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ABSTRACT

Porous SiCN(Ti) composite ceramics with good microwave absorbing perfor-

mance were fabricated by pyrolysis of solid polysilazane modified by tetrabutyl

titanate. The introduction of Ti not only acted as active filler to react with free

carbon in the matrix to form TiC, but also played the role as catalyst to promote

the formation of SiC nanowires. Finally, SiCN(Ti) composite ceramics formed a

microstructure containing multi-nanophases and multi-nano heterogeneous

interfaces when annealing temperature reached 1500 �C. The complex

microstructure annealed at 1500 �C made composite ceramics have good

matching impedance, as well as greatly increase the interfacial polarization loss

and dipole polarization loss. As a result, the TiC/SiC/SiCN composite ceramics

showed the excellent performance of electromagnetic wave absorption in X

band. The minimum reflection loss (RL) of samples was - 17.1 dB at the

thickness of 1.9 mm, and the maximum effective absorption bandwidth (EAB)

of composite ceramics was 3.2 GHz when the thickness of sample was 2.1 mm,

which exhibited a promising prospect as a structural and microwave absorbing

integration material.

1 Introduction

With the rapid development of microwave technol-

ogy, microwave technology has penetrated many

aspects of our life, such as radar, wireless

communication, meteorological, and astronomical

observation, medical technology and so on [1, 2]. It

has become an indispensable technology to improve

our life. However, electromagnetic (EM) microwave

permeated in the air will also cause electromagnetic

pollution, which will inevitably bring adverse effects
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on our lives [3]. So the application of absorbing

material has become a very effective means to reduce

electromagnetic pollution. Compared with traditional

microwave absorbing material, such as metal and

conductive polymer material, ceramics are more

suitable for use as structural and microwave

absorbing integration materials in harsh environ-

ment. Especially, due to its low ceramic conversion

temperature and microstructure designability, the

way of polymer-derived ceramics (PDCs) has

received more attention than traditional technology

to produce ceramics recently.

Because of excellent performance at high temper-

ature, polymer-derived silicon-based ceramics have

been studied and applied in ceramics matrix com-

posites in recent years [4]. In particularly, polymer-

derived silicon carbonitride (SiCN) ceramic, which

combines the properties of advanced engineering SiC

and Si3N4 ceramics, makes it possess high hardness,

outstanding high temperature stability, good oxida-

tion, and creep resistance. Meanwhile, after proper

thermal treatments, PDCs-SiCN can have tailored

chemical composition and show abundant nano-mi-

crostructure phases, which leads to its good micro-

wave absorption performance [5–8]. However, in

order to obtain the good microwave absorbing

properties, PDCs-SiCN needs to be annealed at high

temperature which will damage the fibers and is not

conducive to the preparation of high-performance

ceramics matrix composites. At present, there are

usually two ways to improve microwave absorption

properties of PDCs at relatively low heat treatment

temperature. The introduction of electrically con-

ductive phase into PDCs is a very effective method to

enhance electromagnetic wave loss [9–11]. Duan

successfully prepared the PDCs-SiOC composite

ceramics modified by nano-SiC particles [12]. The

addition of nano-SiC particles in SiOC composite

ceramics boosts the in situ precipitation of nano-

phases (such as nano-SiC grains and free carbon)

from the matrix. The minimum RL and EAB of SiOC

ceramics modified by nano-SiC reaches - 61 dB and

3.5 GHz in X band because of abundant nanophases

formed in matrix. Han fabricated the porous PDCs-

SiOC composite ceramics with hierarchical

microstructure of graphene and SiC nanowires by

polymer pyrolysis process [13]. The unique one-di-

mensional and two-dimensional coexisting

microstructure in matrix makes the minimum RL and

maximum EAB attain - 69.3 dB and 3.9 GHz,

respectively. However, this method also has obvious

limitation. The electrically conductive phase is easy to

agglomerate and difficult to evenly distribute in

matrix. Another effective way to enhance microwave

absorption properties of PDCs is to add catalyst in

precursor. One-dimensional nanostructure of con-

ductive phase can be uniformly dispersed in PDCs

via pyrolysis of the polymeric precursor containing

catalyst. Unique microstructure and large specific

surface area of one-dimensional conductive phase

can easily form conductive networks and increase

surface polarization, which can greatly attenuate

propagation of electromagnetic microwave in matrix

[14–18]. Meanwhile, there are some researches to

indicate that permittivity gradient formed in com-

posite ceramics between phase composition is very

conducive to the improvement of microwave

absorption properties. Kong synthesized ZnO/

ZnAl2O4/paraffin composite material via sol-gel

process [19]. Paraffin is used as electromagnetic

transparent phase and is denoted as A phase.

ZnAl2O4 and ZnO are called B and C phases and as

high and low electrical lossy phases, respectively.

Due to appropriate permittivity gradient, the mini-

mum RL of composite material reaches - 25 dB, and

EAB expands the whole X band.

The present work focuses on fabrication of PDCs-

SiCN composite ceramics modified by TiC. On one

hand, Ti introduced in PDCs-SiCN composite

ceramics acts as catalyst to promote the precipitation

of SiC. On the other hand, conductive TiC generated

during the heat treatment can increase conductivity

loss and form permittivity gradient with SiC to

improve the interface polarization loss. The

microstructure evolution of TiC/SiC/SiCN compos-

ite ceramics with annealing temperature was char-

acterized. The formation mechanisms of SiC

nanowires (NWs) and TiC were discussed. Dielectric

properties and microwave absorption performance of

composite ceramics in X band (8 * 12 GHz) were

analyzed.

2 Experimental procedure

2.1 Material fabrication

The commercial solid polysilazane (PSZ) was sup-

plied by Hangzhou Aisen new material technology

co., Ltd and used as pre-ceramics precursor.
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Tetrabutyl titanate (TBT) and tetrahydrofuran (THF)

were purchased from Aladdin company, and their

purity were all analytic grade without further

purification. Figure 1 shows the schematic diagram

of main preparation process of composite ceramics.

Firstly, TBT and PSZ were dissolved in the THF to

form homogenous solution with 5 wt% and 95 wt%,

respectively. The mixed solution was stirred at 60 �C
for 12 hours until the THF in solution volatilized

completely, and the PSZ precursor modified by Ti

was obtained. Previous researches indicate that the

condensation reaction between Si-H bond of precur-

sor and butoxy group in TBT occurs during the

mixing process, which leads to formation of the

precursor including the Si-O-Ti bonds [20, 21]. The

introduced Ti atoms were uniformly distributed in

the precursor at atomic level. The dried PSZ precur-

sor including Ti was cross-linked and cured at 300 �C
for 2 hours under the protection of Ar atmosphere.

Then cross-linked precursor was ball milled for 24

hours at 300 r/min, and the powder was sieved with

200-mesh sieve. Subsequently, the uniform powder

was cold-pressed into strip green bodies with the size

of 4 9 15 9 70 mm3 under the pressure of 20 MPa.

Finally, the green bodies were pyrolyzed at 900 �C for

2 hours and then annealed at 1300 �C, 1400 �C, and
1500 �C, respectively. The pyrolysis and heat treat-

ment were all protected under the Ar atmosphere.

2.2 Material characterization

The thermogravimetric (TG) and differential scan-

ning calorimetry (DSC) curves of modified powder

were obtained with STA-499-F3. The X’Pert Pro

Multipurpose Powder Diffractometer with Cu Ka
radiation (Philips, Eindhoven, Netherlands) was

used to analyze the phases composition of TiC/SiC/

SiCN composite ceramics. The transmission electron

microscopy (TEM, G-20, FEI-Tecnai, 300 kV, Hills-

boro, USA) and scanning electron microscope (SEM,

S-4700, Hitachi, Tokyo, Japan) were employed to

observe the microstructure and morphology of sam-

ples. Carbon phase in composite ceramics was

detected and analyzed by Raman spectrum analyzer

(RMS, Renishaw, UK).

The complex permittivities of composite ceramics

were measured by using the vector network analyzer

(Anritsu MS4644A, Japan) with waveguide method.

The reflection loss (RL) of sample was calculated

according to Eq. (1) * (2) based on the metal back

panel model and transmission line theory.

RL dBð Þ ¼ 20 � log10 Zin � 1ð Þ= Zin þ 1ð Þj j ð1Þ

Zin ¼
ffiffiffi

l
�

r

tanh j2p
ffiffiffiffiffi

l�
p

fd=cð Þ ð2Þ

where the � and l are the relative permittivity and per-

meability of samples, respectively. Because the com-

posite ceramics were non-magnetic material, the real

and imaginary relative permeabilities of samples were

regarded as 1 and 0, respectively. Zin is the normalized

input impendence of composite ceramics. c is the light

velocity in vacuum, d is the thickness of samples, and f is

the frequency of incident electromagnetic wave.

3 Results and discussion

3.1 The microstructure and phase
composition

In order to understand the thermal behavior of pre-

cursor of PSZ modified by Ti (PSZ(Ti)) during the

Fig. 1 Schematic illustration

of the fabrication of TiC/SiC/

SiCN composite ceramics
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pyrolysis and heat treatment, the TG and DSC anal-

yses of PSZ(Ti) were conducted at temperature range

from 50 �C to 1200 �C. At the same time, the same

thermal behavior analysis curve of pure PSZ is also

shown in the Fig. 2 as comparison. The whole ther-

mal analysis process was protected by the Ar atmo-

sphere. The TG curves of pure PSZ and PSZ(Ti)

showed great differences between 50 �C and 800 �C.
The both TG curves basically coincided during tem-

perature range from 50 �C 150 �C and showed almost

no weight loss. The TG curve of pure PSZ precursor

showed two stages weight loss in the temperature

range from 150 �C to 800 �C. The first significant

weight loss of pure PSZ occurred from 150 �C to

280 �C, with a decrease of 17 wt.%, which was mainly

due to the uncured oligomer evaporation [6]. The

second notable weight loss of pure PSZ was about 13

wt.% at temperature from 480 �C to 800 �C, which

was mainly caused by cleavages of Si-H, C-H, N-H,

and Si-CH3 bonds in precursor and the release of

hydrogen, alkenes, olefins and other gases [5]. In this

process, free radicals were formed in precursor and

were rearranged to form a three-dimensional net-

work structure of amorphous phase, which realized

the precursor transformation from organic to inor-

ganic structure. However, the precursor of PSZ(Ti)

showed only one stage drastic weight loss in the

temperature range from 150 �C to 800 �C. From

150 �C to 410 �C, the precursor of PSZ(Ti) exhibited a

slight weight loss of about 2 wt.%. The slight weight

loss of precursor of PSZ(Ti) at this temperature stage

was mainly due to Si-O-Ti bonds formed in the

modified precursor, which greatly reduced the

evaporation of low-molecular-weight oligomer from

the matrix [20, 22, 23]. The only obvious weight loss

of PSZ(Ti) took place at temperature stage from

410 �C to 800 �C. In this process, the weight loss

mechanism of the precursor modified by Ti was

consistent with that of the pure precursor, and the

slopes of TG curves of two precursors were the same.

At the temperature from 800 �C to1200 �C, there was

no weight loss of two precursors, and the final cera-

mic yields of pure PSZ and PSZ(Ti) were 67.7 wt.%

and 71.7 wt.%, respectively. From the TG analysis of

two kinds of precursors above, it can be concluded

that introduction of Ti in PSZ could greatly promote

the crosslinking of oligomer in the precursor and

finally improve the ceramic yield.

The DSC curves of two kinds of precursors showed

the two similar broad exothermic peaks. The first

exothermic peaks of PSZ(Ti) and PSZ were at 584 �C
and 556 �C and ended at 731 �C and 705 �C, respec-
tively. The first exothermic peak was mainly ascribed

to the cleavage of the chemical bonds in precursor

during the process of curing and pyrolysis [5, 6].

From the data of first exothermic peaks, the PSZ

precursor modified by Ti had better thermal stability

than precursor of pure PSZ during the process of

Fig. 2 The TG-DSC curves of

pure PSZ and PSZ modified by

Ti
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pyrolysis. The second exothermic peaks of two pre-

cursors were around 850 �C, which were mainly

caused by redistribution reaction and rearrangement

of chemical bond [5, 20, 24]. The DSC curve of

PSZ(Ti) showed a small endothermic peak at 1100 �C,
which might be due to the melting of nanotitanium

[25–28].

The evolution of the crystalline phases with

annealing temperature in composite ceramics were

studied by XRD. It can be seen from the XRD pattern

in Fig. 3 a that when the annealing temperature was

below 1300 �C, there was no obvious diffraction peak

in XRD pattern, indicating that the composite

ceramics were amorphous. The three major diffrac-

tion peaks at 35.6�, 60.1�, and 71.8� and the weaker

peak at 41.3� appeared in XRD pattern when the

annealing temperature was 1400 �C, these peaks

corresponded to the (111), (220), (311), and (200)

planes of b-SiC, respectively (JCPDS card no.: 01-075-

0254). The characteristic diffraction peaks intensity of

b-SiC increased at annealing temperature of 1500 �C,
which indicated that more SiC crystal particles pre-

cipitated from the matrix and crystallinity of SiC

increased. At the same time, the diffraction peaks

attributed to the TiC appeared at 35.9�, 41.7�, 60.4�,
and 72.4� in XRD pattern (JCPDS card no.: 03-065-

8417). Because diffraction peaks of SiC and TiC are so

similar, the local magnification of diffraction peaks of

XRD pattern at 1500 �C is show in Fig. 3b. The

presence of SiO2 at annealing temperature of 1500 �C
might be due to the introduction of oxygen atoms of

TBT. The average grain sizes of SiC (DSiC) at 1400 �C
and 1500 �C were calculated by Scherrer formula,

respectively.

DSiC ¼ kk
bcosh

ð3Þ

where the k and k are Scherrer constant and X-ray

wavelength, respectively. b is the width in radians at

half maximum intensity of SiC diffraction peak. h is

the diffraction angle of SiC. The DSiC of sample at

annealing temperature of 1400 �C and 1500 �C was

34.9 nm and 59.9 nm respectively, which means the

crystallinity of SiC increased with the increase of

annealing temperature.

However, the free carbon phase which has a great

influence on microwave absorbing properties of the

composite ceramics was not found in XRD patterns.

Raman spectra is a very effective and sensitive

method to study the transition from amorphous car-

bon to graphitization [29]. The Raman spectra of TiC/

SiC/SiCN composite ceramics annealed at different

temperatures are shown in Fig. 4a. There are two

characteristic peaks of free carbon called D peak and

G peak in every Raman spectrum of composite

ceramics at different temperature. D peak and G peak

always locate at around 1350 cm- 1 and 1580 cm- 1,

respectively. The G peak is due to stretching vibra-

tion of sp2 hybrid carbon electron pairs. Any form of

sp2 hybridization of carbon can cause the G peak in

Raman spectrum. D peak is related to the breath

modes of sp2 of carbon atom in the six-ring structure,

Fig. 3 The XRD patterns of the TiC/SiC/SiCN composite ceramics annealed at different temperatures (a) and local magnification of

diffraction peaks of XRD pattern at 1500 �C (b)
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which represents the existence of disordered struc-

ture of carbon. The D peak and G peak in Raman

spectra were fitted by Lorentzian function and Breit–

Wigner–Fano (BWF) function, respectively [30, 31].

The data of fitting peaks are listed in Table 1. At the

same time, the ratio intensity of D peak and G peak

(ID/IG) is usually used as an indicator of the defect

concentration, and widely applied to estimate the

size of graphite nanograins (La) [32–34]. When the La
is less than 2 nanometers, the square of La is pro-

portional to ID/IG and can be calculated by formula

(4). The ID/IG is peak height ratio, and coefficient

c kð Þ � 0.0055 (k=514 nm).

ID
IG

¼ c kð ÞL2a ð4Þ

when the annealing temperature was lower than

1400 �C, with the increase of annealing temperature,

the intensities of D peak and G peak increased, the

full width at half maximum (FWHM) of D peak and

G peak decreased, the position of D peak moved

slightly to low wave number [29, 32], the position of

G peak moved to high wave number, the size of

graphite nanograins (La) increased from 1.45 nm to

1.60 nm. All the above phenomena indicated that

more sp2 hybrid carbon with six-ring structure was

formed, and amorphous carbon gradually trans-

formed into nano-graphitized carbon. However,

when the annealing temperature was 1500 �C, the

intensities, FWHM, position of the D peak and G

peak changed in the opposite direction. The size of

graphite nanograins (La) was reduced to 1.48 nm. At

the same time, it can be seen from Fig. 4b that the SiC

peak appeared at 798 cm- 1 in Raman spectrum

[20, 35]. The appearance of SiC may be due to the

reaction of free carbon with Si-O bonds in the sam-

ples to form crystallized SiC [20]. The evolution of

Raman spectrum data at annealing temperature of

1500 �C indicated that a large amount of free carbon

was consumed in the composite ceramics.

The morphologies of TiC/SiC/SiCN composite

ceramics annealed at different temperatures are

shown in the SEM images of Fig. 5. It can be seen

from the Fig. 5a and b that plenty open pores existed

Fig. 4 Raman spectra of the TiC/SiC/SiCN composite ceramics annealed at different temperatures (a) and Raman spectra magnification of

composite ceramics annealed at 1500 �C (b)

Table 1 Raman spectroscopy

fitting curve data of TiC/SiC/

SiCN composite ceramics

Samples D peak position (cm- 1) FWHMD G peak position (cm- 1) FWHMG ID/IG La (nm)

900 �C 1346 179 1557 141 1.15 1.45

1300 �C 1338 167 1584 104 1.42 1.61

1400 �C 1330 147 1594 97 1.40 1.60

1500 �C 1338 152 1584 71 1.21 1.48
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between ceramics particles, and there were a small

number of nanowires in the pores. When the

annealing temperature reached 1400 �C, a large

number of nanowires with the diameter of about

106–117 nm were formed in the composite ceramics.

However, the diameter of nanowires was reduced to

47–84 nm at annealing temperature of 1500 �C. It can
be clearly observed in Fig. 5e that there were irreg-

ular particles on the top of nanowires. The diameter

of nanoparticles was slightly larger than that of

nanowires. Energy-dispersive spectroscopy (EDS)

analysis showed that the nanowires in composite

ceramics were SiC nanowires, and the nanoparticles

on the top of nanowires were titanium alloy particles.

The irregular spherical titanium alloy particles on the

top of nanowires indicated that the formation of SiC

nanowires was attributed to the vapor-liquid-solid

mechanism [36].

Further, TEM was carried out to reveal the

microstructure of composite ceramics annealed at

1500 �C in Fig. 6a. There were two different

nanocrystals embedded in the amorphous SiCN

matrix, which were marked by green and red circles,

respectively. High-resolution transmission electron

microscopy (HRTEM) and selected-area electron

diffraction (SAED) were used to characterize the two

different nanocrystals. Figure 6b presents the

HRTEM image of SiC in circle of Fig. 6a. The crystal

interplanar spacing in the image was about 0.25 nm,

which corresponded to the (111) plane of b-SiC. The
diffraction rings pattern shown in the upper right

inset indicated that there were polycrystalline SiC

nanocrystals in green circle region. The size of SiC

nanograins in green circle was about 60 nm, which

was consistent with the size calculated by Scherrer

formula. The HRTEM image and SAED pattern of

TiC show in the Fig. 6c. The crystal interplanar

spacing with 0.22 nm corresponded to the (200) plane

of TiC. The SEAD pattern in the upper right corner

inset showed that there was single-crystalline TiC in

red circle region.

According to the above analysis and characteriza-

tion, the microstructure evolution of TiC/SiC/SiCN

composite ceramics can be summarized as follows.

Titanium was successfully introduced into the pre-

cursor by the condensation reaction of Si-H bonds of

PSZ and butoxy group of TBT at 60 �C. After pyrol-

ysis at 900 �C, the chemical bonds in precursors were

broken and rearranged. The precursor changed from

organic to inorganic microstructure. The composite

ceramics were amorphous when the annealing tem-

perature was below 1300 �C. At 1400 �C, SiC

Fig. 5 SEM images of the TiC/SiC/SiCN composite ceramics annealed at a 900 �C, b 1300 �C, c 1400 �C, and d 1500 �C and

e magnified image of the SiC nanowires
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nanograins began to precipitate from the matrix, and

a large number of SiC nanowires were formed in the

pores of ceramics. The precipitation temperature of

PDCs-SiCN ceramics modified by Ti was much lower

than that of pure PDCs-SiCN [6]. There are two main

reasons to promote the precipitation of SiC from

PDCs-SiCN(Ti). Firstly, titanium nanograins formed

during the heat treatment as heterogenous interfaces

greatly reduced Gibbs free energy of SiC precipitated

from the matrix. Secondly, because of small size of

titanium nanograins, titanium nanograins melted

into droplets at lower temperature. The molten tita-

nium alloy droplets acted as catalyst to absorb small

gaseous molecules such as SiO and CO produced by

fracture and rearrangement of chemical bonds from

matrix during the process of heat treatment. When

the Si and C atoms were saturated in the alloy dro-

plets, SiC nanowires precipitated from the alloy

droplets. When the annealing temperature rose to

1500 �C, more SiC precipitated from the matrix.

However, due to the reaction between titanium and

free carbon to form TiC, the catalytic effect of tita-

nium was weakened and growth of SiC nanowires

was restricted, resulting in the reduction of the size of

SiC nanowires. At the same time, because the car-

bothermal reduction reaction usually started at

1500 �C in Ar atmosphere, a large amount of free

carbon in the matrix might also be greatly consumed

by carbothermal reduction reaction. Finally, PDCs-

SiCN composite ceramics modified by Ti with a

microstructure containing multi-phases and multiple

nano heterogeneous interfaces were obtained.

3.2 Dielectric and microwave absorption
properties of the TiC/SiC/SiCN
composite ceramics

The complex permittivity of composite ceramics is a

key parameter for the non-magnetic materials to

predict the absorbing properties of materials, and it is

closely related to the microstructure evolution of

composite ceramics. The complex permittivity of

samples with dimensions of 22.86 mm 9 10.16

mm 9 2 mm was measured by waveguide method

with a vector network analyzer. Figure 7a-c present

the real part (e0), the imaginary part (e00) of complex

permittivity, and tangent loss (tand = e00/e0) of com-

posite ceramics with annealing temperature in X

band. It can be concluded that the complex permit-

tivity of composite ceramics was greatly influenced

by annealing temperature. When the annealing tem-

perature was below 1300 �C, e0, e00, and tand almost

remained unchanged, and the average value of e0, e00,
and tand was about 4.1, 0, and 0, respectively. The

composite ceramics annealed below 1300 �C had

almost no dielectric loss, showing the characteristics

of electromagnetic wave transmission, which was

consistent with amorphous microstructure of com-

posite ceramics. When the annealing temperature

reached 1400 �C, the complex permittivity of com-

posite ceramics increased greatly, the average value

of e0, e00, and tand were about 12.5, 10.4, and 0.83,

respectively. The significant increase of complex

permittivity of composite ceramics was due to pre-

cipitation of a large amount of SiC nanograins, SiC

nanowires, and free carbon in matrix. However, the

average value of e0, e00, and tand decreased to 11.6, 5.9,

and 0.51 at annealing temperature of 1500 �C, as free

Fig. 6 TEM images of the TiC/SiC/SiCN composite ceramics annealed at a 1500 �C and HRTEM images of SiC (b) and TiC (c)
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carbon was greatly consumed by titanium to produce

TiC and the formation of SiC was restricted. The

normalized input impedances of composite ceramics

at thickness of 2 mm were calculated by formula (2)

and shown in Fig. 7d. According to the impedance

matching principle, when normalized input impe-

dance satisfies z� 1j j ¼ 0, the electromagnetic wave

can enter the material completely without any

reflection on the surface of material. Therefore, in

order to obtain good absorbing performance, the

normalized input impedance should be as close as

possible to 1. It can be seen from Fig. 7d that input

impedance of the sample annealed at 1500 �C was

closer to 1 than that of other samples annealed at

other temperature. Although the sample annealed at

1400 �C had higher complex permittivity and

dielectric loss, its impedance matching was poor and

would cause large reflection. The input impedances

of samples annealed at 900 �C and 1300 �C were close

to 1 from 11.5 GHz to 12.4 GHz, but the dielectric

losses of two samples were too low to have good

microwave absorption performance.

The RL of samples with thickness of 2 mm at dif-

ferent annealing temperatures was calculated by

formula (1) and shown in Fig. 8a. The average RL

values of samples annealed at 900 �C and 1300 �C
were about - 0.1 dB, which meant that samples

almost had no absorbing properties. This was

because the composite ceramics were amorphous and

dielectric loss was almost zero when annealing tem-

perature was below 1300 �C. When the annealing

temperature reached 1400 �C, the average RL value

of sample was - 7.7 dB and EAB is 0 although the

sample had high complex permittivity and dielectric

loss. The poor absorbing performance was due to the

impedance mismatch caused by the precipitation of

too much SiC nanograins, nanowires, and free car-

bon. Abundant conductive phases caused electro-

magnetic wave reflection on the surface of sample.

The average RL value of sample annealed at 1500 �C
was - 11.5 dB. The minimum RL was - 16.4 dB at

Fig. 7 a Real part, b imaginary part permittivity, c loss tangents, and d input impedance of the TiC/SiC/SiCN composite ceramics

annealed at different temperatures in X band
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11.2 GHz and EAB reaches 2.6 GHz. The enhanced

microwave absorbing performance of composite

ceramics annealed at 1500 �C was attributed to two

factors. Firstly, the consumption of free carbon made

composite ceramics have better impedance matching,

greatly reducing the reflection of electromagnetic

wave, which provided a prerequisite for good

microwave absorption performance. Secondly, when

annealing temperature reaches 1500 �C, a large

number of nanophase was formed in the composite

ceramics, including TiC nanograins, SiC nanograins,

and nanowires, nanocrystalline graphite and so on.

The high polarization interface loss caused by various

nanophases made the composite ceramics have good

microwave absorbing performance. The RL of com-

posite ceramics annealed at 1500 �C with different

thickness is shown in Fig. 8b. The minimum value of

RL gradually moved toward low frequency with the

increase of thickness of samples. The evolution of

minimum RL with sample thickness was due to

interference cancelation between the electromagnetic

reflection wave on the sample surface and bottom

when the thickness of sample was an odd multiple of

quarter electromagnetic wave. The minimum RL of

samples was - 17.1 dB at the thickness of 1.9 mm,

and the maximum EAB of RL was 3.2 GHz from

9.2 GHz to 12.4 GHz when the thickness of sample

was 2.1 mm.

The outstanding microwave absorbing perfor-

mance is due to the formation of multi-nanophases

and multiple nano heterogeneous interfaces to

attenuate the electromagnetic wave energy propa-

gated in composite ceramics. There are four main

electromagnetic wave absorption mechanisms in the

composite ceramics. The schematic of

electromagnetic wave absorption mechanisms in the

composite ceramics is shown in Fig. 9.

Firstly, due to the existence of a large number of

nanophases in composite ceramics and the high

specific surface area of nano phase, a large amount of

heterogeneous interfaces and permittivity gradient

are generated in composite ceramics. When electro-

magnetic wave propagates in the composite ceramics,

the induced charge will accumulate, dissipate, and

oscillate between heterogeneous interfaces. When the

induced charges between heterogeneous interfaces

cannot keep up with the oscillation of the electro-

magnetic wave, a high interface polarization loss is

produced [37]. Secondly, previous researches have

shown that the defects in SiCN composite ceramics

are mainly the dangling bond defects of carbon, and

there are no defects related with Si [38, 39]. Under the

action of electromagnetic wave, the carbon defects in

composite ceramics will form dipoles. The dipoles

will rotate with electromagnetic wave oscillation.

When the dipoles rotate lag electromagnetic wave

oscillation, the microwave energy is consumed by

dipole relaxation loss. Thirdly, a large number of

nanophases precipitated from the matrix, including

nanocrystalline SiC, TiC, graphite and SiC nanowires

in the pores, are easy to form local conductive net-

works in matrix. Induced microcurrent caused by

electromagnetic wave conducts in the networks,

converting electromagnetic energy into heat energy

to form conductivity loss [40]. Moreover, SiC nano-

wires are also an important factor in electromagnetic

wave loss. The SiC nanowires randomly distributed

in matrix acts as microwave receiving antennas,

which can induce the vibrating microcurrent in

nanowires. The microcurrent is introduced and

Fig. 8 a RL calculated at different temperatures and b RL at different thicknesses at the annealing temperature of 1500 �C in X band
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exhausted in the local conductive networks in matrix.

At the same time, according to the theory of antenna,

the microcurrent in antennas will also excite alter-

nating electromagnetic field around SiC nanowires,

causing electromagnetic omni direct radiation.

However, the microwave secondary radiation gen-

erated by SiC nanowires makes electromagnetic wave

change from directional to diffuse scattering because

of the random distribution of SiC nanowires in

matrix, which will greatly attenuate the energy of

electromagnetic wave [41–45].

4 Conclusions

PDCs-TiC/SiC/SiCN composite ceramics were suc-

cessfully fabricated by the pyrolysis of solid PSZ

modified by Ti. Compared with composite ceramics

prepared by pure PSZ, the introduction of Ti in pre-

cursor greatly reduced the precipitation temperature

of SiC nanograins from the SiCN composite ceramics.

When annealing temperature reached 1500 �C, PDCs-

TiC/SiC/SiCN composite ceramics formed a

microstructure containing abundant nanophases and

nanostructures (including TiC nanocrystals, SiC

nanocrystals and nanowires, graphite nanocrystals

and so on). Owing to the formation of permittivity

gradient between varied nanodielectric loss phases

and appropriate carbon content in matrix, PDCs-

TiC/SiC/SiCN composite ceramics had good input

impedance matching and EM wave absorbing prop-

erty in X band. The minimum RL of samples was

- 17.1 dB at the thickness of 1.9 mm, and the maxi-

mum EAB of RL was 3.2 GHz when the thickness of

sample was 2.1 mm. Meanwhile, previous researches

have shown that the growth of SiC nanocrystals can

be significantly restricted when a large amount of TiC

nanograins are generated in composite ceramics. Due

to pinning and dispersion strengthening, the high-

temperature mechanical properties, oxidation, and

creep resistance of PDCs-TiC/SiC/SiCN composite

ceramics are also greatly improved [18, 46–49]. So the

excellent microwave absorbing performance of

PDCs-TiC/SiC/SiCN composite ceramics will make

it possible to become a promising structural and

microwave absorbing integration material.
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