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Abstract

SiCf/SiC composites containing PyC interphase were prepared by chemical vapor infiltration and their properties were investigated for

electromagnetic interference (EMI) shielding applications in the frequency of 8.2–12.4 GHz. The room temperature direct current

electrical conductivity (sdc) and EMI shielding effectiveness (SE) were tested after thermal oxidation for various time at 900 1C. It was

found that the EMI was shielded mainly by absorption for both as-received and oxidized SiCf/SiC composites. Both sdc and SE of SiCf/

SiC composites decrease after thermal oxidation at 900 1C. It was proposed that the free carbon, including PyC interphase and free

carbon in matrix and fibers, mainly determines the EMI SE of composites. The decrease of sdc and SE of composites after oxidation are

attributed to the consumption of free carbon. The SE of SiCf/SiC composites with a thickness of 2 mm remains above 15 dB after

thermal oxidation for 4 h in air at 900 1C.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Electromagnetic interference (EMI) has become a ser-
ious problem with the widespread use of electronic devices.
Materials used for EMI shielding are attracting more and
more attention for the purpose of protecting the work-
space and the environment from the radiation emitted by
electronic devices [1]. The common way of eliminating
EMI is to use metal or carbon/polymer composites [1–7] as
shielding packages. However, the high density and low
corrosion resistance of metals limit their applications. In
addition, carbon/polymer composites cannot be used as
EMI shielding components working at high temperature.
Ceramic matrix composites have their advantages to be
used in oxidizing environment at high temperature. In the
last few years, reports show that Si3N4–SiC and PyC–
Si3N4 ceramics exhibit excellent EMI shielding properties
[8,9]. And, Shi et al. prepared CNTs/zirconia composites
by spark plasma sintering, and found that EMI shielding
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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effectiveness of the composite increases with the increasing
content of CNTs [10]. Wang et al. prepared ordered
mesoporous carbon/fused silica composites by a control-
lable but simple sol–gel method followed by hot-pressing.
The EMI shielding efficiency of ordered mesoporous
carbon/fused silica composites is as high as 40 dB [11].
Furthermore, Yin et al. found that the EMI shielding
effectiveness of yttria-stabilized zirconia/silicon carbide
composites reach to 16.2 dB over the frequencies ranging
from 8.2 GHz to 12.4 GHz [12].
It has been recognized that SiC fibers reinforced SiC

matrix (SiCf/SiC) composites are excellent thermal struc-
tural materials for aerospace, aeronautical and nuclear
applications due to their outstanding high temperature
strength, fracture toughness, chemical inertness and low
activation characteristics [13,14]. It was found that there
are obvious electric and dielectric losses in chemical vapor
infiltration (CVI) SiC [9,15,16]. However, the reports on
EMI shielding property of SiCf/SiC composites are rare. In
the present paper, the SiCf/SiC composites were fabricated
by CVI of PyC and SiC as interphase and matrix,
respectively. The effects of thermal oxidation on EMI
ll rights reserved.
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shielding properties of SiCf/SiC composites were analyzed
by testing its room temperature sdc and scattering
parameters.

2. Experimental

2.1. Materials fabrication

The KD-I SiC fibers were provided by National Uni-
versity of Defense Technology (China). Table 1 shows the
parameters of SiC fibers [16]. The fabrics were braided by
Nanjing Glass Fiber Institute (China). The fabrics struc-
ture is 2.5D shallow straight-joint shown in Fig. 1. The
yarn densities of warp and weft are 6 and 8 yarn/cm,
respectively. The total fiber volume fraction of the fabrics
is about 40%.

The fabrication process of PyC interphase is according
to that of Ding et al. [17]. Then, the SiC matrix was
fabricated by CVI. The SiCH3Cl3 (MTS) is the gas
precursor, and H2 is used as carrier and diluent gases.
The temperature and pressure of CVI process are 1100 1C
and 5 kPa, respectively. And the flow ratio of H2 as carrier
gas and diluent gas are 300 and 30 ml/min, respectively.
The infiltration time is 15 h.

2.2. Microstructure characterization

A Raman spectrometer (LabRAM HR800) was utilized
using the 514.5 nm line of an argon-ion laser as the
excitation source for spectroscopic characterization of
Table 1

Parameters of KD-I SiC fibers.

Fiber type Diameter (mm) Density (g/cm3) Tension strength (MPa)

KD-I 14�16 2.54 1800�2200

Fig. 1. Schematic showing of fabrics structure.
SiC fibers, PyC interphase and CVI SiC matrix. The
Raman test of fiber and matrix were carried out in
composites. The PyC sample for Raman test was exploited
from Al2O3 substrate. The microstructure of the compo-
sites was observed by a scanning electron microscope
(SEM, S-4700, Hitachi, Japan).

2.3. Measurement of scattering parameters and electrical

conductivity

Based on previous literatures [8,9,12], the EMI SE of a
material is defined as the ratio of transmitted powder (Pt)
to incident powder (Pi) of an electromagnetic wave. The
SE is measured in unit of dB and is given by

SE ¼ �10 log
Pt

Pi

� �
ð1Þ

The total EM shielding effectiveness (SET) of a material
is the combination of the surface reflection (SER), the
internal absorption (SEA) and multiple internal reflection
of the EM wave (SEM). The combination is expressed as
follows:

SET ¼ SERþSEAþSEM ð2Þ

Generally, when SET415 dB, EMI is shielded mainly
by reflection and/or absorption. Thus, EMI SE can be
described by [12]

SET � SERþSEA ð3Þ

The SER and SEA can be calculated conveniently
according to the reflection coefficient (R) and transmission
coefficient (T) by the following equations:

SER ¼�10 log 1�Rð Þ ð4Þ

SEA ¼�10 log T= 1�Rð ÞÞ
�

ð5Þ

where R and T can be directly calculated according to the
following equations:

R¼ 9S119
2
¼ 9S229

2
ð6Þ

T ¼ 9S129
2
¼ 9S219

2
ð7Þ

The scattering parameters (S-parameters: S11, S12, S22
and S21) in the frequency range 8.2–12.4 GHz were
measured by a vector network analyzer (VNA; E8362B)
using rectangular waveguide method. The size of test
sample was 22.86 mm (length)� 10.16 mm (width)� 2 mm
(thickness). The length and width directions were parallel
to warp and weft directions, respectively.
The DC electrical conductivity (sdc) of composites was

calculated according to

sdc ¼ 1=r¼
L

RS
ð8Þ

where r is the special conductivity, R is the resistance
paralleled to weft of composites, S is the cross section area
of composites, and L is the length of composites.



Fig. 3. Raman spectrum of CVI SiC matrix (a), PyC interphase (b) and

KD-1 SiC fiber (c).
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3. Results and discussion

3.1. Microstructure characterization

Fig. 2 shows the micrographs of cross section of as-
prepared composites. As can be seen, there is a uniform
PyC interphase between fiber and matrix, and its thickness
is about 120 nm. The Raman spectrum of CVI SiC matrix,
PyC interphase and KD-1 SiC fiber are shown in Fig. 3a, b
and c, respectively. Observed from Fig. 3a–c, the D and G
peaks at about 1350 and 1600 cm�1 are attributed to sp3

and sp2 bonded carbon, respectively. It can be detected
that both KD-I SiC fibers and CVI SiC matrix are rich in
carbon. The rich carbon in CVI SiC matrix was attributed
to different reaction kinetics of the silicon and carbon
species decomposed from MTS. For CVI SiC matrix, the
incompletely separated D and G peaks show that the
graphitization degree of free carbon is lower than that of
KD-1 fibers and PyC interphase. In addition, two peaks at
790 and 970 cm�1 corresponding to b-SiC are obvious for
CVI SiC matrix but not for KD-I SiC fibers. The reasons
are proposed as follows: on one hand, the Raman scatter-
ing efficiency of carbon species can be assumed to be at
least ten times higher than that of pure SiC materials due
to their optical absorption [18]; on the other hand, the
graphitization degree of free carbon is lower than that of
KD-I fibers.

3.2. Changes of weight and DC electric conductivity

Table 2 shows the changes of room temperature con-
ductivity and weight change after thermal oxidation at
900 1C. After thermal oxidation for 1 h, the conductivity
decreases sharply from 0.112 to 1.32� 10�7 S/cm, then
decreases slightly to 2.33� 10�8 after oxidation for 4 h.
The weight decreases 3% after thermal oxidation for 1 h
and increases slightly.

It was recognized that the oxidation of SiCf/SiC com-
posites with PyC interphase involves three phenomena
Fig. 2. SEM of low (a) and high (b) magnification frac
[19,20]: (1) consumption of carbon according to Eqs. (9)
and (10); (2) formation of silica according to Eqs. (11) and
(12); (3) diffusion of oxygen and carbon oxides along the
pores [18,19].

2CþO2 ¼ 2CO ð9Þ

CþO2 ¼ CO2 ð10Þ
ture surface morphologies of SiCf/SiC composites.



Table 2

Electrical conductivity and weight change of composites after thermal oxidation.

Oxidation time (h) As received 1 h 2 h 3 h 4 h

Electrical conductivity (S/cm) 0.112 1.32� 10�7 1.18� 10�7 2.8� 10�8 2.33� 10�8

Weight change (%) – �3.0 �2.99 �2.94 �2.94

Fig. 4. SER, SEA and SET of SiCf/SiC composites after thermal oxidation for various times at 900 1C.
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2SiCþ3O2 ¼ 2SiO2þ2CO ð11Þ

SiCþ2O2 ¼ 2SiO2þCO2 ð12Þ
At higher temperature, the pores may be sealed by forma-
tion of silica and the oxidation of carbon is inhibited. Previous
investigations show that the consumption of PyC interphase
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and formation of silica can influence the mechanical properties
of SiCf/SiC composites. However, in the present paper, we pay
attention to the influences on electrical properties of SiCf/SiC
composites.

The value of electrical conductivity of turbostratic
carbon is much higher than pure SiC, so the conductivity
of SiCf/SiC composites should mainly depend on turbo-
stratic carbon in fibers, PyC interphase and SiC matrix.
Thus, the consumption of turbostratic should be consid-
ered as the reason of weight loss and decreasing of
conductivity of SiCf/SiC composites. In addition, the slight
variations of weight and conductivity after 2 h thermal
oxidation is due to the fact that turbostratic carbon is
insulated with oxygen by silica.

3.3. EMI shielding properties SiCf/SiC composites

Fig. 4a–c shows the effects of thermal oxidation at 900 1C
on SER, SEA and SET of SiCf/SiC composites. It can be seen
that EMI was shielded mainly by absorption in the case of
SiCf/SiC composites, and the values of SER, SEA and SET of
composites decrease with increasing thermal oxidation time.

From the results above, it can be concluded that the
EMI shielding properties of the composites deteriorate to
some degree after thermal oxidation. The pure SiC materials
cannot shield EMI because of its low electrical conductivity.
Although the conductivity of turbostratic carbon is not
available at present stage, the typical value of its conductiv-
ity is much higher than that of pure SiC materials.
Generally, the relations between conductivity and EMI SE
of composites are described as

SER ¼ 39:5þ10 log s=ð2pfu
� �

Þ ð13Þ

SEA ¼ 8:7d
ffiffiffiffiffiffiffiffiffiffi
pfus

p
ð14Þ

where f is the frequency of EM wave, u is the magnetic
permeability, d is the specimen thickness, and s is the
electrical conductivity [6]. For SiCf/SiC composites, the free
carbon mainly determines the EMI SE of composites. Thus,
the decrease in EMI SE should be attributed to the
consumption of free carbon in SiCf/SiC composites. In
addition, there are obvious distinctions between experimen-
tal data and theory data calculated according to Eqs. (12)
and (13). The reason may be that Eqs. (12) and (13) are
obtained for conductive materials [6].

Although the EMI shielding properties of SiCf/SiC
composites deteriorate to some degree, the EMI SE
remains above 15 dB after thermal oxidation at 900 1C
for 4 h in air, indicating the advantages of SiCf/SiC
composites as structural EMI shielding materials working
in high temperature oxidizing environment.

4. Conclusions

The EMI shielding properties of SiCf/SiC composites
containing PyC interphase were investigated. It was found
that the absorption mainly contributes EMI shielding
effectiveness of SiCf/SiC composites. And, the EMI SE
of SiCf/SiC composites decreases obviously after thermal
oxidation at 900 1C. It was proposed that the free carbon,
including PyC and free carbon in matrix and fibers, mainly
determines the EMI SE of composites. The deterioration
of EMI shielding properties was attributed to the con-
sumption of free carbon in the process of thermal oxida-
tion. The EMI SE of SiCf/SiC composites with a thickness
of 2 mm remains 15 dB above after thermal oxidation at
900 1C for 4 h in air, indicating the advantages of SiCf/SiC
composites as structural EMI shielding materials working
in high temperature oxidizing environment.
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