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To elucidate the atomic-scale mechanisms governing
electromagnetic wave (EMW) attenuation in polymer-derived ceramics,
a SiZrBCN ceramic nanocomposite was prepared via chemical ?
modification of polyborosilazane with tetrakis(dimethylamino) &3y e = B,
zirconium(lV), followed by pyrolysis and annealing. Advanced s # )
characterization methods combined with first-principles calculations TDMAZ“”BSZAW.M .
via density functional theory (DFT) were employed to investigate the
structural evolution, dielectric properties, and attenuation mechanisms
of the nanocomposites. The results show that after pyrolysis at T <
1400 °C, the SiZrBCN is in an amorphous state. As the annealing
temperature increases, ZrC,N,_,, SiC, and -SisN, initially precipitate at
1500 °C. When the temperature increases to 1800 °C, ZrC,N,_, =
transforms into ZrB,, forming SiC/ZrB, multiphase ceramic nanocomposites. With the incorporation of Zr, SiZrBCN-16, after
annealing at 1600 °C, exhibits excellent EMW absorption performance, achieving a maximum effective absorption bandwidth of
6.03 GHz (thickness: 1.65 mm) and a minimum reflection loss of —44.1 dB (thickness: 1.9 mm). In addition to the conductive loss
caused by the free carbon network, DFT analysis revealed two primary dielectric loss mechanisms that result in exceptional
absorbing performance: (1) Electronegativity-driven charge separation in ZrC,N,_, solid solutions facilitates the formation of electric
dipoles; (2) interfacial lattice distortion and atomic disparity across the interface at the ZrC(001)/3-SisN,(001) and ZrN(100)/SiC(110)
boundaries induce electronic reconstruction and charge separation.

~ Electromagnetic wave

g

N

Absorption ,f'\r ‘"l\'\r bl

y
Reflection =

polymer-derived ceramics; polarization loss; microstructure; electromagnetic wave absorption; density functional
theory

1 Introduction

SiBCN ceramics, as among the most widely used polymer-derived
ceramics, have been extensively investigated owing to their
advantages, including excellent high-temperature stability and
oxidation resistance, and electromagnetic wave (EMW)
absorption is considered one of their most promising applications
[1-3]. Generally, SiBCN-based ceramics are derived from
polyborosilazane (PBSZ) at elevated temperatures [4]. However,
unmodified SiBCN ceramics exhibit inferior EMW absorption
performance due to the absence of electromagnetic loss phases [5].
To enhance their EMW attenuation capability, the primary
approach involves either chemical structural design or direct
incorporation of secondary phases to generate electromagnetic
loss components [6—-10]. For instance, Ding et al. [11] prepared
SiBCN fibers by electrospinning, leveraging turbostratic carbon
and nano-SiC grains to enhance conductive loss and interfacial

polarization, thereby achieving an effective absorption bandwidth
(EAB) of 52 GHz. Song et al. [12] prepared SiBCNHf, a
nanostructure comprising in situ-formed HfC, SiC, and HfB,,
which developed during the annealing process. The coexistence of
multiple phases induced significant polarization loss, resulting in a
minimum reflection loss of -50 dB, and the antioxidant
performance was improved. Therefore, SiBCN is considered a
great potential material for EMW absorption.

The dissipation of electromagnetic wave energy in multiphase
ceramics is governed primarily by mechanisms including
interfacial ~polarization, dipole polarization, —defect-induced
polarization, and conductive loss. The electromagnetic wave
absorption performance can be enhanced by tailoring the
microstructure to achieve a synergistic enhancement via multiple
mechanisms, such as SiZrCN [13,14], SiC/HfC\N,_/C [15],
SiBCN/ALO; [16], and SiBCN-ZrO,/ZrC/ZrB,/SiC [7]. Hence,
interface engineering is considered a primary strategy for
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enhancing the electromagnetic wave absorption performance of
SiBCN-based ceramics. Yang et al. [17] incorporated samarium
(Sm) as a catalyst into SIBCN to modulate crystallinity while
promoting defect generation, attaining an EAB of 6.87 GHz.
Zhao et al. [18] introduced SiBCN into a porous Si;N, substrate to
enhance interfacial polarization by constructing interfaces between
nanocrystalline and amorphous phases within the SiBCN
material. Zhang et al. [19] fabricated a three-dimensional (3D)
structure by annealing a mixture of graphene and SiBCN, which
established B-C-N covalent bonds at the interface between the
ceramic matrix and graphene. This structure achieved an effective
absorption bandwidth covering the entire X-band at a matching
thickness of 3 mm. Luo et al. [20] synthesized cobalt-containing
silicon boron carbonitride (derived from MOFs, denoted as
MOF/SiBCN) nanomaterials. Increasing the content of dielectric
phases such as SiC and CoSi increased the dielectric loss and
improved the impedance matching of the material. Extensive
research has established a strong correlation between
electromagnetic wave absorption performance and its underlying
mechanisms [21]. However, the electromagnetic loss mechanisms
within multiphase ceramics remain inadequately elucidated. A
significant knowledge gap persists, particularly in the analysis of
loss behaviors at heterogeneous interfaces. Furthermore, existing
theoretical frameworks lack the explanatory power to fully
describe the cross-scale and multi-physical field coupling
processes involved. This limitation fundamentally constrains the
rational design of compositions and the strategic modulation of
properties in multiphase ceramics based on the optimization of
dielectric loss mechanisms.

In addition, research has focused primarily on characterizing
structural evolution and phase composition [22—-25], but dielectric
loss mechanisms are generally attributed to interfacial polarization
from abundant interfacial structures and relaxation phenomena of
electric dipoles within the material under alternating
electromagnetic fields; such polarization behavior can be modeled
via Debye theory [14,26,27]. In practical scenarios, the origins of
interfacial polarization may be more complex, particularly as grain
formation and growth during annealing processes result in
sophisticated microstructures [28,29]. The physical properties of
interfaces exhibit distinct energy states depending on variations in
atomic species, concentration, and structural configurations [30].
This manifests as significant modifications in band structures and
electron redistribution, where spatial charge density variations
generate new electronic orbital energy levels [31]. Notably, charge
redistribution at heterogeneous interfaces induces separation of
positive and negative charge centers, profoundly influencing the
material’s  electromagnetic  response  characteristics  [32].
Consequently, to elucidate microstructure—-macroscopic property
relationships, researchers increasingly employ theoretical
computations as tools to decipher intergranular physical
phenomena [33-35]. The construction of crystalline models to
analyze charge transfer and bonding characteristics provides
critical insights into the atomic-scale origins of interfacial
polarization. Given the abundance of interfaces in polymer-
derived nanoceramics, establishing atomistic models and probing
electronic structures are essential for guiding experimental design.

Therefore, to investigate the microscopic mechanisms of EMW
absorption in SiBCN-based composite ceramics, we incorporated
zirconium-containing metal amides into PBSZ. Subsequent high-
temperature annealing yielded nanocomposite ceramic powders.
To minimize energy and time consumption, we designed a
graphite mold compatible with spark plasma sintering (SPS)
technology. This system enables non-pressure high-temperature
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annealing of ceramic powders by leveraging the rapid heating
capabilities of SPS equipment, thereby significantly reducing the
annealing duration. The influence of the annealing temperature
on phase transformations was systematically examined.
Leveraging the phase characterization results, we constructed
relevant crystal structures within the ceramics and established
potential interfacial models between the crystalline phases. Density
functional theory (DFT) calculations were then performed to
analyze the electronic structures in both the crystalline and
interfacial regions, providing atomistic-scale physical insights to
elucidate the origin of interfacial polarization at the electronic
level.

2 Experimental

The SiZrBCN precursors were obtained by the reaction of 90 wt%
PBSZ and 10 wt% metal amides, named tetrakis (dimethylamino)
zirconjum(IV) (TDMAZ) (Nanjing Ai Mou Yuan Scientific
equipment Co., Ltd.,, China). The specific synthesis route is as
follows: In an inert atmosphere, TDMAZ and PBSZ are dissolved
in xylene, mixed through a titration process, and stirred at 70 °C
until the reaction is complete to obtain the Zr-PBSZ precursor.
The Zr-PBSZ precursor and SiBCN were pyrolyzed at 1100 °C for
2 h in a N, atmosphere. Furthermore, pyrolyzed powder can be
charged into isostatic graphite suitable for plasma sintering (SPS)
equipment, which has a central hole structure that can be applied
for high-vacaum and high-current heating. These samples
subsequently underwent non-pressure heat treatment at 1300,
1400, 1500, 1600, and 1800 °C under high vacuum (P < 10 Pa),
employing rapid heating rates (100 °C/min) with 20 min dwell
time at peak temperatures. The specific fabrication process is
shown in Fig. 1.

Furthermore, to investigate the relationships among the
dielectric properties, electromagnetic wave absorption capabilities,
and internal interfacial/electronic structures of multiphase
ceramics, we constructed bulk ceramic and interfacial crystal
models. These subsequently underwent geometry optimization
and electronic structure calculations. First-principles calculations
based on DFT were performed via the Cambridge sequential total
energy package (CASTEP). The exchange—correlation functional
employed the Perdew-Burke-Ernzerhof (PBE) variant within the
generalized gradient approximation (GGA) framework. A plane-
wave basis set cutoff of 500 eV was applied. Structural
optimization utilized the Troullier-Martins pseudopotential with
soft densities (LBFGS) algorithm with convergence thresholds of
110 eV/atom for total energy, 0.03 eV/A for maximum force,
0.01 A for maximum displacement, and 0.05 GPa for maximum
stress. The lattice parameters and atomic positions were fully
relaxed until all the convergence criteria were satisfied.

The crystallographic properties and chemical compositions of
SiZrBCN ceramics subjected to different heat treatments were
comprehensively characterized via X-ray diffraction (XRD),
Raman spectroscopy, and X-ray photoelectron spectroscopy
(XPS) analyses. The XRD patterns were recorded via a powder
diffractometer (D8 Advance, Bruker, Germany) with a Cu Kal
radiation source (A = 1.541874 A). Raman spectroscopy was
conducted on a micro-Raman spectrometer (DXR3, Thermo
Fisher Scientific, USA) with an argon laser (wavelength of 532 nm)
from 500 to 3500 cm™. An X-ray photoelectron spectrometer
(ESCALAB 250Xi, Thermo Fisher Co., USA) was used to
characterize the atomic bonding state with an Al Ka radiation
source in constant analyzer energy (CAE) mode (20.0 eV) with an
energy step of 0.05 eV. A transmission electron microscope (TEM;
Talos, F200X, The Czech Republic) equipped with an energy-
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dispersive X-ray spectrometer (EDS) was used to characterize the
microstructures of the ceramics.

3 Results and discussion

3.1 Phase and microstructure analysis of Si(Zr)BCN
ceramics

XRD patterns reveal the structural evolution of the SiBCN and
SiZrBCN ceramics at different annealing temperatures (Fig. 2(a)).
Both SiBCN and SiZrBCN maintained an amorphous structure at
1400 °C. At 1500 °C, the diffraction peaks of SiBCN corresponded
to B-SiC and a-SiC, and the observed crystallization temperature
was lower than those reported in previous studies, which is
attributed to the high vacuum heating environment [36].
Moreover, SiZrBCN-15 (annealed at 1500 °C) exhibited
diffraction peaks corresponding to ZrCN,_,, SiC (mainly $-SiC),

Mixing
and
reaction

and B-Si;N, crystalline phases. Upon increasing the temperature
to 1600 °C, the increased peak intensities for both ceramics
indicated an improvement in crystallinity. At 1800 °C, the
characteristic peaks of a-SiC in SiBCN disappeared, leaving only
the B-SiC phase. Notably, the phase composition of SiZrBCN-18
(annealed at 1800 °C) transitioned to ZrB, and SiC, where B-Si;N,
was completely consumed through a reaction with carbon to form
additional SiC [12]. As shown in Fig. 2, the diffraction peaks
observed at 20 values of approximately 25.2°, 32.6°, 41.6°, 51.7°,
and 58.1° can be exclusively indexed to the (001), (100), (101),
(002), and (110) lattice planes of crystalline ZrB,, respectively. The
presence of these distinct peaks signifies the formation of a well-
defined crystalline ZrB, structure. Furthermore, the distinct
differences in the Zr-containing phases observed between the 1600
and 1800 °C annealing temperatures, which directly correlate with
the chemical state of boron, call for further characterization to
elucidate the underlying complex transitions.

Fig.1 Schematic diagram for preparation of SiZrBCN ceramics, including synthesis route, pyrolysis, and high-temperature annealing.
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Fig.2 (a,b) XRD patterns and (c, d) Raman spectra of SIBCN and SiZrBCN ceramics after annealing at different temperatures.
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The Raman spectra of the SiBCN and SiZrBCN ceramics
annealed at different temperatures revealed the process of
ordering transformation of free carbon in the matrix, as shown in
Figs. 2(c) and 2(d). All the samples exhibit two prominent peaks at
approximately 1335 and 1588 cm™, which are attributed to the D
and G bands of carbon, respectively. In general, the D-band
corresponds to disordered sp>-hybridized carbon, whereas the G-
band originates from in-plane stretching vibrations of sp’-bonded
carbon atoms. In addition, G’ and D+G bands can be observed at
2681 and 2929 cm™, with the former reflecting the second-order
Raman scattering peak associated with sp>-hybridized carbon
materials, arising from the double-resonance scattering process,
and the latter resulting from the sum of the frequencies of the D
peak and G peak. The Ip/I; values of the SIBCN and SiZrBCN
ceramics gradually increase with increasing temperature, whereas
the degree of overlap between the D peak and G peak decreases
progressively. This is because free carbon gradually migrates and
aggregates to form carbon domains during the annealing process.
Increasing the annealing temperature leads to gradual growth and
more sufficient aggregation of these carbon domains; however, the
rapid heating conditions restrict the ordering process of the
carbon domains. Among them, the density of defects caused by
vacancies and heteroatoms such as Si/B/N increases, which
weakens their ordered characteristics. Moreover, the types of
defects in the carbon domains gradually decrease with increasing
temperature, resulting in reduced dispersion of the vibration
frequencies of the D and G peaks, which in turn manifests as less
overlap and sharper peaks. However, the samples of SiBCN-16
and SiBCN-18 failed to detect valid characteristic peaks because of
fluorescence interference. For the SiZrBCN-16 ceramic, an Ip/I;
value of 1.94 indicates significant carbon disorder, which in turn
points to more defects within the multiphase coexisting structure.
In addition, there are two bands centered at 781 and 955 cm™ for
SiZrBCN-18, which are assigned to the transversal optic (TO)
mode and the longitudinal optical (LO) phonon mode of SiC,
respectively [12,37]; these bands directly correspond to extensive
carbon consumption during SiC formation and align with XRD
observations for the SiZrBCN-18 sample.
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Moreover, during the annealing process, free carbon and
ordered carbon collectively form a continuous three-dimensional
network architecture across ceramic particle surfaces and grain
boundaries, and boron and nitrogen atoms ubiquitously occupy
carbon sites within this network, collectively constituting
complicated B-C-N networks [38,39]. Therefore, the formation
of the ZrB, phase in SiZrBCN-18 is closely related to the B-C-N
networks. To further elucidate the chemical states of the
constituent elements, XPS measurements of the SiZrBCN ceramic
are presented in Fig. 3. The survey spectrum of SiZrBCN-16 in
Fig. 3(a) confirms the characteristic peaks corresponding to the Si
2p, B 1s, C 1Is, N 1s, and Zr 3d orbitals [40]. The peak
deconvolution results exhibit excellent consistency with the XRD
analyses. Notably, spectral deconvolution of B, C, and N reveals
pairwise chemical bonding between these elements, strongly
supporting the formation of three-dimensional B-C-N networks
[41]. In addition, these well-connected carbon-dominated
networks exhibit exceptional continuity and electrical
conductivity. Under applied electromagnetic (EM) fields, these
networks provide continuous pathways for directional electron
migration while minimizing electron scattering at grain
boundaries. This mechanism of electromagnetic wave energy
dissipation via electron movement is termed conductive loss
[42,43].

On the basis of the above analysis, we propose a temperature-
dependent phase evolution mechanism for SiZrBCN ceramics:
Annealing at 1500 °C, ZrC\N,_,, SiC, and B-Si;N, grains initially
nucleate, whereas boron predominantly resides within three-
dimensional B-C-N networks at grain boundaries and particle
surfaces. At 1600 °C, the phase configuration retains structural
stability throughout the isothermal hold period, whereas the
crystallinity progressively increases. Upon further heating to
1800 °C, the carbon consumption through the reaction with f-
Si;N, progressively disintegrates the B-C-N networks. Liberated
nitrogen evolves as N, gas, whereas boron atoms incorporate into
the ZrC,\N,_, lattice by substituting carbon and nitrogen sites,
ultimately forming ZrB, [39]. Potential reaction pathways during
this process are illustrated in Reactions (1)-(3).
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Fig.3 (a) XPS survey spectra, (b) Si 2p, (c) C 1s, (d) Zr 3d, (¢) N 1s, and (f) B 1s spectra of SiZrBCN ceramic after annealing at 1600 °C (i.e., SiZrBCN-16).
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ZrC + 2BCN = ZrB, + 3C + N,(g) * (2)

2ZrN + 4BCN = 2ZrB, + 4C + 3N,(g) © (3)

For simplification, the initial phases are represented as ZrC,
ZrN, and BCN in the reaction schemes. The calculated Gibbs free
energy values (AG = AGpoques = AGegctanss) indicate that both
reactions are thermodynamically favorable [44]. Furthermore,
under high-vacuum conditions during isothermal processing, the
reduced N, partial pressure shifts the reaction equilibrium
forward, whereas transient thermal gradients collectively drive
these transformations. Consequently, incorporating metal amides
into PBSZ precursors demonstrates potential for synthesizing
novel TMB,/SiC ceramic composites via this method.

TEM was further employed to examine the detailed
microstructure of the SiZrBCN ceramics annealed at 1600 and
1800 °C. Figure 4(a) shows the well-crystallized morphologies of
both the ZrC,N,_, and SiC grains. The elemental mapping images
in Fig. 4(e) reveal that Si, B, C, and N are distributed throughout
the particles, with no apparent regions of absence in their

izrBCN-16 () '
SIZrBCN-16 | =
b ‘ ; ‘ZrC‘N,_l

Boundar

9221221-5

distribution, albeit with incomplete uniformity. This observation
confirms that the matrix possesses an actual composition of
SiBCN but is primarily SiC, which is consistent with the XRD
results. Zr and N are predominantly located within the ZrCN,_,
crystals, which are uniformly dispersed throughout the SiC
matrix, with a small amount of B-Si;N, (hardly detectable in the
TEM images). Interestingly, B, to some extent, is enriched around
the ZrC N, _, crystals, which indicates that a few ZrB, clusters may
form at 1600 °C even though they cannot be detected by XRD.
Finer microstructural details at the interfaces between ZrCN,_,
and SiC can be observed from the high-resolution TEM
(HRTEM) images presented in Figs. 4(b) and 4(c). Lattice fringes
are observed to distort at the intergranular interfaces. The crystal
surfaces are covered by amorphous carbon shells. Moreover,
abundant interfacial structures are ubiquitously observed between
distinct nanograins within the ceramic matrix. The differences in
the crystal structure and lattice parameters across these interfaces
generate lattice mismatches, which induce a high density of
defects. These defects constitute abundant electric polarization
centers [45,46]. Moreover, compositional variations induce charge
accumulation at semicoherent interfaces, thereby modulating
the interfacial polarization behavior [42]. In addition, ordered
carbon ribbons are present on the particle surfaces, as shown in

Fig.4 TEM and HRTEM images and EDS mapping of (a—e) SiZrBCN-16 and (f-j) SiZrBCN-18 ceramics.
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Fig. 4(d). These interconnected ribbons, which adhere to the grain
surfaces, form the foundation of a three-dimensional carbon
network. Therefore, the presence of these features, which are
conducive to both polarization loss and conductive loss, endows
the SiZrBCN-16 ceramic with excellent electromagnetic wave
absorption properties.

The TEM images of the SiZrBCN-18 ceramic (Fig. 4(f)) reveal
larger grain sizes, corresponding to an increased degree of
crystallinity annealed at 1800 °C. The HRTEM image (Fig. 4(g))
shows distinct lattice fringes of ZrB,, and the corresponding
selected-area electron diffraction (SAED) pattern confirms that
these fringes can be indexed to the (100) crystallographic plane.
Figure 4(h) displays another ZrB, grain. The SAED pattern
demonstrates  its  single-crystalline nature. Notably, a
ZrB,/amorphous carbon/carbon shell multilayered structure can
be observed in Fig. 4(i). When the temperature increases to the
point where ZrB, begins to form, the carbon ribbons near the
ceramic grains are disrupted, releasing B, C, and N atoms. The B
atoms are incorporated into the ZrCN,, crystal lattice,
accompanied by the precipitation of C and N atoms (with N
atoms forming N,). The carbon atoms released during these two
transformation processes accumulate between the surface of the
ZrB, grains and the external ordered carbon structure. The
outward expansion of the ZrB, grains leads to an increase in the
carbon content accumulated on the surface and a further
reduction in the diffusion space for the carbon atoms.
Consequently, under short-term heating conditions, an
amorphous carbon intermediate layer forms. The external carbon
ribbons bond with surface defects or dangling bonds of
amorphous carbon and undergo further ordering through high-
temperature treatment, ultimately resulting in this unique
multilayer structure. Figure 4(j) reveals a pronounced elemental
segregation within the SiZrBCN-18 ceramic particles. This

Wang Z, Wang S, Fei H, et al.

elemental mapping further elucidates the phase evolution under
high-temperature annealing conditions. Notably, the B signal is
more concentrated than that in SiZrBCN-16, providing further
evidence for the release of B atoms from the original B-C-N
network and their subsequent incorporation into the ZrB, lattice
during annealing at 1800 °C.

3.2 Dielectric and EMW
Si(Zr)BCN ceramics

The electromagnetic wave response of SiBCN and SiZrBCN
ceramics annealed at various temperatures was characterized via a
vector network analyzer (VNA). The samples were fabricated into
coaxial rings with an outer diameter of 7.00 mm and an inner
diameter of 3.04 mm, and the mass ratio of powder to paraffin
was 3 : 2. The electromagnetic parameters were measured via the
coaxial method over the 1-18 GHz frequency range. The real part
of the complex permittivity (¢') represents the storage capacity,
which correlates directly with the polarization intensity, whereas
the imaginary part of the complex permittivity (¢”) reflects the
conversion efficiency of electromagnetic energy to thermal energy,
with its magnitude arising collectively from relaxation,
conduction, and polarization losses [10].

Notably, the &' and " values for both the SiBCN and SiZrBCN
ceramics tend to increase as the annealing temperature increases
(Figs. 5(a) and 5(b)). For example, the real part of the relative
permittivity of SiBCN ceramics increases from 6.2-6.4
(for SiBCN-13) to 12.7-24.3 (for SiBCN-16), whereas that of
SiZrBCN ceramics increases from 5.9-6.1 (for SiZrBCN-13) to
8.5-14.7 (for SiZrBCN-16). This is because, as the temperature
increases, the content of lossy phases inside the ceramics gradually
increases, and the coexistence of multiple electromagnetic wave
absorption mechanisms further enhances the ceramic response
capability to electromagnetic waves. With increasing frequency,
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both ceramics exhibit a decreasing trend in the real part of the
relative permittivity and an increasing trend in the imaginary part.
This is because polarization relaxation loss dominates both the
SiBCN and SiZrBCN ceramics [47]. The polarization processes
induced by interface polarization, electric dipoles, and other
factors gradually fail to keep up with the variation rhythm of the
alternating electric field as the electromagnetic wave frequency
increases, resulting in a significant lag, which weakens the
polarization response capability of the materials. Moreover, the
dipole relaxation lag gives rise to notable energy dissipation,
leading to an increase in dielectric loss, which corresponds to an
increase in the imaginary part of the dielectric constant. Moreover,
SiBCN-18 retains only the SiC ceramic phase, leading to an
insufficient response capability to electromagnetic waves and thus
a sudden decrease in the real and imaginary parts of the dielectric
constant. For the SiZrBCN-18 ceramics, the imaginary part also
decreases compared with that of the SiZrBCN-16 ceramics.
Although the interface polarization mechanism between the ZrB,
and SiC phases enables them to retain a certain degree of
electromagnetic loss capability, the relatively high real part makes
it difficult for electromagnetic waves to penetrate the interior of
the material, and the destruction of the three-dimensional
conductive network reduces conductive loss. As presented in
Figs. 5(c) and 5(d), only the dielectric loss tangents of SiBCN-15,
SiBCN-16, SiZrBCN-15, and SiZrBCN-16 reach above 0.5 within
the 10-18 GHz frequency band. This high value of the loss
tangent is critical, as it signifies that the electromagnetic energy
dissipation capacity of these materials is sufficiently strong, which
is a fundamental prerequisite for achieving effective EMW
absorption [41]. Among these samples, the Cole-Cole plots
indicate that the ceramics exhibit multiple relaxation processes
under the action of electromagnetic waves, which implies excellent
electromagnetic wave absorption performance [48].

On the basis of transmission line theory, the reflection loss (RL)
and impedance matching were calculated via Egs. (4) and (5) for
SiBCN-15, SiBCN-16, SiZrBCN-15, and SiZrBCN-16 at various
thicknesses [49,50].

RL = 2010g|(Zin — ZO)/(Zin + ZO)| (4)

U, .2nfd
Z/2o= /B tanh( C \/ﬁ) (5)

Figures 6(a) and 6(d) show that SiBCN-15, SiBCN-16,
SiZrBCN-15, and SiZrBCN-16 exhibit good impedance matching
degrees at thicknesses of 1.6-1.7 mm. This means that
electromagnetic waves can fully penetrate the interior of materials
and dissipate energy through multiple reflections. In addition,
owing to differences in annealing temperature, the distinct phase
formations in  Si(Zr)BCN ceramics result in varied
microstructures, which in turn lead to noticeable differences in
EMW absorption performance. For example, SiBCN-15 achieves
a maximum effective absorption bandwidth (EAB,,,) of 5.18 GHz
at 1.75 mm (Fig. 6(b)), whereas SiBCN-16 exhibits an EAB,, of
only 3.74 GHz at 1.6 mm (Fig. 6(c)). This can be attributed to the
preserved carbon network and the coexistence of two SiC
polymorphs in SiBCN-15, which creates a multilevel interfacial
structure. This promotes synergistic enhancement of interfacial
polarization and conductive loss, leading to broadband
absorption. Moreover, its RL_;, reaches —50.1 dB at 1.7 mm,
indicating that approximately 99.999% of the incident EMW
energy at 142 GHz can be absorbed. In contrast, SiBCN-16
predominantly retains only B-SiC, and the disruption of the
carbon network simplifies the loss mechanism, resulting in a
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narrow absorption bandwidth (3.74 GHz at 1.6 mm) and a
weaker reflection loss (—46.2 dB at 2.35 mm). For SiZrBCN-15
ceramics, the introduction of Zr enhances the thermal stability of
the ceramic matrix. However, the relatively low degree of
crystallization implies limited precipitation of loss—active phases
and thus a weaker EMW absorption capability. Consequently, it
shows only -17.9 dB RL;, (at 1.65 mm) and a narrower
absorption bandwidth than that of SiBCN-15 (Fig. 6(e)).
However, after annealing at 1600 °C, the SiZrBCN-16 ceramic
exhibits a multiphase structure composed of B-Si;N, SiC,
ZrC,\N|_,, and carbon. The increased interface density effectively
enhances the interfacial polarization. The Raman and TEM results
confirm the stability of the carbon network, preserving the
conduction loss mechanism. Furthermore, the charge separation
caused by electronegativity differences within the ZrCN,_, solid
solution generates electric dipoles, which further strengthen dipole
relaxation loss (this will be systematically discussed in subsequent
computational results). Under the combined effects of conductive
loss, polarization loss, and dipole polarization, the EMW
dissipation capability is significantly improved, achieving an EAB
of 6.03 GHz at 1.65 mm. Moreover, the RL,;, reaches —44.1 dB at
1.9 mm (Fig. 6(f)), which is nearly 2.5 times greater than that of
SiZrBCN-15. Furthermore, to investigate the stealth performance
of SiZrBCN-16 ceramics, radar scattering cross-section (RCS)
values were evaluated [51]. The coating thickness was set to
1.9 mm, and the original perfect electrical conductor (PEC)
thickness was 1 mm. The model and the scattered signal intensity
are shown in Figs. 6(g) and 6(h). The 3D scattering signal intensity
of the coating at 13.9 GHz demonstrated a substantial reduction
in signal intensity on the coated side compared with that on
the PEC side [52], with the main lobe magnitude recorded at
—7.9 dB-m” The simulation results demonstrate that SiZrBCN-16
ceramics exhibit excellent EMW absorption performance in
practical applications.

3.3 Analysis of EMW attenuation mechanism

To further investigate the origin of the polarization characteristics
of the SiZrBCN-16 ceramic, multiple structural models were
constructed and optimized via DFT simulations on the basis of its
multiphase composition of SiC/B-Si;N,/ZrCN,_/C [53]. In
general, the electronic structure of a ceramic undergoes significant
modifications under the influence of electronegativity differences
between atoms, crystal surface states, internal defects, and grain
boundary effects. Specifically, the electronegativity disparity drives
the bonding electrons to migrate toward more electronegative
atoms. Nonbonding lone pair electrons, such as those at crystal
defects and grain boundaries, induce electron localization and the
formation of localized positive and negative charge centers. This
effect enables the material to exhibit a significant polarization
response under an alternating electric field.

For example, in SiC and B-Si;N,, the partial density of states
(PDOS) is predominantly contributed by the s and p orbitals of Si,
C, and N atoms, as depicted in Fig. 7. The high degree of p-orbital
overlap between Si and C atoms, as well as between Si and N
atoms, leads to the formation of strong covalent bonds. The band
gap values slightly vary depending on the computational methods
and experimental conditions. The band gaps of SiC and -Si;N,
are 137 and 3.12 eV, respectively, demonstrating their
characteristic semiconductor behavior [54].

However, C and N atoms randomly occupy octahedral
interstitial sites within the Zr sublattice, forming a ZrCN,_, solid
solution in the SiZrBCN ceramics. This homogeneous distribution
of coexisting N and C atoms within the lattice significantly
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reconstructs the electronic structure of ZrCN,_,. Accordingly,
structural models of ZrC were constructed, and the ZrCN,_,
structures were derived from the ZrC primitive lattice by
substituting nitrogen atoms for carbon atoms. Given the multiple
possible configurations of C and N atomic positions at each
composition ratio, a 2x2x1 supercell of ZrC was generated to
ensure a relatively uniform atomic distribution. Figure 8 presents
the structurally optimized crystal models of ZrC, ZrC,N,,
ZrC,N,, ZrC,(Ng, ZrCgNg, and ZrN.

Figure 9 presents the PDOS and electron density difference
(EDD) slice maps on the (001) crystal plane for ZrCN, ..
Compared with the crystal structures of ZrC and ZrN (Figs. 9(a)
and 9(f)), the coexistence of C and N atoms significantly changes
the electronic structure and bonding characteristics of the ZrC,,Ny
solid solution in Figs. 9(b) and 9(e). Within the ZrCN,_, solid
solution, electronegativity differences drive electron redistribution.
Zr atoms exhibit enhanced positive charge depletion due to
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valence electron loss, whereas nitrogen atoms form highly
localized negative charge accumulation regions through strong
electron capture. Notably, electron density difference slices reveal
pronounced electron transfer between Zr—C and Zr-N bonds,
elucidating the underlying electron transfer mechanisms and
structural interactions, providing insight into the complex
electronic interactions in this system [55]. Specifically, the
integration of the projected density of states for Zr 4d and C 2p in
ZrC\N,_, reveals a pronounced decrease in charge accumulation.
As the occupancy of nitrogen atoms within the unit cell increases,
the contribution of N 2p orbitals to the total density of states
progressively increases. This is reflected in the growing integrated
area of the N 2p partial density of states. Simultaneously, the high
electronegativity of nitrogen drives the preferential accumulation
of valence electrons in N 2p orbitals. This shifts the bonding
energy distribution toward ionic electrostatic interactions,
suppressing the electron delocalization characteristic of covalent

J Adv Ceram 2026, 15(1): 9221221
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bonding. Consequently, the free electron concentration decreases
because electron localization is dominated by ionic bonding.
Furthermore, the increased proportion of Zr-N bonds generates
stronger electric dipoles (dipole moment y = g x d, where q is the
charge separation magnitude and d is the bond length of Zr-N)
[56]. The random distribution of C and N atoms, with delocalized
electrons surrounding Zr atoms, enhances electron localization
and accelerates dipole reorientation [57].

Furthermore, nanoscale multiphase ceramics contain high-
density interfacial structures that generate significant interface
polarization under applied electric fields. This constitutes one of
the primary mechanisms for electromagnetic wave energy
absorption in such ceramics [58-60]. Within SiZrBCN-16
multiphase ceramics, distinct electronic structures exist between
the constituent phases. For example, ZrC acts as a metallic
conductor, whereas SiC and B-Si;N, are semiconductors with
different band gap values. Moreover, compared with bulk phases,
crystal surfaces exhibit fundamentally different coordination
environments, resulting in thermodynamically unstable states.
The inherent high-energy states of surface unpaired electrons and
contributions from high-energy localized surface states drive
spontaneous energy minimization. During high-temperature
grain growth in SiZrBCN ceramics, coherent or semicoherent
interfaces form between dissimilar or identical grains. These
interfaces relax through numerous defects or amorphous carbon
layers, essentially reducing the interfacial energy spontaneously to
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achieve thermodynamic stability. This phenomenon is directly
related to surface energy modulation mechanisms and
fundamentally depends on the continuity of the atomic
arrangement and electronic structure at the interfaces.
Consequently, significant lattice distortion and electronic
rearrangement occur during interface formation between
nanoparticles. The construction of interface models can partially
reveal the origin of interface polarization [61].

Given the inherent complexity of interface models requiring
numerous atoms in structural files, we balanced computational
accuracy with model simplification by constructing ZrC(001)/f-
Si;N,(001) and ZrN(100)/SiC(110) interfaces, where the [-
Si;N,(001) was transformed into a tetragonal lattice by redefining
basis vectors while preserving atomic periodicity. Semicoherent
grain boundaries were achieved through supercell construction on
both crystalline phases (Fig. 10). To minimize initial stresses from
lattice  mismatch/geometric ~ misalignment and  achieve
thermodynamically stable configurations, systematic structural
optimization was performed via the CASTEP code, with iterative
relaxation until convergence criteria were met.

The atoms at both sides of the interface are displaced due to
lattice mismatch and chemical bond reconstruction during
structural optimization. Elastic strain induced by lattice constant
differences is subsequently released through bond length/angle
adjustments or defect introduction. This distortion in the surface
atomic layers of crystals on both sides of the interface (e.g., ZrC in
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Fig. 10(b)) generates correlated effects through electronic
rearrangement, manifested as modified orbital hybridization from
altered interatomic distances, causing redistribution of DOS near
the Fermi level [62]. Analysis on the basis of the electron density
difference (Figs. 10(a)-10(g)) and projected density of states
(Figs. 10(h) and 10(i)) reveals significant charge transfer at the
interface. For the ZrC(001)/B-Si;N,(001) interface, significant
electron rearrangement occurs between the interfacial Zr-N and
Si-C atoms. This redistribution is triggered by changes in their
coordination environments and electronegativity differences, as
revealed by the PDOS analysis in Figs. 8(a), 8(b), 9(a), and 9(f).
The 4d orbitals of the Zr atoms exhibit a directional shift toward
the adjacent 2p orbitals of the N atoms (Fig. 10(h)). In the
ZrN(100)/SiC(110) interface structure, we observed a shift of the
Si 2p orbitals toward the N 2p orbitals (Fig. 10(i)). These newly
formed energy levels at the interface increase the interfacial
bonding strength and reduce the interfacial energy. Energy
dissipation occurs during electron migration due to charge
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scattering, and this effect is amplified by the high charge density at
incoherent interfaces [63]. Simultaneously, the interfacial charge
reconstruction process forms additional dipole response centers
[64]. When the dipole relaxation time matches the frequency of
the electromagnetic wave, electromagnetic energy is converted
into thermal energy due to damping during reorientation, a
phenomenon known as Debye relaxation loss [65]. Therefore, the
dipole groups formed at the numerous interfaces can cover a
broad distribution of relaxation times [66,67].

Furthermore, under an applied electric field, the three-
dimensional carbon network provides conduction pathways for
electron transport. However, the presence of B and N atoms
introduces defect sites that impede electron flow, thereby inducing
conductive loss [68]. To investigate the influence of B and N
atoms on the electronic structure of the carbon matrix, atomic
models representing the C-B-C, C-N-C, and C-B-C-N-C
configurations were constructed, and their charge density
differences were calculated, as shown in Fig. 11. The electron
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density difference is visualized via cyan and yellow isosurfaces,
which represent electron accumulation and depletion, respectively.
A clear observation of localized charge transfer, which leads to the
formation of electric polarization centers, effectively demonstrates
the origin of the impediment to electron transport. Moreover, the
generation of free electrons requires overcoming the binding
energy from local atoms, a process for which the high-frequency
electromagnetic field provides the necessary energy. Moreover, the
multiscale architecture of the carbon network, which is dictated by
the annealing temperature and grain size, generates a hierarchy of
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electron transport pathways and polarization features within the
multiphase ceramic. Under an applied electromagnetic field, these
features act in concert with the inherent multilevel interfaces to
activate distinct relaxation processes. Collectively, these synergistic
mechanisms underpin the pronounced dispersion of the dielectric
parameters observed in most carbon-containing composite
ceramics at high frequencies [12,69].

Building upon our previous analysis, we propose a microscopic
electromagnetic loss mechanism for SiC/p-Si;N,/ZrCN,_/C
ceramics. The response of ZrCN,_, to electromagnetic waves
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originates from charge separation induced by the difference in
electronegativity between atoms. The formation of strong electric
dipoles facilitates orientation polarization under an applied electric
field. Furthermore, lattice distortion at the interfaces leads to a
locally asymmetric distribution of charge. Within these
semicoherent interfaces, electrons form new bonding
configurations, giving rise to new energy levels. The migration and
redistribution of electrons generate intrinsic electric dipole
moments. Consequently, under an electromagnetic field, the
synergistic effects of dipole reorientation polarization, space
charge transfer, and conductive loss contribute to significant
polarization relaxation loss, thereby inducing strong polarization
loss and enabling efficient broadband electromagnetic wave
absorption. Additionally, the electromagnetic wave absorption
mechanisms for the SiBCN and SiZrBCN ceramics are
summarized in Fig. 12.

4 Conclusions

In summary, the phase composition, microstructure, and
electromagnetic wave absorption performance of the SiZrBCN
and SiBCN ceramics were investigated after annealing at high
annealing temperatures up to 1800 °C. Zr in SiBCN ceramics
significantly ~ influences the phase composition and
transformation; it promotes the formation of a multiphase
ceramic structure dominated by ZrCN,_,, B-Si;N,, and SiC at
1600 °C (SiZrBCN-16), and this multiphase structure transforms
into SiC/ZrB, at 1800 °C (SiZrBCN-18). In contrast, SIBCN-16
and SiBCN-18 only consist of the SiC phase. Under high-vacuum
non-pressure annealing conditions, the introduction of Zr
increases the stabilization temperature of the carbon network in
SiBCN-based ceramics to 1600 °C. In addition, owing to the
destruction of the B-C-N network structure at 1800 °C, the
released B atoms diffuse into the ZrC,N,_, lattice, leading to the

Fig. 11 Structure and charge density difference of C-B-C, C-N-C, and C-B-C-N-C.
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Fig. 12 Proposed electromagnetic wave attenuation mechanisms for SiBCN and SiZrBCN ceramics.
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formation of ZrB,. In addition, the electronegativity difference
between C and N drives the formation of electric dipoles in
ZrC\N,_,. Analysis of the electronic structures and charge transfer
at the ZrC(001)/p-SisN,(001) and ZrN(100)/SiC(110) interfaces
elucidates the origin of interfacial charge transfer and polarization
at the atomic scale. Specifically, the charge transfer at the interfaces
originates from distortions caused by the semicoherent structure
and the formation of new chemical bonds. The abundant dipoles,
interfacial architectures, carbon networks, and defect-induced
polarization centers in the SiZrBCN-16 ceramics synergistically
increase polarization loss under electromagnetic wave irradiation.
Significantly, the SiZrBCN-16 ceramic achieves a 6.03 GHz
effective absorption bandwidth at a thickness of 1.65 mm, with a
minimum reflection loss of —44.1 dB at 1.9 mm. This integrated
computational-experimental approach provides a fundamental
strategy for designing thermally stable EMW absorption materials
with superior performance at reduced thicknesses.
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