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Silicon carbide (SiC) fibers can act not only as a load‐bearing component, but also as a piezoresistive and micro-
wave lossy material when embedded in fiber‐reinforced polymer composites. By leveraging these multifunc-
tional characteristics, we propose simultaneous self‐sensing and microwave‐absorbing composite structures
based on embedded SiC fiber networks. A SiC fiber network consists of SiC fiber yarns embedded in each inter-
laminar of the host composite at regular intervals. The SiC fiber yarns, which do not come into contact with
other SiC fiber yarns, act as independent sensing elements using their piezoresistivity. By positioning the
SiC fiber yarns at regular intervals within the wavelength of the targeted microwave‐absorption bandwidth,
the SiC fiber network functions as a microwave lossy material. In this study, specific focus has been placed
on designing a multi‐functional composite that senses external impacts and also absorbs microwaves in the
X‐band (8.2–12.4 GHz). The simultaneous self‐sensing and microwave‐absorbing performance of the fabricated
SiC‐embedded composite was experimentally verified through microwave return loss measurements and
dynamic signal acquisition tests. The proposed SiC fiber network‐embedded composite structure has great
potential for use in future aerospace structures.
1. Introduction

With the continued progress of technology, the requirement for
structures has moved beyond the conventional function of loadbear-
ing. To embrace added functionality, nonstructural features such as
self‐sensing, self‐healing, microwave‐absorbing, and energy storage
capabilities have been integrated into conventional load‐bearing struc-
tures. Composites comprising two or more distinctive materials have
driven the development of multi‐functional structures. Since the phys-
ically combined constituents of composite materials can retain their
inherent characteristics even after the fabrication process, several
researchers have developed multifunctional composite structures by
introducing and embedding various types of materials into composite
architectures [1].

Previous approaches to build multi‐functional composite materials
can be categorized into two groups. The first group aims to control the
matrix of composite materials. One example is the addition of fillers,
such as carbon nanotubes (CNTs) [2–5] and graphene [3,5–7], to the
matrix to leverage the extraordinary properties of these fillers.
Matrix‐based multi‐functional composites can easily optimize multi-
functional performance by controlling the content of fillers. However,
the multifunctional performance of such composites can be affected by
the dispersion and alignment of the functional particles in the matrix
[8]. Therefore, the dispersion and alignment of fillers for consistent
and homogeneous performance of applications in practical structures
requires further investigation.

The other method for achieving multi‐functional composites is to
exploit the inherent multifunctional properties of fibers. Carbon fiber
is a representative multi‐functional material. Owing to the parallel
alignment of the carbon atom layers along the fiber axis, the carbon
fiber exhibits excellent mechanical properties relative to its weight
and volume, as well as good thermal and electric conductivities in
the fiber direction [9,10]. Its excellent electrical properties allow car-
bon fiber to be a component of electrical systems for energy storage
[11–13], electromagnetic interference shielding [14–20], and sensing
purposes [21–23]. Compared to matrix‐based multi‐functional com-
posites, fiber‐based composites have advantages in the fabrication pro-
cess because they can use the same resin system as the host composite
ased on
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structure. However, traditionally, the performance of functional fibers
has been inferior compared to functional matrix‐based composites.
Consequently, efforts have been made to enhance the functional per-
formance of fibers and find new functional fibers with superior
characteristics.

Silicon carbide (SiC) fibers have gained increasing attention as
functional fibers in recent years, primarily due to their superior heat
resistance. Most of the commercially available SiC fibers are
polymer‐derived SiC fibers [24], produced by the thermal degradation
of precursor fibers made of polycarbosilane, similar to the production
process of polyacrylonitrile (PAN)‐based carbon fibers [24,25]. Conse-
quently, in a manner similar to that of carbon fibers, the mechanical
properties of SiC fibers have been improved by reducing the defects
contained inside and outside the filaments. In this process, the oxygen
content of the SiC fiber has been significantly reduced, and the electri-
cal conductivity has been remarkably enhanced. As a result, some SiC
fibers demonstrate semi‐conductive characteristics. Materials with
semi‐conductive characteristics possess excellent multi‐functional fea-
tures. Recent studies have focused on the functionalization of compos-
ite structures using semi‐conductive SiC fibers with excellent multi‐
functional characteristics.

One of the applications of such semi‐conductive SiC fibers is a
microwave‐absorbing composite structure [26–29]. To design a
microwave‐absorbing composite structure, the microwave loss charac-
teristics of the material need to be controlled. In previous studies, elec-
tromagnetic particles, such as CNTs [30,31] and carbon black [32],
were added to the matrix to control the microwave loss characteristics.
This method can optimally design the microwave loss characteristics
of a material by controlling the quantity of fillers. However, as previ-
ously mentioned, the consistent and homogeneous performance of the
matrix‐based microwave‐absorbing composite structure remains elu-
sive due to the challenges in dispersing and aligning fillers in the
matrix [8,31,33]. This fabrication problem can be resolved by using
semi‐conductive SiC fibers. The performance of microwave‐
absorbing composite structures using SiC fibers is comparable to that
of conventional microwave‐absorbing structures with various fillers
in the matrix [26–29].

Another application field for semi‐conductive SiC fibers is that of
sensing. Semi‐conductive materials have been widely adopted as sen-
Fig. 1. Conceptual diagram of the embedded SiC fiber network-based self-sensing
(ΔR/R0) measurements via piezoresistive SiC fiber sensor network. (Bottom right
electric conductor (PEC).
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sors—for example, high‐sensitivity strain gauges and pressure sen-
sors—because of their excellent piezoresistivity [34]. Recently, the
strain‐sensing characteristics of semi‐conductive SiC have been inves-
tigated [35]. This study showed that the semi‐conductive SiC fibers
exhibited excellent strain sensitivity with a gauge factor (GF) of
8.25. The resistance change was also highly linear up to the strain
range of 1.36%. The GF was approximately four times larger than that
of carbon fibers, and the linear resistance change range was approxi-
mately 1% wider than that of carbon fibers. Furthermore, because
the SiC fibers have the same generic shape as the reinforcing fibers
of composites, degradation of the mechanical properties of the com-
posites due to geometrical discontinuities, which is a typical problem
of embedment of conventional sensors, could be minimized without
forgoing the structural stiffness and strength of the composites
[36–38].

While previous studies have explored the versatile characteristics
of semi‐conductive SiC fibers, their multi‐functional performance
when embedded as a single network in composites has not yet been
demonstrated. In this study, we designed, fabricated, and tested self‐
sensing and microwave‐absorbing composite structures simultane-
ously by leveraging the piezoresistive and microwave loss characteris-
tics of the semi‐conductive SiC fibers. Fig. 1 shows a conceptual
diagram of the proposed structure based on a network of SiC fiber
yarns embedded at each interlaminar of the host composite structure.
The SiC fiber yarns were embedded in parallel directions to the rein-
forcing fibers of the host structure at regular intervals, thus contribut-
ing to the load‐bearing performance. Because the SiC fiber yarns do
not come into contact with other SiC fiber yarns, they can be
employed as independent sensing elements using their piezoresistivity
(bottom left inset of Fig. 1). To add the microwave‐absorbing feature
to the sensing feature, the SiC fiber yarn arrangement is crucial. The
distance between the microwave lossy SiC fibers needs to be con-
trolled within the wavelength of the targeted microwave‐absorption
bandwidth, so that the SiC fiber network‐embedded composites can
absorb targeted microwaves efficiently (bottom right inset of Fig. 1).
To this end, we conducted full‐wave simulations of various SiC net-
works and determined an appropriate configuration. We fabricated
the designed multifunctional composite with the embedded SiC net-
work, tested its performance under impact and radiation conditions,
and microwave-absorbing structure. (Bottom left) Electrical resistance change
) Microwave absorption via dielectric lossy SiC network backed by a perfect
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and verified its simultaneous self‐sensing and microwave‐absorbing
performance.

The structure of this paper is as follows. In Section 2, we discuss the
design of the SiC fiber network‐embedded composite structure for
simultaneous self‐sensing and microwave‐absorption. Particular focus
is placed on identifying the appropriate SiC network for targeted
microwave absorption using numerical simulations. In Section 3.1,
we explain the fabrication of the designed SiC fiber network‐
embedded composite structure. In Section 3.2, we demonstrate exper-
imentally the microwave‐absorbing performance of the fabricated
composite. In Section 3.3, we acquire sensing signals from the SiC net-
work upon external impact and compare them with accelerometer sig-
nals. Section 4 concludes this paper.

2. Design of SiC fiber network-embedded composite

We begin with the design of the SiC fiber network for microwave
absorption and self‐sensing. As mentioned, previously, the SiC fiber
network consists of SiC fiber yarns embedded at each interlaminar of
the host composites. For SiC fiber yarns to act as sensing elements,
they need to be positioned over the monitoring area of interest. To
achieve microwave‐absorbing characteristics, the dielectric loss char-
Fig. 2. Modeling of the SiC fiber n
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acteristics of the composite structure need to be fine‐tuned by strategi-
cally aligning the SiC fiber yarns. Thus, the design of the SiC fiber
network in terms of its spatial arrangement is integral to realizing
SiC fiber network‐embedded composites for microwave absorption
and self‐sensing. To achieve this, we investigated the microwave loss
characteristics of SiC fiber network‐embedded composites under vari-
ous alignments of SiC fiber yarns using full‐wave simulation. Subse-
quently, we designed the SiC fiber network‐embedded composite as
a single‐slab microwave absorber based on the principle of the Dallen-
bach layer. In this study, the modeling and simulation of SiC fiber
network‐embedded composites were conducted using CST Microwave
Studio (Dassault Systèmes Simulia Corp.).

2.1. Modeling of SiC fiber network-embedded composite

Modeling of the SiC fiber network‐embedded composite structure
was conducted for its full‐wave simulation. Fig. 2 illustrates the mod-
eling process of the SiC fiber network‐embedded composite. First, a
SiC fiber yarn was modeled. The cross‐section of the SiC fiber yarn
was modeled as an ellipse, the major and minor axes of the ellipse
being 1.5 and 0.1 mm, respectively. The fiber direction of the SiC fiber
yarn was modeled as a straight line without undulation. In this regard,
etwork-embedded composite.
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in a previous study, Lee et al. demonstrated that the undulation of
fibers was insignificant for microwave simulation [15]. For full‐wave
simulation, electromagnetic properties, represented as complex per-
mittivity, are required. The relative complex permittivity of the SiC
fiber yarn was 10.71–30.62 j at 10 GHz. Subsequently, the SiC fiber
network‐embedded composite was modeled. The modeled SiC fiber
yarns were embedded at each interlaminar of the host composite struc-
ture. Glass/epoxy composite was selected as a host structure into
which the SiC fiber network was embedded. The stacking sequence
of the SiC fiber network‐embedded composite model was set to the
cross ply of ½0=SiC0=90=SiC90�2s. The effective thickness per ply of
the glass/epoxy composite was 0.13 mm, which accounted for the
increase in the thickness per ply due to the embedding of SiC fibers.
The total thickness of the SiC fiber network‐embedded composite
model was 1.04 mm. The complex permittivity of the glass/epoxy
composite was 5.49–0.028 j at 10 GHz. Notably, the glass/epoxy com-
posite was not modeled layer by layer in this full‐wave simulation
because the same microwave lossy properties could be applied
throughout the plies. The representative elementary volume (REV)
of the SiC fiber network‐embedded‐composite model was used for
full‐wave simulation, as shown in the inset of Fig. 2.

In the process of designing the SiC fiber network‐embedded com-
posite, there were two design parameters. The first design parameter
was the distance between the SiC fiber yarns in the same interlaminar
layers. For microwave absorption, the distance between the SiC fiber
yarns needed to be controlled within the wavelength of the target fre-
quency. In this study, the target frequency range was the X‐band
(8.2–12.4 GHz). Thus, the distance between the SiC fibers was con-
trolled to within 24.19 mm, which was the minimum wavelength in
the X‐band (see the side view of the laminate in Fig. 2).

The second design parameter was an alignment pattern between
the SiC fiber yarn groups in different interlaminar layers. As shown
in the bottom panel of Fig. 2, depending on the alignment patterns,
the SiC fiber network’s effective projected area to the normal incident
microwave could be varied. In this study, three alignment patterns
were simulated, in which the SiC fiber network’s effective projected
areas were altered while maintaining the fraction of SiC fiber yarns
per unit area (i.e., eight SiC fibers were used in the REVs of all three
patterns, as shown in the bottom panel of Fig. 2). Alignment pattern
#1 had the smallest effective projected area, and alignment pattern
#3 had the largest effective projected area.

2.2. Full-wave simulation of SiC fiber network-embedded composite

A full‐wave simulation of the SiC fiber network‐embedded compos-
ite model was conducted. First, the complex permittivity of the SiC
Fig. 3. a) Simulation model of the SiC fiber network-embedded composite and b)
(at 10 GHz).
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fiber network‐embedded composite was simulated by varying the dis-
tance between the SiC fiber yarns in the same interlaminar layers for
the three patterns considered in this study (see the lower panel in
Fig. 2). Fig. 3(a) shows the simulation model for Pattern #3 with its
boundary conditions. Waveguide ports were located in the y‐axis plane
normal to the composite model, and electromagnetic waves of trans-
verse electromagnetic mode were applied for the incidence of electro-
magnetic waves into the plate. As boundary conditions, tangential
electric fields and normal magnetic fluxes were set to zero along the
z‐axis, and the tangential magnetic fields and normal electric fluxes
were set to zero along the x‐axis. For the design parameters, the sim-
ulation range of the distance between the SiC fibers in the same inter-
laminar layers was from 6–15 mm for each alignment pattern.

Fig. 3(b) illustrates the simulated complex permittivity of the SiC
fiber network‐embedded composite according to the design parame-
ters. In Fig. 3(b), an optimum complex permittivity curve for the
single‐slab absorber design at the target frequency of 10 GHz is repre-
sented by a black line with square data points. The optimum complex
permittivity represents the complex permittivity in which the single
slab absorber given a specific design thickness does not reflect the
microwave incident at a certain frequency. It is calculated by Eq.
(1), where d is the absorber thickness, ɛr is the relative complex per-
mittivity, and λ is the wavelength of the microwave [39].

1 ¼ 1ffiffiffiffi
ɛr

p tanh j
2πd
λ

ffiffiffiffi
ɛr

p� �
ð1Þ

As shown in Fig. 3(b), as the distance between the SiC fiber yarns in
the same interlaminar layers decreases, the complex permittivity of the
SiC fiber network‐embedded composite increases. The decrease in the
distance between the SiC fiber yarns implies an increased fraction of
the yarns per unit area. This makes sense as the semi‐conductive SiC
fibers possess a higher complex permittivity compared to the glass/
epoxy composite. Therefore, when the fraction of the SiC fibers
increases, the complex permittivity of the SiC fiber network‐
embedded composite increases. As the distance between the SiC fiber
yarns in the same interlaminar layers is maintained for the three align-
ment patterns, the complex permittivity is changed due to the align-
ment patterns with different effective projected areas. However, the
real part of the complex permittivity does not demonstrate a consistent
trend with the effective projected area. Conversely, the imaginary part
of the complex permittivity increases with the effective projected area,
and the magnitude of the change is larger than that of the real part. By
choosing an appropriate distance between the SiC fiber yarns, given
the alignment pattern, we can obtain the complex permittivity of the
SiC fiber network‐embedded composite close to the optimum complex
permittivity. Furthermore, the simulation results reveal that the com-
simulated complex permittivity of the SiC fiber network-embedded composite
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plex permittivity of the SiC fiber network‐embedded composite can be
adjusted to a desirable complex permittivity by choosing an appropri-
ate stacking pattern of the SiC fiber network (i.e., by varying the effec-
tive projected area of the SiC fiber network) when the fraction of SiC
fibers per unit area is limited.

As a subsequent step, a single‐slab microwave absorber based on
the principle of the Dallenbach layer was designed. The Dallenbach
layer comprises an absorber layer with dielectric loss characteristics
and a perfect electric conductor (PEC) that completely reflects the
microwave at the back of the absorber layer. A major microwave‐
absorption principle of the Dallenbach layer is the destructive interfer-
ence of the reflected microwaves. Fig. 4 illustrates the destructive
Fig. 4. Destructive interference between microwaves reflected from the
single-slab microwave absorber based on the principle of the Dallenbach layer.

Fig. 5. (a) Simulation model of the designed SiC fiber network-embedded comp
network-embedded composite.

5

interference between microwaves reflected from the single‐slab micro-
wave absorber based on the principle of the Dallenbach layer. When a
microwave is incident on the absorber, the incident microwave is par-
tially reflected from the first interface between the air and the absor-
ber (surface‐reflected microwave), and the transmitted microwave is
completely reflected from the second interface between the absorber
and the PEC (secondary reflected microwave). In order to induce
destructive interference between the reflected microwaves, the sec-
ondary reflected microwave is guided to be 180° out of phase to the
surface‐reflected microwave. This is achieved by designing the thick-
ness of the absorber layer to be a quarter wavelength of the transmit-
ted microwave. For dielectric materials with real and imaginary
permeability values of 1 and 0, the wavelength of the microwave
transmitted into the absorber is determined by the complex permittiv-
ity of the microwave absorber layer. Therefore, using the complex per-
mittivity of the microwave absorber layer, the thickness of the
absorber layer can be determined.

Returning to Fig. 3(b), for the alignment patterns #1, #2, and #3,
the complex permittivity is close to the optimum permittivity curve as
the SiC fiber yarns are aligned at a distance of approximately 7, 8, and
9 mm, respectively. As mentioned previously, the optimum complex
permittivity represents the complex permittivity in which the single‐
slab absorber—given a specific design thickness—does not reflect
the microwave incident at a certain frequency. In this study, the stack-
ing sequence of the host composite was set to the cross ply, and two
perpendicular layers of 0° and 90° were set to one‐unit layers. Thus,
the SiC fiber network‐embedded composite could be designed in mul-
tiples of the unit layer. As shown in Fig. 3(b), the complex permittivity
of the SiC fiber network‐embedded composite was proximal to the
optimum complex permittivity in the thickness range of approximately
3.0–3.1 mm. In this thickness range, the designable thickness glass/
epoxy composite was 3.12 mm, which was composed of 24 glass/
epoxy plies. The complex permittivity of the SiC fiber network‐
embedded composite with alignment pattern #3 and the distance
between SiC fiber yarns of 9 mm was closest to the optimum complex
permittivity at 3.12 mm. Furthermore, this combination approached
the optimum complex permittivity with a relatively small amount of
SiC fiber per unit area compared to the other combinations. Therefore,
as design parameters for the SiC fiber network‐embedded microwave
composite using semi‐conductive SiC fibers, the alignment pattern
#3 and SiC fiber yarn distance of 9 mm were selected for further
investigation.

The microwave‐absorbing performance of the SiC fiber network‐
embedded composite with the selected design parameters was simu-
osite and (b) simulated microwave reflection loss of the designed SiC fiber
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lated. Fig. 5(a) shows the simulation model. The SiC fiber network‐
embedded composite with a thickness of 3.12 mm was modeled with
a layer of PEC that completely reflected microwaves at the back of the
absorber layer. Fig. 5(b) shows the simulated electromagnetic wave
reflection loss of the designed SiC fiber network‐embedded composite.
The frequency range of more than 90% of the electromagnetic wave
energy absorption ranged from 8.25–11.83 GHz, and the −10 dB
bandwidth was 3.58 GHz. The minimum return loss was −39.00 dB
at 9.87 GHz. Based on the numerical simulations, the SiC network‐
embedded composite plate designed here successfully exhibited
microwave‐absorbing performance that covered most of the X‐band.

3. Fabrication and performance verification of SiC fiber network-
embedded composite structure

The designed SiC fiber network‐embedded composite structure was
fabricated and its self‐sensing and microwave‐absorbing performance
Fig. 6. The fabrication process of the SiC fibe
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were experimentally verified. To verify the microwave‐absorbing per-
formance of the designed SiC fiber network‐embedded composite, the
microwave reflection loss of the fabricated composite structure was
measured. Subsequently, to show that the SiC fiber yarns function as
sensors, dynamic signal acquisition using the embedded SiC fiber sen-
sors was performed.

3.1. Fabrication of SiC fiber network-embedded composite structure

Fig. 6 illustrates the fabrication process of the SiC fiber network‐
embedded glass/epoxy composite structure. The SiC fiber network‐
embedded glass/epoxy composite structure was fabricated with
dimensions of 300 (length) × 300 mm (width). As shown in Fig. 6
(a), a total of 24 unidirectional glass/epoxy prepreg plies (UGN 160,
Muhan Composite Co., Ltd) were stacked, and the SiC fiber yarns were
embedded at every interlaminar following pattern #3. In this study,
commercially available SiC fibers (Tyranno S, Ube Industries, Ltd)
r network-embedded composite structure.



Fig. 7. Microscopic image of a cross-section of the fabricated SiC fiber
network-embedded composite structure.

Fig. 8. Scanning electron microscope image of the interfacial bond between
fibers and epoxy.
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were used. The stacking sequence of the SiC fiber network‐embedded
glass/epoxy composite structure was ½0=SiC0=90=SiC90�6s. The SiC fiber
yarns were embedded at each interlaminar of the glass/epoxy compos-
ite structure in parallel directions of reinforcing fibers of glass/epoxy
layers at a distance of 9 mm.

In this study, four SiC fiber yarns were selected as independent sen-
sors among the embedded SiC fiber yarns. Two SiC fiber yarns embed-
ded between the 22nd ply and 23rd ply and another two SiC fiber
yarns embedded between the 23rd ply and 24th ply were selected as
sensors. These outer layers were selected as the SiC sensor positions
due to their relatively large strains under plate bending. For the egress
of the SiC fiber sensors, holes were made in the glass/epoxy prepregs
at the end of the selected SiC fiber sensors and were filled with conduc-
tive silver paste [40]. Fig. 6(b) shows the vacuum bagging of the lay-
ered SiC fiber network‐embedded glass/epoxy prepregs. They were
Fig. 9. (a) Free-space measurement system and (b) measured reflectio
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cured using an autoclave in the curing cycle, as shown in Fig. 6(c).
Fig. 6(d) shows the fabricated SiC fiber network‐embedded composite
structure. The thickness of the cured specimen was 3.132 mm. Fig. 7
shows a microscopic image of a cross‐section of the fabricated SiC fiber
network‐embedded composite structure. In this figure, a resin‐rich
region—a problem that might occur when different materials are
embedded— was not observed because the SiC fibers had the same
generic shape as the reinforcing fibers of the composites [36–38].
The bottom panel of Fig. 7 shows a magnified image of the white
boxed area of the top panel. In addition, Fig. 8 is a scanning electron
microscope image showing the interfacial bond between fibers and
epoxy. As shown in these figures, extra resin of the glass/epoxy pre-
pregs penetrated well into the SiC fibers.

3.2. Microwave-absorption performance of the fabricated composite
structure

The microwave return loss of the fabricated SiC fiber network‐
embedded composite structure was experimentally measured using a
free‐space measurement system [41]. Fig. 9(a) illustrates the free‐
space measurement system consisting of two X‐band horn antennas
and a network analyzer (N5222A, Keysight Technologies Inc.). Copper
tape was attached to the back of the plate to serve as a PEC material.
Fig. 9(b) shows the measured microwave wave reflection loss of the
n loss of the fabricated SiC fiber-embedded composite structure.



Fig. 10. Experimental setup for impact testing of the SiC fiber network-embedded composite structure.
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fabricated SiC fiber network‐embedded composite. The frequency
range of more than 90% of the microwave energy absorption was from
8.22–11.73 GHz, and the −10 dB bandwidth was 3.51 GHz. The min-
imum return loss was−38.70 dB at 9.73 GHz. The resonant frequency
(9.73 GHz) at which the minimum return loss occurs was shifted
slightly to the lower frequency region than the designed resonant fre-
quency (9.87 GHz). As mentioned previously, the major microwave‐
absorption principle of the Dallenbach absorber is the destructive
interference of the waves reflected from the first interface (between
the air and the composite absorber) and the second interface (between
the absorber and the PEC). Thus, as the thickness of the absorber
increases, the minimum return loss occurs at a longer wavelength
(lower frequency). Because the thickness of the fabricated SiC fiber
network‐embedded composite (3.132 mm) was slightly thicker than
the target thickness (3.12 mm), the minimum return loss might have
occurred at a much longer wavelength (lower frequency) than the min-
imum return loss frequency of the designed SiC fiber network‐
embedded composite. However, the overall microwave reflection loss
of the fabricated SiC fiber network‐embedded composite fitted well
with that of the designed SiC fiber network‐embedded composite. Con-
sequently, the fabricated SiC fiber network‐embedded composite
structure successfully demonstrated the predicted microwave‐
absorption performance.

3.3. Dynamic signal acquisition using embedded SiC fiber sensors

Dynamic signal acquisition using the embedded SiC fiber sensors
was performed by impact testing on the fabricated composite struc-
ture. Fig. 10 shows the experimental setup for the impact testing.
The SiC fiber network‐embedded composite structure was fixed using
a steel fix zig. The resistance changes of the embedded SiC fiber sen-
sors were measured using a Wheatstone bridge‐based electric circuit
[40,42], the output of the circuit being the voltage. The embedded
8

SiC fiber sensors were connected to the circuit using wires through
an egress made during the fabrication process. To acquire reference
signals for comparative verification, an accelerometer (208C01, PCB
Piezotronics Inc.) was attached to the specimen surface. The positions
of the embedded SiC fiber sensors and the accelerometer are shown in
Fig. 10. Impact excitation was applied using an impact hammer
(086C03, PCB Piezotronics Inc.), and signals were acquired at a sam-
pling rate of 10 kHz.

Fig. 11(a) shows the acquired impact signals in the time domain.
The SiC fiber sensors #1 and #2, which were embedded relatively
far from the neutral axis of the specimen, exhibit relatively high ampli-
tudes. The signal noise levels varied for each SiC fiber sensor. This was
partly because the noise level was highly dependent on the alignment
state of filaments in the yarn [43]. Therefore, for more consistent sen-
sor performance, attention to the filament alignment is required.

Based on the temporal signals, the frequency response function
(FRF) was estimated by applying a fast Fourier transform to both input
and response signals to obtain the natural frequencies of the SiC fiber
network‐embedded composite specimen. The eight sets of frequency‐
transformed signals were averaged for accurate natural frequency esti-
mation. Fig. 11(b) shows the frequency response functions of the SiC
fiber sensors and the accelerometer. The FRFs of the embedded SiC
fiber sensors not only showed similar characteristics, but also exhib-
ited characteristics comparable to the FRF of the accelerometer. The
natural frequencies up to the 3rd mode were sufficiently distinguish-
able. The natural frequencies measured using the accelerometer were
242.3, 482.0, and 516.1 Hz for the 1st, 2nd, and 3rd modes, respec-
tively. The natural frequencies measured using the embedded SiC fiber
sensors were 242.7, 476.2, and 514.5 Hz—these were in excellent
agreement, within a 1.22% error—implying that the signals acquired
by the SiC sensors exhibited an appropriate structural response and
thus demonstrated a sensing performance comparable to that of a com-
mercial accelerometer.



Fig. 11. (a) Acquired impact signals from the embedded SiC fiber sensors and (b) frequency response functions of the embedded SiC fiber sensors and
accelerometer.
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4. Conclusions

In this study, an embedded SiC fiber network‐based self‐sensing
and microwave‐absorbing structure was proposed. The SiC fiber net-
9

work comprised SiC fiber yarns embedded at each interlaminar of
the host composites at regular intervals. The SiC fiber yarns, which
did not come into contact with other SiC fiber yarns, acted as indepen-
dent sensing elements using their piezoresistivity. By means of the
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strategic patterning of the SiC fiber yarns, the SiC fiber network‐
embedded composites also acted as microwave lossy materials,
thereby absorbing microwaves at a target frequency within the X‐
band. To aid the design of the microwave‐absorbing functionality,
full‐wave simulations were conducted. The simulation results verified
the effect of the SiC network design parameters, specifically in terms of
fiber yarn spacing and stacking patterns, on the complex permittivity
of the composite. This, in turn, influenced the microwave loss charac-
teristics of the SiC network‐embedded composite at a target frequency.
The designed SiC fiber network‐embedded composite structure was
fabricated, and its self‐sensing and microwave‐absorbing perfor-
mances were tested. The microwave return loss of the fabricated SiC
fiber network‐embedded composite structure was measured using a
free‐space measurement system. The fabricated SiC fiber network‐
embedded composite structure covered most of the X‐band, in agree-
ment with the designed microwave‐absorption performance. Dynamic
signal acquisition using the embedded SiC fiber sensors was also per-
formed using an impact hammer test. Impact signals were successfully
acquired by the embedded SiC fiber sensors—they were comparable to
the signals acquired using a commercial accelerometer. The results
revealed that the SiC fiber sensors captured the structural response
accurately. Therefore, this study successfully demonstrated the
multi‐functional performance of the SiC network‐embedded composite
for both microwave‐absorbing and self‐sensing purposes. The SiC
network‐based composite structure proposed in this study has great
potential for use in advanced aerospace structures that require simul-
taneous self‐sensing and microwave‐absorbing capabilities.
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