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An electromagnetic (EM) wave-absorbing material with a three-layer structure is prepared by depositing magnetic particles and a
high-temperature resistant coating on the surface of the carbon fiber (CF) with in situ hybridization. Accordingly, the structure,
chemical composition, morphology, high-temperature resistance, EM characteristics, and EM wave absorption of the composite
materials were analyzed. The composite materials contained CFs, and the magnetic particles, such as Fe3O4, NiFe2O4, CoFe2O4,
and Ni3Fe, distributed along the axial direction of the fiber, while boron nitride (BN) existed in the outermost coating layer. This
preparation method improves the oxidation resistance and EM wave absorption performance of the CF. When the concentrations
of the metal salt solution and the original BN solution are 0:625 × 1:5 mol L-1 [nðFeCl3Þ: nðCoSO4Þ: nðNiSO4Þ = 2 : 2 : 1]
and 4mol L-1 [nH3BO3 : nCOðNH2Þ2 = 1 : 3], respectively, the thermal decomposition temperature of the prepared
CF/1.5FeCoNi/2BN is increased from 450°C to 754°C. In the frequency range of 10.6–26GHz, the EM wave loss is less
than −10 dB (the bandwidth spans 15.4GHz). The CF-based composite material prepared in this study has the characteristics of
light weight, wide absorption band, and strong oxidation resistance and constitutes the reference basis for the study of other
high-temperature, EM wave-absorbing materials.

1. Introduction

When the aircraft travels through the air-intensive, low-
altitude atmosphere, its surface temperature reaches several
hundreds or even thousands of degrees Celsius within a short
period of time [1]. Accordingly, at these temperatures, the
absorbing materials on its structure cannot meet the radar
requirements. Compared with graphite and spherical parti-
cles, carbon fiber (CF) has unique anisotropic characteristics,
increased strength, and excellent thermal stability [2, 3]. It is
not only extensively used in the reinforcing phase of compos-
ite materials, but it is one of the preferred materials for
electromagnetic (EM) wave absorption. It is thus one of
the preferred EM wave-absorbing materials, especially for
high-temperature applications [4–7]. However, commercial
carbon fiber exhibits metal-like properties, and its surface

resistivity is low (<10-5 Ω·m). It is a strong reflector of EM
waves, so it must be structurally designed and chemically
doped or surface modified to change the EMwave absorption
performance of CFs [8].

Wei et al. [9] controlled the carbonization temperature to
control the CF conductivity in the range of 10-3–103 Ω·m to
prepare CFs that met the EM wave-absorbing requirements.
Ishikawa [10] prepared a high-strength CF material with
EM wave absorption and good electrical and magnetic prop-
erties based on the mixture of a magnetic metal powder, such
as iron into a polyacrylonitrile spinning solution at a high
Curie temperature, followed by its heating and carbonizing
at temperatures in the range of 350–800°C. To date, many
studies have been conducted on the direction of CF surface
modification. Studies have shown that the introduction of
metals, magnetic particles, high-molecular polymers, and
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ceramic equivalents on the surface of the CFs can effectively
improve the electromagnetic properties of carbon fibers
[11–13]. If nickel and Fe3O4 are coated on the surface of
the CF using electroless plating [14, 15], or if magnetic parti-
cles are formed on its surface in situ [16], the CF-based com-
posite prepared by these surface modifications has an EM
wave absorption performance that is superior to that of pure
CF. Although various modifications of CF can improve the
EM absorption properties of the material, the CF itself and
the added metal and magnetic particles are exposed to air,
especially in a high-temperature environment, thus making
it susceptible to oxidation or corrosion. This limits its CF
applications in high-temperature environments. Accord-
ingly, depositing ceramic coatings on CF surfaces is an
effective way to improve the material’s high-temperature
resistance and absorbing properties. Yan et al. used a one-
step chemical vapor infiltration process to deposit silicon
carbide (SiC) coating and SiC-C on the surface of CF [17],
while Lii et al. used a dip coating that contained boric acid
and a urea solution to form a boron nitride (BN) coating
on the surface of the CF with high-temperature thermal
decomposition [18]. All these methods can improve the
high-temperature resistance and absorbing properties of
CFs. Previous investigations have shown that boron in BN
reacts with oxygen at temperatures above 900°C, forming
B2O3 on the surface [19]. Therefore, by adjusting the loading
of BN and magnetic particles, we can obtain materials with
different electromagnetic wave absorption capabilities and
oxidation resistance.

In this study, CF with dielectric loss is used as the inner
layer, iron soft magnetic particles with magnetic loss are
used as the intermediate layer, and the BN with high-
temperature insulation and wave transmission properties is
coated on the outermost layer of the CF. The traditional
coating methods include electroplating, electroless plating,
and reduction. However, these methods induce pollution in
the environment during the production process. Conversely,
the magnetic coating is difficult to diffuse into the fiber mat.
In this study, a CF-based EM wave-absorbing material with
a three-layer structure was prepared by a high-temperature
heat treatment process.

2. Materials and Methods

2.1. Preparation of CF/FeCoNi/BN Composites. CF/magnetic
particle/BN (CF/FeCoNi/BN) composites were prepared
as illustrated in Figure 1. The typical procedure for the
preparation of CF/FeCoNi/BN composites is as fol-
lows: (a) FeCl3, CoSO4, and NiSO4 were supplied
by Sinopharm Chemical Reagent Co., Ltd. Subsequently,
[nðFeCl3Þ: nðCoSO4Þ: nðNiSO4Þ = 2 : 2 : 1] was dissolved
in deionized water. (b) Polyacrylonitrile- (PAN-) based
preoxidative felt (Nantong Sen Carbon Fiber Co., Ltd., fiber
diameter of 1.5 dtex, 300 g/m2) was then cleared, and the
felt was added to solution 1 [nFe : nCo : nNi = 2 : 2 : 1],
whereby the rolling surplus rate was 600%. After drying,
the PAN-based preoxidative fibers, which contained metal
salts, were heat-treated at 650°C for 60min in N2 gas and
covered the surface of the CF with a layer of magnetic
particles. Finally, the resultant solution was mixed with
solution 2 [nH3BO3 : nCOðNH2Þ2 = 1 : 3] which contained
three dip strands. The rolling ratio was 200%. The solution
was then dried and treated at 500°C for 30min. The prepared
material was a three-layer CF matrix composite material
(CF/FeCoNi/BN). CF/FeCoNi/BN was prepared with differ-
ent metal salt solutions and different BN solutions. The BN
compositions are given in Table 1.

2.2. Characterization. Phase structural analysis of the pre-
pared CF/FeCoNi/BN was performed by X-ray diffraction
(XRD, Rigaku D/max-2500PC) with CuKα radiation. A scan-
ning electron microscope (SEM, Scios DualBeam) equipped
with an energy dispersive spectrometer (EDS) was used for
morphological observations and elemental analyses. The
chemical compositions of the BN coating were analyzed by
Fourier transform infrared spectroscopy (FT–IR, Nicolet
iS10). The magnetic properties were achieved using a vibrat-
ing sample magnetometer (VSM; Quantum Design MPMS)
at 300K. The formation mechanism was analyzed by ther-
mogravimetry/differential scanning calorimetry (TG/DSC,
Netzsch 214 Polyma) at a heating rate of 5°C/min from
60°C to 1000°C in an argon atmosphere in the presence of
air. The EM characteristics (relative complex permittivity
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Figure 1: Preparation process for BN-coated high-temperature resistant material.
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and relative complex permeability) were evaluated using a
vector network analyzer (VNA; CeyearAV3672C) in the fre-
quency range of 2.0-18.0GHz. Before the test, the sample was
thoroughly mixed with paraffin at a mass ratio of 3 : 7 and
then pressed into a coaxial ring with outer and inner diame-
ters of 7 and 3.04mm, respectively. The reflection coefficient
(RC) of the CF/FeCoNi/BN composite was determined in the
frequency ranges of 8.2–12.4, 12–18, and 18–26GHz, using
the NRL arch method. A metal sheet (180mm × 180mm)
and the CF/FeCoNi/BN composite with the same dimensions
were successively placed on a sample platform, and two horn
antennas were used to send and receive the EM wave normal
to the sheet.

3. Results and Discussion

3.1. Crystal Structure. The crystal diffraction patterns of
CF/1.5FeCoNi (without BN coating), CF/1.5FeCoNi/1BN,
CF/1.5FeCoNi/2BN, and CF/1.5FeCoNi/3BN are shown in
Figure 2. It should be noted that the PAN-based preoxidized
fiber was impregnated with a metal salt solution and treated
at 650°C, and soft magnetic particles, such as Fe3O4 (JCPDS
75-1609), NiFe2O4 (JCPDS 74-2081), CoFe2O4 (JCPDS
79-1744), and Ni3Fe (JCPDS 88-1715), were formed by a
series of thermal decomposition and reduction reactions
at high temperatures. Subsequent immersion in a urea
and boric acid mixture followed by a high-temperature
treatment led to the formation of BN (JCPDS 45–0895)
on the outermost layer of the CF. However, CF/1.5FeCo-
Ni/1BN did not show significant (002) and (100) plane
diffraction peaks at 26.5° and 43.3°. The main reason was
attributed to the fact that the positions of 21.6° and 43.3°

are typical CF diffraction peaks [20], while the position
at 43.3° is also a strong diffraction peak of Fe3O4, NiFe2O4,
and CoFe2O4. As the BN content increased, the peak near
26.5° becomes sharper. At the same time, the typical peaks
of Fe3O4, NiFe2O4, CoFe2O4, and Ni3Fe did not disappear,
indicating that the coverage of BN did not affect the exis-
tence of magnetic particles.

3.2. Infrared Analyses. The infrared (IR) spectra of the CFs
that were coated with different BN concentrations are shown

in Figure 3, and the IR spectrum of the uncoated CFs is also
shown for comparison. The CF impregnated with the mixed
solution of urea and boric acid has absorption peaks at 780
and 1380 cm-1 after high-temperature treatment, which cor-
respond to B-N in-plane stretching and B-N-B out-of-plane
bending [18, 21], respectively. The O-H band in the range
of 2800–3600 cm-1, the C-N band at 1023 and 1190 cm-1,
and the absorption peak became more obvious as the original
BN solution concentration increased. This means that
despite the high-temperature treatment, some of the urea
and boric acid are not completely decomposed. This may
be attributed to the insufficient processing time or processing
temperature. The IR spectroscopy results were consistent
with those obtained from the XRD analyses. It can be
observed that there is a BN coating on the outermost surface
of the prepared CF-based composite.

3.3. Morphological Analyses. The surface topography of the
material is shown in Figure 4. It can be observed that the pre-
pared composite material has magnetic properties because

Table 1: Composition of the prepared composite samples with PAN-based preoxidative felt, FeCl3, CoSO4, NiSO4, H3BO3, and CO(NH2)2.

Sample code
Base matrix (PAN-based

preoxidative felt) quality (g)

Impregnation solution (mol L-1)
Solution 1 Solution 2

FeCl3 CoSO4 NiSO4 H3BO3 CO(NH2)2
Carbon fiber (CF) 12 0.000 0.000 0.000 0.000 0.000

CF/1FeCoNi 12 0.250 0.250 0.125 0.000 0.000

CF/1.5FeCoNi 12 0.375 0.375 0.1875 0.000 0.000

CF/2.5FeCoNi 12 0.625 0.625 0.3125 0.000 0.000

CF/1FeCoNi/2BN 12 0.250 0.250 0.125 1.000 3.000

CF/2.5FeCoNi/2BN 12 0.625 0.625 0.3125 1.000 3.000

CF/1.5FeCoNi/1BN 12 0.375 0.375 0.1875 0.500 1.500

CF/1.5FeCoNi/2BN 12 0.375 0.375 0.1875 1.000 3.000

CF/1.5FeCoNi/3BN 12 0.375 0.375 0.1875 1.500 4.500

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

CF/1.5FeCoNi/3BN

CF/1.5FeCoNi/2BN

CF/1.5FeCoNi/1BN

2𝜃 (°)

f CF/1.5FeCoNi

e

e

d

cc

c
cc

bb
b

bb a

a

aaa

ad

a

a-(Co,Ni,Fe)9S8 b-Fe3O4

c-NiFe2O4 d-(CoFe2)O4
e-Ni3Fe f-BN

dc
b

d
c
b

c
b

d
c
b

dc
b

f

Figure 2: X-ray diffraction (XRD) profiles of carbon fiber
(CF)/1.5FeCoNi, CF/1.5FeCoNi/1BN, CF/1.5FeCoNi/2BN, and
CF/1.5FeCoNi/3BN.
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the fiber surface covers a large number of magnetic particles
with magnetic loss properties. At the same time, after the
PAN-based preoxidized silk was finished by the metal salt
and the BN source solution, the magnetic particle and the
BN coating layers appeared in succession on the surface
of the fiber. After the deposition of the BN coating, a film
was formed on the surface of the CF. This film enhances
the heat resistance of the material and may also enhance
the absorbing properties of the material in certain condi-
tions [22]. The surface of the CF that is not covered with
the BN coating contains no film, and only the magnetic
particles are distributed. After the metal salt is impreg-
nated, the surface of the fiber is uniformly distributed with
magnetic particles, and the larger the concentration of the
metal salt is, the larger are the magnetic particles [16]. The
concentration of boric acid is different, and the surface
morphology of the CF is also different. The thicker the
BN concentration is, the thicker the film covering on the
surface of the CF is. When the concentration of boric acid
is 1.5mol L-1, needles are formed on the surface of CF, and
the surface coating of the fiber appears. Based on the ana-
lyzed results, it is inferred that after the high-temperature
carbonization has covered the BN coating, all the fibers
maintain their surface topographies and microstructural
properties. At the same time, there are many protrusions
on the surface of the fiber, and the density is relatively large
and evenly distributed. These large-area protrusions help
increase the interfacial effect and strengthen the fiber’s abil-
ity to absorb EM waves [23]. The uniform distribution of
magnetic particles and BN on the surface of the fiber is ben-
eficial in maintaining the stability and improving the oxida-
tion and corrosion resistances of the material. Furthermore,
there is a gap between fibers, which is beneficial for the pen-
etration of the EM in the material and for the reduction of
the loss caused by the EM in the material.

3.4. EDS Analyses. Figure 5 shows the EDS elemental analysis
of the fiber surface. We can clearly see the presence of B, N, C,
Fe, Co, Ni, and other elements on the surface of the CF. These
elements are important components of magnetic particles
and BN. Figure 6 shows a scanning view of the element
surface of CF/1.5FeCoNi/2BN. It can be observed that B, N,
C, Fe, Co, and Ni are uniformly distributed on the surface
of the fiber. B and N constitute a high-temperature resistant
BN coating, which can increase the oxidation resistance tem-
perature of the CF, reduce the surface resistance of CF, and
reduce the reflection of EM by fibers. At the same time, the
surface of the fiber is evenly distributed with soft magnetic
particles composed of elements, such as Fe, Co, and Ni. These
magnetic particles have obvious absorbing properties and
are commonly used for electromagnetic wave absorption
[15, 16]. Additionally, various EM-absorbing materials form
a special structure on the surface of the fiber and have a rich
interfacial polarization that is beneficial to the improvement
of the EM wave absorption performance of the material.

3.5. Magnetic Hysteresis Analyses. The magnetic behaviors of
CF and CF/1.5FeCoNi/2BN composites were analyzed by
VSM analysis at room temperature. Figure 7 shows that the
hysteresis loop of the initial CF is almost a straight line,
which indicates nonmagnetic behavior, while the hysteresis
loop of the CF/1.5FeCoNi/2BN is a typical S-type curve. As
shown in Figure 7. The saturation magnetization (Ms),
remnant magnetization (Mr), and coercive force (HC) of
the CF/1.5FeCoNi/2BN composites obtained at room tem-
perature are 15.47 emu/g, 5.55 emu/g, and 2006.4Oe, respec-
tively. The difference in magnetic properties of these two
composites maybe attributed to the introduction of magnetic
Fe3O4, NiFe2O4, and CoFe2O4.

3.6. Thermal Analyses. Figure 8 shows the TG and DTG
curves of the boric acid and urea mixture in the presence of
N2. When the temperature is approximately 94.5°C, the boric
acid undergoes dehydration to form H2B4O7 [24]. When the
temperature is approximately 180°C, a fast loss of weight is
documented that is attributed to the condensation and
hydrolysis reactions of urea that release a large amount of
NH3 [25]. When the temperature reaches ~304.5°C, the boric
acid is completely dehydrated to form B2O3 and H2O. As the
temperature is further increased, B2O3 and NH3 react to form
BN. The reaction equations that describe the entire process
are given below:

4H3BO3⟶
Δ,N2H2B4O7 + 5H2O↑ ð1Þ

CO NH2ð Þ2 + H2O⟶Δ,N22NH3↑+CO2↑ ð2Þ

H2B4O7⟶
Δ,N22B2O3 + H2O↑ ð3Þ

B2O3 + 2NH3⟶
Δ,N22BN + 3H2O↑ ð4Þ

Figure 9 shows the TG and DTG curves of different mate-
rials in the presence of air. We can observe that pure CF
begins to oxidize and decompose in air at 450°C and is
completely oxidized at 670°C. At the same time, we found
that the thermal decomposition temperature of CF decreased
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Figure 3: FT–IR spectra of CF, CF/1.5FeCoNi, CF/1.5FeCoNi/1BN,
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after it was covered with soft magnetic particles. This is
because the presence of metal ions catalyzes the oxidation
of CFs [26]. When BN is deposited, the thermal decomposi-
tion temperature of the CF-based EM wave-absorbing mate-
rial is remarkably improved. We can observe that there are
multiple decomposition temperatures in the thermal decom-
position curve of the material after the BN deposition.
Because of the 30min treatment at 500°C, the urea and boric
acid decomposition was partially incomplete. Based on IR
analyses, it can be observed that the two compounds are
not completely decomposed. Therefore, it is considered that
the last decomposition temperature region is the temperature
at which the CF actually begins to decompose. When the
concentration of the BN stock solution is equal to unity
(nH3BO3 = 0:5mol L−1 and nCOðNH2Þ2 = 1:5mol L−1), the
decomposition temperature appears to be approximately

equal to 622°C. This is because the concentration is low, which
results in an insufficient BN thickness and coverage area on
the fiber surface, and ultimately leads to a low-thermal
decomposition temperature. Further increase of the impreg-
nation concentration can increase the coverage of BN and
thus lead to an increased decomposition temperature. As it
can be observed from the figure, when the concentration
increases by a factor of two to three, the decomposition tem-
perature is increased to 754°C and 804°C, respectively. This
is because when the concentration becomes high, the BN con-
tent of the outermost layer of the fiber increases, which
enhances the oxidation resistance. Even though the tempera-
ture rises to 650–1000°C, BN begins to oxidize and eventually
fails, but the B2O3 film formed by BN oxidation can act as a
barrier to prevent oxygen permeation [27] and thus delays
the oxidation rate of the fiber. These findings show that after
the modification of BN coating, the initial and final oxidation
temperatures and the oxidation resistance of the material are
all improved.

3.7. EM Characteristics. Figures 10(a), 10(b), 10(d), and 10(e)
show the measured complex permittivity and permeability in
the range of 2–18GHz for nine samples comprising 30wt%
CF, CF/1FeCoNi, CF/1.5FeCoNi, CF/2.5FeCoNi, CF/1FeCo-
Ni/2BN, CF/2FeCoNi/2BN, CF/1.5FeCoNi/BN, CF/1.5Fe-
CoNi/2BN, and CF/1.5FeCoNi/3BN composites. There are
two possible contributions to microwave absorption: dielec-
tric loss and magnetic loss. We have also calculated the
dielectric tangent loss (tan δe = ε″/ε′) and magnetic tangent
loss (tan δm= μ″/μ′) based on the permeability and permit-
tivity of samples measured as described above, shown in
Figures 10(c) and 10(f). From Figures 10(a) and 10(b), we
can find that the values of ε′ and ε″ of the CF/1FeCoNi,
CF/1.5FeCoNi, and CF/2.5FeCoNi samples are stable in the
range of 2–18GHz; the values are approximately 3.5 and 0.3,
respectively. This shows that the material has no obvious
relaxation and resonance behavior in the entire dielectric spec-
trum, and the dipole orientation polarization may be the main
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Figure 4: Scanning electron microscopy (SEM) images showing the (a) magnetic performance, (b) CF, (c) CF/1.5FeCoNi, (d)
CF/1.5FeCoNi/1BN, (e) CF/1.5FeCoNi/2BN, (f) CF/1.5FeCoNi/3BN, (g) CF/1FeCoNi/2BN, and (h) CF/2.5FeCoNi/2BN.
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polarization mechanism in this frequency range [28]. The
outer layer of the magnetic particles is combined with the
BN layer, and ε′ of CF/1FeCoNi/2BN, CF/2.5FeCoNi/2BN,
CF/1.5FeCoNi/1BN, CF/1.5FeCoNi/2BN, and CF/1.5FeCo-
Ni/3BN becomes smaller because BN is a high-resistance
electromagnetic wave-absorbing material [29], so the surface
resistance of carbon fiber-based magnetic fibers decreases,
and ε′ also decreases. From the curve of ε″, we observe that
there is a broad dielectric resonance peak around 10GHz,
and there is a significant dielectric relaxation phenomenon
[30]. In comparison with the ε″ values of some other
carbon/magnetic composite materials [31–33], the value of
ε″ is too small. Thus, it can be inferred that the prepared
material has higher resistance. The reason for this may be
that the BN resistance is high, and the resulting composite
material has fewer defects. In general, a suitable resistance
and dielectric loss are beneficial for improving the electro-
magnetic wave absorption performance of the material.
From Figures 9(d) and 9(e), we can observe that the curves
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Figure 6: SEM topography maps of CF/1.5FeCoNi/2BN composites for elements (a) C, (b) B, (c) N, (d) Fe, (e) Co, and (f) Ni.
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of μ′ and μ″ of the uncoated BN magnetic fiber composite
materials show little fluctuation, and their values are around
1 and 0, which is consistent with the description in the liter-
ature [34]. Another report similarly indicated that magnetic
loss of the carbon magnetic composite material is not a key
factor for its electromagnetic absorption performance [35].
Because of the addition of BN, the values of μ′ and μ″ of car-
bon magnetic materials have increased significantly, indicat-
ing that the presence of BN enhances the magnetic loss
performance of the material, which is a very interesting
phenomenon. Furthermore, an obvious magnetic resonance
peak appeared near 12GHz, which is due to the surface effect
and spin wave excitation of magnetic particles [36]. The
dielectric loss tangent and magnetic loss tangent can charac-
terize the dielectric loss and magnetic loss of the material,
respectively. The dielectric loss and magnetic loss are two
main mechanisms whereby materials absorb electromagnetic

waves. To determine the dominant mechanism in the mate-
rial, we calculated the tan δe and tan δm of each sample.
The results are shown in Figures 10(c) and 10(f). We found
that for materials covered only with magnetic particles,
tan δe of CF/1FeCoNi is approximately 0.2, the other mate-
rials are at 0 attachments, and tan δm of carbon magnetic
materials is essentially 0. However, after covering BN, both
tan δe and tan δm in the sample can reach a certain value;
for example, tan δe of CF/1.5FeCoNi/2BN is between 0.1
and 0.35, and tan δm is between 0.2 and 1. The existence
of BN shows that the electromagnetic absorption of the pre-
pared carbon magnetic material has both dielectric loss and
magnetic loss. However, in practical applications of electro-
magnetic wave-absorbing materials, impedance matching,
electromagnetic loss synergy, and the three-dimensional struc-
ture of the material can greatly affect the electromagnetic wave
absorption performance of the material [34, 37, 38].
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Figure 10: Continued.
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3.8. EMWave-Absorbing Properties. Figure 11 shows the EM
wave absorption curve of CF matrix composites. We can
infer that the loading of the magnetic particles on the surface
of CF affects the EM wave absorption performance of the
material. When the concentration of the metal solution is
0.625mol L-1, the electromagnetic wave loss of the material
within the 8.7–16.1GHz band is less than -10 dB, and the

lowest loss is −30.62 dB. As the concentration of metal salt
increases, the EM wave absorption performance of the
material diminished. This is attributed to the fact that
when the concentration is increased, magnetic particles
on the surface of the fiber become larger. This affects the
EMwave absorption performance [12], thus causing the alloy
on the surface of the fiber to increase, which leads to the
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Figure 10: Frequency dependence on real (a) and imaginary (b) parts of the complex permittivity of samples, real (d) and imaginary (e) parts
of the complex permeability, and the corresponding dielectric (c) and magnetic (f) loss tangents of CF, CF/1FeCoNi, CF/1.5FeCoNi,
CF/2.5FeCoNi, CF/1FeCoNi/2BN, CF/2FeCoNi/2BN, CF/1.5FeCoNi/BN, CF/1.5FeCoNi/2BN, and CF/1.5FeCoNi/3BN composites.
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Figure 11: EM wave absorption properties (a, b) of materials prepared at different conditions.
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formation of a conductive network between the fibers. The
EM wave absorption performance is thus weakened [39].
At the same time, the EM wave absorption performance
of the material can be optimized after the outermost layer
of the magnetic particles is covered with BN. We found
that CF/1.5FeCoNi/2BN has an electromagnetic wave loss
<−10 dB (bandwidth of 15.4GHz) in the frequency range
of 10.6–26GHz. This is attributed to the fact that when BN
is deposited, there is a contact between the fibers and BN,
fibers and magnetic particles, and magnetic particles and
BN, which creates a large number of interfacial effects and
produces more interfacial polarization [23]. In addition, BN
is a high-resistance material that can affect the formation of
conductive networks and reduce the reflection of EM waves.
When the dielectric loss, magnetic loss, and material struc-
ture work together, the EM wave absorption properties of
the material can be enhanced [40, 41]. At the same time, we
found that when the loading of magnetic particles and the
thickness of BN coating changed, the EM wave absorption
properties of the material also changed. We found that when
the BN preparation solubility increased by a factor of two, the
EM wave absorption performance first increased and then
decreased as the concentration of the metal salt increased.
This was because the BN resistance was large, and the fiber
dielectric loss, interface effect between the magnetic particles
and the CF, and electronic transition were all changed after
the fiber surface was covered. When the content of soft mag-
netic particles was small, the original electronic transition
network and interface polarization effects were affected
and changed, and the EM wave absorption performance also
changed. When the metal salt concentration was high, the
magnetic particles supported on the fiber surface became
larger. An excessive number of magnetic particles make
the EM wave absorption process ineffective [16]. Similarly,
the variation of the thickness of the BN coating on the sur-
face of CF also affected the EM wave-absorbing composites
in which the three-dimensional network structure and
various lossy materials worked synergistically. Based on the
above considerations, the influencing mechanism requires
further study.

4. Conclusions

In this study, PAN-based CF was selected as the substrate,
and its high-temperature resistance, oxidation resistance,
high strength, and light weight were fully utilized to yield
good EM wave absorption performance and a strong corro-
sion resistance. The magnetic particles were supported on
the surface of the CF by in situ hybridization, and the outer-
most layer was coated with a high-temperature resistant
BN. A three-layer CF-based, high-temperature, EM wave-
absorbing material with light weight and a broad absorption
response was prepared. This special structure mediated
electrical loss, magnetic loss, and three-dimensional network
synergy that enhanced the material’s EM wave absorption
performance. The prepared CF/1.5FeCoNi/2BN had an
absorption bandwidth of 15.4GHz (10.6–26GHz) with a
reflection loss that exceeded −10dB. At the same time,
the presence of BN significantly improved the oxidation

resistance of CFs. The CF/1.5FeCoNi/2BN sample began to
decompose at approximately 754°C, which increased the ther-
mal decomposition temperature of the CF by 304°C. From the
perspective of a comprehensive performance, the CF/FeCo-
Ni/BN composite absorbing materials have the potential to
become new types of high-temperature absorbing composite
materials with excellent response characteristics, including
broadband, high efficiency, stability, and light weight.
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