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Polymer-derived SiC-based ceramic fibrous membranes
have attracted increasing attention as lightweight and thermally
stable electromagnetic wave absorbers. However, simultaneously
achieving strong attenuation capability and good impedance
matching remains challenging due to the limited regulation of phase
composition and dielectric behavior. In this work, multiphase SiC-
based fibrous membranes were prepared by electrospinning
combined with polycarbosilane (PCS)-derived ceramic conversion.
The phase evolution, fiber morphology, dielectric response, and wod s
electromagnetic wave absorption performance were regulated by \ N
tuning the PCS content and pyrolysis temperatures. Advanced Internal N.
characterizations confirm the formation of a heterogeneous (- reflections ¥ )
SiC/si0,C,/carbon multiphase structure with good flexibility, which provides abundant polarization centers, moderate conductive
pathways, and multiple reflection sites, thereby enabling balanced impedance matching and dielectric loss. Consequently, the
sample with a PCS content of 1.4 g pyrolyzed at 1400 °C achieves a minimum reflection loss (RL,,) of —27.12 dB at a matching
thickness of 2.2 mm and a maximum effective absorption bandwidth (EAB) of 8.22 GHz at 2.7 mm, covering 9.78-18 GHz. Radar
cross-section (RCS) simulation further verifies the electromagnetic scattering suppression capability of the optimized fibrous
ceramic coating. Therefore, this study provides a useful strategy for tailoring the phase composition and dielectric behavior in
polymer-derived SiC-based fibrous membranes for broadband electromagnetic wave absorption.
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degradation and structural instability at elevated temperatures,
whereas metal-based absorbers are limited by their high density,
poor corrosion resistance, and performance deterioration arising
from surface oxidation [7-9]. Among the various high-
temperature microwave absorbing materials, silicon carbide (SiC)

1 Introduction

With the rapid development of high-frequency electronic devices
and wireless communication technologies, electromagnetic
pollution has become an increasingly serious concern [1-4]. This

trend has generated a growing demand for high-performance
electromagnetic wave (EMW)-absorbing materials  with
lightweight ~characteristics, small thickness, wide effective
absorption bandwidth, and strong absorption intensity [5,6].
Conventional polymer-based absorbers often suffer from thermal

ceramics are widely considered one of the most promising
candidates for harsh-environment applications owing to
their low density, excellent chemical and thermal stability,
superior mechanical strength, and intrinsic semiconducting
characteristics [10—13].
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However, the EMW absorption performance of stoichiometric
SiC is generally constrained by its relatively low dielectric loss
capability and inadequate impedance matching, leading to limited
attenuation efficiency and narrow effective absorption bandwidths
[14-19]. To address these limitations, structural engineering and
compositional modulation have been widely explored as effective
approaches [20-23]. In particular, the incorporation of
heterogeneous interfaces and the regulation of secondary phases,
including silicon oxycarbide (SiO,C,) and amorphous carbon, can
markedly improve EMW attenuation by promoting interfacial
polarization and multiple dielectric loss mechanisms [24,25].
Among the available fabrication strategies, the polymer-derived
ceramic (PDC) route offers a unique advantage by allowing for
the precise control of the ceramic’s chemical composition and
microstructure at the molecular level through the design of
preceramic polymers [26-29]. Feng et al. [30] prepared SiOC
ceramics via a combination of digital light processing (DLP) three-
dimensional (3D) printing and the PDC route. The in situ
generated free carbon and B-SiC nanocrystals effectively enhanced
interfacial and dipolar polarization, resulting in a minimum
reflection loss (RL,;,) of —23.5 dB and an effective absorption
bandwidth (EAB) of 49 GHz at a thickness of 1.58 mm.
Duan et al. [31] developed nano-SiC-modified SiOC ceramics
(n-SiC/SiOC) by pyrolyzing polysiloxane containing 30 nm SiC
nanoparticles. The sample annealed at 1400 °C achieved an RL,;,
of —61 dB at 8.6 GHz and an EAB of 3.5 GHz in the X-band,
demonstrating significantly improved microwave absorption
performance compared with pure SiOC ceramics.

When coupled with electrospinning technology, the PDC route
enables the scalable production of continuous micro/nanofibers.
These fibrous structures not only inherit the intrinsic merits of SiC
ceramics but also provide ultralow density and high aspect ratios
[32-34]. Furthermore, the 3D interconnected fibrous networks
can extend the propagation path of EM waves through multiple
reflections and scattering, thereby significantly boosting the
absorption efficiency [33,35]. Chen et al [36] fabricated
lightweight SiBCN nanofibers by electrospinning and the PDC
route, demonstrating that the synergistic effect between in situ
formed B-SiC and free carbon significantly enhanced dielectric
polarization. The optimized sample, annealed at 1600 °C, achieved
an RL;, of =56.9 dB and an EAB of 3.45 GHz in the X-band.

Despite these advances, several fundamental issues concerning
polymer-derived SiC-based fibrous ceramic absorbers remain
inadequately elucidated. Specifically, the synergistic evolution of p-
SiC crystallization, amorphous SiO,C, phase formation, and free-
carbon structural ordering during pyrolysis has not been
systematically correlated with the resulting dielectric response.
Moreover, the respective contributions of heterogeneous
interfacial structures and carbon-induced conductive pathways to
impedance  matching and electromagnetic  attenuation
mechanisms remain insufficiently clarified. In addition, current
studies predominantly emphasize the optimization of final
microwave absorption performance, whereas the intrinsic
structure-dielectric property-absorption relationship governed by
precursor composition and pyrolysis conditions has yet to be
comprehensively ~ established.  Therefore, elucidating the
correlation between phase evolution and electromagnetic wave
attenuation behavior in PDC-derived SiC ceramics is of critical
importance for the rational design and optimization of advanced
ceramic absorbers with broadband absorption in the X and Ku
bands.

In this study, electrospinning and PDC route were combined to
prepare multiphase SiC-based fibrous membranes. By regulating
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the polycarbosilane (PCS) content and pyrolysis temperatures, the
relative formation of -SiC, amorphous SiO,C,, and free carbon
was tailored. The dielectric parameters, impedance matching
behavior, attenuation capability, and radar scattering suppression
of the obtained membranes were systematically investigated.

2 Experimental methods

2.1 Materials

Polycarbosilane (PCS) precursor was provided by the Institute of
Chemistry, Chinese Academy of Sciences; tetrahydrofuran (THF)
was purchased from Xilong Scientific Co., Ltd; polyvinyl-
pyrrolidone (PVP) was produced by Shanghai Macklin
Biochemical Co., Ltd; N,N-dimethylformamide (DMF) was
obtained from Beijing InnoChem Science & Technology Co., Ltd.

2.2 Fabrication of SiC-based fiber membrane

To evaluate the effect of PCS content on the microstructures and
properties of the samples, three precursor solutions with different
PCS concentrations were designed, as summarized in Table 1. A
schematic illustration of the SiC-based fibrous membrane
preparation process is presented in Fig. 1(a). Specifically, PCS and
PVP were dissolved in a mixed solvent of THF and DMF,
followed by magnetic stirring at ambient temperature for 12 h to
form homogeneous spinning solutions. The prepared solutions
were subsequently transferred into 5 mL plastic syringes equipped
with a 20 G stainless-steel needle for electrospinning. A positive
voltage of 9 kV was applied between the needle and a rotating
aluminum foil collector with a tip-to-collector distance of 10 cm.
Electrospinning was conducted at a flow rate of 1.5 mL/h, and the
as-spun precursor fiber membrane was continuously collected on
the rotating collector. To stabilize the fiber morphology and
prevent interfiber fusion during subsequent pyrolysis, the as-spun
precursor fiber mats were subjected to a crosslinking curing
treatment at 200 °C for 2 h in a drying oven. During the oxidative
curing process, oxygen from air is incorporated into the PCS
molecular chains through the formation of Si-O-Si and Si-O-C
cross-linked  structures. Such oxygen-containing networks
effectively suppress fiber melting during subsequent pyrolysis and
serve as the precursor of the amorphous SiO,C, phase formed
after ceramic conversion.

Subsequently, the cured fiber membrane was thermally
annealed in a tube furnace under an argon atmosphere. The
pyrolysis temperature was first increased from room temperature
to 1100 °C at a heating rate of 3 °C/min, followed by further
heating to 1300-1500 °C for 2 h at a heating rate of 2 °C/min and
finally cooling to room temperature. The samples obtained at
different temperatures (1300, 1400, and 1500 °C) were denoted
PCS-1.2-1300, PCS-1.2-1400, PCS-1.2-1500, PCS-1.4-1300, PCS-
1.4-1400, PCS-1.4-1500, PCS-1.6-1300, PCS-1.6-1400, and PCS-
1.6-1500, respectively.

2.3 Characterization of SiC-based fibrous membranes

The phase composition of the obtained samples was analyzed by
an X-ray diffractometer (XRD; Empyrean X, PANalytical,

Table1 Precursor solution parameters for the SiC-based fibrous membranes

Sample name PCS (g) THEF (mL) PVP (g) DMF (mL)
PCS-1.2 1.2 9.0 0.5 4
PCS-1.4 1.4 10.5 0.5 4
PCS-1.6 1.6 12.0 0.5 4
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Fig.1 (a) Schematic diagram of electrospinning process for preparing SiC-based fibrous membranes. (b) XRD patterns of samples with varying PCS content pyrolyzed
at 1400 °C. (c) XRD patterns of PCS-1.4 samples pyrolyzed at different temperatures. Raman spectra of different samples: (d) samples with varying PCS content
pyrolyzed at 1400 °C and (e) PCS-1.4 sample pyrolyzed at different temperatures. (f) XPS full spectrum of SiC-based fibrous membranes, (g) C 1s refined spectrum,

(h) O 1s refined spectrum, and (i) Si 2p refined spectrum.

Netherlands) with Cu Ka radiation. The morphology of the
samples was characterized by a field-emission scanning electron
microscope (SEM; JSM-IT800, JEOL, Japan). The internal
microstructure of the samples was analyzed using a high-
resolution transmission electron microscope (HRTEM; JEM-
F200, JEOL, Japan), and the elemental distribution was
concurrently ~ examined  using  energy-dispersive  X-ray
spectroscopy (EDS). The fiber diameter distribution was
statistically analyzed from SEM images using Image] software. For
each sample, at least 100 fibers were randomly measured from
three different SEM images, and the average fiber diameter was
statistically calculated and expressed as the meantstandard
deviation. The chemical valence states of the resulting samples
were characterized by an X-ray photoelectron spectrometer (XPS;
Thermo Scientific K-Alpha, USA). Raman spectra of the SiC-
based fiber membranes were recorded using a laser Raman
spectrometer (LabRAM HR Evolution, HORIBA FRANCE SAS,
France) at excitation wavelengths of 532 nm. The SiC-based
fibrous membranes were cut into small pieces and uniformly
mixed with paraffin wax at a mass ratio of 1 : 10 and then pressed
into toroidal samples with an outer diameter of 7 mm, an inner
diameter of 3.04 mm, and a thickness of approximately 2 mm.

https://doi.org/10.26599/JAC.2026.9221349

The electromagnetic parameters of the resulting SiC-based fibrous
membranes/paraffin composites were measured using a vector
network analyzer (VNA; E5080D, Keysight, USA) over the
frequency range of 2-18 GHz via the APC7 coaxial transmission
line method. The same filler loading was adopted for all samples
to ensure the reliability and comparability of the measured results.

3 Results and discussion

3.1 Phase evolution and microstructural characteristics of
polymer-derived SiC-based fibrous membranes

To confirm the phase composition, XRD characterization was
performed, as shown in Fig. 1(b). Distinct diffraction peaks
located at 20 =~ 35.6°, 60.0°, and 71.8° are observed for all samples,
which can be indexed to the (111), (220), and (311) crystal planes
of B-SiC (JCPDS No. 74-2307), respectively. Notably, the
diffraction peaks remain relatively broad, suggesting the
coexistence of nanocrystalline B-SiC domains and amorphous
phases within the ceramic matrix. In addition, the diffraction
intensity gradually increases with increasing PCS content,
indicating enhanced nucleation and growth of B-SiC crystallites.
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This result suggests that a higher PCS content promotes a more
sufficient precursor-to-ceramic conversion and consequently
improves the crystallinity of the resulting SiC ceramics. Figure 1(c)
further shows the XRD patterns of PCS-1.4 samples pyrolyzed at
different temperatures (1300-1500 °C). (The XRD patterns of
PCS-12 and PCS-1.6 pyrolyzed at different temperatures are
presented in Figs. S1(a) and S1(b) in the Electronic Supplementary
Material (ESM)). At 1300 °C, the XRD patterns of samples with
different PCS contents all show low-intensity and broad
diffraction peaks, indicating that the samples are at the incipient
nucleation stage with low crystallinity. When the temperature is
raised to 1400 and 1500 °C, the characteristic diffraction peaks of
B-SiC emerge and progressively intensify, accompanied by peak
narrowing, reflecting an improvement in crystalline ordering and
crystallinity [37]. To further quantify the crystallization behavior
of B-SiC during pyrolysis, the full width at half maximum
(FWHM) of the characteristic diffraction peak located at
approximately 35.6° was extracted from the XRD patterns. The
average crystallite size of p-SiC was estimated from the FWHM of
the (111) diffraction peak based on the Scherrer equation
(Eq. (1)):

Kk

~ Pcosb

(1)

where D denotes the average crystallite size; k represents the
shape factor; A is the X-ray wavelength of Cu Ka radiation; 8
signifies the FWHM in radians; 6 is the Bragg diffraction angle.
The calculated results are summarized in Table S1 in the ESM.
With increasing pyrolysis temperature from 1300 to 1500 °C, the
FWHM values of the B-SiC diffraction peaks gradually decrease,
while the estimated crystallite size increases, indicating the
progressive crystallization and grain growth of p-SiC. Meanwhile,
the diffraction peaks remain relatively broadened even at 1500 °C,
suggesting that nanocrystalline B-SiC is still embedded in an
amorphous ceramic matrix [38,39]. Notably, the weak diffraction
peak located at approximately 34° in the PCS-1.4-1500 sample can
be assigned to stacking faults in B-SiC. The formation of stacking
faults reflects the generation of crystallographic defects during
high-temperature structural rearrangement [38]. These defects
may act as additional dipolar polarization centers under an
alternating electromagnetic field, contributing to dielectric
relaxation. However, excessive crystallization and defect evolution
at 1500 °C may also disturb the balance between dielectric loss and
impedance matching, which is unfavorable for broadband
electromagnetic wave absorption.

Raman spectroscopy was also conducted to characterize the
structure of the carbon phase. As shown in Figs. 1(d) and 1(e),
two typical peaks at approximately 1310 and 1580 cm™ assigned to
the D and G peaks of carbon manifest a certain amount of excess
carbon in the SiC matrix [40]. The intensity ratio of the D band to
G band (Ip/I;) is commonly used to evaluate the degree of
structural disorder in carbon materials. As shown in Fig. 1(d), the
Ip/I; values are 1.710 for PCS-1.2-1400, 1.682 for PCS-1.4-1400,
and 1.664 for PCS-1.6-1400, suggesting a reduction in defect
density and an improvement in the structural ordering of the
carbon phase. This evolution can be attributed to the enhanced
formation of Si-C networks at higher PCS contents, which
constrains the distribution of free carbon and suppresses the
generation of highly disordered carbon species. For PCS-1.4-1400,
such moderated carbon ordering is beneficial for establishing
stable conductive pathways while avoiding excessive conductivity.
In contrast, the effect of heat-treatment temperature on the
carbon structure is more notable. As presented in Fig. 1(e), higher
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pyrolysis temperatures promote the structural ordering of carbon,
resulting in an increased degree of graphitization accompanied by
a gradual decrease in the Ip/I; ratio.

The chemical composition and bonding states of the obtained
SiC-based fibrous membranes were characterized by XPS with the
corresponding spectra presented in Figs. 1(f)-1(i). Clear signals
corresponding to C 1s, O 1s, and Si 2p are observed, suggesting
the coexistence of carbon, silicon, and oxygen on the sample
surface. To further clarify the chemical bonding composition, the
relative peak areas obtained from XPS deconvolution are
summarized in Table S2 in the ESM. In the C s spectrum
(Fig. 1(g)), four characteristic peaks at approximately 282.93,
284.80, 286.39, and 288.71 eV are assigned to C-Si, C-C/C=C,
C-0O, and C=0 bonds, respectively. The dominant C-C/C=C
component (67.61%) confirms the presence of abundant
disordered free carbon, while the detected C-Si bonds confirm
that a portion of carbon is incorporated into the SiC lattice. The O
1s spectrum (Fig. 1(h)) shows three components assigned to O-Si,
0O-C, and Si-O-C bonds. In the Si 2p spectrum (Fig. 1(i)), the
peaks at approximately 101.06 and 102.28 eV correspond to Si-C
and Si-O bonds, respectively. Together with the detectable
Si—-O-C bonds (15.4%), these results confirm the coexistence of
crystalline SiC and amorphous SiO,C, transitional phases [41].
The formation of such multiphase structures may be attributed to
oxidative curing and subsequent pyrolysis processes. During
oxidative curing, oxygen is introduced into the PCS precursor
through the formation of Si-O-Si and Si-O-C crosslinked
structures. After pyrolysis, the precursor is transformed into f-
SiC, whereas the residual oxygen-containing species evolve into
amorphous SiO,C, phases. Meanwhile, excess carbon atoms that
are not fully bonded with Si remain as disordered free carbon.
Consequently, a multiphase ceramic composed of B-SiC, free
carbon, and amorphous SiO,C, is formed, generating abundant
heterogeneous interfaces and polarization centers favorable for
electromagnetic wave attenuation.

Quantitative elemental analysis based on EDS was carried out
to reveal the compositional evolution of multiphase fibrous
ceramics regulated by precursor dosage and pyrolysis
temperature. As shown in Fig. S2(a) in the ESM, increasing the
PCS content results in a gradual increase in the carbon and
oxygen content, accompanied by a decrease in the silicon content,
which demonstrates that a higher precursor dosage facilitates the
precipitation of free carbon domains and retains more amorphous
SiO,C, within the ceramic matrix. In contrast, increasing the
pyrolysis temperature significantly decreases the oxygen content
while increasing the silicon content (Fig. S2(b) in the ESM), which
is attributed to the progressive carbothermal conversion of the
amorphous SiO,C, into crystalline 3-SiC.

Figures S3(a)-S3(c) in the ESM present SEM images of the as-
spun fibrous membranes prepared with different PCS contents
and the corresponding fiber diameter distributions. All samples
form continuous and bead-free fibrous networks with random
orientation, indicating good spinnability and stability of the
precursor solutions. As the PCS content increases, the average
fiber diameter gradually increases from approximately 0.740 to
1.018 pm. This behavior is mainly attributed to the increased
viscosity and enhanced molecular chain entanglement of the
spinning solution induced by higher PCS loading, which weakens
the electrostatic stretching effect during electrospinning and
consequently results in thicker fibers. After curing at 200 °C
(Figs. S3(d)-S3(f) in the ESM), the average fiber diameter slightly
decreases to 0.698-1.005 pm, indicating mild shrinkage and
densification during the curing process. It is mainly associated

J Adv Ceram 2026, 15(8): 9221349
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with residual solvent evaporation, oxidative crosslinking of PCS
chains, and molecular chain rearrangement of PVP. The overall
fibrous architectures are well preserved without noticeable fiber
breakage or fusion, demonstrating that the curing process does
not compromise the structural integrity of the membranes.
Compared with the as-spun counterparts, the cured fibers display
more rigid and well-defined morphologies, which is mainly
associated with the crosslinking reactions of PCS during thermal
curing. The effect of PCS content on the microstructure of fibers
after pyrolysis at 1400 °C is further characterized by SEM (Figs. 2(a)-
2(c)). With increasing PCS content, the average fiber diameter
increases from 0.373 to 0.625 pm. Additionally, high-temperature
pyrolysis induces the carbothermal conversion of amorphous
SiO,C, into crystalline -SiC, accompanied by the evolution of
gaseous CO and SiO (Reactions (2)-(4)). The decomposition of
organic species and the progressive ceramization process result in
noticeable fiber shrinkage, while the escape of gaseous products
contributes to the formation of rough fiber surfaces [37,42].

Si0,C, — SiC(s) + C(s) + CO(g) + SiO(g)  (2)
SiO(g) + 2C(s) — CO(g) + SiC(s) 3)

SiO (g) + 3CO (g) — 2CO0; (g) + SiC(s) (4)

The escaping gases generate internal micropores, nanoscale
defects, and abundant heterogeneous interfaces within the fibers,
which serve as effective polarization centers and promote

polarization relaxation. Meanwhile, the bamboo-like segmented
morphology, originating from solvent evaporation and phase
separation during fiber formation, together with micropores and
heterointerfaces, provides abundant scattering centers and
tortuous propagation paths. This enhances multiple scattering and
reflection, extending the EM wave transmission distance and
improving the attenuation efficiency. Furthermore, the segmented
structure disrupts excessive conductive pathways, maintaining
moderate permittivity and favorable impedance matching. The
synergy of polarization losses, multiple scattering, and optimized
impedance matching accounts for its superior absorption
performance. Benefiting from the three-dimensionally crosslinked
fiber network structure, the SiC fibrous membrane exhibits
outstanding flexibility (Fig. 1).

In addition, the microstructure and phase composition of
PCS-1.4-1400 were further characterized by HRTEM, selected-
area electron diffraction (SAED), and elemental mapping analyses,
as presented in Figs. 2(g)-2(j). The HRTEM images in Figs. 2(d)
and 2(f) exhibit clear lattice fringes with an interplanar spacing of
approximately 0.25 nm, which can be assigned to the (111) crystal
plane of B-SiC, confirming the successful polymer-to-ceramic
conversion of PCS and the generation of nanocrystalline p-SiC
during pyrolysis. Some amorphous regions can also be observed
in the HRTEM images. Their formation is associated with residual
oxygen retained during pyrolysis, Si-O-Si network generated
during oxidative curing, incomplete conversion of Si-O-C
species, carbonization of PVP, and decomposition of PCS side
chains. Combined with the XRD, Raman, and XPS analyses, these
amorphous regions are identified as SiO,C, and amorphous

Fig.2 SEM images of SiC-based fibrous membranes: (a) PCS-1.2-1400, (b) PCS-1.4-1400, and (c) PCS-1.6-1400. (d, f) HRTEM images and (e) SAED patterns of

PCS-1.4-1400. (g—j) EDS mapping images of PCS-1.4-1400.
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carbon phases. Meanwhile, abundant grain boundaries and
heterogeneous interfaces between [-SiC nanocrystals and
SiO,C,/amorphous carbon regions are observed in Fig. 2(f).
Furthermore, the SAED pattern (Fig. 2(e)) exhibits distinct
diffraction rings indexed to the (111), (220), and (311) planes of
B-SiC. The ring-like diffraction rather than discrete spots suggests
randomly oriented nanocrystals, which further indicates the
polycrystalline nature of the ceramic phase with nanoscale grain
size.

Additionally, elemental mapping results (Figs. 2(g)-2(j))
demonstrate that C, Si, and O are all uniformly distributed
throughout the fibrous structure. The relatively high oxygen
content observed in our samples should not be regarded as
detrimental oxygen impurities but rather as an intrinsic structural
feature of the SiO,C, ceramic matrix. This uniform component
distribution is conducive to forming a homogeneous
microstructure, thereby avoiding localized performance variations.
Together with the coexisting nanocrystalline f-SiC and disordered
carbon, these features form abundant grain boundaries and
heterogeneous interfaces that enhance interfacial and dipolar
polarization losses, thereby improving the overall EMW
absorption performance [43].

32 EM parameter analysis and EMW absorption

properties

The real part (¢)) and imaginary part (¢”) of the complex
permittivity, together with the dielectric loss tangent (tand,) of the
samples prepared with different PCS contents are presented in
Fig. 3. The real part of the permittivity (¢') reflects the polarization
capability of the material under an alternating electromagnetic
field, whereas the imaginary part (¢”) represents the capability to
dissipate electromagnetic energy. The dielectric loss tangent
(tand, = €"/¢') is commonly used to evaluate the efficiency of
electromagnetic energy attenuation and conversion within the
material [44]. All samples exhibit a decrease in ¢ with increasing
frequency, which is a typical frequency dispersion behavior
(Fig. 3(a)). This phenomenon is attributed to the lag of
polarization processes relative to the alternating electromagnetic
field at higher frequencies [45]. The resonance peaks in the mid-to-
high frequency range are attributed to carrier concentration and
electron transport variations arising from the multiphase dielectric
composition [46].

To quantitatively distinguish the respective contributions of
conductive loss and polarization loss, the electromagnetic
parameters were fitted using the least squares method based on
the modified Debye relaxation model [29]. As shown in Fig. 3(f),
polarization loss is identified as the dominant dielectric dissipation
mechanism, accounting for approximately 60%-70% of the total
dielectric loss. The enhanced polarization relaxation originates
from abundant heterogeneous interfaces among P-SiC,
amorphous SiO,C,, and free carbon, as well as defect sites
generated during carbothermal conversion. All prepared samples
are nonmagnetic materials free of ferromagnetic phases. The
measured relative complex permeability shows that 4’ remains at
approximately 1.0 and that u" fluctuates near 0 within the whole
2-18 GHz frequency band (Fig. S4 in the ESM), yielding a
negligible magnetic loss tangent tand,. Therefore, the relative
permeability can be simplified as p, = 1, and magnetic loss can be
fully excluded from the energy dissipation mechanism.

To further analyze the dielectric relaxation behavior and
polarization mechanisms, Cole-Cole plots (¢"versus &) were
constructed based on the Debye relaxation theory (Eq. (5)) [47]:
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where ¢ and e, are the static permittivity and high-frequency
permittivity, respectively. In principle, each semicircle corresponds
to one relaxation process [48]. As shown in Figs. S5(a)-S5(c) in
the ESM, PCS-1.4-1400 and PCS-1.6-1400 exhibit more distorted
semicircles than PCS-1.2-1400, implying enhanced dipolar
polarization originating from structural defects and heterogeneous
bonding configurations. The attenuation constant («) was
calculated according to Eq. (6) to evaluate the intrinsic
electromagnetic wave dissipation capability of the samples [49]:
V2

o = —T1
-

X\/(‘uugu _ [/1/8’) + \/([1”8” _ ”/8/)2 + (Mlgll _ ”//8/)2
(6)

where f is the frequency; ¢ signifies the speed of light; ¢ and &”
represent the real and imaginary parts of the complex permittivity;
and p'and " are the real and imaginary parts of the complex
permeability, respectively. As shown in Fig. S7(a) in the ESM, PCS-
1.6-1400 exhibits the highest attenuation constant (a), followed by
PCS-1.2-1400 and PCS-1.4-1400.

The electromagnetic wave absorption performance was
evaluated using two representative parameters, namely, the RL,
and the EAB. The EAB is defined as the frequency range in which
the RL values are lower than —10 dB, corresponding to more than
90% attenuation of incident electromagnetic waves. The RL values
are calculated according to transmission line theory (Egs. (7) and
(8)) [50,51]:

_ Zin - ZO

RL (dB) = 20log | 7" @)
U, .2nfd

Zin = Zo ?rtanh (JTf A /‘Mrgr) (8)

where Z,, and Z, represent the impedance of the material and
free space, respectively; ¢ signifies the electromagnetic wave
propagation speed in a vacuum; d is the thickness of the
absorbing materials; & and p_are the complex permittivity and
complex permeability, respectively. As the value of impedance
matching (Z = Z,/Z;) falls within 0.8-1.2, a larger fraction of
electromagnetic waves can penetrate into the material rather than
being reflected at the surface [6,52]. For PCS-1.2-1400 (Figs. 3(g)
and 3(j)), an RL,;, of approximately —23.84 dB is achieved at a
thickness of approximately 2.2 mm, with an effective absorption
bandwidth of approximately 7.45 GHz. This indicates a certain
absorption capability, although the frequency coverage remains
limited. In the case of PCS-1.6-1400 (Figs. 3(i) and 3(1)), the RL,;,
reaches approximately —17.92 dB at a thickness of approximately
20 mm, with a bandwidth of approximately 7.82 GHz. In
contrast, PCS-1.4-1400 (Figs. 3(h) and 3(k)) exhibits the best
comprehensive microwave absorption performance, achieving the
lowest RL,;, of —27.12 dB at a relatively thin thickness of
approximately 2.2 mm, with a significantly broadened EAB of
9.78-18 GHz, corresponding to a bandwidth of 8.22 GHz.
However, the absorption performance cannot be determined
solely by the dielectric loss or attenuation constant. Due to its
excessively high dielectric constant, PCS-1.6-1400 exhibits poor
impedance matching with a normalized input impedance
deviating from unity over most frequency-thickness regions,
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Fig.3 (a) ¢, (b) €', (c) tand, of PCS-1.2-1400, PCS-1.4-1400, PCS-1.6-1400. Dielectric loss fitting results of samples with different PCS mass ratios: (d) frequency-
dependent polarization loss, (e) frequency-dependent conductive loss, and (f) stacked column diagram of average loss magnitude and relative contribution ratio of
polarization loss. EMW absorption properties for SiC-based fibrous membranes: (g-i) 3D and (j-1) two-dimensional (2D) plots of reflection loss (RL) for PCS-1.2-1400,

PCS-1.4-1400, and PCS-1.6-1400, respectively.

causing increased surface reflection (Fig. S8 in the ESM). For PCS-
1.2-1400, the relatively low crystallinity of SiC and the low
graphitization degree of the carbon phase hinder effective charge
transport and polarization relaxation, thereby limiting the overall
dielectric loss capability. Consequently, the overall polarization
loss remains weak, thereby restricting both the absorption
intensity and bandwidth. A broad region with |Z,/Z|
approaching 1 is obtained in the PCS-1.4-1400 sample, which
overlaps well with the strong RL region, confirming that the
optimized microwave absorption originates from the synergistic
balance between efficient wave penetration and dielectric
attenuation. Based on its favorable impedance matching
performance and the maximum effective absorption bandwidth,
the sample with a PCS content of 1.4 g was selected for further

https://doi.org/10.26599/JAC.2026.9221349

investigation of the effect of pyrolysis temperature on microwave
absorption properties.

The influence of pyrolysis temperature on the microwave
absorption properties of the PCS-1.4 sample is investigated, as
shown in Figs. 4(a)-4(c). With increasing temperature, ¢' and &"
exhibit similar frequency-dependent decreasing trends. Among
the three samples, PCS-1.4-1500 exhibits the highest ¢” and tand,
values over most of the measured frequency range, suggesting the
strongest dielectric dissipation capability. This enhancement can
be attributed to the increased graphitization degree and improved
conductive pathways formed at elevated pyrolysis temperatures,
which intensify conductive loss. In contrast, PCS-1.4-1300 shows
relatively lower dielectric parameters due to insufficient
crystallization of B-SiC and limited conductive carbon network
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formation. PCS-1.4-1400 exhibits moderate ¢, ¢", and tand, values,
indicating a more balanced dielectric response and optimized
attenuation capability.

The dielectric loss results (Fig. S6 in the ESM) reveal that both
conduction loss (¢.") and polarization loss (g,”) increase with
pyrolysis temperature, while the proportion of polarization loss
rises continuously, reaching its maximum at 1500 °C. Among the
three samples, PCS-1.4-1300 achieves the deepest RL,;, of —48.86
dB, yet its relatively narrow EAB (7.65 GHz) indicates that the
absorption is confined to a limited matching frequency range.
PCS-1.4-1500 also shows strong attenuation due to enhanced
conductive loss, but excessive dielectric loss causes impedance
mismatch and restricts the EAB (Fig. 4(1)). In contrast, PCS-1.4-
1400 achieves the broadest EAB of 8.22 GHz at 2.7 mm, benefiting
from its superior impedance matching over a wider frequency
range. The coexistence of nanocrystalline B-SiC, disordered
carbon, and amorphous SiO,C, in PCS-1.4-1400 provides
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abundant polarization centers, while the moderately developed
conductive network ensures sufficient loss without compromising
impedance matching.

Therefore, the sample with a PCS content of 1.4 g pyrolyzed at
1400 °C was identified as the optimal condition for achieving high-
performance electromagnetic wave absorption. This result
indicates that tailoring the phase composition and graphitization
degree of SiC-based fibrous membranes by regulating the PCS
content and pyrolysis temperature is a viable strategy for achieving
high-efficiency microwave absorption. Furthermore, the
microwave absorbing properties of PCS-1.4-1400 are compared
with other recently reported SiC-based or SiOC-based ceramic
composites, as shown in Fig. 5(d). The PCS-1.4-1400 samples
exhibit a clear advantage in achieving a wider EAB at relatively
moderate thicknesses [31,53—60].

To evaluate the stealth potential of the optimized PCS-1.4-1400
sample in practical radar applications, the radar cross-section
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Phase evolution and broadband electromagnetic wave absorption mechanisms of electrospun polymer-derived SiC-based fibrous ...

9221349-9

(RCS) of a perfect electric conductor (PEC) plate, both bare and
coated with PCS-1.4-1400 (Fig. 5), was simulated using the
Computer Simulation Technology (CST) Studio Suite [61]. The
simulation model has dimensions of 100 mm x 100 mm, with a
2.2 mm-thick SiC fiber ceramic absorption layer, and the radar
frequency was set at 17.36 GHz. As shown in Fig. 5(a), the as-
prepared PCS-1.4-1400 coating exhibits excellent radar stealth
properties. Compared with the perfect electric conductor (PEC), a
significant RCS reduction is achieved over a wide angular range of
-60° to +60°. Notably, the RCS value in the specular reflection
direction (0°) decreases from +6.22 to -20.67 dBm?
corresponding to a reduction of 26.89 dB, indicating that the
scattered power is reduced by approximately 99.8%. The 3D
scattering patterns (Figs. 5(b) and 5(c)) further confirm the
suppression of the strong scattering lobe and the overall low-
scattering characteristics in the entire space. These results
demonstrate the promising potential of the obtained sample for
wide-angle electromagnetic stealth applications. As shown in
Fig. S11 in the ESM, the bistatic scattering RCS pattern of the
PCS-1.4-1400 sample exhibits an obvious reduction in scattering
intensity over a wide angular range. The average bistatic RCS
reaches -134 dBm’, indicating effective suppression of
electromagnetic scattering and promising radar stealth capability.
To better understand distinct scattering behavior, the

underlying electromagnetic ~ attenuation mechanisms are
schematically illustrated in Fig. 5(¢). When electromagnetic waves
impinge on electrospun SiC-based fibrous ceramic membranes,
the optimized complex permittivity allows more incident waves to
penetrate into the interior rather than being directly reflected. The
three-dimensional interwoven fibrous architecture prolongs EM
wave paths via multiple internal reflections and scattering, thereby
enhancing attenuation efficiency compared with bulk
counterparts. At the microscopic level, the material consists of
crystallized -SiC, residual free carbon, and amorphous SiO,C,
phases, forming a heterogeneous multiphase. The abundant
interfaces among B-SiC, carbon domains, and amorphous regions
act as polarization centers under an alternating electromagnetic
field. Charge carriers accumulate at these heterogeneous
interfaces, leading to pronounced interfacial polarization.
Meanwhile, structural defects and bonding asymmetry within the
carbon phase contribute to dipolar polarization [62,63]. These
relaxation processes convert electromagnetic energy into thermal
energy through dielectric loss [64]. Furthermore, the abundant
carbon phases in the sample establish conductive pathways for
electron migration and hopping, significantly promoting
conduction loss [45]. Meanwhile, the small pores on the fiber
surface facilitate additional heat dissipation to the surrounding
environment. Together with the continuous three-dimensional
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fibrous network, these structural features facilitate the efficient
transport and dissipation of the converted thermal energy,
preventing localized heat accumulation. The synergistic effect of
dipolar polarization, interfacial polarization, moderate conduction
loss, and multiple internal reflections collectively accounts for the
superior microwave absorption performance.

4 Conclusions

In the present work, multiphase SiC-based fibrous ceramic
membranes were successfully prepared by combining
electrospinning with the PDC route. By regulating the PCS
content and pyrolysis temperature, the sample with a PCS content
of 1.4 g pyrolyzed at 1400 °C (PCS-1.4-1400) achieves a balanced
multiphase structure of B-SiC, SiO,C,, and free carbon, which
synergistically enhances polarization relaxation, conduction loss,
and impedance matching. Consequently, this optimized sample
achieves a minimum reflection loss of —27.12 dB at 2.2 mm and a
maximum effective absorption bandwidth of 8.22 GHz, covering
9.78-18 GHz, at 2.7 mm. Radar cross-section simulation further
confirms its capability to suppress electromagnetic scattering. This
study reveals the relationship among precursor composition,
phase evolution, dielectric response, and microwave absorption
behavior in polymer-derived SiC-based fibrous ceramic
membranes, providing guidance for the design of lightweight
broadband ceramic absorbers.
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