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Abstract

Micro-coiled carbon fibres were prepared by the impurity metal-activated pyrolysis of acetylene containing a small amount of

thiophene. The growth conditions and catalytic effect of the metal

impurities were examined. Of the various metals, Ni, Ti and

W were the most effective for the growth of the coils. In the case of Ni metal impurity, it was considered that Ni,C single
crystallites present in the tip part of the coils have a catalytic effect on the coiling of the carbon fibres.
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The peculiar morphology and growth mechanisms of
the coiled inorganic fibre or helical structure of organic
polymers are very interesting. The growth of coiled
carbon fibres by catalytic decomposition, dispropor-
tionation of organic vapours or CO has been widely
reported [1-7]. The fibres obtained were generally
straight and/or tubular with an irregular helical form.

We obtained regularly coiled Si;N, fibres by the
metal impurity-activated chemical vapour deposition
(CVD) process using Si,Cl,, SiO, + C or SiO as the Si
source at 1200-1500 °C [8-10]. Furthermore, we ob-
tained regularly coiled carbon fibres by the catalytic
pyrolysis of acetylene at 550—750 °C using Ni plate and
powder as the catalyst [11-13). The coiled carbon fibre
could be vapour-phase metallized to form coiled fibres
of SiC, TiC, etc. [14]. The coiled fibres of carbon or
metal carbides are potential candidates for fillers in
electromagnetic shielding materials, elastic packings or
filter materials resistant to high temperatures and/or
harsh or corrosive environments and micromechanical
elements such as microsprings and microsensors, etc.

In this work, coiled carbon fibres were obtained on a
graphite or metal plate substrate by the catalytic pyrol-
ysis of acetylene containing a small amount of thio-
phene as the impurity gas. Fine metal powder (about
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5um in diameter) was used as the catalyst and 10—
50 mg cm 2 powder was dispersed by rubbing on a
graphite substrate. A metal plate substrate was also
used as a catalyst.

The effects of the kind of metal impurity and reaction
conditions on the yield of the coiled carbon fibres were
examined. The impurity metal particle observed on the
tip of the coiled carbon fibres was examined by energy
dispersive X-ray microanalysis, scanning electron mi-
croscopy and transmission electron microscopy (TEM)
in order to elucidate the growth mechanism. Commer-
cial acetone-dissolved acetylene was used as the carbon
source without further purification. Acetylene (97%-—
99%), hydrogen and argon were introduced into a
horizontal reaction tube (quartz, 40 mm i.d.) which was
heated from the outside by a Nichrome heater element.
The flow rates of acetylene, hydrogen and argon were
fixed at 30, 70 and 40 standard cm®min~' (sccm),
respectively.

Coiled carbon fibres grew exclusively on the upper
region of the source gas steam, and the maximum yield
was obtained on the substrate separated 0.7 cm from
the gas inlet. No coiled carbon fibres were observed at
2.5 cm separation.
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Table |
Optimum growth conditions of coiled carbon fibres

Catalyst Optimum Optimum gas flow Maximum
reaction rate ol thiophene coil vield
lemperature (scem) (")

(°C)

Ti 775 0.47 54.0

Zr 750 0.34 4.8

Nb 750 0.42 258

Cr 700 0.24 227

Mo 850 0.14 18.1

W 750 0.45 554

Fe 0

Co 850 0.14 11.2

Ni 750 0.34 48 8

NiS - 0

MoSi, 800 0 233

Using Ti powder as the catalyst and a small amount
of thiophene gas (0.47 sccm) as the impurity, the opti-
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Fig. 1. Tip part of the coiled carbon fibres. Reaction time: (a) 30 s;
(b) 5 min.
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Fig. 2. X-ray diffraction patterns of the coiled fibres shown in Fig.
I(a). () Ni;C.

mum reaction temperature was 775°C. at which a
maximum coil yield of 54% was obtained. The coil yield
decreased steeply above or below this temperature.
However, the optimum thiophene gas flow rate was
about 0.47 sccm at the optimum reaction temperature
of 775 °C. The yield of coil decreased steeply above or
below this flow rate. These results indicate that the
optimum reaction temperature and flow rate of thio-
phene for the growth of coiled fibres are restricted to
very narrow ranges. Table 1 shows the optimum reac-
tion temperature and gas flow rate of thiophene and the
maximum coil yield. Of the various metal catalysts
used, Ti. W and Ni showed the highest coil yield of
about 50%. Other metal powders are also effective for
the growth of coiled carbon fibres. It is very interesting
that Fe powder. which is the most effective catalyst for
obtaining straight vapour-grown carbon fibres, was not
effective and hardly any coiled fibres were obtained.

Fig. 1 shows the early stage of growing coiled carbon
fibres using an Ni plate (catalyst and substrate). The
coiled fibres grew perpendicularly on the substrate with
a constant coil patch and coil diameter, and a bright-
ened part was always observed on the tip of the coiled
fibres.

Fig. 3. (a) TEM dark image and (b) selected area electron
diffraction patterns. (A) (1010); (B) (01T1); (C) (1T0T).
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Fig. 4. Enlarged view of the tip part of the coiled fibres shown in Fig.
I(a).

Raman spectra, X-ray diffraction and selected
area electron diffraction patterns shows that the
coiled fibres are in an amorphous state. The X-
ray diffraction pattern of the structure in Fig. I(a) is
shown in Fig. 2. Some peaks of Ni;C (rhombohedral)
can be seen, in addition to that of amorphous carbon.
This result suggests that the brightened part located at
the tip of the coiled fibres is the Ni;C phase. A TEM
image and selected area electron diffraction pattern of
the tip part (Ni,C crystallite) of the coiled fibres indi-
cated by the arrow in Fig. 1(b) are shown in Fig. 3. Six
spots can be seen in Fig. 3(b), and spots A, B and C
can be assigned to (1010), (0111) and (1T01) of the
Ni;C phase, respectively. That is, the Ni,C particle is a
single crystal.

We have proposed a growth mechanism of coiled
carbon fibres based on the anisotropic deposition rate
of carbon of crystal planes of the catalytic particles [15].
Amelinckx et al. [16] proposed a formation mechanism
for a catalytically grown helix-shaped graphite nan-
otube. Fig. 4 is an enlarged view of the tip part of the
coiled carbon fibres shown in Fig. 1(a). The surface of
the outer part of the coiled fibres is more roughened
than the inner surface, suggesting that the growth rate
of the outer part is faster than that of the inner part.
Carbon deposition from some crystal facets was not
observed. These observations suggest that these crystal
facets are not catalytic for the deposition of carbon,
that is, of the coiled carbon fibres. Accordingly, it is
reasonably considered that the driving force of curling
of the carbon fibres to form coiled fibres is the an-
isotropic deposition rate of carbon of the repective
crystal planes of the NiyC single crystal.
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