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ABSTRACT: Silicon carbide (SiC) fibers exhibit excellent heat and chemical resistance at high temperatures. In this
study, polycarbosilane melt spinning, oxidation curing, and pyrolysis were performed to fabricate amorphous SiC
fibers, and their resistance heating characteristics were evaluated. A stick-type amorphous silicon carbide fiber heating
element was manufactured, and the resistance was measured using the two-point probe method. The structural,
electrical, and heating characteristics were evaluated at different pyrolysis temperatures. The fiber produced at 1300°C
displayed the highest conductivity and the maximum heating compared to the fibers produced at 1200°C and 1400°C.
This may be attributed to difference in the structures of the fibers, particularly the SiC and graphitic carbon
structures.
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1. INTRODUCTION

Ceramic materials generate heat by resisting the electric cur-
rent; therefore, they are widely used as heating elements. Such
ceramic heating elements distribute heat evenly and are less
likely to cause fires when in contact with flammable materials.
Additionally, they provide long-lasting durability against direct
heating and are therefore widely used in heat-treatment fur-
naces [1].

Ceramic heating elements are mainly manufactured using
ceramic powders such as SiC and MoSi2, which require a long
heat treatment process at high temperatures and a process to
make the particle size uniform before and after the heat treat-
ment [1]. In addition, there is a high risk of thermal shock
damage to brittle ceramics due to the stress buildup by rapid
heating or cooling. 

Recently, research has been conducted on ceramic fiber-type
heating elements, which decrease the drawbacks typical of
ceramic powder-type heating elements [2-4]. Ceramic fibers
maintain a constant pressure, temperature, and winding speed
through the melt spinning process. Therefore, fibers with a
uniform diameter can be manufactured without additional

processing. In addition, when comparing productivity, ceramic
fibers are superior to monolithic ceramics because they pyro-
lyze within a short time at a relatively low temperature. 

Carbon and SiC are mainly used as materials for ceramic
fibers. Carbon fiber has excellent electrical and mechanical
properties but has low oxidation resistance which makes it dif-
ficult to use in the air above 700°C; therefore, it is mainly used
only in the low-temperature range [5,6]. However, silicon car-
bide (SiC) fiber, because of its superior oxidation resistance
and high heat resistance at high temperatures compared to
carbon fiber, can be used in the air above 1000°C. It is not only
used in heating elements but also in high-temperature envi-
ronments, such as national defense and nuclear energy [7-9].

SiC fibers are prepared by melt spinning of polycarbosilane
(PCS) as a precursor material. In the 1970s, Yajima reported
the synthesis of PCS under a high-temperature and high-pres-
sure reaction of polydimethylsilane (PDMS) [10-13]. Melt
spinning, oxidation curing, and pyrolysis processes were
sequentially performed to make silicon oxycarbide (Si-O-C)
fibers [14,15]. Silicon oxycarbide fibers are composed of amor-
phous Si-O-C matrix, nanocrystalline silicon carbide (β-SiC),
and a residual turbostratic carbon phase. It has various struc-
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tural and mechanical characteristics depending on the con-
ditions of the manufacturing process [16-19]. In particular,
studies have been conducted that are related to the evaluation
of electrical properties based on microstructural changes that
occur during pyrolysis. Electrical conductivities of SiC fiber
derived from polycarbosilane has 0.3~120 (m)-1 at room
temperature and increased with heating temperature depends
on their microstructural composition such as degree of crys-
tallization, amount of amorphous matrix, and residual carbon.
They depend on the fiber curing and heat-treatment condi-
tions and are major factors related to the electrical properties
of the fiber [20-23]. The electrical conductivity of each struc-
ture constituting the fibers is listed in Table 1. 

In this study, amorphous SiC fibers were prepared by melt
spinning and thermal oxidation of PCS precursors and their
structural and electrical properties were evaluated for different
values of the pyrolysis temperature. A heating element in the
form of a stick was manufactured to evaluate the electrical
resistance heating properties

2. EXPERIMENTS

2.1 Manufacturing of Si-O-C fibers and heating ele-
ments

To manufacture the Si-O-C fibers, polycarbosilane (PCS)
was first placed into a spinneret of the melt spinning device,
and then the melt spinning was performed at 240°C while
maintaining a nitrogen atmosphere. The melt spinning pro-
cess was carried out by fixing the spinning pressure (10 kPa),
temperature (240°C), and winding speed (250 rpm), thus
keeping the diameter of the fiber constant and controlling its
resistance. The prepared PCS fiber was subjected to an oxi-
dation-curing process at 200°C for 8 hours in a drying oven
using a convection flow method. Thereafter, Si-O-C fibers
were prepared by pyrolysis for 1 hour at temperatures of
1200°C, 1300°C, and 1400°C in an Ar atmosphere.

Fig. 1 shows the manufacturing process of Si-O-C fibers and
the heating elements. To manufacture a stick-shaped heating
element, a bundle of PCS fibers was placed inside a graphite
mold (120 × 40 × 20 mm3), and the weak pressure was applied
during the thermal oxidation curing process for the contact
among fiber surfaces and densification of the heating element.
Subsequently, pyrolysis was performed while maintaining a

pressurized state. 

2.2 Analysis of the structure of Si-O-C fibers
X-ray diffraction (XRD; D8Advance, Bruker, Germany)

analysis was performed to analyze the crystal structure of the
amorphous Si-O-C fibers corresponding to different pyrolysis
temperature values, and the diffraction measurement range
was set to 2θ = 20°–80°. Thermogravimetric analysis (TGA;
STA-449-F3, NETZSCH, Germany) was performed to observe
the weight change due to the decomposition behavior of the
amorphous Si-O-C structure that occurred with an increase in
pyrolysis temperature, and it was analyzed up to 1600°C at a
rate of 10°C/min in an Ar atmosphere. The cross-sectional
microstructure of the amorphous Si-O-C fiber was analyzed
by field-emission scanning electron microscopy (FE-SEM;
JEOL1614, JEOL, Japan). Raman spectroscopy (LabRam
Aramis, Horiba, Japan) and X-ray photoelectron spectroscopy
(XPS; NEXSA, Thermo Fisher Scientific, USA) were used to
analyze the carbon structure of the fiber surface. Raman spec-
troscopy was performed in the wavenumber range of 400–
2000 cm-1 using 532 nm wavelength, and XPS was performed
under conditions of 50.0 eV, 5–30 scans, and 400 μm spot size.

2.3 Evaluation of heating properties of Si-O-C fiber
heating element

The two-point probe (TPP) method was used to measure
the electrical conductivity of the amorphous Si-O-C fibers.
After applying silver paste to the fiber surface at intervals of
10 mm, thirty measurements were taken for each condition
using a multimeter (FLUKE87V, Fluke, USA). To evaluate the
resistance heating of the amorphous Si-O-C fiber heating ele-
ment, a DC power supply (HLG-320H-C1050A, MEAN

Fig. 1. (a) Fabrication procedure of the Si-O-C fiber. (b) Sche-
matic illustration of the heating element manufacturing
process 

Table 1. Electrical conductivity of the Si-O-C fiber structure [24]

Structure Conductivity (S/m)
Si-O-C 10-12 ~ 10-10

β-SiC 10-2 ~ 100

Carbon
Amorphous 10-2 ~ 100

Turbostratic 102 ~ 107

Graphite 102 ~ 107
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WELL ENTERPRISES CO. LTD, Taiwan) was used, and the
temperature change was observed using a high-temperature
infrared camera (T62101, FLIR, Sweden). 

3. RESULTS AND DISCUSSION

3.1 Structure of amorphous Si-O-C fibers
Fig. 2 shows the results of XRD analysis for various pyrolysis

temperature values of Si-O-C fibers. A peak with a wide width
for β-SiC (111) plane was observed at 1200°C. As the pyrolysis
temperature increased, the broad peaks for the β-SiC (111),
(220), (311), and (200) planes became sharp. It means that
crystallization of the amorphous Si-O-C phase occurs as the
pyrolysis temperature increases. The TGA analysis showed
that the weight decreased from 100 to 82.72 wt% after pyrol-
ysis at 1400oC for 1 hour. As shown in Equations (1) and (2),
the amorphous Si-O-C structure slowly decomposes into
nano-sized β-SiC crystals at a temperature of 1200°C or higher
[25]. During the oxidation-curing process of the amorphous
Si-O-C fiber, the decomposition occurs due to ambient oxy-
gen. The weight loss at 1400°C was interpreted as the effect of
SiO and CO gases generated by the secondary thermal decom-
position of the SiOC matrix during the pyrolysis process.

SiO(1+x) C(1x) (s) → SiO(g) + xCO(g) + (12x) C(s) (1)

SiO(g) + 2C(s) → β-SiC(s) + CO(g) (2)

The decomposition behavior of the amorphous Si-O-C
structure corresponding to the pyrolysis temperature was con-
firmed by the SEM analysis. As shown in Fig. 3, the fracture

structure of the amorphous Si-O-C fiber pyrolyzed at 1200°C
and 1300°C showed the same shape as that of the general
amorphous ceramics; and mirror, mist, and hackle regions
were observed on the fracture surface. A thin layer of 1 μm in
size was observed on the fracture surface in the fiber pyrolyzed
at 1400°C. 

As the decomposition of the amorphous Si-O-C structure
proceeds, a carbothermal reaction occurs at the fiber surface
as shown in Equation (2), and a nano-sized β-SiC crystal
structure is formed, which forms the thin 1 μm-sized layer on
the fiber surface [16].

The G-band (1600 cm-1) region showing the graphitic C=C
bond (sp2) structure on the surface of the amorphous Si-O-C
fiber and the D-band (1350 cm-1) showing disordered carbon
(sp3) structure such as defects and impurities were confirmed
by Raman spectroscopy (Fig. 4) [26-29]. The relative binding

Fig. 2. (a) X-ray diffraction patterns and (b) thermogravimetry
analysis of the Si-O-C fiber as a function of pyrolysis 

Fig. 3. Cross-sectional microstructure of the (a) 1200oC, (b) 1300oC,
(c) 1400oC pyrolyzed Si-O-C fiber 

Fig. 4. Raman spectra of the (a) 1200oC, (b) 1300oC, (c) 1400oC
pyrolyzed Si-O-C fiber and their four-peak fitting
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ratio of the graphitic carbon structure on the fiber surface was
calculated from the relative intensity ratio (ID/IG) of the D-
and G-band peaks. The ID/IG values were 1.36, 1.31 and 1.43
for the pyrolysis temperatures of 1200°C, 1300°C, and 1400°C,
respectively. 

The carbon structure on the surface of the amorphous Si-O-
C fiber was separated into an excess carbon layer, carbon
nano-crystals dispersed on the amorphous Si-O-C, and amor-
phous structures using gaussian functions (Table 2). The G,
D1, D3, and D4 peaks appeared at 1607 cm-1, 1347 cm-1,
1506 cm-1 and 1205 cm-1, respectively (Fig. 4).

The intensity of the amorphous carbon peak (D3) decreases
as the pyrolysis temperature increases [16]. The TGA analysis
performed previously suggested that the amorphous carbon
structure on the amorphous Si-O-C fiber surface decomposed
and was released in the form of CO gas as the pyrolysis tem-
perature increased.

Fig. 5 shows the XPS profile corresponding to the pyrolysis
temperature of the amorphous Si-O-C fibers. Si2p, Si2s, C1s

and O1s peaks were formed and the Si2p and C1s peaks were
separated into two and four peaks, respectively, using a Gauss-
ian function [32]. The Si2p peak was divided into two bonding
structures, Si-O-C (101.1 eV) and Si-C (102.8 eV), and the
intensity of the SiC peak increased as the pyrolysis tempera-
ture increased. This is because the β-SiC crystal structure was
formed during amorphous Si-O-C phase decomposition. The
C1s peak was divided into four bonding structures: C–C/C =
C (248.4 eV), C-Si (282.8 eV), C-Si-O (285.8 eV), and C=O
(288.8 eV). The relative ratio of the graphitic carbon structure
formed on the fiber surface was determined by calculating the
area ratio occupied by the C–C/C = C (248.4 eV) bonding
structure. The area ratios were 70.3, 75.5%, and 71.1% at
pyrolysis temperatures of 1200°C, 1300°C, and 1400°C, respec-
tively. First, the C–C/C =C (248.4 eV) bonding structure area
ratio increased because of the excess carbon formed during
phase decomposition of the amorphous Si-O-C on the surface
at 1200–1300°C. The chemical combination of the SiO gas and
excess carbon, as shown in Equation (2), leads to a decrease in
the area ratio [33].

Fig. 6 shows the electrical conductivity values of amorphous
Si-O-C fibers measured using the two-point probe method.
This fiber is composed of a conductor with a carbon structure,
nano-sized SiC semiconductor structure, amorphous Si-O-C
structure, and nanopores of an insulator. The fiber’s conduc-
tivity at the pyrolysis temperature of 1200°C was measured to
be an average of 0.37 ± 0.06 S/m. This is a result of poor elec-
trical properties of the amorphous Si-O-C and carbon phases,
which mainly form on the fiber surface. The fiber prepared at
a pyrolysis temperature of 1300°C was measured to have an
average conductivity of 10.41 ± 2.09 S/m. A graphitic carbon
structure formed during the phase decomposition of the
amorphous Si-O-C phase on the fiber surface, and a stable
surface layer was maintained without weight reduction. In the
case of the 1400°C pyrolyzed fiber, the electrical conductivity
decreased to an average of 1.66 ± 0.12 S/m. The volume frac-
tions of free carbon and SiC structure have a significant influ-
ence on the amorphous Si-O-C fiber conductivity. The volume

Table 2. Raman bands and vibration models reported by differ-
ent authors

Band Raman
 shift Vibration mode Authors

G ~1600 cm-1 Ideal graphitic lattice 
(sp2)

Tuinstra and 
Koening, 1970 [30]

D1 ~1350 cm-1 Disordered graphitic
 lattice (sp3)

Tuinstra and
 Koening, 1970 [30]

D3 ~1500 cm-1
Out-of-plane tetrahedral 
carbons in amorphous 

carbon

Sadezky et al., 
2005 [31]

D4 ~1200 cm-1 Disordered graphitic 
lattice

Sadezky et al., 
2005 [31]

Fig. 5. XPS spectra of the (a) 1200oC, (b) 1300oC, (c) 1400oC pyro-
lyzed Si-O-C fiber Fig. 6. Electrical conductivity of the Si-O-C fiber 
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fraction of free carbon in the amorphous Si-O-C fiber
decreases owing to endogenous oxidation during the amor-
phous Si-O-C phase decomposition at 1400°C or higher, so
the conductivity is related only to the SiC structure resistivity.

3.2 Evaluation of electrical heating properties of the Si-
O-C fiber heating element

Fig. 7 shows SEM images of the stick-type amorphous Si-O-
C fiber heating element. Although it had a relatively good fiber
shape, an empty space was formed between the fibers. This is
because a simple pressurization method was used to maintain
the shape of the heating element during oxidation curing. The
heat test results for the stick-type amorphous Si-O-C fiber
heating element are shown in Fig. 8. The measurement started
at 200°C, which is the lowest temperature value of the infrared
camera. The test voltage was constantly maintained at 340 V.

The heating element manufactured at a pyrolysis temperature
of 1200°C did not generate heat because of the low electrical
conductivity. The heating element at 1300oC took 80 seconds
to reach the maximum measurement temperature range of
1200oC and consumed 276.95 W of power. 

The difference in the electrical conductivity of the fibers
manufactured at 1200°C and 1400°C was approximately 1S/m,
but heat was generated in the case of the heating element man-
ufactured at 1400°C. It reached 843oC within 80 seconds, and
188.74 W of power was consumed. In both the heating ele-
ments, less graphitic carbon was formed on the surface com-
pared to the heating element manufactured at 1300°C. The
heating element manufactured at 1400°C generated heat
because of its structural resistivity of SiC and reduced graphitic
carbon structure, unlike the one produced at 1200°C which
had amorphous structural resistivity.

4. CONCLUSIONS

Polycarbosilane fibers were prepared by melt spinning, and
amorphous Si-O-C fibers and stick-type heating elements
were manufactured through oxidation curing and pyrolysis
processes. As the pyrolysis temperature increased, a change in
peaks was observed in the XRD graph and was attributed to
the growth of β-SiC crystals in the fibers. Raman spectroscopy
and XPS analysis revealed graphitic carbon formation on the
surface of the amorphous Si-O-C fiber at a pyrolysis tem-
perature of 1300°C. This amorphous Si-O-C fiber (prepared at
the pyrolysis temperature of 1300°C) displayed the highest
conductivity at 10.41 ± 2.09 S/m. This result showed that the
ratio of graphitic carbon formed on the fiber surface had a
great influence on the electrical properties of the amorphous
Si-O-C fibers. A stick-type amorphous Si-O-C fiber heating
element was manufactured, and its heating characteristics
were evaluated. The heating element with a pyrolysis tem-
perature of 1300°C took 80 seconds to reach the maximum
measurement temperature range of 1200oC with the power
consumption of 276.98 W.
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Fig. 7. SEM image of the Si-O-C fiber heating element (a) sur-
face, (b) cross section 

Fig. 8. Heating test image of the Si-O-C fiber heating element (a)
1200oC, (b) 1300oC, (c) 1400oC pyrolyzed
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Abbreviations: PCS: Polycarbosilane, SiC: Silicon Carbide,
PDMS: polydimethylsilane, XRD: X-ray diffraction, TGA:
thermos-gravimetric analysis, FE-SEM: field-emission scan-
ning electron microscopy, XPS: X-ray photoelectron spectros-
copy, TPP: two-point probe.
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