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crowave absorption properties of
Fe@carbon fibers

Xuecong Zhang,a Song Qi,*ab Yi Zhao,c Lirui Wang,a Jie Fua and Miao Yu *a

Composites of carbon and magnetic metal can overcome the eddy current effects and high density of

traditional magnetic metals based on their synergistic loss mechanism and tunable electromagnetic

properties. Herein, Fe@carbon fiber particles were synthesized by growing iron nanoflakes on the surface

of carbon fibers via in situ reduction. The surface morphology, lattice structure and element composition

of the synthesized Fe@carbon fibers were analyzed by scanning electron microscopy (SEM), X-ray

diffraction (XRD) and energy disperse spectroscopy (EDS) respectively. Based on these qualitative

analyses, a possible growth mechanism was proposed for guide production. In order to investigate their

electromagnetic absorbing properties, electromagnetic parameters of Fe@carbon fibers-paraffin

composites have been evaluated by coaxial reflection/transmission technique. The Fe@carbon fibers-

paraffin composites containing different particle contents were prepared to clarify the optimum material

ratio. The results showed that the composite loaded with 30 wt% carbon fibers@Fe particles exhibited

the most prominent microwave absorption, with strong absorption (maximum reflection loss of �39.8

dB), effective absorption bandwidth (2.9 GHz) and small thickness (1.5 mm).
1. Introduction

With the progress of science and technology, a large number of
electronic devices have been introduced to our daily life. The
problem of electromagnetic radiation pollution has become
more and more serious and has gradually become a new public
hazard in our society. In particular, radiated electromagnetic
waves can interfere with electromagnetically sensitive equip-
ment, leading to misuse, signal delays, equipment failures, etc.,
which will undoubtedly pose a great threat to our economy and
life safety.

Microwave absorbing material (MAM) refers to a kind of
material that can absorb and attenuate the electromagnetic
waves by converting the energy of electromagnetic waves into
heat or eliminating electromagnetic waves due to interference,
thus it is an effective way to solve electromagnetic radiation
pollution. Due to the expansion of the operating frequency of
electronic systems and communication technologies in the
gigahertz range, higher requirements are put forward for thin-
thickness, light weight, wide absorption band and strong
absorption capacity.1 Ferromagnetic particles and their alloys,
as commonly used electromagnetic absorbing materials, pres-
ents distinct advantages of high frequency of Snoek's limit,2,3
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high saturation magnetization,2,4 high relative permeability at
radar wave frequency,2,5–8 and high Curie temperature (about
1131 �C).9,10 However, magnetic metal materials have the
disadvantages of eddy current effect and high density, resulting
in severely high-frequency magnetic permeability and not
meeting light weight requirements. Meanwhile, the absorbing
agent composed of a single material has a narrow absorbing
band and weak absorption.

The multi-component cladding of the core–shell structure,
especially the combination of nano-magnetic materials and
carbon-based dielectric materials, is a good strategy to solve
these problems. Among them, carbon ber has the advantages
of low density and excellent mechanical properties and
attracts the attention of many researchers from the eld of
composite absorbing materials. Osouli-Bostanabad et al.
plated Fe3O4 on the surface of carbon bers by a multi-step
cathode method. Fe3O4/CFs has the strongest RL of �10 dB
at 12.27 GHz.11 Salimkhani et al. investigated magnetite (nano-
Fe3O4) coated carbon bers (MCCFs) composites by using the
electrophoretic deposition (EPD) technique. And the strongest
reection loss (RL) of MCCFs was recognized to be �7.8 dB at
9.3 GHz for a layer containing 50 wt% MCCFs with 2 mm in
thickness.12 Liu Y. et al. prepared Ni–Fe alloy coatings on
carbon ber surfaces by means of electroplating at 25 �C for
560 s. The reectivity of Fe–Ni/CF composites is less than �5
dB over the range of 1.1–5.4 GHz. The reectivity of Fe–Ni/CF
composites is less than �10 dB over the range of 1.6–2.1 GHz.
The lowest reectivity of the Fe–Ni/CF composites is �14.7 dB
at 2 GHz and the corresponding thickness is 3.3 mm.13 Zhang
RSC Adv., 2020, 10, 32561–32568 | 32561
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et al. prepared novel Fe-coated carbon ber (Fe@CF)
composites using metal organic chemical vapor deposition
(MOCVD) for use as microwave absorbing materials.
Compared with common CF, the Fe@CF composites have
higher resistivity and magnetic loss, which gradually increase
with increasing iron content. And at a Fe@CF weight fraction
of 8%, the minimum reection loss (RL) is �38 dB at 13.4 GHz
and a corresponding thickness of 2.5 mm.14 Recent researches
illustrate that the mixing of carbon bers and magnetic
particles and their alloys have excellent electromagnetic
absorption properties with lightness. However, in order to be
able to achieve engineering applications, the absorbing
performance still needs to be further improved.

In this paper, a layer of iron nanoakes is uniformly grown
on carbon bers by a simple chemical reaction. Compared with
spherical/bulk structures, the nanoake structure has a larger
specic surface area and facilitates the scattering of electro-
magnetic waves, thereby increasing electromagnetic losses. The
test results indicated that the Fe@CF particles not only can
overcome the defect of large density of spherical magnetic
particles, but also form a discontinuous network structure. It is
benecial to electromagnetic wave penetration composite
materials, broad the absorption band and improve the reec-
tion loss.
2. Experiment
2.1. Materials

The carbon ber powder used in the experiment is poly-
acrylonitrile (PAN)-based carbon ber powder with an approxi-
mate circular cross-sectional shape (average diameter: 7 mm;
aspect ratio: 2 : 1 to 7 : 1; density: 1.75 g cm�3).

Fe2SO4$7H2O and NaBH4 are used as oxidant and reducing
agent, which were purchased from Dongfanghuabo Chemical
Co. Ltd., Chongqing, China. PVP is employed as the polymer
activator to make Fe2+ coating more even on the carbon ber
surface, which is also supplied by Dongfanghuabo Company,
Chongqing, China.
2.2. Preparation of CF@Fe composite

In situ reduction is a method of surface modication in which
metal ions in solution are reduced to metal by simple redox
reaction.

Anodic reaction:

R / Rn+ + ne
Cathodic reaction:

Mn+ + ne / M

where R is the reducing agent.
Specically, the Fe@CF is synthesized by reducing Fe2+ into

Fe on the surface of CF with excessive sodium borohydride in
aqueous solution. First of all, 0.242 g CF is put into hydrochloric
acid solution with a concentration of 0.01 mol L�1 to remove
impurities. Meanwhile, 4.5396 g NaBH4 powder is dispersed in
200 ml deionized water to prepare an aqueous solution of
32562 | RSC Adv., 2020, 10, 32561–32568
sodium borohydride. Then, 2.78 g FeSO4$7H2O and 3.25 g
polyvinylpyrrolidone (PVP) are dissolved in 200 ml deionized
water, following stirred intensively for 1 hour. Aer the CF is
washed repeatedly with deionized water, put the CF in the above
mixture. Next, the NaBH4 solution is dropped slowly into the
mixture containing CF. The reaction system keeps being gently
stirred, and the temperature is maintained at 30 �C for 45 min.
At last, the prepared product is washed by deionized water and
absolute ethanol many a time. Finally, the dispersed Fe@CF
particles are obtained aer vacuum drying and grinding.

2.3. Characterization

The scanning electron microscopy (SEM) images were obtained
by a TESCAN MIRA3FEG microscope. The X-ray diffraction
(XRD) patterns of all the samples were collected on a X'pert Pro
X-ray diffractometer from panaco, Netherlands with a 2q scope
of 5–90� at 40 kV and 40 mA using a Cu Ka source
(l ¼ 0.154056 nm). The electromagnetic parameters of complex
permittivity and permeability were measured using an Agilent
N5234A vector network analyzer by the coaxial-line method in
the frequency range of 2–18 GHz. The RL values were calculated
by the measured complex permittivity and permeability, as
follows.

Zin ¼
ffiffiffiffiffiffiffiffiffi
m0mr

303r

r
tan h

�
j

�
2p

c

�
fd

ffiffiffiffiffiffiffiffi
mr3r

p �
(1)

RL ¼ 20 log|(Zin � Z0)/(Zin + Z0)| (2)

where Z0 is the intrinsic impedance of free space, Zin is the
input impedance of the absorber, c is the velocity of the EM
wave in air, f is the frequency of the EM wave, and d is the
thickness of the absorber.

3. Results and discussion
3.1. The microstructures of the CF and Fe@CF composite

The morphologies of the CF and Fe@CF composites are inves-
tigated by SEM as shown in Fig. 1. As shown in Fig. 1a, the CF is
a typical columnar structure with relatively smooth surface.
Fig. 1b shows the low-magnication SEM image of CF coated
with a layer of iron nanoakes. It can be seen that the CF is
completely coated with iron nanoakes, which indicates that
good uniformity is achieved with this method. The morphology
of the Fe@CF is shown in Fig. 1c. Iron nanoakes greatly
change its surface. The element composition of the sample is
tested by EDS, which conrms that the main crystalline phases
are C and Fe (Fig. 1d). In order to conrm the phase structure of
the product, the synthesized Fe@CF composite was character-
ized by XRD. The XRD analysis spectrum is shown in Fig. 1e.
Two diffraction peaks appear near 2q¼ 26.67�and 35.57�, which
reects the presence of graphite crystallites in Fe@CF, corre-
sponding to the microcrystals (002) and (010) diffraction. And
the others peaks of Fe@CF are located at 2q ¼ 44.79�, 65.21�,
and 82.42�, corresponding to the (110), (200), and (211) planes,
which have a good match for the body-centered cubic (bcc) Fe
crystal (JCPDS card no. 06-0696).2 Fig. 1f shows the magnetic
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) The SEMmicrographs of CF; (b and c) the SEMmicrographs of Fe@CF in differentmagnifications; (d) the EDS spectrumof Fe@CF (e) the
XRD patterns of the CF and Fe@CF; (f) hysteresis loop curve of the Fe@CF compositions.
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View Article Online
hysteresis curves of the carbon ber and coated composite
sample measured at room temperature. It can be seen that the
MH curve obtained at room temperature shows a signicant
ferromagnetic hysteresis loop. The Fe@CF exhibited ferro-
magnetic behaviour with saturation magnetization (Ms) of
88.6 emu g�1 and coercivity (Hc) of 10.8 Oe, larger than that of
the pure CF.
3.2. Formation mechanism of Fe@CF

The structure of the surface coating has a very important rela-
tionship with the content of PVP. In order to analyze the growth
mechanism of the iron sheet, this experiment analyzed the
Fig. 2 The effect of PVP on the growth of Fe@CF.

This journal is © The Royal Society of Chemistry 2020
effect of the content of PVP on the microstructure of the
product.

Fig. 2 shows the surface morphology of Fe@CF prepared
without adding PVP during the electroless plating process. As
can be seen from Fig. 2, there are a large number of nanoakes
stacked on the CF surface without obvious gaps and voids, and
the distribution is uneven, showing the state of particle surface
coating, rather than radial vertical growth and distribution. As
a polymer surfactant, PVP can play a role in adjusting the
particle size of nanoparticles and preventing agglomeration in
the dispersion system. When there is no PVP in the reaction
process, the Fe core will extend in one direction for the lack of
steric hindrance of the surfactant, and the akes will reunite
RSC Adv., 2020, 10, 32561–32568 | 32563
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Fig. 3 SEM images of Fe@CF at PVP concentrations of (a) 2.25 g, (b) 2.75 g, (c) 3.25 g (d) 3.75 g.
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and overlap in the radial direction. Therefore, it is difficult to
form discrete and uniform Fe nanoakes distributed along the
radial direction of the CF. Eventually, a layer of disordered,
plate-like pieces will be formed on the surface uffy covering. It
is impossible to achieve the purpose of increasing the anisot-
ropy of CF, thereby improving its wave absorbing performance.

Fig. 3 is the SEM picture obtained by changing the concen-
tration of PVP while keeping other components, concentration
and preparation method the same. As shown in Fig. 3a and b,
when the PVP content is small, the steric hindrance effect is
weak, and the Fe core is not uniformly coated on the CF surface.
Experiments show that when the PVP content is increased to
3.25 g (Fig. 3c), the coating is uniform and the morphology is
good. Aer the Fe cores with PVP long-chain molecules adsor-
bed on the CF surface, the PVP long-chain molecules on the
growing nanoakes at different positions will interfere with
Fig. 4 Schematic diagram of the procedure of Fe@CF: (a) FeSO4$7H2O so
through the reduction of Fe2+ by BH4� and the chemical reaction equat

32564 | RSC Adv., 2020, 10, 32561–32568
each other, thereby avoiding the growth of agglomerated nuclei
between the nanoakes and making the nanoakes radial
increased to form a better sheet structure. It can be seen that the
morphology of the growth of the coating is closely related to the
presence or absence of PVP, and the uniformity of the coating is
affected by the content of PVP. The following is a brief discus-
sion of the growth mechanism of Fe@CF.

The growth mode of Fe@CF prepared by in situ reduction is
shown in Fig. 4. When NaBH4 is added dropwise to the
FeSO4$7H2O solution containing CF, Fe nuclei and a large
number of H2 bubbles are immediately produced by reducing
Fe2+ from BH4

�. When in contact with H2 bubble, Fe nuclei with
high surface energy will combine with it to reduce surface
energy. It can be deduced from the equation that the molar ratio
of H2 generated in the reaction to Fe nuclei formed in the
reaction is 7 : 1, that is, sufficient H2 bubbles are combined with
lution which contains CF; (b) NaBH4 solution; (c) Fe nucleus generated
ion; (d) preparation of complete Fe@CF.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D0RA03547E


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

4 
1:

24
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fe nuclei to avoid mutual binding of Fe nuclei. H2 bubbles
carrying Fe nuclei will continue to move in the solution, when it
meets the spherical CF, Fe nuclei will accumulate on the surface
to further reduce the surface energy and reach a stable state.
The surfactant PVP is dispersed in the reaction solution with
a macromolecular long chain structure. The molecular struc-
ture of PVP is amphiphilic, with hydrophilic and hydrophobic
groups at both ends of the molecular structure. In the reaction
process, the hydrophobic groups of the long chain structure of
PVP will be closely adsorbed on the surface of the Fe nuclei,
while the hydrophilic groups are oriented towards the solution.
Since all Fe nuclei adsorbed PVP long chain molecules, Fe
nuclei were deposited on the CF surface. As shown in Fig. 4c, the
long chain PVP molecules on the growing nanoakes at
different locations will repel each other, thereby avoiding
agglomeration and growth between the nanoakes, causing the
nanoakes to increase in the radial direction to form a better
sheet structure. Aer layered deposition, a large number of Fe
nanoakes can be grown on the spherical CF surface to form
Fe@CF as shown in Fig. 4d.
3.3. The EM properties of Fe@CF composite

In order to measure the permittivity and permeability, three
ring-shaped samples bound by paraffin wax are compacted,
containing 20, 30, 40 wt% of obtained carbon ber, with an
outer diameter of 7.00 mm, inner diameter of 3.04 mm, and
Fig. 5 Frequency dependence of (a) the real part and (b) the imaginary pa
of the complex permeability.

This journal is © The Royal Society of Chemistry 2020
thickness of 3 mm. Fig. 5a and b show that complex permittivity
of the Fe@CF changes with frequency. It can be found that the
real part (30) and imaginary part (300) of 20% samples almost keep
constant over 2–14 GHz, but there are some uctuations over
14–18 GHz. The 30% and 40% samples uctuate throughout the
entire 2–18 GHz. It is known that the polarization phenomena
can lead to the space charge and the dipole polarization in the
metal-insulator composites.15 Due to the existence of iron
nanoakes in surface, the dipole polarization dominates in the
metal-insulator system with the increase in frequency,16 which
results in the uctuation of complex permittivity. The real part
of the dielectric constant represents the ability to store elec-
tromagnetic energy, and the imaginary part represents the
ability to lose electromagnetic energy.17 As shown in the Fig. 5a
and b, the complex permittivity increase with the content of Fe
particles, which implies that themorphology variation gives rise
to the distinct dielectric loss properties.18

Fig. 5c and d plot the complex permeability as a function of
frequency. Due to the presence of iron nanoakes, it can be seen
that the complex permeability has obvious uctuation in the
range of 2–18 GHz. In addition, we can observe that the m0 and
m00 values uctuate at 1 and 0, respectively, indicating that the
Fe@CF composites possess magnetic loss capability to electro-
magnetic wave.19 For magnetic materials, the magnetic loss
based on the imaginary part of complex permeability is mainly
derived from domain-wall displacement, magnetic hysteresis,
rt of the complex permittivity, (c) the real part and (d) the imaginary part

RSC Adv., 2020, 10, 32561–32568 | 32565
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eddy current loss and natural resonance.20,21 In the study of
Fe@CF, domain wall displacement loss and hysteresis loss can
be excluded. Because domain wall displacement occurs in
multi-domain magnetic materials in the range of 1–100 MHz
(ref. 22) and hysteresis comes from irreversible magnetization
and can be negligible in a weak applied eld.23 The eddy current
loss is related to the diameter d of the metal particles and the
electrical conductivity r, which can be expressed approximately
by m00 z 2pm0(m0)2sd2f/3,23 and m0 is the permeability of the
vacuum. If the magnetic loss is only the result of eddy current
loss, then the value Co ¼ m00(m0)�2f�1 should remain constant as
the frequency changes.15 As can be seen from Fig. 6c, the value
of m00(m0)�2f�1 decreases signicantly with increasing frequency.
Therefore, the inuence of eddy current does not contribute to
the permeability. Above all, it can be reasonably explained that
the magnetic loss of Fe@CF mainly comes from natural
resonance.
3.4. The microwave absorption of Fe@CF composite

It is generally believed that good absorbing properties mainly
depend on the electromagnetic impedance matching charac-
teristics and the loss ability.24,25 The electromagnetic impedance
matching feature can be expressed as a characteristic imped-
ance equation as26

Zin

Z0

¼
ffiffiffiffiffi
mr

3r

r
tan h

�
j
2pfd

c

ffiffiffiffiffiffiffiffi
mr3r

p �
(3)

when the normalized input impedance |Zin/Z0| is close to 1,
impedance matching with the free space tends to be more
Fig. 6 (a) The modulus of normalized input impedance |Zin/Z0| for the s
values of m00(m')�2f�1 for Fe@CF in the frequency range 2–18 GHz.; (d) co
(40%) paraffin composites.

32566 | RSC Adv., 2020, 10, 32561–32568
perfect, and the incident electromagnetic wave transmits more
easily into the material. Fig. 6a shows the calculated modulus of
the normalized input impedance for the two samples according
to eqn. Apparently, the 30% sample has better impedance
matching. In addition, the attenuation characteristics of mate-
rials can usually be evaluated by the loss factor (a), which can be
written as follows27,28

a ¼ 2pf

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm00300 � m030Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm00300 � m030Þ2 þ ðm0300 þ m0030Þ

qr
(4)

Obviously, both strong dielectric loss and magnetic loss lead
to large loss factors. The a–f curve of the above three samples is
shown in Fig. 6b. The a–f curve of the three samples has almost
the same trend, and the sample with the higher carbon ber
content has stronger attenuation ability. This shows that the
larger a value depends mainly on the dielectric loss of Fe@CF.

Cole–cole semicircle means one Debye relaxation process
related to dielectric polarization effect. As can be seen from
Fig. 6d–f, with the increase of sample quality fraction, the
complex exhibits more and clearer cole–cole semicircles from
low frequency to high frequency. Commonly, the polarization at
a high-frequency region is ascribed to the interface polariza-
tion.29 Fe@CF composite has C–Fe, C–Fe3O4 and Fe–Fe3O4

interfaces. We believe that dielectric loss is mainly caused by
these interfaces.

The reection loss (RL) abilities of Fe@CF are shown in
Fig. 7. It can be seen that surface treatment has a great inuence
on RL of CF. Fig. 7a shows the reection loss of composites with
20 wt%, 30 wt%, 40 wt% Fe@CF. And the frequencies
amples of Fe@CF; (b) frequency dependence of the loss factor (a); (c)
le–cole semicircles of (d) Fe@CF (20%), (e) Fe@CF (30%), and (f) Fe@CF

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Frequency dependence of RL for a composite with 20 wt%, 30 wt%, 40 wt% Fe@CF in the frequency range of 2–18 GHz; (b) frequency
dependence of RL for a composite with 20 wt% Fe@CF with various thicknesses; (c) frequency dependence of RL for a composite with 30 wt%
Fe@CF with various thicknesses; (d) frequency dependence of RL for a composite with 40 wt% Fe@CF with various thicknesses.
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corresponding to the Minimum RL values of absorption peaks
are 11.67 GHz (30 wt%) and 14.17 GHz (40 wt%). Simulta-
neously, their minimum RL values are �36.89 dB (30 wt%) and
�17.24 dB (40 wt%), respectively. According to the theory of
electromagnetism, the absorption of carbon ber to electro-
magnetic wave is mainly caused by resonance effect, eddy
current loss and phase cancellation. When the content of
carbon ber is too high, the resonance induced current gener-
ated by resonance effect becomes larger, and the reection of
electromagnetic wave is correspondingly enhanced.

In order to evaluate the microwave absorption properties,
Fig. 7b–d show the RL curves of the Fe@CF composites at
different absorber thicknesses. Fig. 7b–d show the calculated
results of Fe@CF composites. It indicated that the RL peaks of
Fe@CF composites move to a lower frequency as the absorber
thickness increased. When the natural frequency of the carbon
ber is consistent with the frequency of the incident electro-
magnetic wave, the carbon ber resonance generates an
induced current. The energy of the electromagnetic wave is
converted into heat energy by the resistance of the carbon ber
to achieve the effect of absorbing the wave. Therefore, in theory,
the frequency at which themaximum absorption peak of carbon
ber is located is its natural frequency, and does not change
when the sample thickness is the same. The results in Fig. 7b–
d also conrm this. The frequency of the maximum RL peaks
remains basically unchanged at the same thickness when the
sample has different mass fraction. But the absorption peaks
This journal is © The Royal Society of Chemistry 2020
are different, the reection loss of electromagnetic waves
changes with the increase of carbon ber. It's obviously that the
30 wt% has wider bandwidths and lower absorption peaks.

4. Conclusion

In summary, Fe@CF composite is successfully prepared by in
situ reduction and characterized by SEM, EDS and XRD. The
CF@Fe (30 wt%) paraffin composite shows an optimal RL of
�36.98 dB at 11.67 GHz with a matching thickness of 1.8 mm.
The size of the iron nanoake is smaller than the skin depth,
which effectively reduces the eddy current effect. In addition,
the large specic surface area of the iron nanoakes is favorable
for charge polarization and interfacial polarization, which will
increase the absorption of electromagnetic waves. The proposed
method can provide guidance for the preparation of carbon–
metal composite materials and develop a new approach for
efficient electromagnetic absorption.
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