.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Flexible FezSi/SiC ultrathin hybrid fiber mats with

i") Check for updates‘
designable microwave absorption performances

Cite this: RSC Adv., 2018, 8, 33574

Yi Hou, ©2 Yani Zhang,*® Xiaoging Du,? Yong Yang,? Chaoran Deng,® Zhihong Yang,®
Lianxi Zheng @9 and Laifei Cheng*?

Flexible FesSi/SiC ultrathin fiber mats have been fabricated by electrospinning and high temperature
treatment (1400 °C) using polycarbosilane (PCS) and ferric acetylacetonate (Fe(acac)s) as precursors. The
crystallization degree, flexibility, electrical conductivity, dielectric loss and microwave absorption
properties of the hybrid fibers have been dramatically enhanced by the introduction of Fe. FesSi
nanoparticles with a diameter around 500 nm are embedded in SiC fibers. As the FesSi content increases
from 0 to 6.5 wt%, the related saturation magnetization (M) values increase from 0 to 8.4 emu g™, and
the electrical conductivity rises from 7.9 x 1078 to 3.1 x 107> S cm™. Moreover, the flexibility of FesSi/
SiC hybrid fiber mats is greatly improved and remains intact after 500 times 180°-bending testing.
Compared with pure SiC fibers, the FesSi/SiC hybrid fibers process higher dielectric and magnetic loss,
which would be further advanced as more FesSi phase is introduced. At the optimal FesSi content of
3.8 wt%, the FesSi/SiC fibers/silicon resin composite (5 wt%) exhibits minimal reflection loss (RL) of —22.5
dB at 16.5 GHz and 2.5 mm thickness with a wide effective absorption bandwidth (EAB, RL < —10 dB) of
8.5 GHz. The microwave absorption performance can be further promoted by multi component stacking
fiber mat composites which contain both low and high FesSi content layers. Furthermore, the position of
the microwave absorption bands can also be simply manipulated by designing the stacking components
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1 Introduction

With ideal mechanical properties, excellent chemical stability,
outstanding high temperature resistance and low density,"”
silicon carbide (SiC) has been recognized as an ideal candidate
for both structural (e.g., composites reinforcement/matrix,*’
aero-engine,*® nuclear reactor,”** etc.) and functional materials
(e.g., electromagnetic wave (EM) absorbers,"* catalyst
templates,**** mechanical/gas sensors supporters,* etc.) oper-
ating in harsh environments. In particular, SiC is a suitable EM
absorber material due to its wide band gap, tunable electrical
conductivity and dielectric properties,>** exhibiting the appro-
priate impedance match to realize good EM attenuation ability.
Moreover, 1D SiC nano-materials (such as SiC nanofibers,
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whiskers or nanowires), with high surface area and designable
microstructure, have been proved to provide superior EM
absorption capacity to bulk or particle SiC materials.'”*®

Compared with carbon and ferromagnetic EM absorbers,
pure SiC phase shows relatively lower dielectric loss ability.
Therefore, defects'®'® or second phase additions (e.g. nano-
carbon phase,**>* ZnO nano-crystals,* Al doping) are usually
introduced to enhance the permittivity of 1D SiC nano-
materials, achieving a proper impedance match degree for
microwave absorption properties. In particular, magnetic phase
doped 1D SiC nano-materials, such as Fe-SiC whisker,* Fe;0,—
SiC hybrid nanowires,”” and Co-SiC hybrid nanowires,*® could
effectively improve the EM absorption performance by intro-
ducing both dielectric and magnetic losses. Recently, we have
successfully fabricated Fe/SiC hybrid fiber with outstanding EM
absorption properties.* However, the as-prepared Fe/SiC hybrid
fiber mat presented large diameter (5-10 pm) and weak flexi-
bility, which would greatly limit its practical application. On the
other hand, the fibers' continuity and distribution have been
proved to be highly significant for the dielectric and microwave
absorption performance of the SiC nanofiber mat.*® To the best
of our knowledge, the influence of components and structure
design on the EM absorption properties for flexible magnetic
phase/SiC fiber mat has not been investigated.

This journal is © The Royal Society of Chemistry 2018
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Compared with the aforementioned magnetic phases, Fe-Si
alloy, as one kind of magnetic alloys, shows high Curie point
and oxidation resistance.** Therefore, the composition of Fe-Si
alloy into SiC fibers could be an effective approach to improve
the EM absorption properties without sacrificing the high
temperature stability. In this work, flexible Fe;Si/SiC ultrathin
fiber mats with different Fe;Si contents were successfully
prepared by electrospinning, which has been widely adopted to
fabricate 1D nano-materials (nanofibers, nano-nets and nano-
rods) with controllable microstructure, morphology, and
distribution.>*>** For the electrospinning solution, poly-
carbosilane (PCS) is accepted as the precursor of continuous SiC
fibers. Additionally, ferric acetylacetonate (Fe(acac);), with good
solubility in the PCS solution, was applied as the additive of Fe
element to overcome the brittleness of Fe/SiC hybrid fiber. The
morphology, phase composition, flexibility, EM parameters,
microwave absorption properties of Fe;Si/SiC ultrathin fibers
with different Fe;Si contents were systematically investigated.
Furthermore, we also explored a new structure designing
method to manipulate the microwave absorption properties by
stacking design of multi components Fe;Si/SiC fibers
composites.

2 Experimental

2.1. Fabrication of Fe;Si/SiC ultrathin fiber mats

The fabrication process of Fe;Si/SiC ultrathin fiber mats is
illustrated in Fig. 1. The first step is to prepare SiC precursor
solution, in which PCS (average Mn 2000) and Fe(acac); are
used as the precursors of SiC and Fe;Si, respectively. 3 g PCS
and different mass of Fe(acac); are mixed with 1 g poly-
caprolactone (PCL, average Mn 80 000) and then dispersed into
20 mL chloroform. The detailed precursor solution parameters
are shown in Table 1. The mixture was stirred for 24 h to form
homogeneous Fe(acac);/PCS solution. Secondly, the solution
was pumped into a plastic syringe (20 mL) with a metal needle
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Table 1 Precursor solution parameters of the FesSi/SiC hybrid fiber
mats

Fe;Si content in
Fe;Si/SiC

Sample names PCS(g) PCL(g) Fe(acac);(g) fiber (wt%)
Pure SiC 3 1 0 0

Fe;3Si-1.6 wt% 3 1 0.25 1.6
Fe;Si-3.8 wt% 3 1 0.75 3.8
Fe;3Si-6.5 wt% 3 1 1 6.5

(inner diameter: 0.51 mm) and placed in the electrospinning
device. In the electrospinning process, the positive voltage
between the needle and the collector was 25 kV. The pumping
speed of the syringe was 2 mL h™". Then the as-spun fiber mat
was peeled off from the roller collector and put into an oven for
curing treatment at 200 °C lasting 2 h. At last, the cured fiber
mat was pyrolyzed at 1400 °C for 2 h in Ar protecting
atmosphere.

2.2. Characterization

The morphology of Fe;Si/SiC fibers was observe by a scanning
electron microscope (SEM, S-4700, Hitachi, 15 kV). X-ray
diffraction (XRD, Rigaku Ultima IV with Cu Ko radiation) as
well as transmission electron microscopy (TEM, F-30 FEI-
Tecnai, 300 kV) were used to characterize the crystalline and
phase structure. Static electrical conductivity was tested by four-
probe method with a current source (Keithley 6220 DC; Ohio,
USA). Dynamic electrical conductivity test under 180°-bending
cycles were carried out using a direct current (DC) resistance
tester (Zhi Xin ZX5512, Changzhou, China). For permittivity and
permeability measurement, Fe;Si/SiC fiber mats/silicon resin
composite (5 wt% fiber mats) were prepared using our self-
made tamping die mold.** The composite samples were made
into toroid-shaped shape (Doy: 7 mm, D;,: 3 mm) and then

Fe;Si/SiC o
fiber mat 4%

Curing ¥ Pyrolysis

As-spun fiber mat

Fig.1 Schematic diagram of the preparing process of FesSi/SiC ultrathin fiber mats. The insets at the bottom and top right corners are the digital
photos and local enlarged SEM images of as-spun fiber mat and FesSi/SiC fiber mat, separately.

This journal is © The Royal Society of Chemistry 2018
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placed in the coaxial line mode of Agilent vector network ana-
lyser HP8722D to measure and calculate complex permittivity
(er = ¢ — j¢’) and permeability (u, = u' — ju”).

Based on transmission-line theory and metal back-panel
model,***” the reflection loss (RL) values were calculated by ¢,
and pu, to evaluate the microwave absorption properties.

RL = 20 log0l(Zin — Zo)(Zin + Zo)| (1)
Zo = (uoleo)'” 2)
Zin=12y (,“'rler)]/2 tanhﬁ(zwfdlc)(ﬂrer)l/z] 3)

where Z;,, means the impedance of the composite backed by the
ground plane, Z, is the intrinsic impedance of free space, fis the
frequency of incident EM waves, d is the thickness of absorber, ¢
is the speed of light.

3 Results and discussion

3.1. Microstructure and chemical composition

The diameter of pure SiC fibers is around 5 pm (as shown in
Fig. S1t). As the introducing of Fe;Si phase, the diameter of
Fe;Si/SiC hybrid fibers (Fig. 2(a)-(f)) greatly drops to 1-2 um.
The reduction of fiber size is mainly contributed from the
adding of Fe(acac); in the PCS solution, which enhances the
electrical conductivity and spinnability of the precursor solu-
tion. In the process of electrospinning, a jet of the pendant
droplet at the tip of needle becomes highly electrified when the
high voltage is applied. And the droplet will form into a conical
shape called Taylor cone, from which a liquid jet will be ejected
out once the electric energy surpasses the surface free energy of
the electrospun solution. With the introduction of Fe(acac)s,
there would be a larger charge density on the surface of Taylor
cone, so more electric charges could be loaded by the solution
jet.**® Such effect was also observed and reported in the elec-
trospun polymer nanofibers with salts additive.**** And the
crystallization degree, flexibility and EM properties of Fe;Si/SiC
fibers will also be further influenced by the adding of Fe(acac)s
and the reduction of fibers diameter, which would be discussed
later. As the Fe;Si content increased from 1.6 to 3.8 wt%,
nanoparticles with the average size of 500 nm appear on the
surface of Fe;Si/SiC fibers (Fig. 2(c) and (d)). And the nano-
particles’ number further rises when the Fe;Si content increases
to 6.5 wt% (Fig. 2(e) and (f)). According to the EDS element
mapping images of an individual Fe;Si-3.8 wt% fiber in Fig. 2(g)
and (h), Si is uniformly distributed in the whole fiber while Fe is
mainly concentrated in the nanoparticles, implying that the
nanoparticles might be made of Fe;Si phase, which will be
elaborated in the following parts.

To further verify the crystal structure and phase distribution
of Fe;Si/SiC hybrid fibers, the transmission electron microscopy
(TEM) images and selected area electron diffraction (SAED)
patterns detected form different parts (A and B in Fig. 3(a)) were
acquired and presented in Fig. 3(a)-(e). The high-resolution
TEM (HRTEM) image of area A (Fig. 3(b)) reveals a distinguish-
able lattice spacing of 0.25 nm, matching the spacing of the

33576 | RSC Adv., 2018, 8, 33574-33582

View Article Online

Paper

Fig.2 (a)—(f) SEM images of FesSi/SiC hybrid fibers with different FesSi
contents: (a and b) FesSi-1.6 wt%; (c and d) FezSi-3.8 wt%; (e and f)
FesSi-6.5 wt%. (g and h) EDS mapping images (Fe and Si) of FeszSi-
3.8 wt% sample.

(111) plane of B-SiC.**** Meanwhile, Fe;Si phase, together with
SiC phase was also detected in the SAED patterns of area A
(Fig. 3(c)), which is formed from the adding of Fe(acac); in the
precursor during the pyrolysis process.

In the nanoparticle part, the lattice spacing of 0.20 nm in
area B (Fig. 3(d)) agrees well with the (220) plane of Fe;Si
phase.””** Carbon phase is usually existed in SiC ceramic
fabricated by polymer-derived ceramic (PDC) and originated
from the pyrolysis PCS precursor.”” From Fig. 3(d) it is also
found that a thin graphite layer with the thickness of 5-10 nm
was coated on the surface of nanoparticles.”> Moreover, SAED
patterns in Fig. 3(e) further confirm the existence of Fe;Si
phase** and graphite.*> However, SiC phase is not observed in
area B from the results in Fig. 3(d) and (e). Therefore, it can be
verified that Fe;Si phase is mainly concentrated in the nano-
particles (area B). While in the fiber part (area A), SiC and Fe;Si
phase are coexisted.

The X-ray diffraction (XRD) patterns of pure SiC fibers and
Fe;Si/SiC hybrid fibers were compared and exhibited in
Fig. 4(a). The diffraction peaks of B-SiC (JCPDS#74-2307; 35.6°,
60.0° and 71.8°)** are observed in all the patterns, which
become much sharper as the Fe;Si content increased from 0 to
6.5 wt%, implying that the crystalline size are getting larger.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3
nanoparticle part (area B) of the hybrid fiber.

Actually, the adding of Fe(acac); in the PCS solution can
promote the formation of SiC phase, which is attributed to the
Fe element acting as the catalyst when SiC crystal was formed
from PCS precursor.**** In addition, Fe;Si phase is also detected
with the peaks at 45.3°, 66.1° and 83.7° (JCPDS#45-1207)* for
Fe;Si/SiC hybrid fibers, corresponding to the HRTEM and SAED
results in Fig. 3(c)-(e). The Fe;Si phase was formed from
Fe(acac); in the heat treatment process. Fe(acac); was converted
to Fe;0, at relatively low pyrolysis temperature (<800 °C) and
reduced into Fe;Si in Si-rich environment at high temperature
(>800 °C). The conversion process was described in detail in our
last article.*® Fig. 4(b) shows the hysteresis loops of Fe;Si/SiC
hybrid fibers with different Fe;Si contents, it can be seen that
the hybrid fibers demonstrate ferromagnetic behaviour,
resulting from the Fe;Si phase with a half-metallic property.*>**
For the sample of Fe;Si-1.6/3.8/6.5 wt%, the related saturation

(a) 1 v BsSiC
¢ FeSi
z |
= v
. *
) | v v
g} I W-J o | .
‘7 WJ Fe,Si-6.5 wt.%
2 3
o)
£ A N S
= ‘ Fe,Si-3.8 wi.0%
W\W 3o1-o-0 W

Fe,Si-1.6 Wi.0%

Pure SiC
T T

10 20

30 40 50 60 70
2 Theta (degree)
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Fig. 4 (a) XRD patterns of pure SiC fibers and FesSi/SiC hybrid fibers
hybrid fibers with different FesSi contents.
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(400)Fe,si

(@) TEM image of a single FesSi/SiC (FesSi-3.8 wt%) fiber; HRTEM and SAED images of the (b and c) fiber part (area A) and (d and e)

magnetization (M) values are 2.5/5.0/8.4 emu g~ ', separately.
Meanwhile, the coercivity (H.) of Fe;Si-1.6 wt% and 6.5 wt% are
about 50 Oe, while the H,. of Fe;Si-3.8 wt% slightly grows to 90
Oe.

180° bending test was performed to evaluate the flexibility of
Fe;Si/SiC hybrid fiber mats. The testing sample of pure SiC fiber
mat was broken in two pieces even at the first bending cycle (as
shown in Fig. S27), implying a very brittle feature. By compar-
ison, the flexibility is drastically improved for Fe;Si/SiC hybrid
fiber mats. In the process of 500 times bending test, as shown in
Fig. 5, the electric resistance changing ratio (AR/R,) of Fe;Si-
1.6 wt% and Fe;Si-3.8 wt% remained below 1%, meaning the
fibers kept intact in the whole testing process. Such enhanced
flexibility is owing to the smaller fiber diameter and higher
crystallization degree than pure SiC fibers.*** However, as the
Fe;Si content further increased to 6.3 wt%, the AR/R, value

101(b) Fe,Si-1.6 wt.%

—o—Fe,Si-3.8 wt.%
—— Fe,Si-6.5 wt.%

Magnetization (emu/g)

-104 0710005 0.00 005 0.10
.10 8 6 -4 2 0 2 4 6 8 10

Applied field (kOe)

with different FesSi; (b) room-temperature hysteresis loops of FesSi/SiC
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—+—Fe,Si-6.5 wt.%

5y *S et

.

0 100

200 300 400 500

Number of bending cycles

Fig. 5 Electrical resistance changing ratio (AR/Rp) under cyclic
bending deformations of FesSi/SiC hybrid fibers with different FesSi
content.

obviously jumps above 1% after 100 times bending. The decline
of flexibility attributes to the over loading to Fe;Si nano-
particles, which may act as the crack initiation points and
introduce more defects to the hybrid fibers.
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3.2. EM and microwave absorption properties

The resin composites (5 wt%) for EM parameters testing
contains 6 layers single/multi component stacking fiber mats,
which were cut into toroidal-shape (Doye: 7.0 mm, Dj,: 3.0 mm)
testing samples by our self-made stamping die mould.*®

3.2.1 Single component stacking fiber mats composites.
The complex permittivity (e, = ¢ — j&’’) of pure SiC and Fe;Si/SiC
fibers are presented in Fig. 6(a) and (b). It can be seen that pure
SiC fibers sample shows the lowest ¢’ and ¢” values. As the Fe;Si
content increased from 1.6 to 6.5 wt%, the value of & grows
gradually, implying an enhanced polarization and dielectric
loss ability. As shown in Fig. 2 and 3, the Fe;Si nanoparticles in
the Fe;Si/SiC fibers would bring a large number of grain
boundaries and interfaces between SiC and Fe;Si, advancing the
interfacial polarization capacity of hybrid fibers. On the other
side, the electrical conductivity of hybrid fibers are further
promoted because of the Fe;Si phase with higher conductivity
than SiC, which has been confirmed by the electrical conduc-
tivity testing results in Table 2. According to Debye theory,* the
electrical conductivity of EM absorbers directly determines the
value of ¢”, Therefore, the introduction of more Fe;Si content,
with higher electrical conductivity, could lead to the rise of ¢’
(as shown in Fig. 6(b)). Similar tendency is found in the value of
permeability (u, = u’ — ju”), which also strongly depends on the

16 - 16
—o— Pure SiC (a) —o— Pure SiC (b)
—o— Fe,Si-1.6 Wt.% 11 o FesSi-l6wt%
3 —— Fe,Si-3.8 wt.% 124 ——Fe;Si-3.8 wt.%
—v— Fe;Si-6.5 wt.% .
. —— Fey Q 10}, Fe;Si-6.5 wt.% R Pure SiC
- = % = —o— Fe3Si-1.6 wt.%
W ©w ;
—— Fe;Si-3.8 wt.%
—— Fe;S8i-6.5 wt.%
2 4 6 8 10 12 14 16 18
Frequency (GHz)
0 ™ d
> (d)
~ ~ ~
g s 2 5 g 5
= = =
-’ N’ N’
S -10 2 S -104--=-=== S -10
= Ry, | = =
= ——2mm o= = ——2mm
S 15 L 15 S 154
g ——2.5mm g g 2.5mm
E ——3mm % E —— 3mm
& 201 . 3.5mm & 21 . 35mm b, | 1 35mm
——4mm —— 4mm ——4mm
25 ———————— 25 ———— T 25 ————————————
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Fig. 6 Frequency dependent (a and b) complex permittivity (e, = ¢ — j&”) and (c) complex permeability (u, = u' — ju”); calculated frequency
dependent reflection loss (RL) of single component stacking FesSi/SiC fibers/silicon resin composite (5 wt%) samples: (d) FezSi-1.6 wt%, (e) FesSi-

3.8 wt% and (f) FesSi-6.5 wt%.

Table 2 Electrical conductivity of pure SiC and FesSi/SiC hybrid fiber mats

Pure SiC
7.9 x 1078

Sample names
Conductivity(S cm™")

33578 | RSC Adv., 2018, 8, 33574-33582

Fe;Si-1.6 wt%
3.1 x107°

Fe;Si-3.8 wt%
5.1 x 10°*

Fe;Si-6.5 wt%
31 x10°

This journal is © The Royal Society of Chemistry 2018
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content layer

(Fe;Si-1.6 wt.%)

n 2 High Fe,Si
/ content Layer
H (Fe;Si-6.5 wt.%)
6-n
n=1,2,

Fig. 7 Stacking design of multi components stacking fiber mats
composites.

Fe;Si content (Fig. 6(c)). Since SiC is a dielectric ceramic
material, the magnetic resonance in u, is contributed by Fe;Si
phase.

The reflection loss (RL) of pure SiC and Fe;Si/SiC fibers
(depicted in Fig. S31 and 6(d)—(f)) are calculated to evaluate the
microwave absorption capacity by using eqn (1)-(3). Pure SiC
fibers sample (Fig. S31) still shows the worst microwave
absorption property and the RL values are above —5 dB with the
sample thickness from 2-4 mm. For the sample of Fe;Si-
1.6 wt%, the situation is slightly modified as shown in Fig. 6(d),
where the minimal RL value decreases to —12.8 dB at 18 GHz at
2.5 mm. As the Fe;Si content is further increased to 3.8 wt%,
a remarkable improvement of the RL values is shown up
(Fig. 6(e)). At 16.5 GHz and 2.5 mm thickness, the RL value
reaches —22.5 dB, associated with the effective absorption areas
(EAB, RL < —10 dB, 90% absorption) as broad as 8.5 GHz (9.5-18
GHz at 3 mm thickness). However, over loading of Fe;Si would
lead to the decay of microwave absorption property. As illus-
trated in Fig. 6(f), the minimal RL value of Fe;Si-6.3 wt% is only
—11.9 dB at 17.0 GHz with the sample thickness of 2 mm. The
drop of RL values should be blamed on the improper matched
characteristic impedance. Based on the back-panel model and
A/4 cancellation theory, the maximum RL values would be
realized when the phase difference between incident and re-
flected wave at the air-absorber (AA) interface is 180°.5
Besides, the amplitudes of the two waves that related to ¢, and u,

View Article Online
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have to be equal in order to achieve the optimal cancellation
scenario. If the characteristic impedance matches well, more
microwave would enter the absorbers and be dissipated.
Otherwise the microwave would mostly be reflected in the
surface of absorbers. The modulus of Z;, — 1 (|Zi, — 1]) that
calculated by eqn (2) and (3) is used to evaluate the character-
istic impedance matching degree. As shown in Fig. S47, the |Z;,
— 1| value of pure SiC fibers is far away from 0 in the whole
frequency range, meaning that the characteristic impedance is
mismatched. As for the Fe;Si/SiC hybrid fibers, the |Z;, — 1|
value of Fe;Si-3.8 wt% sample gets closest to zero, then followed
by Fe;Si-6.5 wt% and Fe;Si-1.6 wt% separately. As a result, Fe;Si-
3.8 wt% sample exhibits the best characteristic impedance
matching degree and consequently has the lowest RL values.
Moreover, it is worth noticing that introducing Fe;Si phase into
SiC fibers could apparently shift the RL peaks to lower
frequency range, and the shifting degree is enhanced with the
increasing content of Fe;Si. Such effect should be ascribed to
the magnetic loss that introduced by Fe;Si phase, which has
been confirmed and discussed in our last report.”®

3.2.2 Multi components stacking fiber mats composites.
The Fe;Si/SiC hybrid fiber mats composites stacked by multi
components fiber layers were also prepared to further enhance
the RL values and then manipulate the microwave absorption
parameters. As shown in Fig. 7, different numbers of low Fe;Si
content layers (Fe;Si-1.6 wt%) and high Fe;Si content layers
(Fe3Si-6.5 wt%) were stacked to form 6 layers’ Fe;Si/SiC fibers/
silicon resin composite (5 wt%) samples.

The EM parameters of multi components stacking fiber mats
composites were measured and presented in Fig. 8. With the
number of high Fe;Si content layer increased from 1-5, the
polarization and dielectric loss ability of the stacking fiber mats
composite would be gradually advanced, hence, both ¢’ and ¢’
are slightly promoted in most frequency range (shown in
Fig. 8(a) and (b)). It means that the permittivity of Fe;Si/SiC
fibers/silicon resin composites can be easily tuned by the
stacking component designing. In addition, since the Fe;Si
content in our prepared Fe;Si/SiC hybrid fibers is less than 7%,
the magnetic loss would not play a dominated role in the EM
properties of multi components stacking fiber mats composites,
corresponding with the results in Fig. 8(c) that no obvious
difference is found in the permeability (u, = u' — ju”) curves.

10 8

(a) —o— L5H1

—— L4H2

(b)

2 4 6 8 10 12 14 16 18
Frequency (GHz)

Frequency (GHz)

10

Frequency (GHz)

Fig. 8 Frequency dependent (a and b) complex permittivity (¢, = ¢ — j¢”) and (c) complex permeability (u, = u' — ju”’) of multi components

stacking FesSi/SiC fibers/silicon resin composite (5 wt%) samples.
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Fig. 9 Calculated frequency dependent reflection loss (RL) of multi components stacking FesSi/SiC fibers/silicon resin composite (5 wt%)
samples: (a) L5H1, (b) L4H2, (c) L3H3, (d) L2H4, (e) L1IH5 and (f) RL peaks of all samples at the thickness of 2.5 mm.

Table3 Comparison of microwave absorption properties of multi components stacking FesSi/SiC fibers/silicon resin composite (5 wt%) samples

Frequency of

Samples Minimal RL (dB) RLpin (GHz) Amin (Mm) EAB (GHz) (RL < —10 dB)
L5H1 —25.4 16.7 2.5 6.3 (11.1-17.4)
L2H4 -18.1 15.0 2.5 5.5 (12.5-18.0)
L3H3 —28.2 14.3 2.5 4.4 (10.1-14.5)
L4H2 —26.9 12.8 2.5 5.5 (10.9-16.4)
L1H5 —30.1 11.9 2.5 5.2 (12.5-17.7)
The calculated reflection loss (RL) results of different multi tm = nell(f) (edlu) ] (n = 1, 3, 5,..) (4)

components stacking fiber mats composites based on eqn (1)-
(3) are shown in Fig. 9(a)-(e). And some key parameters are also
compared in Table 3. Compared with Fe;Si-1.6 wt% or Fe;Si-
6.3 wt% sample, all the multi components stacking fiber mats
composites exhibit better microwave absorption properties. The
enhanced RL values could be resulted from the suitable char-
acteristic impedance matching degree as we have discussed in
the 3.2.1 Section (see Fig. S4 and S51). From Fig. 9(a)-(e) it could
be seen that all the absorption bands shift to lower frequency
range as more high Fe;Si content layers stacked into the
composite. And the RL peaks of all samples at the thickness of
2.5 mm were picked out and illustrated in Fig. 9(f), where the
frequency of minimal RL value shifts from 16.7 to 11.9 GHz (see
Table 3) as the high Fe;Si content layer number gradually
increases from 1 to 5. The remarkable shifting effect could be
explained by the quarter-wavelength (1/4) cancellation theory,
which is widely accepted to investigate the relationship between
absorption band frequency (f) and sample thickness (t;,)
according to the following equation:**-’

33580 | RSC Adv., 2018, 8, 3357433582

Fig. S61 shows the frequency-dependent 4/4 and 34/4 of the
multi components stacking fiber mats composites. Apparently,
both A/4 and 34/4 lines of L5H1 sample lie above the top, then
followed by the sample of L4H2, L3H2, L2H4 and L1HS5,
respectively. Namely, with a specified sample thickness, the
position of minimal RL peak would turn to the lower frequency
range when more high Fe;Si content layers are stacked into the
composites. The conclusion from Fig. S6T quite agrees with the
shifting effect of multi components stacking fiber mats
composites, indicating that the microwave absorption band can
also be manipulated by the designing of stacking component
and structure.

4 Conclusions

We developed an effective method to fabricate flexible Fe;Si/SiC
ultrathin fiber mats with tunable EM and microwave absorption

This journal is © The Royal Society of Chemistry 2018
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properties by component and structure design. Fe(acac); was
selected as the Fe source in the PCS solution, which trans-
formed into Fe;Si phase in the Fe;Si/SiC hybrid fibers.
Compared with pure SiC fibers, the Fe;Si/SiC hybrid fibers show
smaller diameter of 1-2 pm. The flexibility of Fe;Si/SiC hybrid
fiber mats (Fe3Si-1.6 and 3.8 wt%) are also greatly enhanced and
remained undamaged after 500 times' 180° bending testing.
Furthermore, the composition of Fe;Si phase could bring
improvement to the electrical conductivity and EM attenuation
ability, associated with higher dielectric and magnetic loss. At
the optimal Fe;Si content of 3.8 wt%, the Fe;Si/SiC fibers/silicon
resin composite (5 wt%) could reach a minimal RL value of
—22.5 dB at 16.5 GHz and 2.5 mm thickness with the EAB value
as broad as 8.5 GHz. By varying the stacking structure of multi
components stacking fiber mats composites, the microwave
absorption performance can be further promoted and
manipulated.
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