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Microwave absorption properties of lightweight
and flexible carbon fiber/magnetic particle
composites

Wei Ye, (2 %3 Wei Li,?° Qilong Sun,?® Jin Yu®® and Qiang Gao?

Hybridized-carbon-based materials with magnetic metals and oxides have attracted much attention
because of their enhanced electromagnetic wave loss. In this study, magnetic particles were coated on
the surface of carbon fibers by carbonizing in a nitrogen atmosphere. The morphology, structure,
thermolysis, and wave-absorption performance of the carbon fiber/magnetic particle composite were
determined. Results show that the in situ-formed magnetic particles (such as FesO4, NiFe,O,4 CoFeyOy,
and NizFe) are uniformly dispersed along the carbon-based fibers, which exhibit different wave
absorption. The absorption of the carbon fiber/magnetic particle composite can be controlled by
adjusting the species and concentration of the magnetic particle coating, which provides a new and
effective way of endowing the magnetic-particle-coated carbon fibers with good microwave absorption

rsc.li/rsc-advances properties.

Introduction

Radar-absorbing materials (RAMs) are used to cover the surface
of targets in order to reduce target detection by radar, i.e., to
reduce the radar signature (radar echo). In addition, RAMs can
reduce the impact of electromagnetic pollution. Therefore,
RAMs are of great importance, both in civilian and military
fields, and have attracted great attention globally. To date, many
studies have been carried out on new high-performance elec-
tromagnetic absorbers with light materials, wide absorption
bands, and low cost. Carbon materials, such as carbon fibers
(CFs), reduced graphene oxide (RGO), and carbon nanotubes
(CNTs), which are a typical subject of research, have proved
effective as RAMs.' Carbon fibers, which are suitable substrate
materials owing to their low density, high strength, and excel-
lent electrical properties, are used to prepare carbon fiber
nonwovens and other absorbing materials.™® Carbon fibers are
also combined with other polymers, such as polyaniline and
epoxy resin, to obtain absorbing materials in order to improve
their microwave-absorbing capacity.”®

However, carbon materials are a type of electromagnetic-
wave-absorbing materials that exhibit dielectric loss. When
a pure carbonaceous material is used, the absorbing property of
the material is*'® affected by its low magnetic loss and high
reflection coefficient. To mitigate this defect, researchers have
used electroplating, co-precipitation, or coating on the surface
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of carbon materials to load magnetic particles such as carbonyl-
iron, Fe;0,4, Ni, and Fe-Co in order to enhance the absorption
properties of the material."*** It is worth noting that magnetic
materials based on Fe, Co, and Ni with better soft magnetic
properties are coated on CFs, RGO, and CNTs, and other carbon
materials, which can effectively combine their advantages,
reduce the disadvantages of dielectric loss and magnetic loss in
these materials, thus providing a lightweight and wide-
absorption-band-absorbing composite material.****

However, electroplating, chemical plating, and reduction are
usually adopted to prepare magnetic coatings on carbon fibers.
The drawbacks of these methods are time consumption, low
yield, and uncertain quality, and effect on the coat of the
internal fiber.

In this study, for the first time, core (CFs)-shell (magnetic
particle) hybrids with light and soft were prepared via a simple,
low-pollution, high-temperature one-step molding process. The
magnetic and microwave absorption properties of the CF/
magnetic particle composites were then investigated.

Experimental
Preparation of CF/magnetic particle composite

The preparation process is schematically illustrated in Fig. 1.
Polyacrylonitrile (PAN)-based pre-oxidative felt (fiber diameter
of 1.5 dtex) was obtained from Nantong Sen Carbon Fiber Co.,
Ltd. Prior to impregnation, the felts were cleaned at 60 °C for
30 min in ethanol. A metal salt solution (different proportions
of FeCls, CoSO,-7H,0, and NiSO,-6H,0) was employed for the
impregnation of PAN-based pre-oxidative felts. After drying, the
PAN-based pre-oxidative fibers containing metal salts were heat-

This journal is © The Royal Society of Chemistry 2018
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Fig.1 Preparation process for magnetic-particle-coated carbon fiber.

T=650"C
—

t=60 min

treated at 650 °C for 60 min in N,. CF/FeCoNi, CF/FeCo, CF/
FeNi, and CF/CoNi were prepared according to different ratios
of the impregnating solution [n(Fe) : n(Co) : n(Ni)], of 2:2: 1,
2:2:0,2:0:1,and 0:2: 1, and the concentration of the total
metal ions was 0.625 mol L™'. CF/FeCoNi was prepared under
different concentrations (0.625 x 0 mol L', 0.625 x
0.5 mol L™, 0.625 x 1 mol L%, 0.625 x 1.5 mol L™}, 0.625 x
2 mol L', and 0.625 x 2.5 mol L),

Characterization

Phase structure analysis of the prepared CF/magnetic particle
was performed using X-ray diffraction (XRD, Rigaku D/max-
2500PC, with CuK,). A scanning electron microscopy (SEM,
Scios DualBeam) system equipped with energy dispersive
spectroscopy (EDS) apparatus was used for morphology obser-
vation and elemental analysis, respectively. The formation
mechanism was analyzed using thermogravimetry/differential
scanning calorimetry (TG/DSC, Netzsch 214 Polyma) at a heat-
ing rate of 5 °C min~" from 30 to 800 °C in argon atmosphere.
The reflection coefficient (RC) of the CF/magnetic particle
composite was determined in the frequency ranges of 5.85-8.2
GHz, 8.2-12.4 GHz, 12-18 GHz, and 18-26 GHz by the NRL-arc
method. A metal sheet (180 mm x 180 mm) and CF/magnetic
particle composite with the same dimensions were succes-
sively placed on the sample platform. Two horn antennas were
used to send and receive the electromagnetic wave normally
with the sheet.

Results and discussion
Phase composition and morphology

The PAN-based pre-oxidized felt after impregnation with metal
salts was treated for 60 min at 650 °C in N,. The interaction
between the fiber and metal salt produces complex particles.
The XRD patterns of the pure carbon powders (Fig. 2a) show
only one extremely broad diffraction peak, which is attributed
to the crystallographic (0 0 2) plane of graphite in the tur-
bostratic carbon structure.” In the CF/magnetic particle
composite, this peak broadens and shifts slightly towards high
26. The strong diffraction peaks with a small full-width at half
maximum indicate good crystallization of the sample. In
Fig. 2a, we can observe CF/FeCoNi contained by Fe;0, (JCPDS
75-1609), NiFe,0, (JCPDS 74-2081), CoFe,0, (JCPDS 79-1744),
NizFe (JCPDS 88-1715), and other magnetic particles; it also
includes (Co, Ni, Fe)ySg (JCPDS 30-0444) and other non-
magnetic particles. The magnetic properties of these
magnetic particles appearing in the XRD pattern clearly
exhibit magnetic loss. In reality, they are also applied to
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Fig. 2 XRD patterns (a and b) of CF/FeCoNi prepared at 0.5, 1, 1.5, 2,
and 2.5 times concentrations; CF/FeCoNi (1 times), CF/FeCo, CF/FeNi,
CF/CoNi.

magnetic loss composites.”>*>"” When we change the

concentration of the impregnated solution, the position of the
characteristic peak in the XRD diagram does not change; only
the NizFe characteristic peak becomes stronger. Therefore, we
can conclude that the level of concentration does not affect the
change in the final magnetic particle type. However, when only
two types of metal salts are prepared with the impregnation
solution, the particles generated are different from CF/FeCoNi,
and there are different phases in the same substance. When
there are only two types of metal salts in the solution, we find
that CF/FeCo is coated by particles such as Fe;0, (JCPDS 75-
0499), CoFe,0, (JCPDS 22-1086), CoxSy (JCPDS 75-1561, and
JCPDS 25-2023); CF/FeNi is coated by particles such as Fe;0,4
(JCPDS 86-2267), NiFe,0, (JCPDS 86-2267), and Ni;S, (JCPDS
44-1418). CF/CoNi is coated by particles such as CoO (JCPDS
75-0533), Co (JCPDS 15-0806), and Ni,S, (JCPDS 30-0863). The
particles of these coatings, most of which are nonmagnetic
particles, also include magnetic particles. Therefore, we can
consider that the magnetic particles coated on the CF/FeCoNi
surface are of different types and contents compared to other
samples.

RSC Adlv., 2018, 8, 24780-24786 | 24781
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Fig. 3 SEM images of CF/FeCoNi prepared at (a) O, (b) 0.5, (c) 1, (d) 1.5, (e) 2, and (f) 2.5 times concentration; (g) magnetic and (h) bending

properties of CF/FeCoNi prepared at 1 times concentration.

The surface morphology of CF/FeCoNi will also be different
when the concentration of the impregnation solution changes.
We can see in Fig. 3 that when the concentration of the
impregnation solution increases, the number of particles con-
tained in the prepared samples increases. Fig. 3a shows that the
surface of the CF (the concentration is 0 times) is smooth and
there is no particle coated. When the concentration is 0.5 times
(Fig. 3b), there is a certain gap between the particles on the
surface of the fiber. When the concentration is greater than 1
times, the magnified image (Fig. 3d-f) reveals a typical plate-like
coating; the particle coating on the fiber surface is uniform and
tight, and with the increase in concentration, the number of
larger particles on the surface of the carbon fiber increases
gradually. The increase in the magnetic particle content on the
surface of the fiber will affect the electromagnetic wave absorp-
tion property of the material.*> Further, many gaps can be seen
between the fibers in the fiber felt, which helps the incident wave
to enter the material; the incident wave is reflected in the mate-
rial many times and produces loss, and there is the improvement
in the absorbing property of the material. Fig. 3g shows that CF/
FeCoNi (1 times) can be attracted by magnets, which further
demonstrates that the fiber surface contains many magnetic
particles. In addition, as shown in Fig. 3h, CF/FeCoNi can be
bent, which indicates that the material has certain flexibility.

Fig. 4 shows the surface topographic map of CF/FeCo, CF/
FeNi, and CF/CoNi obtained from the PAN-based pre-oxidized

24782 | RSC Adv., 2018, 8, 24780-24786

felt after immersion in the solution with only two salts. We
can find that although the concentration of metal ions in the
impregnated solution is the same, the distribution of the
particles on the surface of the fiber is different, and the particles
exhibit a larger aggregation trend, which leads to the larger gap
between the particles on the surface of the fiber. It is more
obvious that the particles in CF/CoNi are massive, and cannot
be uniformly loaded onto the fiber surface. When the impregnated
solution contains three metal elements (FeCl;, CoSO,-7H,0, and
NiSO,-6H,0), they can form more uniform particles on the fiber
surface. The reasons can be further studied.

The EDS spectra of CF, CF/FeCo, CF/FeNi, and CF/CoNi
(Fig. 3a, 4a-c) are shown in Fig. 5. Upon immersion in the
metal salt solution and treatment at high temperature, there
are corresponding C, N, O, S, Cl, Fe, Co, Ni, and other elements
on the surface of the fiber. The results show that the surface of
the PAN-based pre-oxidative fibers can adsorb metal salts that
dissolve in the solution; metal salts undergo thermal degra-
dation after high-temperature treatment and form new parti-
cles on the surface of the fibers. Fig. 2 and 3 show that the
surface of the CF/FeCoNi fiber contains magnetic particles
such as Fe;0,, NiFe,0,, CoFe,0,, and NisFe, and their distri-
bution on the surface of the fiber. We can see the EDS surface
scan in Fig. 6(c-e); the Fe, Co, and Ni atoms are uniformly
dispersed in the fiber on the surface, and the distribution
maps are almost overlapped, which proves that the three metal

This journal is © The Royal Society of Chemistry 2018
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Fig.5 EDS spectra of (a) CF, (b) CF/FeCo, (c) CF/FeNi, and (d) CF/CoN:i.

elements are combined after a series of reactions to generate
the magnetic particles; this also agrees with the XRD (Fig. 2a)
results.

Formation mechanisms of CF/magnetic particle composite

To analyze the reactions involved in carbonization and under-
stand the formation mechanism of the CF/magnetic particle
composite, TG/DSC analyses were performed. Fig. 7 displays the
TG curves of pristine CF, and PAN-based pre-oxidized/FeCls/
CoS0,-7H,0/NiSO,-6H,0 (PAN/metal salt) at a heating rate of
5°C min~". There is a proportional weight loss below 100 °C in
the TG curves, which is mainly due to the evaporation of
moisture. The TG analysis of pristine CF shows one obvious
weight loss at 418 °C, which is mainly ascribed to the fast
degradation of the PAN-based pre-oxidized fiber, and Fig. 7b
shows five weight losses at 138, 380, 505, 607, and 775 °C, which
are attributed to the release of crystal water and the degradation
of fiber and melt salt (FeCl;, CoSO,-7H,0, and NiSO,-6H,0),
respectively.

However, during the carbonization of PAN/metal salt, the
position of the above weight loss peaks slightly changes (see the
differential thermal gravimetry (DTG) part of the TG curve),
which indicates that the degradation process of PAN-based pre-
oxidized fiber and metal salt varies with the interaction between
them in the composite fibers.>® It has been reported that the
heating of transition metal salts in an inert atmosphere (namely

This journal is © The Royal Society of Chemistry 2018

CO and H,) leads to an abnormal decomposition.”*** This
further illustrates a series of reactions such as thermal
decomposition and thermal reduction of FeCl;, CoSO,-7H,0,
and NiSO,-6H,0 in the presence of C and at certain tempera-
tures (main reaction processes, such as (1)-(10)). The existence
of a series of magnetic particles, such as Fe-Ni, Fe;0,, Fe-Co-O,
and Fe-Ni-O, and the formation of Fe-Co-Ni, Fe-Co, etc. may
not reflect the corresponding characteristic peaks in the XRD
because of the existence of the amorphous state. The possibility
of magnetic particle formation is further confirmed.

C0S0,-7TH,0 222, Co(OH), + H,01 + SO, 1 (1)

NiSO;-6H,0 —~"2 Ni(OH), + H,01 + SO, 1 )
FeCl; + 3H,0 "2, Fe(OH), + 3HCI? (3)
PAN 2%, c 4 cot (4)

Fe(OH), "2 Fe,0; + H,01 (5)
Co(OH), 22, Co0 + H,01 (6)
Ni(OH); ™ NiO + H,01 7)

Fe,0; + CO or C—-"2 Fe;0, + CO, 1 (8)

Fe,0; + CoO + NiO + CO or C—-22, Fe,Co,0.
+Fe,Ni, 0. + CO, 1 (©)

Fe,Ni,O. + CO or C—"2, Fe,Ni, + CO, 1 (10)

Electromagnetic wave absorption properties

Fig. 8 shows the RC of CF and CF/FeCoNi, as a function of
frequency, by the NRL-arc method. It shows the influence of
concentration on wave absorption; the electromagnetic loss of
CF/FeCoNi prepared at low concentration is excellent. It can be
seen that the RC of the CF at 5.85-26 GHz was >—2 dB. After
coating with magnetic particles, the RC at 5.85-26 GHz was

RSC Adv., 2018, 8, 2478024786 | 24783
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greatly reduced. Magnetic particles, being magnetic loss mate-
rials, play a key role in the absorption of electromagnetic waves,
and are synergistic with the dielectric loss of carbon fibers,
showing excellent wave absorbing properties.* When the
concentration is 0.5 (0.3125 mol L™ "), the RC is <—10 dB (90% of
the attenuation), and could reach up to 12.2 GHz (from 13.8 to
26 GHz) (Fig. 8). When the concentration is 1 (0.625 mol L™ %),
the RC is <—10 dB, and could reach up to 7.4 GHz (from 8.7 to
16.1 GHz), and realizes a minimal RC of —30.62 dB at 15.38
GHz, and an RC better than low concentration (0.5 times) from
5.85 to 15.12 GHz is found. With the increase in the concen-
tration of the solution, the wave absorption of the sample is
affected by the concentration of the solution. When the
concentration of the impregnated solution is greater than 1
times, the RC of CF/FeCoNi from 5.85 to 26 GHz is >—10 dB.
This can be explained as the magnetic particle load of the CF
surface being able to increase the electromagnetic wave loss,'>*
but as the concentration increases, the density of the magnetic
particles on the surface of the carbon fiber increases, and the
particle size also increases gradually (Fig. 3). All these factors
will affect the synergistic effect between the CF (dielectric loss
material) and magnetic particles, resulting in wave-absorbing
properties, the mechanism of which warrants further study.
The NRL-arc method has multiple bell mouths corresponding
to different band frequencies; therefore, there is a certain error
in the data at the band junction.

The presence of iron, cobalt, and nickel can affect the
microwave absorbing properties of the sample (Fig. 9). When
n(Fe) : n(Co) : n(Ni) = 2:2:1 (0.625 mol L"), the RC of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Reflection loss curves of CF/FeCoNi prepared at0, 0.5, 1, 1.5, 2,
and 2.5 times concentrations.

sample from 5.85 to 16.41 GHz is better than that of the other; it
has a minimum RC of —30.62 dB at 11.74 GHz, whereas the
effective bandwidth of RC <—10 dB can reach up to 7.4 GHz
(from 8.7 to 16.1 GHz). When the frequency band is higher than
16.41 GHz, the RC of CF/FeCo and CF/FeNi is better; this is
attributed to the type of particles on the surface of the sample
being different. Different magnetic materials show different
magnetic loss performance. When the carbon fiber is combined
with the dielectric loss material, different wave absorption
properties manifest different wavelengths.>*” We also found
that the addition of Fe could make the CF/magnetic particle
composite exhibit better microwave absorption. Through XRD
and SEM analysis, we found that the addition of Fe compounds
produced more magnetic particles (Fig. 2a) and promoted the
uniform distribution of the particles on the surface of the fiber
(Fig. 4), Therefore, the RCs of the samples were enhanced. In
addition, although the magnetic particles are not found in the
CF/CoNi sample, the particles coated on the CF improve the

—s—CF

—e— CF/FeCoNi
—a— CF/FeCo
—v— CF/FeNi
—&— CF/CoNi

Reflection loss(dB)

6 8 10 12 14 16 18 20 22 24 26
Frequency(GHz)

Fig. 9 Reflection loss curves of CF, CF/FeCoNi, CF/FeCo, CF/FeNi,
and CF/CoNi.
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reflection properties of the electromagnetic waves on the
surface of the CF, and make the wave-absorbing performance
better than that of the CF.*

Conclusions

In summary, a CF/magnetic particle composite was successfully
synthesized by the carbonization of an as-impregnated PAN-
based pre-oxidized fiber/metal salt, in which the formed
magnetic particle can be well dispersed on the surface of CFs.
Unlike pristine carbon material, the CF/magnetic particle
composite can retain the soft fiber felt structure after carbon-
ization under nitrogen atmosphere. The composites exhibit
excellent electromagnetic wave absorption capabilities and
wide absorption bandwidths at a lower concentration
(0.0625 mol L™, n(Fe) : n(Co) : n(Ni) = 2 : 2 : 1). The minimum
RC of the composite containing the CF/magnetic particle
composite can reach up to —30.62 dB at 11.74 GHz due to the
enhanced dielectric loss from the magnetic Fe;O,4, NiFe,O,,
CoFe,0,4, and NizFe particles and lightweight carbon-based
fibers. Moreover, an effective bandwidth (RC below —10 dB) of
7.4 GHz can be achieved in a wide frequency range from 8.7 to
16.1 GHz. These results indicate that the preparation of light
soft core (carbon fibers)-shell (magnetic particle) hybrid mate-
rials via a high-temperature one-step molding process can be
considered a promising technique to obtain strong and light-
weight electromagnetic wave-absorbing materials in a wide
frequency range.
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