain amount of wa-
ter and water reducer are added into the mixture, which
is stirred at low speed for 2.5 min, and after a pause of 20
s, is stirred at high speed for 2.5 min to obtain the slurry
required for absorbing & reflecting layer molding.

Weigh the required cement, silica fume and nano-Ni,
and put them into a stirring pot. After they are stirred
evenly, add the required NGPs dispersion liquid into it
(NGPs is a dispersed aqueous solution provided by the
manufacturer. Before use, the aqueous solution is dis-
persed ultrasonically for 20minutes, other absorbers have
better dispersibility, same as general gellingmaterials). Fi-
nally, water and water reducer are added into the mixture,
which is stirred at low speed for 2.5 min, and after a pause
of 20 s, is stirred at high speed for 2.5 min to obtain the
slurry required for the absorbing layer molding.

Weigh the required cement, silica fume and nano-
Si3N4, and put them into a stirring pot. After they are
stirred evenly, water and water reducer are added into the
mixture, which is stirred at low speed for 2 min, and after
a pause of 20 s, is stirred at high speed for 2 min to obtain
the slurry required for the matching layer molding.

2.3.2 Molding

The mold used is a three-layer laminated one, and the
moldingmethod is layered casting. The size of themechan-
ical property samplemold is 40×40×160mm3, and the size
of the resistivity sample mold is 25×25×25 mm3. A 16 mm
×30 mm copper mesh is embedded about 5mm from the
ends as an electrode, and the size of the reflectivity sample
mold is 180×180×30mm3. The formed sample is placed in a
constant temperature and humidity chamber (the temper-
ature is 20±2∘C, and the relative humidity is greater than
90%). After 24 hours, demoulding is continued under this
condition, and each group forms three test pieces.

2.3.3 Test method

1) The mechanical property test is performed on a uni-
versal testing machine in accordance with relevant
requirements in DL/T 5126-2001 Specifications. The
compressive strength shall be uniformly loaded at
the rate of 2.4 kN/s and the bending strength shall
be uniformly loaded at the rate of 20 N/s until fail-
ure. The bending strength Rf is calculated according
to Eq. (1), and the unit is MPa, accurate to 0.1 MPa.

Rf = 1.5Ff L/b3 (1)

where Ff denotes the load in the middle of the speci-
menwhen broken (N), L is the distance between sup-
porting cylinders (mm), and B is the side length of
the section of the test piece (mm).
The compressive strength Rc is calculated according
to Eq. (2):

Rc = FcL/A (2)

where Fc represents the maximum load at the time
of failure (N), and A represents the area of pressed
part (mm2).

2) For resistivity (ρ), the multimeter is used tomeasure
the resistance (Ω) of the test specimen at 3d, 7d and
28d, respectively. The measured distance between
the twoelectrodes of the specimen isL (cm), themea-
sured cross section is A (cm2). Then, the resistivity
can be obtained according to the equation ρ = RA/L.

3) Themeasuring systemof the absorbing reflectivity is
an arcuate system, which consists of a signal source,
a vector network analyzer (HP8722ES Type) and a
test antenna. The test is conducted according to
the radar absorbing material test standard GJB2038-
2011, and the reflectivity is calculated according to
Eq. (3):

Γ = pa
pm

(3)

where Γ denotes the reflectivity of flat-board RAM,
pa denotes the reflective power of flat-board RAM
temboard (mW), and pm denotes the reflective
power of the same size of good conductor metal
board (mV).

3 Results and discussion

3.1 Characterization of NGPs and nano-Si3N4

The transmission electron microscope (TEM) image of
NGPs is shown in Figure 1a, and the scanning electron mi-
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croscope (SEM) image of nano-Si3N4 is shown in Figure 1b.

Figure 1: TEM image of NGPs and SEM image of nano-Si3N4

From Figure 1a, it can be clearly seen that NGPs have
a unique planar fold structure with a high aspect ratio. It
is shaped like a transparent film, and its edge is rolled
to form folds, which makes it possible to adsorb hetero-
geneous particles for modification. In addition, its folded
structure increases the contact area with the matrix inter-
face, resulting in higher adhesion and pullout resistance,
thus enhancing the mechanical properties of the compos-
itematerial. As can be seen, NGPs have a diameter of about
5 to 10 µm and a thickness of about 0.5 to 20 nm. From Fig-
ure 1b, it can be seen that nano-Si3N4 is an irregular face-
centered block crystal with different sizes and shapes and
the average particle size is approximately 0.5 µm.

3.2 Analysis of mechanical properties

Figure 2 shows measured values of the compressive
strength of the matching layer, absorbing layer, absorb-
ing & reflecting layer and the whole at 7d and 28d of

the three-layered cement-based wave absorbing material
doped with nano-Si3N4 and NGPs.

Figure 2: Compressive strength of GPE1 ~ GPE3

From Figure 2, it can be seen that the compressive
strength of the absorbing layer dopedwithNGPs andnano-
Ni increases obviously with the NGPs content. The com-
pressive strength of GPE3 absorbing layer at 7d and 28d is
73.6 MPa and 95.8 MPa, respectively, an increase of 15.4%
and 15.8%comparedwithGPE1 absorbing layer. Compared
with E0 (reference block), the compressive strength at 7d
and 28 increases by 32.3% and 33.5%, respectively. The
test results are consistent with the research findings of
Mohamed Saafi et al. [16]. The increase in compressive
strength of the absorbing layer is attributed to the unique
fold structure ofNGPs,whichplays a temboard effect in the
cement hydration process. It makes the cement hydration
crystals densify and thicken, produces toughening and re-
inforcing effects, and thus improves the pore structure of
cement slurry.

The compressive strength of GPE2 absorbing & reflect-
ing layer at 7d and 28d is 27.2 MPa and 35.7 MPa, respec-
tively, a decrease of 24.3% and 21% compared with GPE1
absorbing & reflecting layer, which might be related to the
failure of uniform dispersion of CF. Compared with E0, it
decreases by 45.5% and 43.9%, respectively. The reason
may be that CF and CB have high water absorption. In or-
der to ensure proper fluidity of the cement slurry, a large
water-binder ratio is adopted in the CF molding process,
resulting in the incompact structure of hydration products.
Meanwhile, the “ball effect” due to the incorporation of
CB in thematrix reduces the interfacial action between the
matrices.
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It can also be seen that the overall compressive
strength of the three-layered wave absorbing materials at
7d and 28d is between the compressive strength of the
matching board and the absorbing & reflecting layer at 7d
and 28d, respectively. According to the nonlinear theory of
composites, the overall strength is often determined by the
lower strength part of the composites.

3.3 Analysis of conductivity

Figure 3 shows the measured values of the compressive
strength and resistivity of the matching layer, the absorb-
ing layer, the absorbing & reflecting layer, and all layers at
3d, 7d, 28d of the three-layered cement-based absorbing
material doped with nano-Si3N4, NGPs and other nano-
fillers.

Figure 3:Measured values of resistivity (Ω·cm)

As can be seen from Figure 3, when absorbing fillers
such as NGPs, nano-Ni, CF and CB are doped, the resis-
tivity of the absorbing layer and absorbing & reflecting
layer is reduced effectively, which varies within the order
of 102~103 Ω·cm. Compared with the reference test block
(E0), they all show a relatively large decrease, especially
at 28d. The resistivity of the test blocks doped with 1%
CF+4%CB in the absorbing & reflecting layer is consistent
with the research results of Chen et al. [17]. However, the
measured value of the resistivity of the absorbing layer is
too large, which may be related to the amount of the ab-
sorber. When the content of the absorbing filler is low, the
particles are randomly distributed in the cement-based ab-
sorbing board. Because of the long distance between the
particles, it is difficult for the potential they carry to cross
the barriers between them, so doping the absorbing ma-

terial has little effect on the resistivity of the absorbing
board. In this study, the absorbing fillers NGPs and nano-
Ni have good electrical conductivity. Due to their relatively
low amount, it is impossible to form a closed or connected
conductive network in the matrix, so their effect on the re-
sistivity of the absorbing layer is small.

CF and CB have excellent conductivity, and they form
an inter-connected conductive network when filled in the
absorbing & reflecting layer matrix, thus reducing its re-
sistivity dramatically. For the test specimen with the same
mix proportion, the resistivity at 28d is significantly higher
than that at 7d. The reason might be with the continu-
ing hydration of cement, free water molecules in the ce-
ment slurry decreases continuously, so the connection
path of thewatermoleculeswith nano-absorbent particles
decreases and the resistivity increases. Compared with E0,
the resistivity of the matching layer at 3d has increased by
about 25% and the resistivity at 7d and 28d has increased
by about 10%. Thismay be related to the fact that the nano-
Si3N4 doped in the matching layer is an electrical insula-
tor.

It can also be seen from Figure 3 that the overall resis-
tivity of the three-layered absorbing board is closer to the
absorbing& reflecting layer,which is approximately 1.25 to
1.4 times that of the absorbing & reflecting layer. The three-
layered absorbing board can be abstractly understood as
paralleling three resistors of different values at both ends
of a power supply. According to Ohm’s law, the overall re-
sistance in a parallel circuit is determined by the resistor
with smaller resistance, and it is closer to that smaller re-
sistance.

According to the Schelkunoff equation, the electro-
magnetic wave absorption performance of a material is re-
lated to its conductivity and permeability, which increases
with the increase of conductivity and permeability. Since
the conductivity is inversely proportional to the resistivity,
the electromagnetic wave absorption performance of ama-
terial decreases as its resistivity increases [18]. Pierre R et
al. [19] showed that materials with a resistivity between 10
to 103 Ω·cm have fairly good electromagnetic wave shield-
ing and absorbing capabilities.

3.4 SEM analysis

Figure 4 shows the SEM images of the absorbing layer and
the absorbing & reflecting layer of GPE1 to GPE3 doped
with different types of absorbing-fillers.

It can be observed from Figure 4 that the main crys-
talline products of the cement slurry are still AFt, AFm, CH
and C-S-H gels after adding the absorbing fillers. At this
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Figure 4: The SEM images of the absorbing layer and the absorbing & reflecting layer of GPE1~GPE3 (a) 0.025%NGPs+0.75%Ni; (b)
0.05%NGPs+0.75%Ni; (c)(e)0.5%CF+4%CB; (d)(f) 1%CF+4%CB

time, however, large numbers of flaky and compact block
crystals are generated, which exhibit different forms de-
pending on the amount and type of the absorbing filler.
In Figure 4(a), plenty of layered block crystals are precipi-
tated and they are dense. In Figure 4(b), large dense block
crystals with clear and smooth texture are observed. In
Figures 4(c) and (e), it can be seen that CF is uniformly
dispersed in a monofilament form in the matrix and no
clustering occurs. At this time, the hydration products are
loosely intertwined in a rod form and they are not very
dense. In Figures 4(d) and (f), it can be seen that CF is uni-
formly dispersed in the matrix with good bonding, and a
conductive network has been formed. However, there are
some clusters and it is not dense.

NGPs have an ultra-high specific surface area and are
capable of adsorbing large quantities of free water in the
matrix. As thehydration reaction continues to develop, the
unhydrated cement particles near the surface of NGPs get
free water and are hydrated gradually, thereby forming a
tightly structured hydrated crystal on the surface of NGPs,
which can improve the mechanical properties of the ce-
ment slurry significantly. In order to ensure proper fluid-
ity of the cement slurry, the absorbing & reflecting layer
is formed with a larger water-to-binder ratio. According to
the SEM images, it is apparent that the hydration product
is fluffy, which is the main reason for the decrease in com-
pressive strength. As the doping amount of CF increases,

this phenomenon gets particularly noticeable, but CF over-
laps well.

3.5 Analysis of the wave transmission
performance of Nano-Si3N4

In order to reduce the impedance of the matching layer,
2% nano-Si3N4 is added to the cement slurry to improve
its wave transmission performance. When the electromag-
netic waves are transmitted to the matching layer, some
reflection occurs on the layer’s surface because they are
not completely matched with the impedance of the space
waves. In the process of transmission, some electromag-
netic waves transmitted to the matching layer will be con-
verted into heat energy and are lost, but most of the waves
will pass through the matching layer. Because the match-
ing layer has a high resistivity, it can be considered as
an insulating layer with a thickness of d. The electromag-
netic waves transmitted to the interior are composed of re-
flection, transmission, and attenuation, which can be ex-
pressed as:

T + R + A = 1 (4)

where T is the transmission coefficient, R is the reflection
coefficient, and A is the attenuation coefficient.

Assume that the matching layer is uniformly dis-
tributed and the reflection coefficient remains unchanged
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with the change of frequency. According to Eq. (4), the
transmission coefficient has a linear relationship with the
attenuation coefficient, and it decreases with the increase
of the attenuation coefficient. The matching layer should
be filled with wave transmitting materials with good per-
formance.

In order to investigate the wave transmitting ability
of the nano-Si3N4, the present study has tested the reflec-
tivity of the cement slurry with 2% nano-Si3N4 at 28d, as
shown in Figure 5.

Figure 5: Absorbing reflectivity of the matching layer doped with 2%
nano-Si3N4

As canbe seen, in the frequency range of 2~18GHz, the
cement slurry in the matching layer with 2% nano-Si3N4
has a minimum reflectivity of −2.11 dB at 2.25 GHz and the
effective bandwidth greater than −1dB reaches 8.97 GHz.
The reflection loss is low and it is even positive in some
frequencybands,which indicates that the electromagnetic
waves are completely transmitted at this point. According
to the Ref. [20], the reflectivity of ordinary cement-based
materials is in the range of −3~-4 dB, which shows that
nano-Si3N4 has good wave transmitting performance and
that the design of the matching layer is reasonable.

3.6 Analysis of the absorbing reflectivity

Reflectivity is an important indicator to evaluate the ab-
sorbing performance of materials. When the reflectivity is
smaller than −5 dB, the material can be used for electro-
magnetic wave absorption and shielding in general civil
buildings. When the reflectivity is smaller than −7 dB, the
material can be used for electromagnetic wave absorption

and shielding in the important civil buildings andmilitary
facilities [21].

The test results of absorbing reflectivity of samples
GPE1~GPE3 at 28d are shown in Figure 6.

Figure 6: The absorbing reflectivity of GPE1~GPE3

It can be seen that in the frequency range of 2~18 GHz,
GPE1 has a minimum reflectivity of −14.8 dB at 2.22 GHz
and the effective bandwidth smaller than −10 dB is 4.45
GHz. In contrast, GPE2 has aminimum reflectivity of −18.8
dB at 2.39 GHz and the effective bandwidth smaller than
−10 dB is 15.3 GHz, while GPE3 has a minimum reflectivity
of −16.4 dB at 2.17 GHz and the effective bandwidth smaller
than−10dB is 14.3GHz. In the frequency rangeof 2~18GHz,
the reflectivity of the three-layered absorbing board is all
below −7 dB, which realizes full coverage of the test fre-
quency and achieves the goal of wide-band wave absorp-
tion.

Compared with the two-layered absorbing board
doped with the same filler, the absorbing performance
of the three-layered absorbing board is significantly en-
hanced. Its minimum reflectivity is reduced by about
28.6% and the effective bandwidth smaller than −10 dB is
increased considerably. The enhancement mechanism of
the absorbing performance of the three-layered absorbing
board is due to the fact that the matching layer is added in
the structure design, which enables the electromagnetic
waves incident on the surface of the material to be intro-
duced without much reflection on the surface. It can be
seen fromFigure 6 that comparedwithGPE1, theminimum
reflectivity of GPE3 is reduced by about 15% and the effec-
tive bandwidth smaller than −10dB is increased by about
3.2 times, which indicates that NGPs have obvious absorb-
ing performance. Compared with GPE1, the minimum re-
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flectivity of GPE2 is reduced by 21.3% and the effective
bandwidth smaller than −10 dB is increased by 3.4 times.
This trend reveals that CF has obvious absorbing perfor-
mance. Compared with GPE1, the doping amount of ab-
sorbing fillers of GPE2 and GPE3 has both changed, but
theminimum reflectivity of GPE2 is slightly lower than that
of GPE3, which may result from the doping amount of the
NGPs that fails to reach the threshold of absorption and
percolation. Plenty of literature shows that the conductive
percolation threshold of the CF is about 1wt% of its doping
amount, so the change of the doping amount of NGPs does
not have a significant effect on the absorbing performance
as the change of doping amount of CF does.

4 Conclusion
Low content of NGPs can significantly improve the com-
pressive strength of cement slurry. Compared with ordi-
nary cement slurry, the compressive strength of cement
slurry mixed with 0.05%NGPs at 7d and 28d increases
by 32.3% and 33.5%, respectively. The unique planar fold
structure of NGPs is the main reason for the improve-
ment of the mechanical properties of the cement slurry.
When wave-absorbing fillers such as NGPs and nano-Ni
are added, the resistivity of the absorbing layer and the
absorbing & reflecting layer can be reduced effectively,
and the resistivity of the three-layered cement-basedwave-
absorbingboard changes in the order of 102~103 Ω·cm. It is
closer to the absorbing & reflecting layer inmagnitude, ap-
proximately 1.25~1.4 times that of the absorbing & reflect-
ing layer.

NGPs have good wave-absorbing performance, and
the change of its content has an obvious impact on the
wave-absorbing performance. Compared with the absorb-
ing board doped with 0.025% NGPs, the minimum reflec-
tivity of the absorbing board doped with 0.05% NGPs is re-
duced by about 15%, and the effective bandwidth less than
−10dB is increasedby 2.2 times or so.Nano-Si3N4 has good
wave transmission performance. In the frequency range of
2~18 GHz, the matching layer of cement slurry doped with
2% Nano-Si3N4 has a minimum reflectivity of −2.11 dB at
2.25 GHz, and an effective bandwidth of 8.97 GHz higher
than −1 dB.

The absorption performance of the three-layered ab-
sorbing board is obviously better than that of the one-
layered and two-layered absorbing board. The design of
the matching layer doped with nano-Si3N4 is the main
mechanism to improve its absorption performance. The
three-layered cement-based wave absorbing board pre-

pared in this study has excellent absorption performance
andawide frequency band, andhas potential applications
in the electromagnetic wave shielding and absorption of
important civil buildings and military facilities.
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