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Abstract: The development of functional building materials that can absorb electromagnetic radiation
is important for preventing and controlling electromagnetic pollution in urban areas. In this study,
cement-based electromagnetic wave (EMW)-absorbing materials were created using graphite tailings
(GTs) as a conductive admixture and steel fiber (SF) as an EMW absorber, which resulted in materials
with a wide effective bandwidth and high reflection loss (RL). In particular, a GT-cement matrix
with excellent mechanical and electrical properties was obtained. This study explored the influence
mechanism of the SF content on the mechanical, electrical, and EMW-absorption properties of cement-
based materials under the synergistic effect of GTs and SF. Findings demonstrate that the combination
of GTs and SF notably improved the electrical and EMW-absorption characteristics of the cement-
based materials. Optimal EMW-absorption properties were observed for a combination of 30% GTs
and 6% SE. A developed cement-based EMW-absorbing material with a thickness of 20 mm displayed
a minimum RL of —25.78 dB in the frequency range of 0.1-5 GHz, with an effective bandwidth of
0.953 GHz. Thus, the cement-based composite materials developed in this study have excellent
EMW-absorption performance, which provides an effective strategy for preventing and controlling
electromagnetic pollution in urban spaces.
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1. Introduction

The rapid development of the 5G network and electronic technologies has significantly
improved people’s daily life convenience through wireless communication equipment
and electronic products [1-3]. However, it has also introduced substantial electromagnetic
pollution. Electromagnetic pollution can easily lead to problems, such as electronic equip-
ment failure and information leakage, and negatively affect people’s health [4,5]. Therefore,
preventing and controlling electromagnetic pollution has become a concern that needs to
be addressed. The research and development of electromagnetic wave (EMW)-absorbing
materials can be an effective method to alleviate electromagnetic pollution [6-8], and the
EMW bands corresponding to the common used communication devices are displayed
in Table 1. Cement-based materials are widely used building materials in construction
engineering and can be utilized as high-quality carriers for EMW-absorbing materials.
However, the EMW-absorption performance of ordinary cement-based materials is poor [9].
Using conductive fillers or absorbers is an effective way to improve the loss attenuation
ability of cement-based materials for EMWs [10,11]. Therefore, a good combination of
materials with strong electromagnetic loss attenuation ability and cement-based materials
is crucial for preventing and controlling electromagnetic pollution in urban spaces.
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Table 1. The frequency of the common used communication devices.

Frequency Range/MHz Pollution Sources
76-108 FM Broadcasting

1880-1900 and 2010-2025 3G communication

1880-1900, 2320-2370 and 2575-2635 4G communication

3300-3400, 3400-3600 and 4800-5000 5G communication

Mine tailings are solid wastes produced in the process of mining mineral resources,
and their utilization can effectively reduce environmental pollution [12,13]. Moreover, mine
tailings usually retain a certain amount of target minerals due to differences in beneficiation
processes. Hence, the corresponding material properties can be obtained. Graphite tailings
(GTs) are mine tailings with rich production. These are graphite components maintained
after beneficiation and essentially carbon-based materials, showing certain conductive
abilities [14,15]. These unique conductive abilities endow them with the potential to be
developed into functional materials for EMW absorption. GTs are used as conductive
admixtures in cement-based materials to enhance the EMW-absorption capacity of the
latter, which is vital for consuming solid waste, reducing environmental pollution, and
alleviating electromagnetic pollution that affects human health [14,16]. Liu et al. [17]
prepared conductive concrete using GTs and studied the compressive strength and electrical
conductivity of the conductive concrete through experiments. The results showed that the
GT-based conductive concrete exhibited good mechanical strength, and the resistivity of
the concrete was significantly reduced with an increase in the GT content. Bai et al. [18]
prepared graphite-based foam concrete using foam concrete as a matrix and graphite as an
absorber and studied the effect of the graphite content on the mechanical strength and EMW-
absorption properties of the concrete. The results showed that when the graphite content
was 10 wt.%, the mechanical strength and EMW-absorption ability of the foam concrete
were enhanced. When the concrete thickness was 10 mm, the minimum reflection loss (RL)
was —24.08 dB and the effective bandwidth was 0.466 GHz. In summary, graphite can
endow cement-based materials with electrical conductivity and induce EMW-absorption
properties in a certain frequency range. However, given that modern EMW-absorbing
materials need to be “thin, light, strong, and wide”, preparing ideal EMW-absorbing
materials using only graphite as a component in cement-based materials is difficult [19,20].
Moreover, the excessive use of graphite or other low-activity additives in cement-based
materials can easily lead to a significant reduction in the mechanical properties [21,22].
Therefore, an EMW-absorbing reinforcement material that is more suitable for cement-
based materials should be developed to obtain an EMW-absorbing materials with excellent
comprehensive performance.

Fiber is a type of toughening material, which commonly used in cement-based
manterial [23,24]. Among them, steel fiber (SF) is a fiber material with excellent mechanical
properties and electrical conductivity. It is often used as an EMW-absorbing reinforcement
agent to prepare cement-based EMW-absorbing materials [25,26]. Li et al. [25] prepared
cement-based EMW-absorbing materials using iron tailings and steel slag as filling ma-
terials and SF as an absorber. The results showed that SF increases the RL of materials
while reducing their thickness. Si et al. [27] prepared a cement-based composite material
using carbon black, graphite, and SF. Results proved that the addition of carbon black
and SF improved the EMW-absorption performance of the graphite—cement composite
material. The RL of the material with 2% carbon black and 10% SF was less than —5 dB
in the frequency range of 6-18 GHz. According to the above mentioned research results,
SF has a significant improvement effect on the EMW-absorption function of cement-based
materials. Thus, it is necessary to explore the synergy of the EMW-absorption-improvement
effect of SF and conductivity induced by GTs in cement-based materials.

In this study, cement-based EMW-absorbing materials with good EMW-absorption
performance and a simple preparation process were prepared using GTs as a conductive
admixture and SF as an EMW absorber. First, the mechanical and electrical properties
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of the cement-based materials were measured, and a GT-cement matrix with good basic
properties was obtained. Second, by adjusting the content of SF, the corresponding loss
attenuation and impedance matching performance of the materials were calculated based
on their electromagnetic parameters. Finally, the mechanical properties, electrical conduc-
tivity, and EMW-absorption properties of the cement-based materials and the influence
mechanisms of the synergistic effect of the GTs and SFs on these properties were analyzed
and discussed. This study provides a scientific design idea for preparing cement-based
EMW-absorbing materials and has certain significance for preventing and controlling
electromagnetic radiation pollution in urban spaces.

2. Experimental
2.1. Raw Material

The GTs were obtained from a graphite mine in Fujian Province, China. GTs are
industrial wastes produced during the refining process of the graphite ore. The chemi-
cal composition of the GTs was determined by X-ray fluorescence. The main chemical
components were SiO;, Fe;O3, and Al,O3. The specific chemical composition is shown
in Table 2. The particle-size distribution of the GTs was measured using a laser particle-
size analyzer. The average diameter (D50) was 8.99 pm, and the particle-size distribution
is shown in Figure 1. The morphology was observed by scanning electron microscopy
(SEM) (Figure 2). As shown in the figure, the GTs appear as flakes. According to the
Chinese standard JC/T 2572-2020 [28]. The carbon content in the GTs was determined by
a high-frequency infrared absorption method; the carbon content was 19.94% of the total
mass of the GTs. The test cement used was P.O 42.5 ordinary Portland cement, which was
obtained from China Jiangxi Province Wannianqing Cement Co., Ltd., Nanchang, China.
The chemical composition and basic performance parameters of the cement are shown in
Tables 2 and 3, respectively.

Table 2. Chemical composition of the cement and GTs.

Component Content/%

Raw Material - .
SiO, Fe, O3 CaO Al,O3 SO3 MgO TiO, K,O MnO,
Cement 24.45 3.02 63.06 4.14 1.31 1.43 — 1.14 —
GTs 64.70 9.07 0.84 17.40 1.01 1.47 0.99 3.30 0.15
5
D10 )50 D90 ’ ’ s
3748 2 AT Graphite tailings

Volume/%

0.1 1 10 100 1000

Particle size/pm

Figure 1. Particle-size distribution of the GTs.
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Figure 2. Morphology of the GTs with different magnifications (x500 and x5000).

Table 3. Basic performance parameters of the cement.

Specific Surface Setting Time/min Stability Compressive Strength/MPa
Area/m?-kg~1 Initial Final Boiling Process 3d 28d
362 196 251 Qualified 27.7 51.2

2.2. Testing Methods
2.2.1. Sample Mixing Ratio

The cement-based materials were prepared according to the Chinese standard GB/T
17671-2021 [29]. GTs were used to replace cement, with replacement mass ratios of 0%, 10%,
20%, 30%, and 40%, and the mixing proportions were listed in Table 4. These samples were
referred to as blank, G10, G20, G30, and G40, respectively. The binder-sand ratio was 1:3,
and the water-binder ratio was 1:2.

Table 4. Mixing proportions of the cement-based materials.

Sample Cement/g GTslg Water-Binder Ratio Binder-Sand Ratio
Blank 450 0
G10 405 45
G20 360 90 1:2 1:3
G30 315 135
G40 270 180

2.2.2. Specimen Preparation

During sample preparation, GTs, cement, and sand were first premixed at a low speed
in a mixer for about 60 s. Then, water was added to the mixer, followed by stirring at a low
speed for 60 s and then at a high speed for 120 s. Next, the mortar mixture was poured into
a40 mm X 40 mm X 160 mm steel mold and compacted on a vibrating table for 60 s. After
24 h of natural placement, the test mold was removed and placed in a standard curing room
(20 °C; relative humidity = 95%) for aging. Thereafter, the performance test was conducted.
The mixing proportions of paste samples used for microscopic tests were the same as those
of the mortar but without sand. The paste samples were cured in the standard curing room
under the same conditions as mortar samples.

2.3. Performance Testing
2.3.1. Mechanical Property Test

According to the Chinese standard GB/T 17671-2021, the flexural and compres-
sive strengths of the specimens after 3 and 28 d of standard curing were tested using
a microcomputer-controlled press-folding machine (DYE-300). The specimen size was
40 mm x 40 mm X 160 mm, loading speed of compressive strength was set to 2.4 kN/s,
and loading speed of flexural strength was 0.05 kN/s. Three and six specimens were
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selected for compressive and flexural strength testing at each aging duration, respectively,
and the average value was calculated.

2.3.2. Electrical Property Test

The resistivity of the samples was measured using a digital bridge tester. The test
frequency was 10 HZ, and the test method was a two-electrode method. The size of the test
specimens was 40 mm x 40 mm x 160 mm. During the pouring and forming of the test
samples, two pieces of pure copper sheets with a size of 30 mm x 40 mm were placed in
the interior of the test specimens at approximately 30 mm from both ends. After standard
curing for 28 d, the samples were air-dried at 60 °C for 2 h in an oven. Then, the resistivity
test was performed at a constant temperature room (20 °C £ 1 °C). According to the related
literature [30], the resistivity value was calculated using Equation (1):

p=122 ®

where R is the resistance of the test sample, L is the distance between the two copper sheets,
and S represents the contact area between the copper sheets and the sample.

2.3.3. Micromorphology Testing

X-ray diffraction (XRD; Bruker D8 advanced) was used to analyze the phase compo-
sition of the hydration products. The scanning range was 5°-70° (20), and the scanning
rate was 2°/min. The microstructure of the hydration products was analyzed by SEM
(SU8600, Titachi, Japan) integrated with EDS, and surface scanning was conducted using
an EDS analyzer to evaluate the distribution of elements in the hydration products. Prior
to testing, the paste samples cured for specific ages were broken into small pieces, placed
in anhydrous ethanol to terminate hydration, and dried in an oven at 60 °C for 2 h. Further,
block samples were used for SEM testing, and remaining samples were ground into a
powder in a grinding bowl and passed through a 75-um standard sieve. The powder was
used for XRD analysis.

2.3.4. Electromagnetic Parameters and EMW-Absorption Performance

The electromagnetic parameters of the samples after 28 d of curing were tested using
a vector network analyzer (produced by 24 Institute of Electric Power of China). The test
frequency range was 0.1-5 GHz, and the test method was the coaxial transmission method.
The test specimens were circular, with an outer diameter of 23.15 mm, an inner diameter of
10.05 mm, and a height of 20 mm. Prior to testing, the samples were dried at 60 °C for 2 h
to eliminate the influence of internal free water on the results of electromagnetic parameter
testing. According to transmission line theory and based on the test results of the electro-
magnetic parameters [6,11,31], the loss attenuation coefficient, normalized impedance, and
RL values of the cement-based materials were calculated. The corresponding expressions
are shown in Equations (2)—(4):

2
N = 4\/;7Tf X \/(l’l//&'” _ ]1,8/) + \/(V”E” _ ]1,8/)2 + (l’lﬂg” + ‘ulgl)z (2)
_Zin _ |Wr 2rfd
Z= 75 v/ e tan(]C N 3
ZLin— 72
RL = 20log| 22— 20 4
8| 7 7, (4)

where Z;,, is the input impedance of the material’s surface; Z; is the impedance of the free
space; f is the frequency of the EMW; c is the velocity of light; RL is the reflection loss; € '
refers to the real parts of the permittivity and permeability, respectively; and ¢’ and " are
the imaginary parts of the permittivity and permeability, respectively.
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3. Results
3.1. Mechanical and Electrical Properties of the Cement-Based Materials

Figure 3a,b show the compressive and flexural strength test results of the cement-
based materials with different GT contents. The compressive and flexural strengths of
the specimens after 3 and 28 d gradually decreased with increasing GT content, showing
different degrees of reduction. Among the samples, we observed that when the GT content
exceeded 30%, the mechanical properties of the cement-based material decreased more
significantly compared to samples with less GT content. This result is mainly because GTs
are low-activity materials. Furthermore, as the GT content increases, a greater proportion
of cement is substituted with GT, which reduces the quantity of cement hydration products
and particularly delays the formation of the early microstructure. This phenomenon can be
explained by the dilution effect [32]. Results reported in the literature and those obtained
in this study (Figure 2) indicate that graphite particles in GTs have a lamellar structure
and high lubricity [33]. These properties easily lead to weak bonding in cement—stone
structures. This phenomenon is detrimental to the mechanical properties of the cement-
based materials.

= k=l
T T

Flexural strength/MPa

0
0 10 20 30 40 0 10 20 30 40
Graphite tailings content/wt.% Graphite tailings content/wt.%
(a) (b)
35
—=— Resistivity
30 F

Resistivity/Q-m
o 2

=
T

0 L 1 1 L L
0 10 20 30 40

Graphite tailings content/wt.%

(c)

Figure 3. Strength and resistivity of the cement-based materials: (a) compressive strength, (b) flexural
strength, and (c) resistivity.
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The resistivity value reflects the resistance loss ability of a material, which is an impor-
tant factor affecting the EMW-absorption performance of materials. Figure 3c shows the
resistivity test results of the cement-based materials with different GT contents. The resis-
tivity decreases with increasing content of GTs. The resistivity reaches the lowest value of
11.84 O)-m at 40% GT content, which is 59.6% lower than that of the blank. However, when
the GT content exceeds 30%, the effectiveness of enhancing the conductivity of the cement
matrix diminishes, as indicated by the decreasing slope of the broken line. This finding
proves that GTs can improve the conductivity of cement-based materials. This phenomenon
can be explained by the tunneling effect: when electrons obtain sufficient energy, crossing
a barrier becomes easier and electron transition occurs from one conductor to another to
elicit conductivity [34]. Therefore, with an increase in the GT content, the spacing between
graphite particles with conductivity decreases, which reduces the barrier formed by the
cement matrix. Ultimately, the ability of the materials to conduct current increases.

3.2. XRD Analysis

XRD tests were conducted on the paste samples cured for 3 and 28 d, as shown in
Figure 4, to investigate the effect of different GT contents on the hydration products of the
cement mortar. The XRD results showed that the mineral composition of the samples at 3
and 28 d was the same; the samples contained Ca(OH),, SiO,, CaCO3, C35, C,S, Al-phase
hydrates, and AFt.

(a) (b)
1-Ca(OH),, 2-Si0,, 3-CaCO;, 4-C;S, 5-C,S 1-Ca(OH),, 2-8i0,, 3-CaCO;, 4-C,8, 5-C,S
6-Al(OH),, 7-AFt 6-Al(OH),, 7-AFt
i 6
3 1 5 3
= 7 25 |33 2 12 G4o| = 7 e E 4l 2 12 G40
8 8
£ 1 z |
a Lde A N G30| 2 | ) | - Nohn G30
2 ]
= l =
.. A N G20 e L 14 | P G20
| Y A G10 IS I , G10
1 L L N Blank L Lo | L Blank
10 20 30 40 50 60 70 10 20 30 40 50 60 70
2-theta/degree 2-theta/degree

Figure 4. XRD patterns of the cement-based materials at (a) 3 and (b) 28 d.

At a hydration age of 3 d, peaks of C35 and C,S were observed for the blank sample,
which indicated that the cement was not fully hydrated. The peak intensities of C3S and
C,S decreased with increasing content of GTs, and the diffraction peak strength of Ca(OH),
(26 = 34°) also decreased with an increase in the content of GTs. These phenomena can be
explained by the dilution effect: a large amount of GTs replace the cement particles, which
leads to a decrease in the amount of cement involved in hydration [35,36]. The XRD results
and the compressive strength trend of the cement-based materials at 3 d indicate that the
dilution effect is the main reason for the decrease in the compressive strength.

Atahydration age of 28 d, the significant weakening of the diffraction peaks of C3S and
C,S indicated that the cement underwent sufficient hydration. Moreover, the diffraction
peak of Ca(OH); first increased and then decreased with increasing GT content. This may
be because the particle size of GTs is small and an appropriate dosage can effectively realize
microaggregate filling and the nucleation effect [36,37], which promotes the hydration of the
cement. Generally, enhancing the compactness of cement-based materials is advantageous,
as it diminishes the penetration pathways and reduces the proportion of detrimental pores.
These improvements contribute to the durability and hydration stability of the material to
some extent [38]. In addition, the peak of S5iO; intensifies with increasing GT content at
a curing age of 28 d, which is consistent with the result observed for a hydration age of
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3 d. According to the relevant literature [33,39,40], quartz existing in the GTs is inert, which
means that the volcanic ash reaction does not occur under normal circumstances. Therefore,
the peak of SiO; intensifies with increasing content of GTs. Notably, the high content of
Al,O3 in GTs enables them to react with gypsum in the cement, which also explains the
high content of AFt observed in the test samples with high GT content.

3.3. SEM and EDS Analysis

The cement mortar samples cured for 3 and 28 d were tested by SEM to investigate the
effect of different GT contents on the hydration products of the cement mortar. The SEM
images are shown in Figures 5 and 6.

) sU8600 15l00kiP2.00k UD

Figure 5. SEM images of the cement-based materials cured for 3 d: (a) Blank, (b) G10, (c) G20, (d) G30,
and (e) G40.

SU8600 15.00kVX2.00k UD PR 200pm’

SU8600 15.00kV x2.00k UD C / 9 A SUSB00 15.00kV x2:00k UD

Figure 6. SEM images of the cement-based materials cured for 28 d: (a) Blank, (b) G10, (c) G20,
(d) G30, and (e) G40.
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Figure 5 shows the SEM image of the cement-based sample cured for 3 d. At the age
of 3 d, the insufficient hydration of the cementitious material system reduces the surface
compactness and loosens the structure of the hydration products. Furthermore, an increase
in the GT content is not conducive to the densification of sample microstructure, which is
consistent with the declination trend of the early strength of the samples. Figure 6 shows
that the cementitious material system undergoes sufficient hydration after 28 days and a
large amount of the C-S-H gel and AFt are generated, which is consistent with the XRD
results. In addition, the compactness of the sample microstructure is greatly improved,
which is beneficial for the development of the later strength of the samples.

The G30 sample cured for 28 days was selected for the EDS energy spectrum analysis
to analyze its elemental composition. The results of EDS surface scanning are shown in
Figure 7. In the G30 sample, C, Ca, Si, Al, and Fe were the main elements of the hydration
products. Among them, Ca, Si, and Al are the main chemical elements of the hydration
products of Portland cement, such as C-S-H, AFt, Ca(OH),, and CaCOj3. Additionally, the
presence of a large amount of C and Fe was mainly attributed to the addition of GTs. The
results of the surface scanning showed that the dispersion of C and Fe was uniform, which
indicated that graphite particles and Fe-phase minerals were well dispersed in the cement
matrix. This enhanced the electrical conductivity of the matrix material to a certain extent,
which is consistent with the results observed in Section 2.1.

(e C (f) Fe

Figure 7. EDS results of the cement-based materials.

3.4. Preparation of the Cement-Based EMW-Absorbing Materials with GTs and SF
3.4.1. Mixing Proportions of the EMW-Absorbing Materials

As reported in Sections 2.1-2.3, the mechanical and electrical properties of the cement-
based materials were comprehensively evaluated. When the content of GTs was 30%,
the cement-based materials showed excellent mechanical and electrical properties. This
content was more beneficial to the consumption of solid waste. On this basis, cement-based
EMW-absorbing materials with GTs and SF were prepared by adding SF with mass ratios of
2%, 4%, 6%, and 8% considering the total mass of the cementitious materials. The specific
mixing proportions are shown in Table 5.

Figure 8a,b show the test results of the compressive and flexural strengths of the
cement-based materials with different SF contents. The figures show that the compressive
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and flexural strengths after 3 d were improved after SF incorporation. Moreover, the flexural
strength after curing for 28 d was slightly improved, while the compressive strength after
curing for 28 d did not change considerably. The effect of SF on the flexural strength of the
cement-based materials was more obvious. This was because SF is a ductile material with
high tensile strength and was distributed in cement-based materials in multiple directions.
This effectively delayed the development of cracks and improved the tensile and flexural
strengths of the materials.

Table 5. Mixing proportions of the cement-based EMW-absorbing materials with GTs and SF.

Sample Cement/g GTs/g Water-Binder Binder-Sand SF/g
G30-1 315 135 9 (2%)
G30-2 315 135 19 13 18 (4%)
G30-3 315 135 ’ ’ 27 (6%)
G30-4 315 135 36 (8%)
40 8
3d 3d
« 28d 28d
& ]
= 30 a6k
= — = =
0 — — ] ] —
7 B
@ 20 b S4t
a @
£ -
g0} 2,1l
S =
&
0 0
0 2 4 6 8 0 2 R 6 8
Steel fiber content/wt.% Steel fiber content/wt.%
(a) (b)
20

—a— Resistivity

‘-—-.\-

s

5F —

Resistivity/QQ-m
=

0 1 1 1 1 1
0 2 4 6 8

Steel fiber content/wt.%

(c)

Figure 8. Strength and resistivity of the cement-based materials containing GTs and SF: (a) compres-
sive strength, (b) flexural strength, and (c) resistivity.

Figure 8c shows the resistivity test results of the cement-based materials with different
SF contents. As shown in the figure, the resistivity decreases with increasing SF content.
The resistivity reaches the lowest value of 4.9 ()-m when the SF content is 8%. This result
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is mainly because with an increase in the SF content, SF in the cement-based materials
becomes densely distributed and SF easily overlaps to form a conductive network, reducing
the resistivity value. However, the decrease in the resistivity gradually tends to be gentle
after the SF content exceeds 6%; that is, the resistivity of the cement-based materials
reaches a percolation threshold [41]. At this time, the dosage efficiency of SF reaches
the highest. As per the resistivity test results of the cement-based materials reported in
Section 2.1, GTs are dispersed in the cement-based materials as a conductive admixture. This
increases the probability of contact between SF and GTs, thus enhancing the conductivity
of the materials.

3.5. EMW-Absorption Properties
3.5.1. Analysis of Electromagnetic Parameters

Electromagnetic parameters are characteristic parameters describing the interaction
between materials and electromagnetic fields, which play a crucial role in the EMW-
absorption properties of materials. Figure 9a,b show the real (¢/) and imaginary parts
(e”) of the complex permittivity of the cement-based materials with different SF contents,
respectively. ¢ is used to describe the ability of materials to store electrical energy, and
€" is used to describe the ability of materials to lose electrical energy. Figure 9a shows
that the ¢’ value of the blank group remains unchanged when the test frequency changes.
After the material is mixed with SF, the ratio of ¢ to the blank sample increases, and it
increases with increasing SF content. Among the samples, the G30-3 and G30-4 samples
show higher ¢’ values, indicating that they have stronger abilities to store electric energy.
Figure 9b shows that the ¢” value of the blank group is close to 0, which means that it
has a very weak electrical loss capability. After the incorporation of SF, the ¢” value of
the materials increases, which implies that SF improves the electrical loss capacity of the
materials. Further, G30-1, G30-2, and G30-3 show a peak between the test frequency of
2-3 GHz, indicating that the samples have the strongest electrical loss capability in this
frequency range. Notably, the ¢ value of the G30-4 sample is lower than that of the other
samples at 0-3 GHz; however, the value is higher in the frequency range of 3-5 GHz.
Further, the value has a tendency to move to high frequency, which indicates that the
sample has a high power loss ability in the high-frequency region.

Figure 9¢,d show the real part (1) and imaginary part (1”) of the complex permeability
of the cement-based materials with different SF contents. u’ represents the ability of a
material to store magnetic energy, and y” represents the ability of a material to lose magnetic
energy. As shown in Figure 9¢, the u’ value of the blank sample fluctuates at around 1 and
increases slightly after adding SE. A small peak is observed in the test frequency range of
2-3 GHz, which indicates the highest magnetic-energy storage capacity of the sample in
this frequency range. As shown in Figure 9d, the " value of the blank sample fluctuates at
around 0, which suggests that pure cement does not have magnetic-loss capability. After
adding SF, the p” value of the cement-based materials slightly increases and a small peak is
observed between 2 and 3 GHz. This implies that the magnetic-loss capacity is the highest
in this frequency range for the samples. The reason for this phenomenon is that SF shows
ferromagnetism, which produces a certain electromagnetic loss effect [42]. Furthermore,
GTs have some magnetic substances such as hematite and magnetite, which can cooperate
with the electromagnetic loss ability of SF-reinforced materials to improve EMWSs' loss
ability. Notably, the p” value of the G30-4 sample is lower than those of the G30-2 and
G30-3 samples. This distinct test result may be because its magnetic-loss frequency band
moves to a higher frequency band (>5 GHz).

3.5.2. Loss Attenuation

The EMW-absorption capacity of materials is expressed by the loss attenuation coeffi-
cient . A larger « value means a stronger loss attenuation ability of the material to EMWs
in a frequency range. Figure 10 shows the « value of the cement-based materials with
different SF contents. The « value of the blank sample fluctuates near 0, which indicates



Buildings 2024, 14, 3685

12 of 19

that the blank sample has no loss attenuation ability to EMWs. With the addition of SF,
the o value increases and the frequency band broadens, which suggests that SF enhances
the EMW-absorption ability of the materials. The maximum values of « for G30-2 and
G30-3 were observed in the frequency range of 2.5-3 GHz. In addition, when the SF content
was less than 6%, the loss attenuation ability of the cement-based materials increased
with increasing SF content. Notably, for the G30-4 sample, the loss attenuation peak has
a tendency to move to the high-frequency region (>5 GHz), which indicates that the loss
attenuation ability of the G30-4 sample may be higher than 5 GHz. This phenomenon
is consistent with the discussion of electromagnetic parameters in Section 3.5.1. In fact,
the synergistic effect of GTs and SF is a significant factor in the development of the EMW-
loss mechanism in cement-based materials. The incorporation of GTs and SF enhances
the conductivity of the material, thereby increasing its dielectric loss. Additionally, the
presence of magnetic components, such as hematite and magnetite in GTs, along with the
ferromagnetic properties of SF, contributes to the material’s magnetic loss in response to
EMWs. This synergistic effect results in an improved loss attenuation coefficient, which is
advantageous for enhancing the EMW-absorbing properties of the material.

8
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12 — G30-3
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T o} T
2 1 1 1 1 1 1 1
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Figure 9. Electromagnetic parameters of the cement-based materials with different SF contents: (a) ¢/,
(b)¢", (c) 1/, and (d) .
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Figure 10. Attenuation coefficient of the cement-based materials with different SF contents.

3.5.3. Impedance Matching

EMW-absorbing materials should have good impedance matching characteristics,
i.e., the impedances of an EMW-absorbing material matrix and air should be as similar as
possible. Therefore, in the design of EMW-absorbing materials, incident EMWs should enter
the materials to the greatest extent and attenuate the loss of EMWs in the materials as much
as possible, rather than reflecting on the surface of the material [9,43]. According to the
transmission line theory [6,11,31], as shown in Equation (2), the characteristic impedance
can be calculated from electromagnetic parameters. Moreover, the normalized impedance
value can be calculated from the characteristic impedance of air.

Figure 11 shows the normalized impedance matching values of the cement-based
materials with different SF contents. The normalized impedance matching value of the
blank sample is the highest, which implies that the impedance matching between the
pure mortar sample and the free space is the worst. This phenomenon was also observed
in the related literature [44,45]. After the incorporation of GTs and SF, the impedance
matching of the materials is significantly improved, which increases the possibility of
EMWs entering the materials. This improvement is attributed to the synergistic effect
of GTs and SF on the materials. According to previous research [27,34,46], the main
factors of this synergistic effect can be summarized as follows: (1) GTs contain a large
amount of quartz and other mineral components. The mineral components with a low
dielectric constant reduce the real part of the complex dielectric constant of the cement-
based materials. Consequently, the impedance matching of the materials and free space
is improved, which is conducive to EMWs entering the materials. (2) An appropriate
amount of SF enables the materials to show good impedance-matching characteristics by
adjusting their electromagnetic parameters. However, excessive SF content makes the
material conductivity considerably high, which causes a large amount of reflection of
EMWs on the surface of the materials. Ultimately, the impedance matching characteristics
deteriorate (such as that in the case of G30-4).

3.5.4. RL Value

The EMW-absorption performance of the materials was evaluated through RL. The
minimum value of RL and the effective bandwidth (less than or equal to —10 dB) jointly
determine the strength of the EMW-absorption performance of materials. According to
JGJ/T 220-2010 [47], the total thickness of building plastering mortar is usually 15-25 mm.
The samples were prepared with a reference thickness of 20 mm to meet these design
requirements, and their RL values and effective bandwidths were measured.
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Figure 11. Normalized impedance matching values of the cement-based materials with different
SF contents.

Figure 12 shows the RL values and effective bandwidths of the cement-based materials
with different SF contents. As shown in Figure 12a, each sample mixed with GTs and SFs
exhibited good EMW-absorption properties. When the content of GTs was 30% and the
content of SF increased from 2% to 6%, the RL value and effective bandwidth gradually in-
creased. Therefore, SF has a positive effect on improving the EMW-absorption performance
of the materials. Notably, the G30-3 sample with 30% GT and 6% SF showed the maximum
absorption peak at 2.54 GHz and its minimum RL and effective bandwidth were —25.78 dB
and 0.953 GHz, respectively. However, the minimum RL value of the G30-4 sample was
—11.95 dB and the effective bandwidth decreased to 0.06 GHz. This significant reduction
was mainly due to the excessive content of SF. The conductivity was considerably high
(as reported in Section 3.4.1), which caused substantial reflection of EMWs incident on the
material interface; that is, the “Faraday cage” effect was observed [48]. This phenomenon
eventually led to a decrease in the EMW-absorption performance of the material.
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Figure 12. EMW-absorption performance of the cement-based materials with different SF contents:
(a) RL and (b) minimum RL and effective bandwidth.

4. Discussion and Mechanism Analysis

This study proposes a preparation method for cement-based EMW-absorbing materials
with excellent performance. These materials not only realize the resource utilization of mine
solid waste but also are important for preventing and controlling EMW pollution in urban
spaces. From the perspective of the preparation of cement-based materials, the high-volume
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use of GTs yields significant green benefits. Table 6 presents a comparison of cement-based
materials with various additives as reported in the recent literature. Moreover, SF enhances
the mechanical and EMW-absorption properties of cement-based materials, which is vital
for the high-performance development of functional building materials. In the EMW-
absorbing materials, GTs improve the current transmission capacity of the cement-based
material matrix and SFs construct a complete conductive network. The two components
synergistically enhance the electrical loss capacity of the cement-based materials, which
improves their absorption capacity for EMWs. Considering the practical application of these
materials, their proposed preparation method is simple: adjusting the content of GTs and SF
yields good material performance, more convenient for the actual construction operation.
Moreover, the cement-based materials show good EMW-absorption capacity at a thickness
of 20 mm. The strength grades of the materials can reach the requirements of M25 cement
plastering mortar, fully meeting the design requirements of cement plastering mortar as
per the industry standard JGJ/T 220-2010. In this study, XRD and SEM/EDS methods
were employed to characterize the phase evolution of the cement matrix containing GTs.
The application of micro-level computational techniques, such as molecular dynamics
and density functional theory, can provide a more comprehensive understanding of the
properties of cementitious materials enhanced by nano-micron additives like GTs [49].
Future research will focus on deepening our understanding of these computational methods
and integrating them into our ongoing investigations to gain a more complete insight into
the performance evolution characteristics of cement-based materials.

Figure 13 shows the transmission loss mechanism of the cement-based materials with
GTs and SF for EMWs. The EMW-absorption mechanism of the cement-based materials can
be explained considering two aspects: the impedance matching ability and electrical loss
ability. In terms of impedance matching, GTs and SF synergistically adjust the electromag-
netic parameters of the cement-based materials, reducing the impedance between the free
space and the materials. Consequently, more EMWs enter the materials. With regard to
the electrical loss capacity, GTs are uniformly dispersed in the cement-based materials and
lead to effective multiple reflections of EMWSs and dipole polarization [50,51]. Moreover,
numerous “microcapacitors” are formed between GT particles [52], which can improve the
power storage capacity of the materials (that is, the real part of the complex permittivity
of the cement-based materials is enhanced). The overlap between SFs gradually forms a
complete conductive network, and an increase in the SF content increases the real part
of the complex permittivity to varying degrees. This phenomenon can be explained as
a controlling effect of a conductive fiber on the dielectric properties of a material. Un-
der the synergistic effect of GTs and SF, a good resistance loss mechanism is observed in
cement-based materials. Thus, the cement-based materials with GTs and SF show excellent
EMW-absorption performance under the synergistic effect of the two components.

Table 6. Comparison of cement-based materials with EMW-absorbing properties in the recently
reported literature.

Effective

Additives Thickness/mm  RL;,/dB Bandwidth/GHz References
None 15 —12.67 1.85 (below —6dB) [20]
KH550@Fe; 0,4 35 >—12.50 14.8 [53]
Carbon black 10 —25.52 1.87 [6]
Expanded polystyrene 60 —19.00 16.9 [54]
Carbon fiber 30 >—13.00 5.20 [31]

GTs and SF 20 —25.78 0.953 This work
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Figure 13. Schematic of the transmission loss mechanisms of the cement-based materials containing
GTs and SF.

5. Conclusions

Herein, a simple preparation method for cement-based EMW-absorbing materials
with good performance is proposed. The EMW-absorption mechanism of the cement-based
materials with GTs and SF was studied. The main conclusions were as follows:

1.  The mechanical properties of the cement-based materials greatly deteriorated under
the influence of dilution due to the incorporation of low-activity GTs. However, GTs
contain a large amount of carbon-based conductive components, which improves the
electrical conductivity of cement-based materials;

2. The hydration products of the cement-based materials were mainly Ca(OH),, SiO»,
CaCOg, Al-phase hydrates, and AFt. An appropriate amount of GTs could effectively
realize microaggregate filling and the nucleation effect, promoting the hydration of
the cement-based materials;

3.  The addition of SF to the cement-based materials slightly improved the compres-
sive strength, and the enhancement in the flexural strength was more obvious. SF
interacted with GTs to generate a more complete conductive network inside the
cement-based materials, which improved the electrical conductivity of the materials;

4. GTs and SF significantly affected the electromagnetic parameters of the cement-based
materials. Thus, they significantly affected the impedance matching characteristics
and loss attenuation ability of the materials. The best loss attenuation ability was
achieved in the frequency range of 2.5-3 GHz, with good impedance matching;

5. The EMW-absorption properties of the cement-based materials were significantly
improved due to the synergistic effect of GTs and SE. When the content of GTs was
30% and the content of SF was 6%, the EMW-absorption performance of the cement-
based materials with a thickness of 20 mm was the best. In the frequency range
of 0.1-5 GHz, the minimum RL value was —25.78 dB and the effective bandwidth
was 0.953 GHz.
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