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Abstract 

Micro-coiled ZrC jibres were prepared by the 
vapour phase metallizing of micro-coiled carbon 

$bres using a ZrCl, + H2 + Ar gas mixture at 
I IOO-1250°C. The preparation conditions, morphol- 
ogy and bulk electrical resistivity of the obtained 
ZrC coils were examined. The coiling morphology 
of the source coiled carbon jibres was fully pre- 
served even after this treatment. The bulk resistivity 
of the coiled ZrCfibres decreased with bulk density 
and was IO-’ s-’ cm at 0.8 g cmW3. 0 1996 Elsevier 
Science Limited. 

1 Introduction 

Raw materials with a micro-coiled or helical mor- 
phology are not currently available. The helical 
morphology of DNA and some vine plants affords 
living bodies with essential functional roles. 
Accordingly, we could expect novel functional 
properties from such coiled materials. Adda- 
miano’ and Kang et ~1.~ reported the preparation 
of micro-coiled SIC fibres using an impurity-acti- 
vated chemical vapour deposition (CVD) process. 
Vogt et a1.3 prepared regularly micro-coiled Si3N4 
fibres by the CVD process. We have obtained reg- 
ularly micro-coiled Si,N, fibres by the metal impu- 
rity-activated CVD process using Si2C16,b7 Si02 + 
C or SiO* as the Si source at 1200-l 500°C. How- 
ever, the growth of the micro-coiled fibres from 
the vapour phase was extremely accidental with 
low reproducibility. Johansson and Schweitz’ pre- 
pared a boron spring by a laser-assisted CVD pro- 
cess using a three-dimensional micropositioning 
system. Macro-coiled ceramic springs or windings 
of above 5 mm in coil diameter were prepared by 
conventional calcination and sintering of an 
extruded polymer-ceramic suspension winding.” 
However, preparation of micro-coiled springs or 
fibres using these processes is very difficult. 

We obtained regularly micro-coiled carbon 
fibres by the catalytic pyrolysis of acetylene with 
high coil yield and reproducibility.“-” Generally, 
carbon can easily be vapour phase metallized fol- 
lowed by solid-state diffusion to form the corre- 
sponding metal carbides. Accordingly, the 
metallization treatment of micro-coiled carbon 
fibres is considered to be the most promising pro- 
cess for obtaining micro-coiled fibres of the metal 
carbides. Coiled fibres of SiC16 or TiC14,15 were 
obtained by the CVD process or the metallizing of 
the coiled carbon fibres. However, their prepara- 
tion conditions, morphology and characteristics 
have not been examined. The metal carbides have 
good properties such as high thermal and chemi- 
cal stabilities, super-high hardness and high elec- 
trical conductivity. Thus their micro-coiled fibres 
are potential candidates for fillers in electromag- 
netic shielding materials, elastic packing or filter 
materials resistant to high temperatures and/or 
harsh or corrosive environments, and for 
micromechanical elements such as microsprings 
and micro sensors. 

ZrC whiskers were prepared by the metal impu- 
rity-activated CVD process.‘7-19 However, the 
deposition of coiled ZrC fibres has not been 
reported. 

In this work, micro-coiled ZrC fibres were 
obtained by the vapour phase metallizing of the 
micro-coiled carbon fibres obtained by the cat- 
alytic pyrolysis of acetylene. The preparation 
conditions, morphology and electric resistivity of 
the coiled ZrC fibres were examined. 

2 Experimental 

Source micro-coiled carbon fibres (abbreviated as 
‘carbon coils’ hereafter) were prepared by the Ni- 
metal catalysed pyrolysis of acetylene. The 
detailed preparation procedures and conditions 
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are given in Ref. 12. The used carbon coils are l-5 
pm in coil diameter and 50-500 pm in coil length. 
The source carbon coils were placed in a mullite 
boat which was located in the central part of a 
horizontal reaction tube (mullite, 20 mm i.d.). The 
carbon coils were vapour phase zirconized under a 
ZrC1, + H, + Ar atmosphere at 1 lOO--1250°C. The 
ZrCl, gas was prepared in situ by the chlorination 
of Zr sponge at 700°C and was carried by Ar into 
the reaction tube. Gas flow rates of ZrCl,, H, and 
Ar were fixed at 5 seem (ml s-l), 100 seem and 40 
seem, respectively. 

3 Results and Discussion 

3.1 Preparation of micro-coiled ZrC fibres 
Figure 1 shows the influence of the square root of 
the zirconizing time on the zirconizing ratio of the 
source carbon coils as a function of reaction tem- 
perature. The zirconizing ratio was obtained from 
the weight gain due to zirconizing. The zirconizing 
ratio increased linearly with increasing zirconizing 
times irrespective of zirconizing temperature. Fur- 
thermore, it can be seen that the zirconizing ratio 
was only 25% after 4 h of zirconizing time at 
1250°C. That is, the carbon coils were zirconized 
only near the surface under the conditions used in 
this work. The obtained zirconized carbon coils 
(abbreviated as ‘ZrC coils’ hereafter) have a car- 
bon core which was not zirconized. The ZrC lay- 
ers formed on the surface of the carbon coils were 
very dense without pores. The density of the 
formed ZrC layers was not examined. However, 
the above result suggests that the rate-determining 
step is diffusion of the Zr or carbon atoms 
through the formed ZrC layers. 

The representative morphology of the ZrC coils 
obtained after zirconizing for 1 h at 1200°C is 
shown in Fig. 2. It was observed that the coiling 
morphology of the source carbon coils was fully 
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Fig. 1. Effect of square root of zirconizing time on the 
zirconizing ratio of the carbon coils. ZrCl, gas flow rate: 1.5 
seem, H, flow rate: 70 seem, Ar flow rate: 40 seem. Zirconizing 

temperature: 0, 125O”C, A, 115O”C, X, 1100°C. 

preserved after zirconizing under any of the zir- 
conizing conditions, except for a slight diameter 
increase .in the carbon fibres. Carbon coils having 
a rectangular cross-section as well as those with 
the common circular cross-section as shown in Fig. 
2 were sometimes observed in the source carbon 
coils. Flat or ribbon-like carbon coils were also 
zirconized with full preservation of the morphol- 
ogy to form flat or ribbon-like ZiC coils. Figure 3 
shows various types of the flat or ribbon-like ZrC 
coils. Grain growth or secondary crystal growth 
on the surface of the ZrC coils was not observed 
even after zirconizing the carbon coils at 1250°C 
for 2 h, as shown in Fig. 4(b). The grain size of 
the ZrC observed on the surface was about 
10 nm. 

The X-ray diffraction (XRD) profiles of the 
ZrC coils obtained after a 60 min zirconizing time 
at llOO-1250°C are shown in Fig. 5. Apparent 
peaks indicating ZrC were not observed at 
1100°C. Small peaks of ZrCl, as well as the appar- 
ent large peaks of ZrC were observed at 
1200-1250°C. The ZrCl, decomposes above 350°C 
to form metal Zr and ZrCl,. Accordingly, these 
peaks of ZrCl, may be caused by the contamina- 
tion of the specimen by the ZrCl, by-product 
when the temperature was lowered. Figure 6 
shows the XRD profiles of the ZrC coils obtained 

Fig. 2. Representative morphology of the ZrC coils (a) and 
the enlarged view (b). 
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after 15-120 min at 1250°C. Apparent peaks of 
ZrC were observed for a 15 min zirconizing time, 
and peaks were sharper with increasing zirconiz- 
ing time. 

Figure 7 shows a transmission electron micro- 
graph (dark-field image) and electron diffraction 
profile. A halo ring (H) as well as Debye-Sherrer 
rings (A-D) are observed in Fig. 7(b). The source 
carbon coils used have an amorphous state, and 
this halo ring is caused by the unzirconized core 
part of the carbon coils. It is considered that 
the ZrC coils obtained in this work were only 
partly zirconized carbon coils, and the ZrC layers 
formed on the surface had a polycrystalline 
state. 

Fig. 3. Flat or ribbon-like ZrC coils. (a) Double ribbon-like 
coils, (b) single flat coil, (c) single coils having a deep ditch 

on the inside. 

3.2 Bulk electrical resistivity of the ZrC coils 
The bulk electrical resistivity of the ZrC coils was 
measured using a 10 mm id. cylindrical measure- 
ment cell. The effect of bulk density of the ZrC 
coils obtained at various zirconizing temperatures 
on the bulk electrical resistivity is shown in 
Fig. 8, in which zirconizing time was fixed for 
120 min. The resistivity of the ZrC coils decreased 

Fig. 4. ZrC coils having a rectangular cross-section (a) and 
the enlarged view (b). 
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Fig. 5. XRD profiles of the ZrC coils obtained at various zir- 
conizing temperatures. Zirconizing time: 60 min. Zirconizing 
temperature: (a) 1250°C (b) 12OO”C, (c) 115O”C, 

(d) 1100°C. e, ZrC; A, ZrQ. 
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Fig. 6. XRD profiles of the ZrC coils obtained at various zir- 
conizing times. Zirconizing temperature: 1250°C. Zirconizing 

time: (a) 180 min, (b) 120 min, (c) 15 min. 0, ZrC. 

Fig. 7. Dark field image (a) and electron diffraction profile of 
the ZrC coils (b). A (11 l), B (200) C (220) D (3 11). H indi- 

cates halo pattern. 

with increasing zirconizing time. No apparent 
effect of zirconizing temperature on the bulk 
resistivity was observed. The effect of zirconizing 
time on the bulk resistivity of ZrC coils is shown 
in Fig. 9, in which the zirconizing temperature 
was fixed at 1250°C. The bulk resistivity of the 
ZrC coils decreased with increasing zirconizing 
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Fig. 8. Effect of bulk density of the ZrC coils obtained at 
various zirconizing temperatures on the bulk electrical resis- 
tivity. Zirconizing time: 180 min. Zirconizing temperature: 0, 

1250°C; n , 1200°C; 0, 1150°C. ----, Source carbon coils. 
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Fig. 9. Effect of bulk density of the ZrC coils obtained at 
various zirconizing times on the bulk electrical resistivity. 
Zirconizing temperature: 1250°C. Zirconizing time: 0, 
15 min; +, 60 min; X, 120 min; A, 180 min. ----, Source 

carbon coils. 
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Fig. 10. Schematic contact conditions of the bulk ZrC coils 
(A) and the enlarged cross-section (B). a, Carbon core; b, 

ZrC clad; c, Zr-oxide layers; d, contact part. 

time and attained a low value of about 10-l s-’ cm 
at 0.8 g cme3 for 120 min zirconizing time. The 
electric contact conditions in the bulk ZrC coils 
and the cross-section of the contact part are 
shown schematically in Fig. 10. It is postulated 
that very thin zirconium oxide layers are formed 
on the surface of the ZrC layers (ZrC clads). 
Accordingly, the bulk electrical resistivity of the 
ZrC coils, R, can be estimated by the equations 
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(1) 

R = R, f R, + R, (2) 

where R,, R,, R, and R, are the electrical resistiv- 
ity of the ZrC coils, source carbon coils (carbon 
core), ZrC layers (ZrC clad) and zirconium oxide 
layers formed on the ZrC clad, respectively, and 
R, is a contact resistivity between the ZrC coils. 
The density and electrical resistivity of the ZrC 
clad as well as the carbon core are not known. 
The densities of the ZrC,., single crystal and 
amorphous carbon is 4.0 g cmm3 and about 2.0 g 
cm-3, respectively. The carbon coils are in an 
amorphous state. The ZrC coils obtained at 
1250°C for 120 min have a ZrC clad with 20% of 
the total cross-section, and the density of the ZrC 
coils is estimated to be 2.4 g cme3. The electrical 
resistivities of the ZrCO+,, crystal and vapour- 
grown straight carbon fibres are 5 X lOA ss’ cm 
(Ref. 20) and 1 X 10e3 s’ cm (Ref. 21) respec- 
tively.Accordingly, the electrical resistivity of the 
ZrC coils is estimated to be 3.6 X 10“ s& cm. This 
value is two orders of magnitude lower than that 
of 1 X 10-l s’ cm obtained for the bulk ZrC coils 
with a bulk density 0.8 g cmm3, as can be seen in 
Fig. 8. The bulk ZrC coils with a bulk density of 
0.8 g cmm3 are more expanded (by about three 
times) than the ZrC coils with a density of 2.4 g 
cmm3. Therefore, the area of the contact point 
between each ZrC coil, through which electric cur- 
rent is conducted, may be smaller than that for 
the cross-section of a ZrC coil, which may result 
in an increased electrical resistivity. Furthermore, 
zirconium oxide layers formed on the surface of 
the ZrC clads may act as a large barrier for elec- 
trical conduction. That is, the observed electrical 
resistivity of the bulk ZrC coils is larger than that 
estimated theoretically because of the small con- 
tact area between each ZrC coil and the presence 
of oxide layers. 

4 Conclusions 

Micro-coiled ZrC fibres were prepared by vapour 
phase zirconizing of micro-coiled carbon fibres, 
and their preparation conditions, morphology and 
bulk electrical resistivity were examined. The coil- 

ing morphology of the source carbon coils was 
fully preserved under all zirconizing conditions. 
The bulk resistivity of the coiled ZrC fibres 
decreased with bulk density and was 10-l s-’ cm at 
0.8 g cmm3. 
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