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and the electrical resistivity of these fibers was investigated and compared. The re-
sults indicated that carbon layer was the main conductive phase in the SiC fibers ob-

tained by means of one step pyrolysis, whereas a free carbon phase governed the
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1. Introduction

The silicon carbide (SiC) fibers are typically used as reinforcement for high tempera-
ture structural ceramic composites due to their excellent tensile strength, stiffness and
high temperature resistivity in oxidizing atmosphere. Besides the prominent mechani-
cal properties, the SiC fibers also exhibit attractive electrical properties. The SiC fibers
are n-type semiconductors with a controllable electrical resistivity (p) between 107 - 10°
Q-cm [1]. The specific resistivity of the fiber can be adjusted via heat treatment [2],
surface modification [3] or heteroatom doping [4] [5], ef al For example, the Nippon
Carbon company produced a commercial type of SiC fibers (trade name: Nicalon
NL-607) coated with a carbon layer. This fiber shows different p in the range of 107" -
10° Q-cm according to different carbon layer thickness [3]. The tunable electrical con-
ductivity together with the excellent high-temperature thermal and mechanical proper-
ties makes the SiC fibers powerful candidate materials for functional applications [6]

(7] [8].
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Functional gradient materials (FGM) are composite materials contain gradients in
morphology or in composition. Such gradients bring the FGMs a number of advantages
that make them attractive in potential applications. For the SiC fibers fabrication, a
ZrO,/SiC fiber with radial gradient composition was prepared by the Ishikawa’s group
[9]. This gradient fiber exhibits excellent strength and alkali resistance owing to its gra-
dient surface layer. Actually, owing to the unique features of the fabrication process, the
polymer-derived SiC fibers are more or less innate gradient along the radial direction
(so-called core-shell structure). But, as a real FGM, the continuous SiC fibers with gra-
dient structure and properties in the axial direction have never been reported.

In this paper, we prepared a SiC fiber with a periodically varying electrical resistivity
in the axial direction. The structure alternation of the SiC fiber along the axial direction
was investigated by X-ray diffraction (XRD), transmission electron microscopy (TEM)
and auger electron spectroscopy (AES). Base on these analyses, the relationship be-

tween the structure and the electrical properties of the graded fibers are discussed.

2. Experiments

The pyrolysis apparatus of gradient SiC fibers was illustrated in Figure 1. A rotating
spool having the shape of an ellipse was employed in this system to periodically adjust
the rolling speed during the pyrolysis process. The cyclic rolling speed led to a periodic
variation of the pyrolysis time and subsequently resulted in a periodic varied structure
of the as-received fibers. All of the pyrolysis experiments in this study were conducted
at 1300°C and the temperature was measured by a thermocouple sited in the middle of
the furnace.

The oxygen-cured polycarbosilane (PCS) fibers, provided by the National University
of Defense Technology [10], were adopted as starting materials for the preparation of
gradient SiC fibers. They have a molar composition of SiC, 5,0, ¢3sH, s and a mean di-
ameter of 15 um with 600 filaments in a bundle. In the experiments, the cured PCS fi-
bers were pyrolyzed under two different pyrolysis modes. In the first pyrolysis mode,
namely the one step pyrolysis mode, the cured PCS fibers were directly converted into
SiC fibers via drawing through the corundum tube of the pyrolysis furnace by the ellip-
tic rotating spool. In the second pyrolysis mode, denoted as the two step pyrolysis
mode, the cured PCS fibers were firstly heat treated at 800°C for 10 minutes to obtain
pre-pyrolysis fibers and then the pre-pyrolysis fibers were converted into SiC fibers by

drawing through the corundum tube in the same way as in the one step pyrolysis
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Figure 1. Schematic diagram of a general process for preparation of graded ceramic fiber in the
axial direction.
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mode. The as-received fibers derived from the one step and two step pyrolysis modes,

were labeled as I-SiC and II-SiC, respectively.

Characterization of the SiC Fibers

For the structure and properties investigation, the as-received fibers were cut into small
segments with a length of 25 mm. The following measurements were applied to each
single segment.

The morphology of the gradient SiC fibers was observed by using a scanning electron
microscope (SEM, S-4800, Hitachi). The crystal phases of the fibers were identified with
an X-ray diffractometer (Rigaku Co., Type Max2550, Tokyo, Japan) using Cu Ka radia-
tion, and the apparent size of B-SiC crystallite was calculated from the half value width
of (111) peak using Scherrer’s formula. Auger electron spectroscopy (AES, PHI-700,
ULVAC-PHI) characterization was performed with a scanning 40 nm microprobe
equipped with an Ar+ sputtering gun. The variations of the intensities of the Auger
electron peaks as a function of the sputtering depth were used to draw semi-quantita-
tive composition-depth profiles from the sample surface.

The resistance (R) of the fiber segments was directly measured by an ultra high resis-
tance meter (Model-TH2683, Tonghui) using single filament of length (L) 10 mm at
ambient temperature. The specific resistivity (p) was calculated from the resistance ac-
cording to the equation: p = d’R/4L. Diameter (d) of fiber was determined using opti-
cal microscopy. The tensile strength (o) of the fibers was measured using a tensile test-
ing machine (YG-001, Taicang) with a gauge length of 10 mm and a crosshead speed of
2 mm/min at room temperature. Every data point of p and o is the average value of 20

monofilaments.

3. Results and Discussions

Figure 2(a) shows the elliptic rotating spool and the as-received gradient SiC fibers
collected by this spool. The fibers obtained in this experiment were black colored and of
flexible form. As can be observed from the SEM images (Figure 2(b) and Figure 2(c)),
both the I-SiC and II-SiC exhibit smooth surface and have average diameter of 12 um.

Figure 2(a) shows the elliptic rotating spool and the as-received gradient SiC fibers
collected by this spool. The fibers obtained in this experiment were black colored and of
flexible form. As can be observed from the SEM images (Figure 2(b) and Figure 2(c)),
both the I-SiC and II-SiC exhibit smooth surface and have average diameter of 12 um.

Figure 3 shows the retention time () generated by the elliptic rotating spool and re-
lated specific resistivity (p) of the SiC segments. As the ¢, periodically changes from 4 to
40 s, the I-SiC and II-SiC shows remarkable sinuate periodic p along the axial direction
and the fluctuating period of the p is in well accordance with that of the ¢. However,
despite the same pyrolysis temperature and similar amorphous structure indicated by
the XRD patterns (shown in Figure 4), the I-SiC and II-SiC exhibit different p in the
range of 10° - 10> Q-cm and 10° - 10° Q-cm, respectively.

As presented in studies concerning the electrical conductive mechanism of polymer
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Figure 2. Axial gradient SiC fibers with sinuate periodic electrical resistivity; (a) The elliptic ro-
tating spool and the as-received gradient SiC fibers collected by this spool; (b) surface and
cross-section (inset) of the I-SiC; (c) surface and cross-section (inset) of the II-SiC.
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Figure 3. The rolling speed generated by the elliptic rolling spool and related specific resistivity
of the I-SiC and II-SiC fiber segments. X is a system that denotes the actual distance of test point
to the origin along axial direction. The origin is settled at the point with the lowest test value of p
in one period.

derived SiC fibers, the amount of free carbon but mainly, its texture, governs the elec-
trical properties of the fibers according to a percolation effect [11]. Therefore, the in-
vestigation of the structure evolution in these gradient SiC fibers is focus on the carbon
texture in the following studies. Table 1 list the fiber segments which were selected as

the testing samples for the structure investigation.
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Figure 4. XRD patterns of the I-SiC and II-SiC withp in the range of 10° - 10> Q-cm and 10° - 10°
Q-cm, respectively.

Table 1. Testing samples for the structure investigation.

Samples p (Q-cm)
HR-I-SiC 4.43 x 10?
LR-I-SiC 1.16 x 10°
HR-II-SiC 0.91 x 10°
LR-II-SiC 1.50 x 10°

The AES analysis shows that a thin carbon layer appears for I-SiC fibers and the
thickness of this carbon layer increases as the p of corresponding fibers decreases (Fig-
ure 5(a) and Figure 5(b)). That is about 25 nm for the LR-I-SiC with p of 1.16 x 10°
Q-cm and less than 5 nm for HR-I-SiC with p of 4.43 x 10* Q-cm. Considering the poor
electrical conductivity of the amorphous structures, the different electric performance
between the LR-I-SiC and HR-I-SiC segments suggests that the thickness of carbon
layer controls the electric behavior of I-SiC fibers.

Apropos of the II-SiC fibers pyrolysis under the two step pyrolysis mode, a slightly
oxidized surface layer is observed (Figure 5(c) and Figure 5(d)). The p of II-SiC fiber
is higher than that of I-SiC due to the absence of the carbon-enriched layer. This also
indicated that the different electric performance between the LR-II-SiC and HR-II-SiC

should be arose by the different inner structure.

4. Conclusion

A novel SiC fiber with a periodically varying electrical specific resistivity in the range of
10° - 10° Q-cm along the axial direction was prepared by periodically changing the roll-
ing speed during the pyrolysis process. Base on the structure analyses, the difference of
the carbon layer thickness on the I-SiC fiber surface was responsible for the electrical
specific resistivity variation, whereas a free carbon phase governed the conductivity of
the II-SiC fibers. It is believed that the continuous SiC fibers with periodically varying
electrical specific resistivity would find applications as the reinforcement for the func-

tional materials.
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Figure 5. The AES analysis (depth-profiling mode) of the as-received SiC fiber segments: (a)
LR-I-SiC; (b) HR-I-SiC; (c) LR-II-SiC; (d) HR-II-SiC.
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