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1 Introduction

ABSTRACT

In this work, a structural-functional integrated SiCw/SizN, composite with
high mechanical and microwave (MW) absorption properties was prepared by
hot pressing at 1800 °C. By adding the amount of 20 wt% SiC whiskers (SiCw),
the SiCw/SizNy composite achieved excellent relative density (98.6%) and
mechanical properties, i.e., bending strength (938.6 £+ 40.7 MPa), fracture
toughness (9.40 + 0.72 MPa m'/?), hardness (20.5 + 0.8 GPa) and Young's
modulus (216.3 £ 21.7 GPa). Additionally, the SiCw/SizN4 composite exhibits
an effective absorption bandwidth of 2.74 GHz at 1.6 mm thickness. The
improved mechanical properties were mainly attributed to crack deflection and
pullout of SiCw and SizN4 grains. Meanwhile, the improved MW absorbing
properties of the material were due to the dielectric loss of the SiC phase and
good impedance matching. Overall, the SiCw/SizN4 composite presented in this
study demonstrates the potential for the preparation of structural and functional
integrated ceramics.

composite materials [1-4]. Recently, to meet the
advanced requirements in the military and aerospace

With the development of science and technology, the
structures and components of various devices are
emerging towards integration, miniaturization, and
multi-fictionalization, providing a novel and
promising direction for the structural-functional

industries, ceramic-based high-temperature micro-
wave (MW) absorbing materials have been investi-
gated to achieve excellent mechanical properties,
oxidation resistance, creep resistance, high-
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temperature resistance, as well as high efficiency of
MW absorption [5-7].

Based on the electromagnetic wave (EMW) prop-
agation laws, MW absorbing composites are typically
designed to contain MW absorbers and a low
dielectric constant matrix. The MW absorbers can
attenuate MW energy through magnetic loss, con-
ductive loss, and dielectric loss, mainly involving
ferromagnetic particles (Fe, Cu, Ni, and ferrites, etc.),
carbon materials (carbon black, graphite, carbon
nanotubes, and short-cut carbon fibers, etc.), and
dielectric phases (SiC, TiO,, and ZnO, etc.) [8-13].
Metal-based absorbers and polymer matrices are not
suitable for applicating at high temperatures and
harsh environments, due to their limitations of low
oxidation temperature and Curie temperature.
Therefore, ceramic composites have been considered
the most promising candidates as high-temperature
MW absorbing materials, such as C/C composites,
S5iC/SizNy composites, SiC/Al,O; composites, etc.
[14-171.

Si3Ny has a lower dielectric constant and better
dielectric insulating properties, making it an ideal
matrix for high-temperature MW absorbing materials
[18-22]. In addition, SizN, exhibits excellent
mechanical properties, high-temperature, and ther-
mal shock resistance, thereby providing optimal
attributes for composites [23-29]. As a dielectric loss
MW absorber, SiC has a broad MW absorption fre-
quency range, outstanding high-temperature
mechanical properties, low density, and excellent
thermal and chemical stability. Consequently,
numerous combinations of SizNy and SiC ceramics
have been reported for MW absorption [30-35].
Zheng et al. [30] investigated the MW absorbing
properties of SiC/SizN4 composite ceramics fabri-
cated by chemical vapor infiltration (CVI), revealing
the minimum reflection loss (RL) of — 27.1 dB and
effective absorption bandwidth (EAB) of 2.80 GHz.
Yin et al. [36] fabricated SiC/SizNy ceramics with a
minimum RL of — 22.35 dB and EAB of 1.09 GHz by
combining gel-casting and carbothermal reduction.
However, so far, the study of SiC/SizNy MW
absorbing ceramics has been hindered by factors such
as impedance matching. As a result, most research
has focused on using porous Si;N, as the matrix,
which has inferior mechanical properties and cannot
be utilized in load-bearing environments. Some crit-
ical fields, such as military, medical, aerospace, etc.,
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require a combination of stealth and high-tempera-
ture mechanical properties [37-39].

In this work, a novel structurally and functionally
integrated SiCw/SizN4 composite was fabricated,
which exhibited high mechanical and wave-ab-
sorbing properties, using SiC whisker as a synergistic
MW absorber and strengthened phase, and SizN, as
matrix via vacuum hot-press sintering. SiCw, due to
the low dimensionality and shape effects, not only
exhibited a good MW absorbing property, but also
played the role of a mechanical reinforced phase
[40-44]. The influence of SiCw content on the
microscopic morphology of SizN, ceramics, as well as
mechanical, and MW absorbing properties was
studied in detail.

2 Experimental

Commercially available a-SizNy (~ 0.5 um of particle
size, purity > 93%, Beijing Ziguang Co Ltd., China)
and SiCw (~ 0.1 ym of diameter, ~ 5-10 pm of
length, purity > 99%, ENO Material Co Ltd., China)
were used as raw materials. Magnesium oxide and
yttrium oxide (Shanghai Macklin Biochemical Tech-
nology Co. Ltd., China) were added as sintering
additives. A list of raw material compositions to
prepare SiCw/SizNy composites is depicted in
Table 1. To improve the nitridation rate and sintering
activity, raw materials were ball-milled in a planetary
ball mill machine with ethanol and homogenized at
3000 rpm for 25 min using zirconia balls. The as-
prepared powder mixtures were dried and sieved
with a filter (mesh size of 150 um). Subsequently, the
mixed powders were transferred into a graphite
mold having an inner diameter of 42 mm, followed
by hot-press sintering at 1800 °C under a vacuum
with a uniaxial pressure of 30 MPa and kept for 1 h
(heating rate was 5 °C/min).

Archimedes’” method was employed to measure
the bulk density of the disk-like composite samples.
The phase compositions of the composites were
identified by X-ray diffractometer (XRD, D/MAX-
Ultima IV, Rigaku, Japan, A = 1.5418 A). The hard-
ness and Young’s modulus of the composites were
analyzed by tribo-Indenter (Hysitron TI980, Bruker,
America). The microstructural properties were per-
formed by field emission scanning electron micro-
scope (FESEM, JSM-7800F, JEOL, Japan) and
transmission electron microscopy of cold field
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Table 1 Compositions of the SiCw/SizN, composites

Composite label Compositions (wt%)

Si;N, SiCw MgO Y504
SC00 100 0 2.05 2.95
scol 99 1 2.05 2.95
SC02 98 2 2.05 2.95
SCO3 97 3 2.05 2.95
SC04 96 4 2.05 2.95
SCO5 95 5 2.05 2.95
SC10 90 10 2.05 2.95
SC20 80 20 2.05 2.95

emission (TEM, JEM-F200, JEOL, Japan). The dielec-
tric and MW absorption parameters were obtained by
a vector analyzer (Agilent Technologies, N5222A) in
the frequency range of 8.2-12.4 GHz (X-band). The
size of specimens for the MW dielectric and MW
absorption parameters test was 22.88 x 10.16 x 4
mm?®. The electrical conductivities were determined
via the standard circular three-electrode method
using the super high resistance tester (ST2643, JingGe
Electronics, China).

3 Result and discussion
3.1 Characterization

Figure 1a shows the XRD patterns of raw materials
(Si3N,4 and SiCw) and SiCw/SizN, ceramic compos-
ites with different SiCw contents (0, 1, 2, 3, 4, 5,10 and
20 wt%). It can be observed that there are only f-
SizN, and SiC existing in the composites after sin-
tering. All 0-SizNy4 phase of raw material transformed
to B-phase after hot-press sintering at 1800 °C. Fur-
thermore, the peak intensities for B-Si3N4 of com-
posites remain almost constant with the increasing
content of SiCw, showing that the addition of SiCw
does not affect the phase transformation of Si3N4. As
the content of SiCw increases, the peak of SiC grad-
ually rises. But when the content reaches 20wt%, the
peak of SiO, appears, which means the addition of
large amounts of SiCw introduces a large number of
defects in the sample, leading to a susceptibility to
oxidation.
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3.2 Density and mechanical properties
of SiC,,/SizN, composite

Figure 1b shows the densities of SiCw/SizNy com-
posites. With the increase of SiCw content, the den-
sity and relative density of ceramics increase from
3.16 g/cm® and 97.2% for SCO0 to 3.19 g/cm® and
98.1% for SC03, then decrease slightly to 3.17 g/cm?®
and 97.5% for SCO05, respectively. With the progres-
sive incorporation of SiCw, the density and relative
density of the composite material were observed to
rise to 3.22 g/cm® and 98.9% for SC10, respectively,
before subsequently decreasing to 3.20 g/cm’ and
98.6% for SC20.

The fracture toughness and flexural strength of
SiCw/SizN, composites with different SiCw contents
are presented in Fig. 1c. It can be observed that the
fracture toughness increases significantly (6.82 to
10.06 MPa m'/?) with the SiCw adding. The superior
fracture toughness (11.9 MPa m'/?) is obtained when
the content of SiCw reaches 3 wt%. With the increase
of SiCw addition, the bending strength of ceramics
also increases from 916.5 to 1011.5 MPa for SC00 and
SCO05, respectively. However, upon further addition
of SiCw, the bending strength of the composite
gradually decreases, while the fracture toughness
begins to increase. Eventually, the bending strength
and fracture toughness for SC20 are 938.66 MPa and
9.40 MPa-m'/?, respectively. Figure 1d shows the
values of hardness and Young’s modulus measured
by nanoindentation for all the composites. The
hardness decreases from 252 to 21.9 GPa, and
Young’s modulus falls from 233.9 to 208.5 GPa,
respectively, with the addition of SiCw from 0 to 2
wt%. As the SiCw content increased, the hardness
and Young's modulus initially increased and then
decreased upon further addition of SiCw. The values
of hardness and Young’'s modulus of SC10 samples,
which exhibit the optimal performance, are 24.75 and
217.15 GPa, respectively.

3.3 Dielectric properties of SiC,,/SizN,
composite

The X-band (8.2-12.4 GHz) is a critical radar band for
detecting high-speed aircraft. Figure 2a and b show
the behavior of real and imaginary parts of the per-
mittivity in the X-band for all composites. The rela-
tive complex permittivity (e, = ¢ — j¢”) is a primary
parameter that characterizes the dielectric or
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Fig. 1 XRD patterns (a), bulk density and relative density (b), bending strength and fracture toughness (c), and Young’s modulus and

hardness (d) of SiCw/SizN, composites

polarization of the material. The real (¢/) and imagi-
nary (&”) parts of the permittivity represent the ability
to store and dissipate electrical energy, respectively.
The result indicates that the real and imaginary parts
of the permittivity of SizN4 ceramic, without the
SiCw, are 6.99-7.49 and 0.002-0.024, respectively. The
¢ and ¢” increase with the increasing SiCw content at
the whole X-band. As the SiCw filling amount
reaches to 5wt%, the ¢’ and €” go up to 26.8-30.60 and
1.92-4.72, respectively. As the SiCw content further
increases, the ¢ decreases while the &’ continues to
increase. Eventually, when the SiCw content reaches
20wt%, ¢ and &’ are 17.04-20.97 and 8.21-9.20,
respectively. According to Debye’s theory, a strong
interfacial interaction between grain boundaries can
lead to strong polarization effects. Therefore, the
increase in the real and imaginary part of the per-
mittivity can be attributed to the presence of SiCw.
The dielectric loss (tanc, = £”/¢’) can be observed in

@ Springer

Fig. 2c. The dielectric loss tangents signify the MW
attenuation property of composites. The results show
that with the increase of SiCw content, the loss tan-
gent also increases, from 0.012-0.033 to 0.391-0.544.
The attenuation constant (o) is the parameter that
indicates the attenuation of MW during transmission,
the values of a could be obtained by Eq. (1) [45],

o= @ X \/—8’ +1/(&)* + (&)

Figure 2d shows the a curves of composites with
different SiCw content. By Fig. 2d, the o values
become higher with the addition of SiCw. Among
them, the o 1. of SC05 composite reaches above 230
at high frequency.

The MW absorption properties of the composites
are characterized by the reflection loss (RL), based on
the transmission line theory, using the Egs. (2) and (3)
[46],

(1)
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Constant (d) of SiCw/Si;N,4 composites

RL = 20lg| " (2)

Zin = \/Z::tanh [] <@> \/LT,EI] (3)

where the Z;, refers to the input impedance, obtained
by Eq. (3) with the real and imaginary parts of the
permittivity. The RL values of each sample at dif-
ferent thicknesses have been calculated, and the 3D
images of RL are shown in Fig. 3. The value of RL less
than — 10 dB indicates that more than 90% of the
MW could be absorbed by the materials. For SizNy4
composites without SiCw addition, there is an

Zm—1’

absorption peak of minimum reflection loss (RL i)
of — 10.93 dB with a thickness of 8.6 mm, which
could be due to the resonance peak at the position of
9.04 GHz for SizN4 ceramic matrix. The RL.;, of
— 23.43 dB with the adequate EAB of 0.49 GHz at the
thickness of 9.9 mm at 10.39 GHz frequency is
achieved with the 2 wt% of SiCw content. The RL
of — 44.96 dB value for SiCw/SizN, composites with
3 wt% of SiCw is achieved at 9.04 GHz frequency
with an EAB of 0.32 GHz and the thickness of
9.9 mm. The RL i, reached up to — 44.19 dB with an
EAB of 042 GHz at a thickness of 8.9 mm at
9.84 GHz frequency with 4 wt% of SiCw. The RL s

@ Springer
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«Fig. 3 Three-dimensional patterns of reflection loss of the SiCw/
Si3Ny ceramics composites versus frequency and thickness of
SCO00 (a), SCO1 (b), SCO2 (c), SCO3 (d), SC04 (e), SCO5 (f),
SC10 (g), and SC20 (h)

for SiCw/SizN, composites with 5 wt% of SiCw is
achieved — 42.11 dB at 9.88 GHz frequency with a
material thickness of 4.4 mm, and the EAB is
0.58 GHz. At a SiCw content of 10wt%, the sample
exhibits RL,;, of 17.2 dB and an EAB of 2.13 GHz
when the frequency is 11.5 GHz and the thickness is
1.9 mm. when the Content of SiCw reaches 20 wt%,
RLpyin of SiCw/SizNg composites achieves a value of
16.23 dB at the 8.57 GHz and the thickness of
1.6 mm. The above results indicate that the addition
of SiCw could effectively improve the MW absorbing
performance of composites.

3.4 The mechanisms of the toughening
and MW absorption

Figures 4 and 5 show the SEM images of the fracture
surface and the polished surface of the SiCw/SizNy
composites. It can be observed that SiCw/SizNy
composites are dense with few pores, which is con-
sistent with Fig. 1b. The SizN4 grains exhibit a long
rod-shaped morphology, which is typical of the -
phase, and the result is consistent with the XRD.
Furthermore, the SiCw is uniformly distributed at the
Si3N4 grain boundaries, and some SiCw overlaps in
the matrix due to higher SiCw contents. According to
Fig. 5, the aspect ratios (Gar) and average grain sizes
(Gavg) of the SizNy have been measured (Table 2), to
analyze the effect of SiCw on the matrix. With the
increase of SiCw content, the Gar of the composites
rises first and then decreases, and the maximum
value of 6.76 £ 2.20 appears with the 3 wt% SiCw
contents. It indicates that with the addition of SiCw,
the axial growth rate of rod grains is higher than
radial and promotes the longer rod grain growth and
with the excessive content of SiCw, its axial growth
rate decreases. In turn, G,y showed a trend of first
decreasing and then increasing. The Gay, declines
from 0.307 to 0.266 um for SC00 and SC03, respec-
tively. Therefore, the composite with 3 wt% SiCw has
a smaller particle size and a larger aspect ratio, which
contributes to the improvement of bending strength
and fracture toughness of the composite.
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After being mixed by ball milling, SiCw is ran-
domly dispersed in the ceramic matrix. During the
liquid-phase sintering, the o phase of SizN, dissolves
and the P phase precipitates, while the grains adja-
cent to SiCw tend to grow up along the whisker’s
direction, and then the whiskers are wrapped
between the SizN4 rod-like grains, by the effect of
dissolution—precipitation and liquid-phase viscous
flow [6]. The growth direction of B-5i3Ny is influenced
by the various distribution directions of SiCw, which
limits the growth of B-SizN4 and acts to refine the
grains, as shown in Fig. 4b—d, where SiCw is circled
in red. However, the excessive SiCw could form a
rigid network due to the bridging and agglomeration
of whiskers, as shown in Fig. 4f. which inhibit the
shrinkage and densification of the SiCw/SizN4 com-
posites during sintering by forming some defects,
such as large holes, and improving the resistance to
mass transportation during particle rearrangement
higher SiCw contents [47]. Thus, with the increase of
the SiCw content, the density of the composites
increased and then decreased with the further addi-
tion of SiCw. With the gradual increase in SiCw
content, the ceramic tends to develop more internal
defects, resulting in the formation of SiO, within the
matrix (as depicted in Fig. 1a). This SiO, component
fills the holes around the clustered SiCw, thus
counteracting the negative impact of whisker aggre-
gation on the material’s density and leading to an
overall enhancement in its density, as shown in
Fig. 1b.

In addition, the analysis presented in Fig. 4 inhibits
that fracture behaviors of composites primarily
involves trans-granular fracture, with grains pull-out
being also observed. By the Vickers hardness crack
propagation path of SC03 composite, as shown in
Fig. 6, it can be observed that apart from the SiCw
pull-out (Fig. 6d), the self-toughening effect of rod-
like B-SizNg is similar to whisker toughening,
including pulling out (Fig. 6b), crack bridging
(Fig. 6a) and crack deflection (Fig. 6¢c) of SizN, grain.
During the fracture process of ceramics, the propa-
gation of cracks in the ceramic matrix requires a
significant amount of fracture energy, which can
improve the toughness of ceramics. Wang et al. [48]
investigated the effects of the orientation of SiCw on
S5iCw/Si3Ny composites, indicating that whisker
bridging, whisker pull-out, and matrix damage are
the essential toughening mechanisms for whiskers.
Therefore, for SiCw/SizNy composites of this work,

@ Springer
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Fig. 4 SEM images of the fracture surface of SC00 (a), SCOI (b), SC02 (c), SCO3 (d), SC04 (e), SCO5 (£), SC10 (g), and SC20 (h)

@ Springer
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Table 2 Grains dimension of the SiCw/Si;N, composites self-toughening effect of the rod-like B-SizN4 and the
Composite label Grains dimension whisker-toughening effect of SiCw.
TEM images are performed for the SC03 sample.
Aspect ratio Average grain sizes (Um)  Fjgure 7a shows the interface between SizN, and
SC00 615 4 1.84 0307 SiCw. Figure 7b displays the TEM image of the
SCo1 6.27 + 2.00 0310 interface between SizNy grains, revealing a continu-
SC02 6.76 & 2.20 0272 ously coherent structure without a glass phase.
SC03 6.74 + 1.66 0.266 Combined with selected area electron diffraction
SCo4 6.56 + 1.73 0.296 (SEAD) patterns, the interplanar spacing under the
SC05 6.17 + 1.99 0.337 SizgNy grain is 0.316 nm, and the direction extends to
SC10 5.51 4 1.42 0.307 the (200) crystal plane. The interplanar spacing of the
8C20 490 + 1.18 0.361 upper crystal grain is 0.230 nm, and the direction is

along the (111) crystal plane.

Fig. 6 SEM images of Vickers indentation fractured surfaces of SC03 sample indicate the toughening mechanisms: Si;N, pull-out (a),
Si3Ny crack bridge (b), Crack deflection (c), SiCw pull-out and crack bridge (d)

the excellent mechanical properties of the SiCw/ The o-Si3N4 as the raw material for this work is
SizN, composites can be attributed mainly to both the  entirely transformed into B-phase by the sintering aid
during sintering at high temperature. At the same

@ Springer
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s ,Q

Fig. 7 TEM images and SAED patterns of the interfaces between the SizN,4 and SiCw of SC03 (a), TEM images and SAED patterns of the

interfaces between the SizNy (b)

time, the sintering aids transforming into the liquid
phase, which fills the pores between the grains, pro-
motes the exclusion of pores, and makes the grains
bond tightly. Furthermore, the addition of SiCw
changes the morphology of the SizN4. Due to a higher
coefficient of thermal expansion of SiCw, the
shrinkage of the whiskers is higher than that of the
matrix during cooling, weakening the interfacial
bonds between SiCw and SizNy4. According to a study
by Wang et al. [48], when the whisker directions
become similar and there is weak interfacial bonding
between the matrix and the whisker, the fracture
toughness in this direction significantly increa-
ses. The addition of SiCw inhibits the abnormal
growth of SizN4 grains, which results in a more
homogeneous gain size with a certain aspect ratio.
The coherent interface (Fig. 7b) between Si;N4 grains
indicates that there is a superior interfacial bonding
strength, which resists interfacial dissociation and
grain pull-out. Therefore, crack extension consumes
higher energy to form a new interface, which inhibits
crack extension and significantly improves the
toughness of the ceramics [49-53].

Figure 8 shows the relationship among RL,
matching thickness (t,,) calculated by the A/4 model,
and incident impedance (Z;,) of SC05 composite at
the entire X-band. To design the best matching
thickness of absorbing materials, the quarter wave-
length model (Eq. 4) is used:

na ne

tm —_—
4 dfu/Im e

(n=1,3,5,7,...) (4)

where t,, refers to the matching thickness, A means
the wavelength of MW, and t, represents the
matching frequency. The incident EMW is com-
pletely attenuated due to the cancellation of two
partially reflected waves from the interface, if the
thickness of the absorbing layer equals an odd mul-
tiple of A/4 [45, 46].

The impedance matching requires incident impe-
dance (Z;,) of material matching the impedance of
free space (Z0) to reduce the reflection of electro-
magnet waves, which means the value of Z;, should
be closer to 1. In general, if the Z;, value is between
0.8 and 1.2, it could be considered the best impedance
matching range [10, 17, 54]. As shown in Fig. 8, the
peaks of RL of composites with different thicknesses
match the t, curve calculated by the A/4 model.
Therefore, canceling two partially reflected waves
allows composites to attenuate MW. In addition, it is
obvious that the trend of RL is similar to that of the
Zin, as shown in Fig. 8. Moreover, the peak value of
the Z;, curve for 3.8 mm and 4.4 mm thickness is
close to 1, and the corresponding RL has the smallest
reflection loss. Thus, the composite with excellent
impedance matching exhibit outstanding MW
absorption performance.

To analyze the relaxation mechanisms of the
SiCw/SizNy composites, the &—€” curves were plot-
ted. If the ¢'—¢” curve presents a semicircle (known as
Cole-Cole circle), the loss of EMW in the interior of
the composites could follow the Debye Relaxation
model. Figure 9b-d show the &'-¢” curves of SCO0,

@ Springer



1384 Page 12 of 18

] Mater Sci: Mater Electron (2023) 34:1384

a b 1.0 s SO0 C i:
A R 08 '
= ° 4.5
7 -0
] 0.6 4.0
=] 5 —s— 38 mm
— =20 —e— 4.0 mm = =. 35
g . ——42mm “ o4t e
5 =30 ' —e—4.4mm 3.0
55 —t—d.Hmm
'i, -40 ¢ : 1 | } —+—4Rmm 02F 25 "
o ! i | | 3 | 5.0 mmn ~ £
[ L - ; . - = * 3 AL 4
1 ' ' [ 1
5.8 L ' E E | | 3 00F ® ‘m 20
i ' : ! ' . . 2 L N 2 L N s s 1.5 . N N .
: v ! 6.0 6.8 7.0 7.2 7.4 7.6 7.8 8.0 82 84 8.6 26 27 28 29 30 31
: g g
s d e 30
t 2 28
| 0o - 8C20
| (:, 26F
s %y 24 [«
95 A —~22
=30 £ 201
9.0 ..u.o‘ w Iy 5} ]s'
= ’.’.‘ . "% = 16} . L .
w AT, o w214} SC00 SCO1 $CA2
85F » Ny 3 12} Samples
. % 10b
. " )
soF et ;‘«".J |
L 6 [
751 . %: 0.03 0.25
Frequeﬂcy (GHZ) 15 16 17 18 19 20 21 22 SCH0 SCO1 SCH2 SCO3 SCH4 SCH5 SCLO SC20
i Samples

Fig. 8 Frequency dependent reflection loss, simulations of
matching thickness under the A/4 model, and corresponding
impedance matching of SCO05 (a), Cole—Cole semicircle image of

SC00 (b), SCO5 (c), SC20 (d), and Direct current Conductivity(c)
(e) of the SiCw/SizN, composites

SCO05 and SC20. By comparing the three graphs, sig-
nificant Cole—Cole circles appear in SCO05, SC20
compared to SCO0, indicating that the addition of
SiCw provides interfacial polarization to the com-
posites. And in contrast to SC05, SC20 exhibits a
greater number of significant Cole—Cole circles,
which suggests that the formation of SiO, may

contribute to enhance the internal polarization losses
of the ceramic material.

When the EM waves are incident inside the com-
posites, a large number of electrons are bound to the
interfacial region between SiCw and SizN4; matrix,
due to the difference in dielectric properties of dif-
ferent components, forming a spatial electric field.

3 a —=a— Conductance Loss | 2L b —s— (Conductance [.oss
—s— Polarization Loss —e— Polarization Loss
10 F
8 F
W 6k
4t
1F
2k
0 " 3 2 3 0 L wally a A
9 10 11 12 9 10 11 12
Frequeency (GHz) Frequeency (GHz)

Fig. 9 The conductance loss and polarization loss values obtained by Debye equations of SC05 (a) and SC 20 (b)
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Under the action of the spatial electric field, the
charged center of the interface is forced to deviate
from forming the interfacial polarization. In this
process, the energy of the EM waves is converted to
the thermal motion of the molecules[55]. The &'-¢"
curves of SC05 show a ‘tail’ (as shown by the arrow in
Fig. 9¢), at a higher frequency, indicating that sub-
stantial, strong conduction losses exist in the com-
posites. SiCw with the one-dimensional structure
builds a conductive network inside the composite,
providing a path for the migration of charged parti-
cles (including holes, weak electrons, etc.), promoting
the rapid transport of charged particles, during
which the energy of EM waves is converted into Joule
heat, leading to conductivity losses [56]. In addition, a
certain deviation, between the Cole-Cole circle of
SC05 and the standard semicircle, indicates that
besides the interface polarization, there are other
mechanisms involved in the polarization loss, such as
the dipole orientation relaxation loss of SiCw. As one-
dimensional material, the SiCw has a large number of
defects within itself, which tends to form electric
dipoles that deviate from the geometric center. Under
the action of the alternating EM field, the dipole
moves reciprocally with the change of the electric
field [42]. Due to the resistances (such as frictional
resistance, etc.), a certain hysteresis occurs in the
reciprocal movement of the dipole, resulting in
relaxation losses [57]. In conclusion, the dielectric loss
mechanism of SiCw/SizN,; composites mainly con-
sists of conductivity loss and polarization loss (in-
cluding interfacial polarization and dipole relaxation
loss).

By using the circular three-electrode method, the
electrical conductivity (o) of the SiCw/SizN, com-
posites was evaluated, as depicted in Fig. 8e.
According to the results, the ¢ of the composite
increased rapidly with the increase in the content of
SiCw, transitioning from a transparent material to an
absorbing material, and exhibiting a rise from
231 x 107 pS/em for SCO0 to 25.33 pS/cm for SC20.
Drawing from Debye theory, the dielectric loss can be
expressed as the sum of the polarization loss and
conductivity loss, formulated as [45]:

& — & a(T)
¢'=—"—"_ (T = +é 5
1 —|—a)2‘r(T)2 @ 2neef P € ®)
where & and ¢, represent the inherent frequency
permittivity and the optical frequency permittivity,
respectively, whereas o« signifies the angular
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frequency, ©(T) indicates the relaxation time, o(T)
denotes the electrical conductivity, ¢ stands for the
dielectric constant in vacuum (8.85 x 1072 F/m)),
and f represents the frequency. Furthermore, £,” and
g/ denote the polarization loss and conductance loss,
respectively. Figure 9 presents the polarization loss
and conductance loss of SC05 and SC20, computed by
formula 5. As the SiCw content increases, the ¢ of the
composite rises, resulting in a corresponding increase
in the conductance loss, from 0.004 for SCO05 to 0.01
for SC20. Although the conductance loss has
increased significantly, the polarization loss value of
9.84 for SC20 suggests that the conductivity loss of
the material is considerably lower than its polariza-
tion loss. Therefore, it can be concluded that the
dielectric loss in SiCw/Si;N, composites is predom-
inantly governed by polarization loss.

Figure 10 depicts the MW absorption mechanisms
of the SiCw/SizNy composites. When the MW is
incident on the composite, SizN4 as a matrix has a low
dielectric constant and loss, which allows the maxi-
mum amount of MW to be incident inside the com-
posite instead of reflecting. SiC has high dielectric
and semi-conductivity properties. In an alternating
electric field, the polarization relaxation loss, and the
electrical loss of SiCw are the main factors that cause
the MW absorption. The 3D conducting network
formed by agglomerated SiCw could effectively
extend the propagation path of dissipative MW,
resulting in conductivity loss and electron polariza-
tion loss [6, 36, 58]. These mechanisms contribute to
the absorption of MW in SiCw/SizN, composites.

In summary, it is apparent that the addition of
SiCw as the reinforcing and absorbing phase of
composites could significantly improve the MW
absorption performance of the ceramics while
enhancing the toughness. Table 3 presents a perfor-
mance comparison of different SizN4 based compos-
ite ceramics. The current research on SizN,; matrix
MW absorbing composites primarily used porous
SizN, ceramics as the matrix with the addition of C
filler and SiC filler. The ceramics have excellent MW
absorbing ability, but the weak mechanical properties
limit their wide application. In this paper, SiCw/
SisN4 composites fabricated by vacuum hot-press
sintering, exhibited excellent mechanical properties
and good MW absorption performance. Overall,
SiCw/SizN, composites have great potential as high-
performance materials for MW  absorption
applications.
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Fig. 10 Schematic diagram of
microwave absorption
mechanism of the SiCw/SizNy,
composites

4

Absorption
SICw/S13Nj,

. & .
\‘\C\de“c Composite
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Conductivity Loss

Table 3 Comparison of mechanical performance and MW absorption performance of various Si;N, composites

Matrix Filler RL i, (dB) Thickness (mm) EAB Bending strength Fracture toughness (MPa  References
@RLpin (GHz) (MPa) m'?
SizNg  SiC - 6.7 1.2 - 284 4.6 [31]
SizNg  SiCy — 127 2.25 3.5 - - [58]
Si3Ng  Graphene — 26.7 3.75 4.2 - - [59]
SizNy RGO —16.7 43 42 - - [60]
SisNy  SiCpy —352 2 35 - - [61]
SizN,  SiCe — 114 2.6 - 380 12.9 [34]
SizNg  SiC — 2235 2 1.09 129.37 4.25 [36]
SizNg  C4/SiC- — 203 2 2.3 371 7.23 [20]
NFs (800 °C)
SizNy  SiCpy — 14.67 5.0 3.47 240.36 3.68 [17]
SisNg  SiCw —16.23 1.6 2.74 938.66 9.40 This work

4 Conclusion

In this study, SiCw/SizN4 composites were success-
fully fabricated by vacuum hot-pressing at 1800 °C. A
complete phase transformation from o- to B-SizNy
was achieved. Moreover, SEM and TEM results pre-
sented that SiCw was uniformly dispersed between
the grain boundaries of the SizN, matrix without any
impurities. A coherent structure was formed between
Siz3N,-SiCw and SisN4—SizNy4. The addition of SiCw
helped to refine the grains, increase the Gagr and
reduce the Gayg Of Si3Ny, and improve the mechan-
ical properties of the ceramic matrix. The MW
absorption performance of SizN, ceramics was also

@ Springer

studied, the addition of SiCw as an MW absorber was
found to improve the MW absorbing performance of
ceramic composites.

By adding the amount of 20 wt% SiCw, the SiCw/
SizN, composite achieved excellent relative density
(98.6%) and mechanical properties, including bend-
ing strength (938.6 + 40.7 MPa), fracture toughness
(9.40 & 0.72 MPa m'/?), hardness (20.5 = 0.8 GPa)
and Young’s modulus (216.3 £ 21.7 GPa). Addition-
ally, the SiCw/SizN4 composite exhibits an EAB of
2.74 GHz at 1.6 mm thickness.

Therefore, the addition of SiCw into the SizN,
matrix can not only improve the mechanical proper-
ties of ceramics but also endow ceramics with certain
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MW absorbing performance, which provides a new
direction for the preparation of structural and func-
tional integrated ceramics.
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