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Microwave dielectric properties of Nextel-440 fiber fabrics with
pyrolytic carbon coatings in the temperature range from room
temperature to 700 °C*
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Pyrolytic carbon (PyC) coatings are deposited on the Nextel-440 fiber fabrics by chemical vapor deposition (CVD).
The dielectric properties of the Nextel-440 fiber fabrics with PyC coatings (Nextel-440/PyC) are investigated in a tempera-
ture range from room temperature to 700 °C in X-band. Compared with the permittivity of the original Nextel-440 received,
the complex permittivity of the Nextel-440/PyC (the real part € and the imaginary part €”), is significantly improved: &’
of the Nextel-440/PyC has a positive temperature coefficient, in contrast, €” of the Nextel-440/PyC exhibits a negative
temperature coefficient. Moreover, the reflection loss in units of dB is calculated. The results indicate that the microwave
absorbing properties of the Nextel-440/PyC coatings is enhanced at 700 °C compared with that at lower temperatures.
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1. Introduction

Microwave absorbing materials have attracted much at-
tention because of their civil and military applications./!~0]
These materials ideally possess low density, favorable me-
chanical properties, and appropriate dielectric properties for
strong microwave absorption over a wide frequency range.
Sometimes, they are used in high temperature environ-
ments.!”] For this, the high temperature dielectric property
of a material of this kind is one of the most important pa-
rameters, and many studies has been carried out to determine
this.[®-131 Wen et al.!!and Song et al.!'%) reported the dielec-
tric properties of short carbon fiber/silica composites in a tem-
perature range from 30 °C to 600 °C and those of carbon-
nanotube/silica composites in a temperature range between
100 °C and 500 °C. Tian et al.!"?! and Liu et al.!"*! investi-
gated the dielectric properties of SiC fiber-reinforced SiC ma-
trix composites in a temperature range from 25 °C to 700 °C.

Ceramic matrix composites (CMCs) have been recog-
nized as candidate materials for high-temperature structural
applications because they are lightweight and exhibit a much
greater resistance to high temperature and aggressive en-
vironments than metals or other conventional engineering

141 Ag is well known, continuous fiber reinforced

materials.
ceramic composites (CFCCs) can provide a significant amount
of toughness and avoid catastrophic failure. Because of this,
CFCCs have been investigated intensively as structure mi-
crowave absorbing materials at high temperature. The con-

tinuous fibers in CFCCs are mostly ceramic. These ceramic
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fibers and their fabrics can be used as reinforcement in CFCCs,
which is attracting increasing levels of attention.">) Among
the different kinds of ceramic fibers, the commercial available
Nextel series of Al,Oj3 fibers produced by Minnesota Min-
ing and Manufacturing Corporation (3M) have aroused much
interest.['®] Pyrolytic carbon (PyC) coating has become well
known as one of the best interphase materials between fiber
and ceramic matrix for CFCCs, providing excellent mechan-
ical properties.!!”!8] At the same time, the PyC interphase
coating also affects other physical properties of the ceramic
fibers and the CFCCs, such as dielectric properties. Ding et
al." investigated the effect of PyC coatings on the dielec-
tric properties of the Nextel-440 fiber fabrics at room temper-
ature. However, results about the effect of PyC coatings on
the dielectric properties of the Nextel-440 fiber fabrics at high
temperature have never been reported.

In this paper, PyC coatings are deposited on the Nextel-
440 fiber fabrics by chemical vapor deposition (CVD). The
dielectric properties of the Nextel-440 fiber fabrics with PyC
coatings-Nextel-440/PyC, are investigated in a temperature
range from room temperature (RT) to 700 °C in X-band.
Moreover, the reflection loss in units of dB indicating the ab-
sorbing property of the Nextel-440/PyC is calculated.

2. Materials and methods

The continuous Nextel-440 fibers were produced by 3M
corporation and brained by Nanjing Class Fiber Institute
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(China). The parameters of the Nextel-440 fibers fabrics could
be found in Ref. [19].

The PyC coatings were deposited on the Nextel-440 fibers
by decomposition of C3Hg at 800 °C for 1.5 h at a pressure of
5 kPa, arriving at a thickness of about 0.15 um. C3Hg was the
gas precursor, and Hy was chosen as the diluent gas. The flow
rates of C3Hg and H, were 1500 ml/min and 1000 ml/min,
respectively.

The morphologies of the original Nextel-440 fibers and
the Nextel-440/PyC were observed by scanning electron mi-
croscopy (SEM) (Model SUPRA-55, Zeiss, Germany and S-

technologies E8362B). The size of the tested samples was
22.86 mm (length) x10.16 mm (width) x2 mm (thickness).
The measurement details were reported elsewhere.>"! The
tested samples were treated as shown in Fig. 1. The final prod-
uct was a transparent glassy material, which densified the fiber
fabrics, avoiding the dispersing of fiber bundles in fabrics and
preventing the oxidization of the PyC coatings in the samples.
The parameters of the tested samples after this treatment are
listed in Table 1.

Table 1. Parameters of the samples after treatment at room temperature.

4700, Hitachi, Japan). The dielectric property was, respec- Samples Fifber T/orlj;ne /Densif}; Porosity/%
tively, measured at room temperature, 300 °C, 500 °C, and raction/% gcm
700 °C in X-band, by the rectangular wave-guide method Nextel-440 40 2.16 8.16
. . Nextel-440/PyC 40 2.09 8.37
through using a vector network analyzer VNA (Agilent e Y
repeated
Nextel-440 fiber fabric; v for 10 times
Nextel-440/PyC;
vacuum-impr vacuum porosity of the
egnated sintered at anti-oxidation
hydrolysate: 1000 °C for matrix (<10%)
TESO:Co;H;0H:H,O:HCI1 30 min
1:1:0.5:0.01
A
imbedded in Al,O3 dried impregnated in
samples for measurement .
powders sintered at super-saturated
500 °C for 30 min baricacid solution

Fig. 1. Flowchart of the treatment of samples.

3. Results and discussion
3.1. Microstructures

Figure 2 shows the morphologies of the Nextel-440 fibers
before and after PyC deposition. Before PyC deposition, the
surfaces of the original Nextel-440 fibers are rough, and there

are some pimples and defects (Fig. 2(a)). After the PyC de-
position, the surfaces become relatively smooth and no bridg-
ing is detected (Fig. 2(c)). Figures 2(b) and 2(d) present the
cross sections of the Nextel-440 fibers before and after PyC
deposition, indicating that the PyC coating has been deposited
uniformly. The thickness of the PyC coating is about 0.15 pm.

50\ pim

Fig. 2. SEM images, showing (a) the surface and (b) the cross section of the original Nextel-440 fiber, and (c) the surface and (d) the cross section of the

Nextel-440/PyC.
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3.2. High temperature dielectric property

The dielectric property is characterized in terms of the
relative complex permittivity, with the real part € and the
imaginary part €”. Figure 3 shows the values of complex per-
mittivity of the samples at different temperatures. As can be
seen, the values of relative complex permittivity of the Nextel-
440/PyC is bigger than that of the Nextel-440 fiber fabrics at
each temperature, which results from more polarizations and
conduction loss caused by the as-deposited PyC coatings. "]
In addition, it can be found that the complex permittivity (both
€' and €”) of the original Nextel-440 fiber fabrics slightly in-
creases as the temperature rises. It is also observed that €’
of the Nextel-440/PyC increases with increasing temperature,
indicating a positive temperature coefficient; while €” of the
Nextel-440/PyC decreases with increasing temperature, indi-
cating a negative temperature coefficient.

According to the Debye theory, the complex permittivity
of the composites could be expressed as

& — €
=g f (1)
1+ w27 (T)*
" & — Ew o(T)
- 5™ ot(T)+ 7 )
1+ w2t (T)? 1) 2neo f

where & is the high frequency limiting value of permittivity,
& is the static value of permittivity, & is the dielectric con-
stant in vacuum, @ = 27z f is the angular frequency, f is the
frequency of the incident wave in Hz, 7(T') is the relaxation
time at a specific temperature 7, and o(T) is the electrical
conductivity at a specific temperature 7. According to the Ar-
rhenius formula, '8! the relaxation time 7(7') can be described

E,
T(T)=T19exp (RT) ) 3)

Based on Egs. (1) and (3), the positive temperature co-
efficient of the real part & of the Nextel-440/PyC as shown
in Fig. 3(a), results from the shortened relaxation time at the

as

elevated temperature.>!l For the Nextel-440/PyC, the origi-
nal Nextel-440 fiber is composed of 70% Al,O3, 28% SO,
and 2% B,03 by weight and formed in the main of small -
alumina in amorphous silica;?*! the as-deposited PyC coating
has been confirmed to consist of micro-crystallite graphite and
disordered carbon.!'>?3! There are free electrons in graphite
plane and weak bond electrons among graphite planes in the
PyC coating. The weak bound electrons in the PyC coating in-
troduce the relaxation polarization. The shortened relaxation
time at the elevated temperature can cause more polarizations.

Compared with the slightly increasing trend of the imag-
inary part €” of the original Nextel-440 fiber fabrics in the
temperature range studied, the imaginary part £” of the Nextel-
440/PyC presents a decreasing trend, as shown in Fig. 3(b), in-
dicating a negative temperature coefficient. It can be noted that

the as-deposited PyC coating contributes to this phenomenon
of the imaginary part €’ of the Nextel-440/PyC.

——RT
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Fig. 3. Variations of complex permittivity ((a) real part & and (b) imag-
inary part €”) with frequency for samples at different temperatures.

Equation (2) shows that €” is determined by the relax-
ation time and electrical conductivity of the composites. For
most of dielectric materials, conduction loss is the most im-
portant factor that affects the permittivity €”. In the case of the
Nextel-440/PyC, the electrical conductivity at room tempera-
ture of original Nextel-440 fiber is about 5x 107> S-cm™'and
that of the Nextel-440 fiber with around 0.15-pum thick PyC
coatings is about 334 S-cm~!. The as-deposited PyC coating
has a significantly higher conductivity because of the existence

of m-bonding, ']

so the electrical conductivity would play a

dominant role in the imaginary €”. Thus, €” of the Nextel-

440/PyC can be expressed as

o o)
27'178()][7

“

where o (T) is the electrical conductivity at a specific temper-
ature.

Precisely, how the temperature dependence of €” of the
Nextel-440/PyC declines is not yet well understood. Figure 4
shows the variations of complex permittivity with frequency
for the Nextel-440/PyC sample, measured at room temperature
before and after the high temperature measurement. As can
be seen, the complex permittivity of the Nextel-440/PyC be-
fore and after the high temperature measurement has changed
slightly, which could be ignored, indicating that most of the
PyC coatings are not oxidized during the high temperature
measurement process.
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Fig. 4. Variations of complex permittivity with frequency of the Nextel-
440/PyC sample, measured at room temperature before and after the
high temperature measurement.

3.3. High temperature microwave absorption

The high temperature microwave absorbing properties is
evaluated by calculating the reflection loss (RL) according to
the transmission line theory mentioned in Ref. [21]. For this
case, d is taken to be 2 mm, and U, can be taken to be 1 due
to the weak magnetisms of the samples. Figure 5 shows the
curves of calculated RL (in units of dB ) versus frequency
of the samples at different temperatures. Figure 5(a) shows
that the values of RL increase with temperature rising, indi-
cating that the microwave absorbing property of the original
Nextel-440 fiber fabrics at 700 °C is poorer than at lower tem-
perature. As presented in Fig. 5(b), the values of RL of the
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Fig. 5. Curves of calculated RL versus frequency for (a) the original
Nextel-440 fiber fabrics and (b) the Nextel-440/PyC at different tem-
peratures.

Nextel-440/PyC decrease with increasing temperature, which
implies that the microwave absorbing properties at 700 °C is
stronger than at lower temperatures.

4. Conclusions

In this paper, for the first time, the microwave dielectric
properties of the Nextel-440 fiber fabrics with PyC coatings
are reported in a temperature range from room temperature
to 700 °C in X-band. The results show that the real part &’
of complex permittivity of the Nextel-440/PyC has a positive
temperature coefficient; in contrast, the imaginary part £’ ex-
hibits a novel negative temperature coefficient. Moreover, the
microwave absorbing property of the Nextel-440/PyC is cal-
culated, which is stronger at 700 °C than at the lower temper-
ature in the temperature range studied. This report provides
a reference for future studies of fiber/matrix composites with
pyrolytic carbon interphase coatings used in high temperature
environments.
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