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Layered ceramics can simultaneously achieve high
toughness and strong microwave absorption. In this work, layered
SisN,=SiC/boron nitride (BN) ceramics were prepared by tape casting
and hot pressing, and the effect of microsized SiC content on their
mechanical and microwave absorption properties was investigated. The
results show that the microsized SiC content has little effect on the
mechanical properties of layered Si;N,—SiC/BN ceramics. All layered
ceramics exhibited excellent mechanical properties, with flexural
strengths exceeding 600 MPa and apparent fracture toughness
exceeding 20 MPa-m'2 The layered ceramics containing 30 wt% SiC
showed the best attenuation within the X-band (8.2-12.4 GHz), with a Pl :
minimum reflection loss (RL) of —51.3 dB and an effective absorption bandW|dth (EAB) of 0.84 GHz. Slmulatlons show that
superlayered architectures composed of layered ceramics loaded with different SiC contents can further improve microwave
absorption, with the designed bilayer structure achieving an RL,,;, of —34 dB and an EAB of 3.2 GHz in the X-band. This work lays a

foundation for further optimization and fabrication of high-performance microwave absorption ceramics via structural design.
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1 Introduction

High-density Si;N,~SiC ceramic-based microwave absorbers
feature low density, high strength, high hardness, excellent
oxidation stability, high temperature stability, and tunable
dielectric properties [1-3]. These advantages allow them to
operate in demanding thermal environments. However, these
ceramic-based absorbers generally present narrow absorption
bandwidths, with performance mainly determined by
composition [4]. Moreover, their inherent brittleness and limited
fracture energy still make them vulnerable to failure under impact
or dynamic loading [5,6]. Enhancing both toughness and
microwave absorption performance remains a key challenge for
ceramic-based absorbing materials.

The layered architecture provides an effective strategy for
enhancing the toughness of ceramic materials. In nature, nacre
achieves a remarkable strength—toughness synergy through its
alternating hard and soft layers [7-9], inspiring the introduction
of weak interfaces and optimized layer-thickness ratios in
engineered layers. Clegg et al. [10] first developed SiC/C layered
ceramics with a fracture toughness of 15 MPa-m"’, which is nearly
five times that of monolithic SiC. Since then, various layered
ceramic systems have been developed, and their toughness

improvements have been clearly demonstrated. Wei et al. [11]
reported a fracture toughness of 13.5 MPa-m" for layered
Si;N,/SiC,, ceramics. Shen et al [12,13] reported a fracture
toughness of 13.51 MPa-m'” for layered Si;N,/boron nitride (BN)
ceramics and 17.04 MPa-m" for layered Si;N,/TiN ceramics.
These results indicate that well-designed interfaces and layered
architectures can markedly enhance the fracture toughness of
ceramic materials. However, current research on layered ceramics
focuses on mechanical properties, with a lack of studies on
microwave absorption performance. Si;N,/BN acts as a wave-
transparent material, making it unsuitable for absorption.
Regarding the Si;N,/TiN system, the high electrical conductivity of
TiN leads to strong electromagnetic reflection. This makes the
materjal function as an electromagnetic shielding agent rather
than an absorber. SiC is a lossy semiconductor, making it a
promising candidate for microwave absorption agents. Therefore,
a Si;N,-SiC/BN layered system is proposed to synergize
mechanical reliability and microwave absorption.

In terms of microwave absorption, achieving broadband
performance requires proper impedance matching and adequate
electromagnetic attenuation [14]. The fabrication of layered
ceramics involves tape casting, lamination, and hot pressing.
Tailoring the content of microwave-absorbing agents in the tape
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enables the fabrication of layered ceramics with a range of
dielectric properties. Thus, impedance matching and microwave
attenuating layered ceramics can be fabricated. Through tape
stacking, superlayered architecture ceramics comprising both
impedance-matching layered ceramics and microwave attenuating
layered ceramics can be constructed to achieve broadband
microwave-absorbing properties. Therefore, based on the above
analysis, superlayered architecture ceramics can achieve both high
toughness and broadband microwave absorption.

Layered ceramics consist of alternating matrix and interfacial
layers, and both the composition and distribution of microwave
absorption agents and geometric factors (e.g., the layer-thickness
ratio) affect their mechanical and electromagnetic absorption
properties. These factors have not been carefully disclosed, which
brings difficulties to the design of high-performance superlayered
ceramics. In this study, layered Si;N,~SiC/BN ceramics were
fabricated. The effects of the microsized SiC content in the matrix
layers on the mechanical properties and microwave absorption
properties were first investigated. The obtained layered ceramics
have excellent mechanical properties. Simulations also indicated
that superlayered ceramics broaden the microwave absorption
bandwidth. This work provides a foundation for developing high-
performance ceramics with both high toughness and broadband
microwave absorption in the future.

2 Materials and methods

2.1 Materials and processing

The raw materials used in this study included silicon nitride
powders (Si;N,, a-phase content > 93 wt%, D5, = 0.7 pm; Hebei
Gaofu Silicon Nitride Materials Co., Ltd., China), silicon carbide
powders (SiC, particle size 1-3 pm, 99.9% purity; Anhui
Zhonghang Nano Technology Co., Ltd., China), yttrium oxide
(Y,03, 99.9% purity, particle size 0.5-1 pum; Qinhuangdao Yinuo
High-Tech Materials Development Co., Ltd., China), aluminum
oxide (ALO;, 99.9% purity, D5, = 0.5 um; Qinhuangdao Yinuo
High-Tech Materials Development Co., Ltd., China), and
hexagonal BN (purity 99%, D5, = 0.5 um; Qinhuangdao Yinuo
High-Tech Materials Development Co., Ltd.,, China). A mixed
solvent of absolute ethanol and isopropanol with a volume ratio of
1:1 was employed. Triethyl phosphate (TEP) was used as the
dispersant, polyvinyl butyral (PVB) served as the binder, and a
plasticizer mixture of glycerol and diethyl phthalate (DEP) was
used at a volume ratio of 1:1.
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Additive SisN4/SiC/BN
Ball milling

Layered SisN+—SiC/BN ceramic

Hot pressing
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As illustrated in Fig. 1, layered Si;N,~SiC/BN ceramics were
fabricated through tape casting and hot pressing. The matrix
layers were composed of Si;N, with varying SiC contents, while
the interfacial layers consisted of BN with 20 wt% Si;N,.
Subsequently, the binder and plasticizer were incorporated,
followed by an additional 10 h of ball milling to achieve complete
homogenization. The resulting slurry was subsequently degassed
under vacuum for 15 min to remove entrapped air. Tape casting
was carried out on a laboratory-scale casting unit with a casting
speed of 0.25 m/min and a drying temperature of 30 °C. The
doctor blade gap was set to 300 pm for the matrix-layer slurries
and 150 pm for the interfacial-layer slurries. After drying, the
green tapes showed average thicknesses of 85 pm for the matrix
layers and 36 pm for the interfacial layers. They were then cut into
67 mm X 64 mm sheets. The green tapes were alternately stacked
at a matrix-to-interfacial layer ratio of 4:1 until a total layer
thickness of approximately 2 cm was obtained. Debinding was
performed at 600 °C for 2 h in a nitrogen atmosphere, followed by
an oxidation step at 600 °C for 12 h in air using a muffle furnace
(KSL1700X-A2, Hefei Kejing Material Technology Co., Ltd,
China) to remove residual carbon derived from the organics. Final
densification was achieved by hot pressing at 1850 °C for 1 h
under a uniaxial pressure of 30 MPa in nitrogen. The SiC content
in the matrix layers was set at 0, 15, 30, and 45 wt%, with the
corresponding layered ceramic specimens designated LCNB-0,
LCNB-15, LCNB-30, and LCNB-45, respectively. Layered
ceramics with low SiC content exhibit good impedance matching,
while those with high SiC content provide significant
electromagnetic loss capacity. The content range used in this work
allows for the selection of impedance matching layers and lossy
layers. These functional layers provide the foundation for
constructing superlayered ceramics.

2.2 Material characterization

The phase composition of the ceramic samples was analyzed using
an X-ray diffractometer (XRD; Regulus 8100, Hitachi, Japan)
under 30 kV Cu Ka radiation. The morphology and
microstructure of the composite materials were characterized
using a scanning electron microscope (SEM; JEM-7600F, JEOL,
Japan). Prior to SEM observation, samples were polished and
subsequently etched with molten NaOH for 1 min. The relative
permittivity of the ceramic materials was measured at room
temperature using the waveguide method in the X band (8.2-
124 GHz) with a vector network analyzer (N5244A, Agilent,
USA). The reflection loss (RL) was calculated by Eq. (1) [15]:
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Fig.1 Preparation of layered Si;N,~SiC/BN ceramics via tape casting and hot pressing.
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Zin — Zo

RL(dB) = 20log 7 iz
in 0

(1)

where Z;, is the input impedance of the absorber, and Z, is the free-
space impedance (377 Q). The input impedance is determined
from the classical metal back-panel model, as shown in Eq. (2):

U, 2nfd
Zin = Z() f: tanh (JT M) (2)
where y, and ¢, are the relative permeability and permittivity, f is
the frequency, d is the sample thickness, and c is the speed of light.
Since all constituent phases (Si;N,, SiC, and h-BN) are intrinsically
nonmagnetic, the real and imaginary parts of the magnetic
permeability of the layered ceramic are 1 and 0, respectively. The
input impedance ratio (Z,) and the attenuation constant (e) are
employed to characterize the impedance matching and
attenuation capability of the absorber, respectively. Z, is defined as
Eq. (3) [16]:

Zin

> 3)

z,—‘

When Z, approaches 1, good impedance matching is achieved,
allowing the incident electromagnetic waves to efficiently enter the
absorber. The energy dissipation capability inside the material is
evaluated by o, which is expressed as Eq. (4) [17]:

VI

o<
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where ¢, ¢", ', and p" are the real and imaginary parts of the
permittivity and permeability, respectively. A larger « implies
stronger electromagnetic energy dissipation within the absorber.
Flexural strength is tested using a three-point bending test with a
specimen strip of 40 mm x 4 mm x 3 mm at a span of 30 mm
and a speed of 0.5 mm/min. Fracture toughness is measured with
a single-edge notched beam (SENB) test using a 30 mm x 4 mm x
2 mm strip, a span of 20 mm, and a speed of 0.05 mm/min. The
loading direction is perpendicular to the layered structure, as
shown in Fig. 2.
Fracture toughness (Kjc) can be calculated using Eq. (5) [18]:

o () g
In Eq. (5), the function fla/ W) can be specifically expressed as Eq.
(6):
(i) =29(8)" - esl) +a(5)
_ 37.6(%) ' 4387 (%)9/2 (6)

where P is the maximum load, B the width of the test piece, S the
support span, W the thickness of the test piece, and a the notch

length.

>

Fig.2 Schematic illustration of loading direction in SENB fracture toughness
test.
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3 Results and discussion

3.1 Phase compositions and microstructures

As shown in Fig. 3, the diffraction pattern of the SiC-free sample
(LCNB-0) is dominated by the characteristic peaks of {3-Si;N,,
indicating that the o->( phase transformation was nearly complete
during hot pressing at 1850 °C. This result agrees with previous
studies reporting that sintering above approximately 1750 °C
facilitates the full conversion of a-Si;N, into the
thermodynamically stable B-Si;N, phase [19,20]. In SiC-
containing samples (LCNB-15, LCNB-30, and LCNB-45), a-Si;N,
peaks are also not detected, confirming that SiC addition has little
effect on the a>p transformation of Si;N, under hot pressing
conditions at 1850 °C. In these samples, the characteristic
diffraction peaks of SiC appear at 260 =~ 35.6°, 41.36°, and 59.9°.
Notably, both 3C-SiC and 6H-SiC polytypes can be identified at
these positions, indicating the coexistence of multiple SiC
polytypes and possible polytype evolution at high temperature.
The diffraction peak intensity of SiC significantly increases with
higher SiC content, while the peaks of B-Si;N, relatively weaken.
This change in diffraction intensity indicates a notable increase in
the relative content of crystalline SiC and a corresponding
decrease in B-Si;N,, which is consistent with the designed layered
compositions. Weak hexagonal boron nitride (h-BN) peaks are
also observed in all samples, which are assigned to the BN in the
interfacial layers.

Figure 4 displays the SEM images of the layered samples. The
low-magnification SEM images (Figs. 4(al)-4(d1)) and element
distributions of Si and B (Figs. 4(a5)-4(d6)) confirm the successful
construction of a periodic layered architecture, which is composed
of two distinct regions: the matrix layers and the interfacial layers.
For the LCNB-0 sample, the average matrix-layer thickness is
approximately 117 um, whereas for all SiC-containing samples
(LCNB-15, LCNB-30, and LCNB-45), it increases to
approximately 128 pm. The BN-rich interfacial layers remain
consistent across all compositions, with an average thickness of
approximately 16 pm. The overall architecture is highly ordered
and free of interfacial delamination or through-thickness porosity,
demonstrating the high precision of the tape-casting and hot
pressing processes.

As shown in Table 1, the layered ceramics prepared in this
study exhibit a bulk density of 3.04-3.06 g-cm™, corresponding to
a relative density of approximately 93%. This indicates that the
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Fig.3 XRD patterns of layered Si;N,-SiC/BN ceramic samples loaded with
different SiC contents in Si;N,~SiC matrix layer.
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Fig.4 Microstructural analysis of layered Si;N,~SiC/BN ceramics with varying SiC contents: (a) LCNB-0, (b) LCNB-15, (c) LCNB-30, and (d) LCNB-45. (al-d1) As-

polished cross-sectional SEM images at low magnification; (a2-d2) as-polished SEM images of matrix/interfacial region; (a3-d3) SEM images of NaOH-etched
Si;N,-SiC matrix layers; (a4-d4) SEM images of NaOH-etched BN-rich interfacial layers; (a5-d5) elemental mapping of Si; (a6-d6) elemental mapping of B.

Table1 Bulk density, relative density, and apparent porosity of layered
SisN,—~SiC/BN ceramics with different SiC contents

Sample Bulk density (g/cm’) Relative density (%) Apparent porosity (%)

LCNB-0 3.06 93.51 0.44
LCNB-15 3.04 92.92 0.32
LCNB-30 3.04 93.05 0.61
LCNB-45 3.06 93.71 0.43

material has achieved a high level of overall densification. As
shown in Figs. 4(a2)-4(d2), the matrix layers are composed of
densely packed Si;N, grains with well-bonded grain boundaries
and very few residual pores, indicating effective densification
during hot pressing. The interfacial layers display a characteristic
lamellar BN structure with a loosely stacked morphology, where
visible interfacial layer gaps act as the main source of porosity in
the layers. To examine the densification and porosity of the matrix
and interfacial layers, Si;N,~SiC (30 wt%) and BN-Si;N, (20 wt%)
composite ceramics were prepared, and their densities and relative
densities were measured. The Si;N,-SiC composite has a relative
density of 97.63%, while the BN-Si;N, composite shows a much
lower relative density of 75.65%. This indicates that the BN-based
interfacial layer acts as the main pore-rich region in the layered
structure. The microstructures observed in this work follow this
trend and explain why the overall bulk density of the layered
ceramics is slightly lower than that of fully dense Si;N,-SiC
ceramics.

To elucidate the fine microstructure and distribution of the
Si;N,, SiC, and BN phases, the samples were chemically etched
with molten NaOH. The resulting SEM images are presented in
Figs. 4(a3)-4(d3) and Figs. 4(a4)-4(d4). The etched matrix layers
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(Figs. 4(a3)-4(d3)) are predominantly composed of elongated p-
Si;N, grains. In the LCNB-0 sample, B-Si;N, grains show a
relatively coarse rod-like morphology, with an average grain
length of approximately 3 um and a diameter of approximately
1 um. The SiC-containing samples (LCNB-15, LCNB-30, and
LCNB-45) exhibit pronounced grain refinement. The B-Si;N,
grains in these samples have lengths mainly in the range of 1-
2 pum and an average diameter of approximately 0.45 pum. The SiC
phase appears as fine particles with an average size of
approximately 0.3 um dispersed along the Si;N, grain boundaries,
exerting a pronounced grain-boundary pinning effect. This
pinning behavior effectively suppresses abnormal grain
coarsening, resulting in the refinement and more uniform
alignment of B-Si;N, grains [21,22]. In all SiC-containing samples,
the SiC phase is homogeneously distributed throughout the
Si;N,-SiC matrix without observable agglomeration. In contrast,
the BN-based interfacial layers shown in Figs. 4(a4)-4(d4) exhibit
loosely stacked and partially oriented lamellae, which is a typical
morphology of hexagonal BN. Fine rod-shaped Si;N, grains are
evenly dispersed among the BN lamellae, forming moderate
interfacial bonding without disrupting the layered architecture.
The morphology and thickness of the BN interfacial layers are
nearly identical across all samples, indicating that SiC
incorporation into the matrix has little influence on the formation
or structural integrity of the BN-based interfaces.

3.2 Dielectric properties
properties

The complex permittivity (e, = ¢’ — je” ) is a fundamental
parameter describing the dielectric response of microwave
absorbers. The &' quantifies the capacity for electromagnetic

and microwave absorption
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energy storage, and &" represents dielectric energy dissipation. The
dielectric loss tangent (tand, = ¢"/¢’) is commonly adopted as an
integrated metric for evaluating dielectric loss performance [23].
Figures 5(a)-5(c) show the values of ¢, ", and tand, of samples
prepared with different SiC contents. The dielectric properties of
the layered ceramics increase steadily with increasing SiC content,
indicating that the dielectric response of the layered ceramics is
strongly affected by the incorporation of SiC particles. LCNB-0
contains a pure Si;N, matrix and behaves as an insulating
material, so its dielectric constant and dielectric loss remain at the
lowest level. Introduction of SiC in the matrix layer could result in
numerous SisN,-SiC heterogeneous interfaces, which enhance
Maxwell-Wagner interfacial polarization [24]. During hot
pressing, nitrogen from Si;N, and the N, atmosphere dissolves
into the transient liquid phase and enters the SiC lattice through a
dissolution-reprecipitation process, producing N-doped SiC
grains with higher carrier concentration and mobility [25]. The
accompanying lattice defects and local distortions further
contribute to defect polarization [26]. Therefore, as the SiC
content increases from 0 to 30 wt%, &' rises from 7.31 to 27.22 and
e” increases from 0.04 to 2.07, reflecting a clear increase in
interfacial and defect polarization. At this SiC content, partial
contact between SiC particles creates short-range conductive
paths, so conduction loss begins to play a role in the overall
attenuation [25]. With the SiC content raised to 45 wt%, the
particle contacts become more continuous, giving rise to a
conductive network. As a result, conduction loss becomes one of
the major contributors to the attenuation mechanism.

To assess the effect of the BN-based interfacial layers, the
dielectric properties of the layered ceramics were compared with

9221310-5

those of the monolithic Si;N,~SiC composite. Because BN, Si;N,
and the pores in the interfacial layers have low permittivity, the
dielectric mixing rule predicts a decrease in ¢'. Accordingly, the
layered Si;N,-SiC/BN ceramics show a lower &' than the
Si;N,-SiC composite. For example, the layered sample LCNB-30
has an &' of 27.22, while the monolithic Si;N,-SiC (30 wt%)
composite has an ¢’ of 38.05. However, the introduction of the
interfacial layers does not reduce ¢” or the dielectric loss. Instead,
the layered Si;N,-SiC/BN ceramics show higher &” (= 2.07) and a
higher tan &, (= 0.08) than the monolithic Si;N,-SiC composite
(¢" = 1.44 and tan §, = 0.04). This is probably caused by multiple
reflections of microwaves at the interfaces between the matrix
layers and the BN interfacial layers, which extend the microwave
propagation path and increase energy dissipation.

The microwave absorption performance of a material is mainly
determined by impedance matching and attenuation capability
[27], which are largely controlled by the complex permittivity [28].
Strong absorption occurs only when a proper balance between
these two factors is achieved. Figures 6 and 7 depict the evolution
of Z, a, and the corresponding RL. Z, was calculated at a fixed
thickness of 2 mm. Because it has the lowest permittivity, LCNB-0
shows the best impedance matching, with Z, approaching 1 in the
X-band. However, its & remains very low, resulting in insufficient
energy dissipation. Consequently, most microwaves transmit
through it with minimal absorption. For LCNB-15, Z, deviates
markedly from 1 and shows a pronounced peak near 10 GHz,
indicating severe impedance mismatch. Although « increases
slightly compared with LCNB-0, the mismatched impedance
restricts the penetration of incident electromagnetic waves into the
material. Even at a thickness of 7.99 mm, the RL_;, is merely
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Fig.5 (a) ¢, (b) ", (c) tand,, and (d) average values of ¢ ¢", and tan 6, of layered Si;N,~SiC/BN ceramics with different SiC contents.
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Fig.7 RL oflayered Si;N,~SiC/BN ceramics prepared with different SiC contents: (a) LCNB-0, (b) LCNB-15, (c) LCNB-30, and (d) LCNB-45.

—-11.6 dB at 124 GHz. LCNB-30 and LCNB-45 exhibit better
performance. Sample LCNB-30 achieves an RL,,;, of -51.3 dB at
84 GHz with an optimal thickness of 4.89 mm, while sample
LCNB-45 shows an RL,;, of —48.2 dB at 8.3 GHz with a thickness
of 1.24 mm. This improvement results from an improved balance
between Z, and « of samples LCNB-30 and LCNB-45 compared
to that of LCNB-0 and LCNB-15.

Although LCNB-30 and LCNB-45 achieve strong absorption,
their effective absorption bandwidths (EABs) remain narrow. The
EABs of LCNB-30 and LCNB-45 are 0.84 and 0.65 GHz,
respectively. An advantage of the tape-casting process is its

747w | Sci@pen

capability to tailor the layered architecture, enabling the
integration of impedance-matching and lossy layers within a
layered ceramic to broaden the absorption bandwidth. A bilayer
absorber (a superlayered architecture composed of LCNB-0 and
LCNB-45) was designed by combining an impedance-matching
layer with a loss-dominated layer. As shown in Fig. 8, the LCNB-0
layer (2.4 mm) functions as an impedance-matching layer, while
the LCNB-45 layer (8.2 mm) acts as a dielectric lossy layer. The
simulation predicts an RL,;, of —34.2 dB and an EAB of 3.2 GHz
in the X-band, showing a clear improvement over the single-layer
structures. However, the relatively low dielectric loss of the lossy

J Adv Ceram 2026, 15(6): 9221310
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layer (LCNB-45) limits the absorption bandwidth. The
introduction of CNTs or SiC whiskers into the lossy layer could
enhance the loss capacity of the layered ceramic and further
broaden the absorption bandwidth of the superlayered
architecture. In future work, this bilayer superlayered architecture
will be fabricated and experimentally tested to verify the simulated
performance, followed by thickness optimization of each
functional layer to achieve broader-band absorption.

3.3 Mechanical properties

Figure 9 summarizes the mechanical properties of the layered
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Fig.8 RL curves of LCNB-0/LCNB-45 bilayer superlayered architecture
obtained from multilayer simulation.
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Si;N,~SiC/BN ceramics. Figure 9(a) shows the load-displacement
curves obtained from single-edge notched beam (SENB) tests. All
samples exhibit an initial linear elastic region, followed by a
nonlinear stage prior to final failure. The curves display a distinct
serrated pattern, which is characteristic of layered ceramic
architecture. These serrations are attributed to repeated crack
deflection and interfacial debonding during crack propagation.
Such behavior indicates a noncatastrophic (or quasiductile)
fracture mode, demonstrating that the multilayer design effectively
arrests crack advancement and dissipates energy [29,30]. The
flexural strength and apparent fracture toughness of the samples
are presented in Fig. 9(b). The materials possess high flexural
strengths, exceeding 600 MPa, and high apparent fracture
toughness values, exceeding 20 MPa-m". The achieved apparent
fracture toughness is markedly higher than that of monolithic
Si;N, ceramics and is also superior to many reported ceramic
matrix composites [31,32], such as SiC whisker-reinforced SisN,
[33-35]. The work of fracture of the samples was also calculated
using Eq. (7) [36]:

Pdé
yWof = IZA (7)

where y,,r is the work of fracture, P is the applied load, § is the
displacement, and A is the cross-sectional area of the unnotched
portion of the sample. As shown in Fig. 9(c), the work of fracture
values of the four samples are 5459 J/m* (LCNB-0), 4817.J/m?
(LCNB-15), 5002 J/m* (LCNB-30), and 4852 J/m* (LCNB-45).
From the above analysis, all samples show comparable mechanical
properties, suggesting that the content of microsized SiC in the
matrix layers has a limited influence on the overall mechanical
performance.
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Fig.9 (a) Load-displacement curves, (b) flexural strength and apparent fracture toughness, and (c) work of fracture of layered Si;N,~SiC/BN ceramics with different SiC

contents.
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The high apparent fracture toughness of the layered ceramics is
attributed to the interfacial architecture. As shown in Figs. 4(a2)-
4(d2), the BN-based interfacial layers exhibit a loose and porous
structure. When the crack enters these regions, the crack tip
becomes blunted by the pores and subsequently reorients along
these features, resulting in interfacial cracking and local
delamination (Figs. 10(a) and 10(b)) [37]. Therefore, as shown in
Fig. 10(a), the main crack does not travel in a straight line but is
repeatedly deflected at each BN interfacial layer, producing a step-
like propagation path. This behavior indicates a moderate
bonding strength between the matrix and the BN layers, which is
sufficient to prevent premature delamination while still allowing
interfacial sliding and crack deflection [38—40]. In addition, the
Si;N,-SiC matrix layers (Fig. 10(c)) are highly densified and act as
the primary load-bearing layers in the layered architecture. During
fracture, the pull-out of high-aspect-ratio Si;N, grains also
dissipates fracture energy, further contributing to the apparent
fracture toughness of layered samples.

Residual stresses caused by thermal expansion mismatch
during cooling also influence crack propagation in the layers
[41-43]. The residual stresses between the adjacent matrix and
interfacial layers can be evaluated using Hsueh’s formula, as
shown in Eq. (8) [11]:

E()El(ho — hl)(al — OCQ)AT

(1 - VO)Elhl + (1 — Vl)tho (8)

where v, E, AT, and h denote Poisson’s ratio, Young’s modulus,
temperature change (negative during cooling), and layer thickness,
respectively. Subscripts 0 and 1 refer to the matrix and interfacial
layers. Because h-BN has an in-plane thermal expansion
coefficient far lower than those of Si;N, and SiC, it contracts much
less during cooling. This generates compressive residual stress in
the BN interfacial layers. When a crack reaches the interface, the

&

compressive stress reduces its opening tendency and favors crack
deflection or interfacial sliding [44,45]. The resulting curved crack
path requires more energy to extend, which helps enhance the
fracture toughness of the layered ceramic.

The above analysis demonstrates that the layered architecture
ceramics exhibit both high fracture toughness and excellent
microwave absorption performance. The corresponding
toughening and absorption mechanisms are summarized in
Fig. 11. As illustrated in Fig. 11, the outstanding multifunctional
performance of the layered Si;N,-SiC/BN ceramics results from
the synergistic contribution of multiple mechanisms across
different hierarchical levels. For microwave absorption, the
impedance-matching layer first ensures the efficient entry of
microwaves into the ceramic interior. The dispersed SiC particles
in the Si;N,-SiC matrix create numerous heterogeneous interfaces
that activate interfacial polarization under alternating fields.
Electron hopping and tunneling between adjacent SiC particles
further establish carrier transport pathways, leading to
pronounced conduction loss. The periodic layered configuration
further induces successive reflections and scattering at multiple
interfaces, extending the effective propagation path and facilitating
cumulative energy attenuation. These cooperative mechanisms
jointly ~contribute to strong microwave absorption. For
mechanical properties, the BN-rich weak interfaces act as
preferential crack paths, triggering deflection, branching, and
interfacial sliding under applied stress, effectively elongating the
fracture trajectory and enhancing energy dissipation during crack
propagation. Meanwhile, the densely elongated (B-Si;N, grains
provide a robust load-bearing framework, with grain pull-out and
frictional sliding contributing additional extrinsic toughening.
Overall, the layered architecture integrates impedance-matching
and crack-deflection effects from BN interfacial layers, interfacial
polarization and carrier migration from SiC particles, and
multireflection dissipation from the layered structure, thereby

Py »
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Fig. 10 Crack propagation morphologies of layered Si;N,~SiC/BN ceramics: (a) low-magnification crack path, (b) high-magnification fracture morphology of interfacial

layer, and (c) high-magnification fracture morphology of matrix layer.
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Fig. 11 Proposed mechanism of microwave absorption and fracture toughening in layered Si;N,~SiC/BN ceramics.
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realizing a simultaneous enhancement of both mechanical
reliability and microwave absorption.

Table 2 summarizes the mechanical properties and microwave
absorption performance of various Si;N,-based ceramics reported
in the literature and compares them with the results of this work.
Most reported materials show either good mechanical

9221310-9

performance or noticeable microwave absorption, but rarely both.
In contrast, the monolithic layered Si;N,-SiC/BN ceramics
developed in this study exhibit high flexural strength, high fracture
toughness, and strong microwave absorption, with an RL;, of
—51.3 dB. Although the EAB is still limited, a bilayer superlayered
architecture further broadens the bandwidth.

Table2 Comparison of mechanical properties and microwave absorption performance reported in literatures and this work

Sample Flexural strength (MPa)  Fracture toughness (MPa-m”?) RL,,;, (dB) EAB,,, (GHz) Ref.
Si,N, 712 7.7 — — [31]
Si;N,-SiC¢ 357 10.8 — — [46]
Si;N,/SiC 564 16.8 — — [47]
Si;N,/BN 429 135 — - [12]
SiC¢/mullite 154 24.3 -30.3 4.20 [48]
Si;N,-SiC,, 939 9.4 -16.2 2.74 [34]
Si;N,-SiC,,,, 240 3.7 -14.7 3.47 [35]
Ce-SizN, 326 9.0 -19.6 2.23 [49]

LCNB-30 626 20.7 -51.3 0.84 This work

LCNB-45 628 22.7 —48.2 0.65 This work

Bilayer superlayered architecture — — -34.2 3.20 This work (simulation)
4 Conclusions References

This study successfully fabricated layered Si;N,~SiC/BN ceramics
with strong microwave absorption and high flexural toughness
and strength. For microwave absorption, the SiC particles
introduced into the Si;N, matrix activated interfacial polarization,
defect polarization, and conduction loss. The periodic layered
structure produced repeated interfacial reflections and scattering,
which extended the propagation path of electromagnetic waves.
Among all samples, LCNB-30 showed the strongest absorption,
with an RL,;, of —51.3 dB. In terms of mechanical properties, all
layered ceramics exhibited high flexural strength (> 600 MPa) and
high apparent fracture toughness (> 20 MPa-m"). Toughening
resulted from crack deflection, interfacial sliding, local debonding
within the BN layers, and p-Si;N, grain pull-out, which together
formed energy-dissipating crack paths. A  superlayered
architecture design combining LCNB-0 and LCNB-45 was
developed. In this structure, LCNB-0 serves as a low-permittivity
matching layer, while LCNB-45 acts as a high-loss attenuation
layer. Simulations show that this bilayer superlayered architecture
broadens the EAB to 3.2 GHz, demonstrating the potential of
structural-compositional design for developing microwave-
absorbing ceramics with high strength, high toughness, and
broadband performance. Overall, the layered Si;N,-SiC/BN
ceramics exhibit high mechanical reliability and stable microwave-
absorbing performance, making them ideal candidates for a
structural-functional integrated component.
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