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Abstract

Si3N4—SiCN composite ceramics were successfully fabricated through precursor infiltration pyrolysis (PIP) method using polysilazane as
precursor and porous SizNy as preform. After annealed at temperatures varying from 900 °C to 1400 °C, the phase composition of SiCN ceramics,
electrical conductivity and dielectric properties of Si3N,—SiCN composite ceramics over the frequency range of 8.2—-12.4 GHz (X-band) were
investigated. With the increase of annealing temperature, the content of amorphous SiCN decreases and that of N-doped SiC nano-crystals
increases, which leads to the increase of electrical conductivity. After annealed at 1400 °C, the average real and imaginary permittivities of Si;N,—
SiCN composite ceramics are increased from 3.7 and 4.68 x 107> to 8.9 and 1.8, respectively. The permittivities of SisN;~SiCN composite
ceramics show a typical ternary polarization relaxation, which are ascribed to the electric dipole and grain boundary relaxation of N-doped SiC
nano-crystals, and dielectric polarization relaxation of the in situ formed graphite. The Si;N4—SiCN composite ceramics exhibit a promising

prospect as microwave absorbing materials.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, electromagnetic wave absorption materials
have attracted considerable attentions because of their wide
application in the electrical and electronic fields [1]. Magnetic
powders such as nickel [2], ferrite and cobalt [3] can be used to
fabricate microwave absorption materials. However, such
magnetic microwave absorption materials cannot be used at
temperatures exceeding their Curie points. For microwave
absorption materials used at high temperatures, the microwave
absorption mechanism is mainly dielectric loss.

Silicon carbide (SiC) ceramic is a wide band gap
semiconductor which has many practical and potential applica-
tions in electromagnetic wave absorption at severe environments.
The dielectric properties of various SiC materials including SiC
powders [4], SiC nanofibers [5], SiC foams [6], and SiC matrix
composites [7] have been investigated. However, the low
electrical conductivity of pure SiC results in low dielectric loss.
In order to improve its dielectric loss, the doped SiC nano-crystal
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materials have been studied, which exhibits much higher
dielectric loss than pure SiC due to the formation of charged
defects and a great deal of grain boundaries [8—11].

Polymer-derived SiCN (PDC-SiCN) ceramics can be turned
into N-doped SiC-based ceramics [12]. The doping of SiC
ceramics can be adjusted by controlling the annealing
temperature, through which the dielectric properties can be
designed. Besides, PDC-SiCN ceramics possess excellent
thermal-stability, oxidation and creep resistances up to
exceptionally high temperatures, etc. [13,14]. Considering
the above advantages, the PDC-SiCN ceramics can be
potentially used as electromagnetic wave absorption materials
in severe environments. Up to now, few researches focus on the
dielectric properties of PDC-SiCN ceramics.

In the present work, porous SizN, ceramic is used as
preform, which is not only one kind of structural material for its
excellent mechanical properties at elevated temperatures but
also a functional material with low permittivity [15]. PDC-
SiCN ceramics were introduced into the porous SisN4 ceramic
by precursor infiltration pyrolysis (PIP) at temperatures ranging
from 900 °C to 1400 °C. The effects of annealing temperature
on the electrical conductivity and dielectric properties of
SizN4—SiCN composite ceramics were investigated.

0272-8842/$36.00 © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2012.03.045


http://www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2012.03.045
mailto:yinxw@nwpu.edu.cn
mailto:liqvan841028@yahoo.cn
http://dx.doi.org/10.1016/j.ceramint.2012.03.045

6016 Q. Li et al./Ceramics International 38 (2012) 6015-6020

2. Experimental procedure
2.1. Materials preparation

A commercially available liquid-phased polysilazane was
used as the precursor, and its chemical structure is shown in
Fig. 1. First, the precursor was cross-liked at 250 °C for 2 h, and
then pyrolyzed at 900 °C for 2 h. After pyrolysis, the as-
received SiCN ceramics were annealed at 1200 °C and
1400 °C, respectively, in Ar atmosphere for 2 h in order to
characterize the phase composition. Porous Si;Ny ceramic with
porosity of 46% and density of 1.7 g/cm® was used as preform.
The fabrication detail of porous Si;N, ceramic was depicted
elsewhere [16]. The as-received porous SisN, ceramic was
machined into specimens and then ultrasonically cleaned in
acetone and dried. The obtained SizN,4 specimens were dipped
into polysilazane for 30 min each time. The temperatures at
which the polymer in porous Si;N4 ceramics were cross-linked
and annealed were the same as that of polymer alone. The
obtained samples were designated as S1, S2, and S3,
respectively, corresponding to the annealing temperatures of
900 °C, 1200 °C, and 1400 °C. As a comparison, a kind of SiC
precursor, polycarbosilane [17], was cross-linked and then
annealed at 1400 °C in Ar atmosphere for 2 h. The as received
PDC-SiC was crushed into powder and then mixed with
paraffin in order to characterize its dielectric properties. The
ratio of powder in PDC-SiC/paraffin sample was 50 wt.%
(20 vol.%).

2.2. Characterization

The phase compositions of the pure PDC-SiCN and SiC
ceramic were analyzed by X-ray diffraction (XRD, Rigaku-D/
max-2400, and Tokyo, Japan). The element composition of
SiCN was analyzed by a combination of carbon—sulfur analyzer
and oxygen—nitrogen analyzer (EMIA-320V/EMGA-620V,
HORIBA Ltd., Hakata-ku, Japan).

The micrographs of Siz;N4,—SiCN composite ceramics were
observed by scanning electron microscope (SEM, S-2700, and
Hitachi, Japan). Density and open porosity of the SizN,—SiCN
composite ceramics were measured by Archimedes method
according to ASTM C-20 standard. The complex permittivity
of SizN,—SiCN composite ceramics and that of SiC/paraffin
sample with dimensions of 22.86 mm x 10.16 mm x 2.5 mm
were measured in the frequency range of 8.2-12.4 GHz (X-
band) using the vector network analyzer (VNA, MS4644A,
Japan). The dielectric property of the porous SizN, ceramic
with dimensions of ¢50 mm x 4 mm was measured by
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Fig. 1. Molecular structure of polysilazane, Me: Methyl; Vi: Vinyl.

resonant cavity method. The conductivity of Siz;N,—SiCN
composite ceramics was measured through I-V method (SCS
4200, Keithley, USA).

3. Results and discussion

3.1. Phase and element composition of PDC-SiCN
ceramics

In order to characterize the phase composition of SiCN, the
XRD pattern of single PDC-SiCN powder was detected. Fig. 2(a)
shows the XRD patterns of PDC-SiCN ceramics annealed at
temperatures varying from 900 °C to 1400 °C. The SiCN
ceramic is still amorphous when annealed at 1200 °C, and begins
to crystallize at 1400 °C. The average grain size of 3-SiC in SiCN
ceramic is about 1.5 nm when annealed at 1400 °C. The grain
size (D) is determined by using Scherrer equation:
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Fig. 2. XRD patterns of (a) polymer derived SiCN ceramic annealed at
temperatures from 900 °C to 1400 °C respectively and (b) XRD patterns
comparison of PDC-SiCN and SiC annealed at 1400 °C.
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Table 1

The physical properties of porous SizN,—SiCN ceramics annealed at different temperatures.

Sample Temperature Open porosity Bulk density SiCN content Conductivity Empirical formula
°C) (%) (g/cm3) (vol.%) (S/cm) of PDC-SiCN ceramics
Porous SizNy, - 46 1.7 0 <1073 [20] -
S1 900 20 25 23 7.6 x 10712 SiC) 18No.8400.06
S2 1200 21 2.5 23 4.9 x 107" SiC) (2No.8100.07
S3 1400 23 2.4 18 12x107® SiCNy.7800.05

where k is Scherrer constant (0.89), A is wavelength of the
incidentray, Bis the angular line width at half maximum intensity
in radians, and 0 is Bragg’s angle. No phase containing nitrogen
element (N) can be detected in the XRD spectra of SiCN. As a
comparison, the phase composition of PDC-SiC annealed at
1400 °C was characterized. Fig. 2(b) shows the difference of
PDC-SiCN and PDC-SiC annealed at 1400 °C in XRD pattern.
The peaks of $-SiC grains also appear in PDC-SiC. However, the
peaks are much stronger in intensity and sharper in shape
compared with that of B-SiC in PDC-SiCN. The average grain
size of 3-SiC grains in PDC-SiC is about 2.7 nm. Obviously, the
XRD peaks of SiC in PDC-SiCN shift toward the direction of
larger diffraction angle. This is mainly because the N atom enters
into the nano SiC crystal and substitutes carbon to form N-doped
nanocrystal. The covalent radius of N (0.075 nm) is less than that
of C atom (0.077 nm), which leads to the decrease of lattice
constant and the shift of XRD peak toward the larger diffraction
angle. Apparently, a peak at 20 = 26.6° is detected in both PDC-
SiCN and PDC-SiC, which is corresponding to the diffraction
peak of the in situ formed graphite due to the residual carbon
existing in the PDC products [18,19].

The empirical formula of PDC-SiCN ceramics which is
calculated according to the element composition is shown in

Table 1. With the increase of annealing temperature from
900 °C to 1400 °C, the C/Si atom ratio decreases from 1.18 to 1,
which indicates the carbon content is slightly decreased. The C/
Si ratio exceeds 1 when PDC-SiCN ceramics is annealed below
1200 °C, which implies the existence of free carbon. According
to XRD result, free carbon still exists in the form of graphite in
PDC-SiCN ceramics when annealed at 1400 °C, although the
C/Siratio is 1. There is still 28 mol% N in PDC-SiCN ceramics
when annealed at 1400 °C. Besides the amorphous SiCN, the N
atoms may also exist in SiC nano-crystal, leading to the
formation of N-doped SiC nano-crystal. According to XRD and
element analysis, the PDC-SiCN ceramics annealed at 900 °C
and 1200 °C are composed of graphite and amorphous SiCN,
while that annealed at 1400 °C is composed of N-doped SiC
nano-crystal, graphite and amorphous SiCN. PDC-SiC cera-
mics annealed at 1400 °C are composed of SiC nano-crystal,
graphite, and amorphous SiC.

3.2. Microstructure and electrical conductivity of Si;N,—
SiCN composite ceramics

Fig. 3 shows the morphologies of porous SizN, ceramic and
samples S1, S2 and S3. Apparently, the rod-like grains of

Fig. 3. SEM micrograph of (a) porous Si;N, ceramic, (b) sample S1, (c) sample S2, and (d) sample S3.
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porous Si3N, ceramics intercross with each other to form
through-pores. After PIP, the pores are occupied by SiCN
ceramic, which results in the decrease of the porosity and the
increase of the density of samples. As shown in Table 1, the
open porosity decreases from 46% to 20% and the density
increases from 1.7 g/cm? to 2.5 g/cm? after PIP at 900 °C. After
annealed at 1200 °C and 1400 °C, the open porosity and density
of samples are nearly the same.

The electrical conductivities of samples S1, S2 and S3 are
shown in Table 1. SizNy is an electrically insulating material,
the conductivity of which is below 107 "% S/em [20]. After PIP
and heat-treatments, the conductivities of samples S1, S2, and
S3 are increased t0 7.6 x 107'%,4.9 x 107'%and 1.2 x 107° S/
cm, respectively. For samples S1 and S2, the increases of
conductivity are mainly ascribed to the formation of graphite in
PDC-SiCN ceramics. When annealed at 1400 °C, the N-doped
SiC nano-crystal appears in PDC-SiCN ceramics. Therefore,
the increase of conductivity of sample S3 is due to the
formation of N-doped SiC nano-crystal in PDC-SiCN ceramics.

3.3. Dielectric properties of Si;N,~SiCN composite
ceramics

Complex permittivity (¢ = ¢ — j¢) is an important parameter
to characterize the dielectric properties of materials. The real part
of permittivity (&) is related to polarization, and the imaginary
part (¢) represents the dielectric loss of a material [8]. Although
high ¢” implies good microwave absorbing properties, too high
permittivity is harmful to the impendence match and results in
strong reflection and weak absorption [21]. Fig. 4 shows the real
and imaginary permittivity of porous Si;Ny, samples S1, S2, and
S3 at X-band. For each sample, the real permittivity and
imaginary permittivity do not change apparently over the whole
frequency range. The real and imaginary permittivity of porous
SisN, with a porosity of 46% is 3.7 and 4.68 x 10> After PIP,
the largest real permittivity of samples is up to 8.9, which is 2.4
times higher than that of porous Si;N,4. The average imaginary
permittivity of samples S1 and S2 is 0.2 and 0.3, respectively.
However, the average imaginary permittivity of sample S3 is up
to 1.8, which s 6 times more than those of samples S1 and S2, and
385 times more than that of porous SizN4. As shown in Fig. 5, the
permittivity of PDC-SiC/paraffin sample with a PDC-SiC
content of 20 vol.% was detected for comparison. The average
real and imaginary permittivities of sample are 6.1 and 0.75
respectively, which are smaller than those of sample S3.
According to the XRD analysis, elemental analysis and
conductivity analysis, the increase in dielectric loss of sample
S3 is mainly ascribed to the formation of N-doped SiC nano-
crystal in PDC-SiCN ceramics.

An important mechanism of dielectric loss is Debye
relaxation, which can be characterized by ¢—¢” relationship,
displaying as Cole—Cole semicircle with each semicircle
corresponding to a Debye relaxation [22]. According to Debye
theory, the Cole—Cole semicircle can be plotted according to
the following equation:
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Fig. 4. The permittivity of porous Si;N, ceramic, and samples S1, S2, S3, (a)
real permittivity, (b) imaginary permittivity.

where ¢ is static permittivity, and &, is the relative dielectric
permittivity at high frequency limit. The Cole—Cole semicircle
of porous SizN, is a dot in the plot, which shows no Debye
relaxation, so its imaginary permittivity is as low as
4.68 x 107>, As shown in Fig. 6, there are inconspicuous
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Fig. 5. The permittivity of SiC/paraffin sample.
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Fig. 6. Cole—Cole semicircles of (a) sample S1, (b) sample S2, and (c) sample
S3.

but existing Cole—Cole semicircles for samples S1 and S2,
which means weak Debye relaxation. Obviously, sample S3
shows three typical Cole—Cole semicircles, which indicate a
ternary dielectric Debye relaxation behavior, so its imaginary
permittivity is up to 1.8. The ternary dielectric Debye relaxation
could lead to a promising perspective for microwave absorption
materials [22].

In the present work, there is a great deal of Si and C
vacancies in SiCN ceramics due to the doping of nitrogen [8].
These vacancies together with positive charge can form electric
dipoles, which generate polarization relaxation and dissipate

the energy under alternating electromagnetic field. Besides,
there are a large number of nano-grain boundaries in the PDC-
SiCN ceramics, which can dissipate the microwave energy for
space charge polarization and relaxation [23]. Moreover, the
graphite is formed through the reaction between Si-CH=CH,
and Si-CH=CH, in the precursor. Therefore, it is supposed
there exists a great deal of defects in the graphite, which results
in the dielectric polarization relaxation. The similar phenom-
enon has been found in a reduced graphite oxide [22]. Briefly,
the ternary semicircles of sample S3 are ascribed to the electric
dipoles relaxation and grain boundaries relaxation of N-doping
SiC nano-crystal, and the dielectric relaxation of defects in
graphite. The weak Debye relaxation of samples S1 and S2 is
due to the dielectric polarization relaxation of the in situ formed
graphite.

4. Conclusions

Porous Si3;N,—SiCN composite ceramics are successfully
fabricated through PIP method using polysilazane as precursor
and porous SizNy as preform at 900 °C. The phase composition
of SiCN can be altered by changing the annealing temperature,
by which the dielectric properties of SizN4,—SiCN composite
ceramics are changed. The N-doped SiC nano-crystals begin to
appear in SiCN at 1400 °C, and the SiC grain size is about
1.5 nm. The in situ-formed graphite exists in SiCN ceramic
when annealed below 1400 °C. After PIP, the average real and
imaginary permittivity of porous SizN4 ceramics is increased
from 3.7 and 4.68 x 107 to 8.9 and 1.8, respectively. The
improvement of dielectric loss of samples is due to the
appearance of N-doped SiC nano-crystal after annealed at high
temperatures.
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