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Abstract: The SiCy/SiC composites containing PyC interphase were prepared by chemical vapor infiltration process. The influences
of thermal oxidation on the complex permittivity and microwave absorption properties of SiC¢/SiC composites were investigated in
the frequency range of 8.2—12.4 GHz. Both the real and imaginary parts of the complex permittivity decreased after thermal
oxidation. The composites after 100 h thermal oxidation showed that reflection loss exceeded —10 dB in the frequency of 9.7-11.9
GHz and the minimum value was —11.4 dB at 11.0 GHz. The flexural strength of composites decreased but fracture behavior was
improved obviously after thermal oxidation. These results indicate that the SiC¢/SiC composites containing PyC interphase after

thermal oxidation possess good microwave absorbing property and fracture behavior.
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1 Introduction

Microwave absorbing materials have attracted
considerable attention because of its widespread
applications in the fields of electromagnetic interference
(EMI) shielding and radar cross section (RCS) reduction.
Much interest has been focused on the magnetic
absorbers filled polymers, which can effectively absorb
microwave at room temperature but lose their advantages
at high temperatures [1-3]. It is necessary to develop
microwave absorbing materials which can work at high
temperatures in oxidizing environment [4—6]. Although
silicon carbide ceramics have many advantages used as
high temperature microwaves absorbing materials, the
low electrical conductivity limits their microwave
absorbing application potential. In fact, heterogeneous
elements doping and compositing with carbon materials
are two effective methods to improve the microwave
absorbing potential of SiC ceramic [7,8]. On the other
hand, the inherent brittle fracture behavior of monolithic
ceramics limits their application as load-carrying
components. The SiC fibers reinforced SiC matrix
(SiC¢/SiC) composites could display non-brittle fracture

behavior through interphase design [9]. SiC¢/SiC
composites were proposed as potential high temperature
microwave absorbing materials, they do not show a good
microwave absorbing performance due to its high
complex permittivity, especially the imaginary part,
which is mainly contributed by the continuous pyrolytic
carbon interphase with high electrical conductivity and
free carbon in SiC matrix or fibers [10—14]. Up to now,
several methods have been proposed to improve the
microwave absorbing properties of SiCy¢SiC. YU
et al [12] proposed that the matrix fabrication
atmosphere plays an important role in the decrease of
complex permittivity of SiC¢SiC composites. LIU
et al [10] proposed that BN with low complex
permittivity should be adopted as interphase of SiC¢/SiC
composites instead of pyrolytic carbon. However, the
complex permittivity of SiC¢/SiC composites can only be
adjusted to some degree.

It is well known that the free carbon in SiCy/SiC
composites can be eliminated by thermal oxidation.
While, the influences of thermal oxidation on dielectric
and microwave absorbing properties of SiCy/SiC
composites are reported rarely. In the present work, the
SiC¢/SiC composites containing PyC interphase were
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fabricated by chemical vapor infiltration (CVI) process.
The effects of thermal oxidation on dielectric, microwave
absorption and mechanical properties of SiC¢/SiC
composites were discussed by testing its room
temperature complex permittivity, reflection loss and
flexural strength.

2 Experimental

2.1 Preparation of interphase and composites

The continuous KD-1 SiC fibers with diameter of
14 pm were provided by the National University of
Defense Technology, China, and the fabric structure was
2.5D shallow straight-joint shown in reference [11]. The
fiber volume fraction of the fabric was 40%. The PyC
interphase and SiC matrix were fabricated by CVI
process. The C3Hg was the gas precursor, and H, was the
diluent gas of PyC interphase. The temperature and
pressure of CVI-PyC were 800 °C and 7 kPa,
respectively. The SiCH;Cl; was the gas precursor of SiC
matrix, and H, was used as carrier and diluent gases. The
temperature and pressure of CVI SiC process were
1100 °C and 5 kPa, respectively. The SiC matrix
infiltration time was 15 h.

2.2 Characterization

The microstructure of the composites was observed
by a scanning electron microscope (SEM, S—4700,
Hitachi, Japan). The complex permittivity in the
frequency range of 8.2—12.4 GHz was measured by a
network analyzer (VNA; E8362B) using
rectangular waveguide method. The dimensions of test
sample were 22.86 mm x 10.16 mm x 2 mm. The
reflection loss was tested by the Naval Research
Laboratory (NRL) arc method using sample with
dimensions of 180 mm x 180 mm x 2 mm. The length
and width directions were parallel to warp and weft
directions, respectively. Three-point bending tests of
SiC¢/SiC composites were performed at ambient
temperature, with a crosshead speed of 0.5 mm/min and
support span of 30 mm. The test was conducted
following the general guidelines of ASTM standard C
1341, using five specimens. Tensile strength (oy,) was
calculated by

0v=3FL/(2bh*) (1)

vector

where F is the load at a appoint of deflection of a load
displacement curve in test, L is the support span length, b
is the specimen width, and / is the specimen thickness.

3 Results and discussion
3.1 Microstructure of SiC{/SiC composites

Figures 1(a) and (b) show the micrographs of cross
section and Raman spectra of components of SiCy/SiC

composites containing PyC interphase, respectively. As
can be seen from Fig. 1(a), the obvious PyC interphase is
detected between fiber and matrix, and its thickness is
about 100 nm. Figure 1(b) indicates that CVI-SiC matrix
is rich in carbon. The typical D and G bands of Raman
spectrum of free carbon are induced by disorder carbon
and in-plane bond stretching of sp” carbon, respectively.
In addition, two peaks of f-SiC are obvious in Raman
spectrum of CVI-SiC [9,11,12].
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Fig. 1 SEM image of fracture surface morphology (a) and
Raman spectrum (b) of SiC¢/SiC composites

3.2 Dielectric properties of SiC¢/SiC composites
Figures 2(a) and (b) display the real part (¢') and
imaginary part (¢”) of permittivity of SiCy/SiC
composites after thermal oxidation at 900 °C for various
time. The &' decreases from 33 to 23 (at 8.2 GHz) with
the oxidation time increasing from 0 to 100 h and
decreases more rapidly with the increase in frequency.
Meanwhile, slight difference is observed at the frequency
of 9.5—12.4 GHz with the increasing oxidation time. The
&" decreases sharply after thermal oxidation for 6 h, but
the decreasing tendency is not obvious when oxidation
time exceeds 6 h. Generally, the relation between
alternating current conductivity (o) and &” of the
composites can be described according to Eq. (2):

n — gs _ng Z_+ O-
1+ (w7) 2ng, f

2

where f is frequency of electromagnetic wave, & is the
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dielectric constant in vacuum, &is the static permittivity,
&, is the relative dielectric permittivity at the high
frequency limit, w is the angular frequency and 7 is the
relaxation polarization time [15]. The permittivity of
pure SiC materials is relatively small. Based on the
previous reports [16], the conductivity may also play an
important role in the &' of materials although their
relation is not known well so far. It is believed that the
typical conductivity of free carbon is much higher than
that of pure SiC materials. So, the free carbon mainly
determines the complex permittivity of SiCy¢/SiC
composites.
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Fig. 2 Real (a) and imaginary (b) parts of SiC¢/SiC composites
after thermal oxidation at 900 °C for various time

Table 1 shows the mass changes and room
temperature conductivity after thermal oxidation at
900 °C for various time. The mass decreases by 2.99%
after thermal oxidation for 2 h and increases slightly with
the increasing oxidation time. After thermal oxidation for
2 h, the conductivity decreases sharply from 0.142 to
2.5%x1077 S/cm, then decreases slightly to 4.5x10'° S/cm
after oxidation for 100 h.

The porosity of SiC¢/SiC composites after thermal
oxidation is shown in Table 1. There is an obvious
increase in open porosity after thermal oxidation for 6 h.
After thermal oxidation for 21 h, the porosity shows a
slight decrease.

Table 1 Mass change, electrical conductivity and porosity of
composites after thermal oxidation at 900 °C for various time
Oxidation Mass

Electrical

time/h change/% conductivity/(S-cm™") Porosity/%
As-received - 0.142 9.0
2 -2.99 2.5x1077 9.5
6 -2.93 3.4x10°® 10.0
21 -2.90 2.3x107° 10.2
45 -2.90 7.5x1071° 10.1
100 -2.89 4.5x107"° 9.9

There are three phenomena in the oxidation process
of SiC¢SiC composites with PyC interphase:
consumption of carbon, formation of silica and diffusion
of oxygen and carbon oxides along the pores. The
oxidation reactions probably proceed as follows [17—20]:

2C+0,=2CO (3)
C+0,=CO, 4)
28iC+30,=2Si0,+2CO 5)
SiC+20,=Si0,+CO, (6)

Figure 3 shows the schematic illustration of
diffusion process of oxygen in SiC¢/SiC composites
containing PyC interphase. The consumption of carbon
and formation of silica could lead to mass loss and gain
of SiC¢/SiC composites, respectively.
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Fig. 3 Schematic diagram of diffusion process of oxygen in
SiCy¢/SiC composites

These results show that the oxidation of free carbon
can lead to the mass loss and decrease electrical
conductivity of SiC¢/SiC composites. The pores may be
sealed by formation of silica and oxidation of carbon is
inhibited after oxidation for too long time, which can
porosity first and
Consequently, there is a little change of ¢” when the
oxidation time extends 6 h. And the decrease of ¢’ and &"

increase the then decrease.

should be attributed to the consumption of free carbon in
SiC¢/SiC composites.
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3.3 Microwave absorbing properties of SiC:/SiC

composites

Figure 4 shows the reflection loss (RL) of
as-received and oxidized SiC¢/SiC composites at X band.
It can be observed that the value of reflection loss of
as-received composites is higher than —1 dB. The RL
value of SiC¢/SiC composites decreases obviously with
the increasing oxidation time. The peak values of
composites after 2 and 6 h thermal oxidation are —5.1 dB
at 8.2 GHz and —7.5 dB at 8.7 GHz, respectively. Also,
the reflection loss below —10 dB (about 90% absorption)
for composites after 100 h thermal oxidation is in the
range of 9.7-12.0 GHz, a minimum RL value of
—11.4 dB was obtained at 11.0 GHz.
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Fig. 4 Reflection loss of as-received composites and
composites after thermal oxidation at 900 °C for various time

As the ideal microwave absorbing materials, they
must satisfy two prerequisites: the impedance of free
space and the material surface can match; and materials
can absorb incident microwaves as many as possible
inside of materials. The two prerequisites require the
complex permittivity close to complex permeability and
materials exhibit strong magnetic or/and dielectric loss,
respectively. The relation between reflection loss and
electromagnetic parameters of a material is usually
illustrated as follows:

Zin _ZO
Z,+Z,

Zin = ZO\/gtanh(J(z%ﬁ)V Hi &) J (8)

where Z; is the characteristic impedance of free space,
Ziy, is the input characteristic impedance at the
absorber/free space interface, ¢ is the velocity of light, ¢
is the thickness of an absorber, ¢, and y, are the measured
relatively permittivity and permeability,
respectively [8].

In the present work, the composites are non-

RL =20lg (7)

complex

magnetic and g, is taken as 1.0. The thickness of all
samples is 2 mm. So, the sample’s reflection loss is
determined only by its complex permittivity. For the as-
received composites, the value of ¢” is about three times
higher that of &', meaning the obvious impedance
mismatch between air and the composites. The
microwave is reflected strongly on the surface of the as-
received composites. So, the microwave absorbing
property of as-received composites is very poor although
its dielectric loss is strong. After thermal oxidation, the
¢" decreases obviously and almost keeps consistent with
the ¢’, indicating that the impedance match characteristic
was improved. The microwave reflection on the surface
of composites should be reduced. Therefore, the
microwave absorbing property of SiC¢/SiC composites
was improved by thermal oxidation.

3.4 Mechanical properties of SiC#/SiC composites
Figure 5 shows the typical stress—displacement
curves and flexural bending strength of SiCySiC
composites after thermal oxidation at 900 °C for various
time. It is observed that the fracture behavior of the as-
received composites is brittle and the stress drops
directly after its maximum value. After oxidation, the
fracture behavior of the composites turns to ductile
behavior after the fracture failure. While after thermal
oxidation for 100 h, the fracture behavior of the
composites exhibits brittle fracture again. Figure 6 shows
the residual flexural bending strength of SiCy/SiC
composites after oxidation. The flexural strength of the
composites decreases constantly with the extension of
oxidation time. Figure 7 shows the fracture surface
morphology of oxidized composites after bending test. It
can be observed that the fracture surface of as-received
composites is very plane and no pull out fibers can
be seen in Fig. 7(a). For the composites oxidized for 2 h
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Fig. 5 Typical stress—displacement of as-received composites
and composites after thermal oxidation at 900 °C for various

time
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Fig. 6 Residual flexural strength of composites after oxidation
at 900 °C for various time

shown in Fig. 7(b), obvious pull out fibers dominate the
fracture surface indicating the weak fiber-matrix
bonding. From oxidized composites, the obvious gap
between fiber and matrix can be seen in Fig. 7(c).
However, for the composites oxidized for 100 h, it can be
seen from Fig. 7(d) that the pull out fibers are much
shorter than composites oxidized for 2 h and 4 h.

It is well known that the fracture behavior and
strength of continuous fiber reinforced ceramic matrix
composites were determined mostly by the fiber matrix
interface characteristic and fiber strength. After
oxidation, the PyC interphase was consumed around the

fibers, so the fiber—matrix bonding was weakened. The
mechanism of debonding among the matrix and fibers
and pull out of fibers can take place easily. However, the
generated SiO; layer on the surface of the matrix makes
the fiber—matrix bond strongly and bring about that the
fibers cannot pull out easily when the oxidation time was
too long. Therefore, the composites oxidized for 100 h
exhibit brittle fracture behavior. The published literatures
demonstrate that the used KD-1 SiC fiber was rich in
carbon [14,21]. Both the consumption of free carbon and
formation of silica layer can degrade the flexural strength
of the SiC fibers [22,23]. Consequently, the decrease of
in-situ strength of KD-1 SiC fibers after oxidation at
900 °C should lead to the decrease of residual strength of
SiC¢/SiC composites.

4 Conclusions

Thermal oxidation was proposed to improve the
microwave absorbing properties of SiC¢/SiC composites
containing PyC interphase. The microwave absorbing
potential was enhanced by improving the impedance
matching characteristic between the composites and air
and weakening the microwave reflectivity. The best
reflection loss value of SiC¢/SiC composites after thermal
oxidation reaches —11.4 dB, and its absorbing band is 2.3
GHz (RL<-10 dB). The flexural strength of composites
decreased obviously but the fracture behavior was
improved obviously after thermal oxidation.

Fig. 7 SEM images of fracture surface of composites after bending test: (a) As-received; (b) Oxidized for 2 h; (¢) Oxidized for 4 h;
(d) Oxidized for 100 h
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