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Vapor Growth of Micro-coiled Carbon Fibers and the Properties
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Micro-coiled carbon fibers (coils) were prepared by catalytic pyrolysis of acetylene at
650-850 C, and growth conditions, morphology, growth mechanism and some properties were
examined. The key points for obtaining coils with high coil yield were strict control of (@ kind
of catalyst, (@ kind and flow rate of impurity gas, (@ reaction temperature, and @ separa-
The most effective catalysts were Ni, Ti, and W.

tion between source gas inlet and substrate.

The coils show an excellent electromagnetic shielding effect.

por phase titanizing of the coils.

TiC coils were obtained by va-
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Fig.1 Schematic drawing of the apparatus for prepa-
ration of micro-coiled carbon fibers.
A) source gas inlet (acetylene+impurity gas +
Hz) B B) gas outlet, C) substrate (graphilc or
metal plate, 25 X 25 X Imm3) , D) susceptor
(graphite) , E) reaction tube (quartz, 60mm
i.d.) , F) heater, G) Ar gas inlet.

Table 1 Metal catalysts and optimum reaction conditions.

Impurity © thiophene.

BRIETIY— (7774 V) kN, &BEEKAE Y
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AODLEHET A % BAMERAICERICEAL, EXFRET
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3.1 a1 NLOAEREE

a) REBR :7XFLy, nFLy, 252, Ty,
Ny ¥ Efli4 DRAKFIL2VWTRF L, hbD
BT, TEFLrOAN I VEEER LT, 3T, VGCF
DEFE LT—RUHAWLNTVARYE VT, 0
AEHTTCOIMNVERIIE - (BESh LT,

b) MIKOEEE FOWME . Hlis DERERE L UEN(E
BYIIONWT, FA T VERHE L THW HEDD
A WEEICH T 5B REMET L7 72720, Bitho

Metal Optimum Reaction Optimum Thiophene Maximum Coil
Catalyst Temperature (C) Gas Flow Meter (sccm) Yield (%)

Ti 775 0.47 54
Zr 750 0.34 5
Hf 800 0.48 7
V 725 0.24

Nb 750 042 26
Ta 850 0.34 18
Cr 700 0.24 23
Mo 850 0.14 18
w 750 0.45 55
Mn 700 0.34 2
Fe 800 0.40 8
Co 850 0.14 11
Ni 750 0.34 49
MoS; 800 (Not addition) 23
NiS 750 (Not addition) 25
TiC 775 0.45 14
Ti, 05 775 0.35 15
Ti*! T75%* 0.47*** 40
Ti*2 T75%* 0.47*** 57
Ti*3 TISw* 0.47%** 60
Ti*4 7 bl 0.47*** 0

*1) a5 reseived Ti metal plate, *2 Ti plate oxidized in air at 650C for

30 min, ** Ti plate oxidized in air at 850°C for 30 min, *# Ti plate

aberaded by #120 emery paper following etching by 6-12N HCI of 50-80C

for 30-60 min. ** Temperature was fixed at 775°C, ***) thiophene gas flow rate

was fixed at 0.47 sccm.
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Fig.2 Effects of (a) impurity gas flow rate and (b)
reaction temperature on the coil yield.
Catalyst . Ni. (@) thiophene, (&) tetrahy-
drothiophene, (O) methyl-thiophene, () hy-
drogen sulfide. (a) reaction temperature . 750
To (b) impurity gas flow rates : optimum gas
flow rates at which the maximum coil yield is
obtained (see Fig.2 a) .
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Table 2 Impurity gases and optimum reaction conditions. Catalyst . Ni.

Impurity Optimum Reaction Optimum gas flow Maximum Coil
Temperature (C) rate (sccm) Yield (%)
Hydrogen Sulfide 750 0.04 30
Thiophene 750 0.35 50
Methylthiophene 750 0.15 43
Tetrahydrothiophene 750 0.07 45
Butylmercaptan 750 0.09 41
Dietylsulfide 750 0.10 34
Carbon Disulfide 750 0.04 36
Phosphine 650 0.01 45
Phosphorus trichloride 650 0.05 35
Triethoxyphosphine 650 0.08 35
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Table 3 Effect of metal catalyst morphology on the

average growth rate and coil diameter of the

coiled carbon fibers.

Catalysis* Average Growth Rate Diameter of

of Coils (um/s) Coils (jim)
Plate (#120) =02 5~6
Ni #  (#800) ~0.6 5~6
»  (#1500) ~1.0 1~2
Powder ~09 2~3
Ti Plate (#120) ~2.5 3~4
Powder 2.0~-5.0 1~2
W Plate (#120) ~1.0 3~4
Powder ~2.0 1-2

Fig.3 Effect of reaction time on the coil yield with re-
spect to the separation between source gas in-
let and substrate.

Reaction temperature . 750 'C, gas flow rate :

210

sccm, Ar 100sccm. Separation of source gas in-

(W) 7mm, (®) 15mm, (@)

acetylene 90sccm, thiophene 1.026sccm, H»

let and substrate .
25mm.

3.2 ENT7FATI—-

a) ATIOES LUy FOFME . —f%iZ, I3/ VD7
7 A N—1%120.03 ~0.3um, IAIVEEIE1 ~10um, I AN
¥y Fi30.01 ~1um OFEHTH o7z, Table 3 [ZAblKD
BEBIUHBED, a4 VOFHBERES L a4 VE
CRIZTEELT T, RIS, WThoOSBAETY , M
W CEBW - 2B S 2 WIIER RO H A%, MV B
MTHRPVEBRL Y, IANVEONSZIANVHES
hiz, Tbb, a4 VL, HuafoREcLnd5
BEHETZ 2858072

b) IFLDREEE . I/ VOZHREREIL, —&IC
0.5~ 1pm/s ThH o7, TOfHEIZ, EHIKVGCF Dffi22)-26)

218

* Metal plate catalysis was pre-abrassived by an emery paper, and the
mesh number is shown in parenthesis.
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Fig.4 SEM image of (a) representative coiled carbon

fibers and (b) very regularly coiled fibers.
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Fig.6 Six-folded coils.
(A, A') outer double coils, (B,B') intermedi-

ate double coils, (C,C') inner double coils.

3,8KU 3 B1KR 3.3

Fig.7 Double coils formed from A coil of counter Fig.9 (a) Tip part of the coiled carbon fibers and (b)
clockwise and B coil of clockwise. the enlarged view.
Reaction time . 30 sec. Arrows indicate a cat-

alyst grain observed on the coil tip.
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Niy €2 (R10T0), (BIO1T1, (C3i1101).

Fig.10 (a) TEM dark image and (b) selected area
() (1010)

©) (1101) .

electron diffraction patterns. for

NisC, (B) (0111),

Fig.11 Tip part of the coiled carbon fibers.
Catalyst . Nb, impurity . tetrahydrothiophene.
An arrow indicate a catalyst grain.
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Table 4 Effect of Ni catalysts (single- and poly-crys-
tals) on the deposition rate of total carbon

and coil yield.

Crystal plane Polycrystal.
Ni (100) Ni(111) Ni (110) Ni plate
Deposition rate 32 23 19 23
of total carbon
(mg/em?)
Coil Yield 10.2 6.7 3.2 48
(mol.%)

(a)

Fig.12 Growth mechanism of (a) the coiled carbon
fibers and (b) straight VGCF. A and B indi-
cate crystal planes of a catalyst grain.
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Fig.13 Growth process of the coiled carbon fibers.

Fig.14. Polished cross section of the titanized coiled
carbon fibers.
Reaction temperature : 900 C, reaction time :
120 min.
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Fig.15 Raman spectra of (A) the as-grown and (B-D)
heat treated coiled carbon fibers.

(A) as-grown coiled carbon fibers, (B) heat

treated coiled carbon fibers at 2000 T for 1 hr

in Ar, (C) at 2000 T for 20 hrs in Ar, (D) at

2800 C for 1 hr in Ar, (E) graphite single crys-
tal.
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Fig.16 Electromagnetic shielding effect.
(A) and (B)

commercial graphite powders.

. coiled carbon fibers, (a—~d)
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