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Abstract 

The chemical, structural and electrical properties of 
various SC-basedfibres prepared from the pyrolysis 
of organosilicon precursors were studied as a func- 
tion of their maximum (post)processing temperature 
T,. The magnitude of the electrical conductivity (0) 
and its thermal dependence (the apparent activation 
energy E,) are mainly controlled by the carbon 
excess present in the$bres. The free carbon phase is 
observed by TEM analysis as turbostratic stacks of 
aromatic carbon layers. The extent of those carbon 
domains (in length: L, and thickness: N) increases 
with T,. The amount offree carbon but above all its 
microstructure (i.e. the size of the carbon domains 
and their residual hydrogen content) and its micro- 
texture (isolated domains or interconnected network) 
govern the electrical properties of the$bres through a 
percolation eflect. 0 1998 Elsevier Science Limited. 
All rights reserved 

1 Introduction 

Silicon carbide fibres are one of the most promising 
refractory reinforcements for CMC’s for high tem- 
perature uses in oxidizing atmospheres. Because of 
the strength of the Si-C covalent bond, silicon car- 
bide combines excellent fracture strength, stiffness 
and creep resistance up to 1500°C. Furthermore it 
has an excellent oxidation resistance, owing to the 
formation of a protective silica layer. SIC fibres 
have been first prepared by chemical vapor deposi- 
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tion (CVD). However, these fibres are too large in 
diameter (10&l 50 mm) to be weavable and their 
high manufacturing cost precludes volume applica- 
tions. In 1975 a breakthrough in the SIC fibres pro- 
duction technology was achieved by S. Yajima et 
al.“2 Their approach to prepare small diameter 
continuous SIC fibres involved a route close to the 
processing of carbon fibres. These fibres are now 
sold under the trade name Nicalon (by Nippon 
Carbon Co. Ltd, Yokohama 221, Japan) and are 
extensively used for reinforcing polymers, metals, 
glass and ceramic composites. Since 1975, a lot of 
different sorts of fibres have been produced accord- 
ing to processes derived from the Yajima route. The 
processing of the fibres generally involves three 
steps: (1) the spinning of the organosilicon pre- 
cursor (e.g. a polycarbosilane PCS) in the molten 
state, (2) a chemical or a physical curing treatment 
to make the polymer fibres infusible and (3) the 
pyrolysis of the cured-filaments in an inert atmo- 
sphere yielding the final Sic-based ceramic fibres.‘12 
By using various polymer precursors, curing treat- 
ments and pyrolysis conditions, various types of 
fibres with specific properties have been prepared 
and some of them have been commercialized. Elec- 
tronic and magnetic properties provide valuable 
information for a better understanding of the 
structure of nanocrystalline ceramics, especially in 
the case of free-carbon containing materials like 
most of the polymer-based SIC fibres. Furthermore, 
these properties are of interest for technologies for 
the control of the radar signature of composite 
structures. The aim of this paper is to investigate the 
influence of the processing routes and eventually of 
subsequent thermal treatments of such fibres on 
their electrical and magnetic behaviour, together 
with their chemical and structural properties. 
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2 Experimental 

2.1 Description of the fihres 

2.1 .I Nicalon NL 200 from Nippon Carbon 
This commercial fibre is the most widely used SiC- 
based reinforcement in composites for industrial 
applications. The polymeric precursor used is a 
PCS of general formula -(-CHz-SiHCHs-)- and 
the curing process is a simple oxidation in air. This 
fibre has been widely studied.3p9 It consists of 
nanometric SIC crystals (~2 nm), carbon clusters 
(- 15 at% of free carbon) and an amorphous silicon 
oxycarbide phase SiO,C,, the oxygen (-13 at%) 
being introduced during the curing process.3-6 The 
Nicalon NL 200 has a limited thermal stability. The 
SiO,C, phase decomposes above 1 lOO-1200°C into 
CO and SiO leading to a strong decrease-of 
strength. 6-9 It has been shown that the thermal sta- 
bility of polymer-derived fibres can be improved by 
reducing their oxygen content and therefore, by 
using an oxygen-free curing process. lop1 5 

Except the Nicalon NL 200 which is the refer- 
ence material, all the fibres studied and described 
below are prepared according to a physical oxygen- 
free curing process. 

2.1.2 Experimental low-oxygen PCS-derivedfibres 
The precursor used was a commercial PCS (from 
Shin Etsu Co. Ltd, Tokyo, Japan) modified to 
allow the spinning process.15 The PCS filaments 
were cured with an electron beam (EB) under an 
argon atmosphere (1000 Mrad, 300 Mrad h-l). The 
irradiated filaments were subsequently pyrolyzed 
under an argon flow up to 850°C with a heating 
rate of 50°C h-i. The pyrolysis was then achieved 
under argon at the final treatment temperature Tp 
(1000 < Tp < 1600°C) for 0.25 h. The fibres are 
referenced GC 1 OO&GC 1600 depending on Tp. 

2.1.3 Hi-NicalonJibre from Nippon Carbon 
This recently commercialized fibre is also prepared 
from the spinning of PCS and subsequent electron 
beam curing process. They have a very low oxygen 
content ( < 0.5 at%) and are reported to have an 
excellent thermal stability.i4 

2.1.4 Tyranno Lox-EJibre from UBE 
This fibre is probably prepared from the same poly- 
meric precursor as the commercial oxygen-cured 
Tyranno Lox-M fibre16,17 namely a polytitanocarbo- 
silane (PTCS) synthesized by mixing polydimethyl- 
silane (PDMS), polyborophenylsiloxane and a tetral- 
koxide titanate (Ti-(OR)4). Like the Hi-Nicalon 
fibre, the Tyranno Lox-E (from UBE Industries Ltd, 
UBE 755, Japan) fibre is prepared by replacing the 
oxygen curing by an electron beam curing process.‘* 

2.1.5 Experimental low-oxygen and low-free carbon 
Jibres from Nippon Carbon 
The Hi-Nicalon fibre is almost free of SiO,C, 
phase but still contains a large amount of free car- 
bon (-17 at%) resulting from the starting PCS 
composition (C/Si (at)-2). For various reasons 
(e.g. to enhance the oxidation and the creep resis- 
tance), several laboratories intended to develop 
stoichiometric SIC fibres.12,19-21 

Nippon Carbon has recently developed a new 
low-oxygen Sic-based fibre derived from PCS but 
with a near-stoechiometric composition, called ‘Hi- 
Nicalon S’ fibre.19,20 The processing conditions of 
this fibre are not described in detail in the literature 
but the innovative step, compared to the standard 
Hi-Nicalon fibre, might be the pyrolysis conditions 
rather than the curing process or the polymeric 
precursor itself For instance, the EB-cured PCS 
filaments may be pyrolyzed under a hydrogen-rich 
gas flow to promote the evolution of hydrocarbons 
from the PCS structure.21 The organic-mineral 
transformation would therefore yield a lower free- 
carbon containing ceramic than the one achieved 
under an inert atmosphere. 

In addition to the Hi-Nicalon fibre (CjSi 
(at) = 1.41), three experimental samples of low- 
oxygen SIC based fibres with various free-carbon 
content (C/S1 (at) ranging from 1.38 to 0.91) were 
provided by Nippon Carbon. The variable free- 
carbon content is thought to result from the use of 
different pyrolysis atmosphere conditions (e.g. dif- 
ferent hydrogen partial pressures). The fibres are 
referenced Nicalon( 1.38)-Nicalon (0.91) in this 
paper, depending on the CjSi atomic ratio. 

2.2 Thermal annealing 
The Hi-Nicalon, Tyranno Lox-E and the experi- 
mental low free-carbon fibres were studied in the 
as-received state but also after heat-treatment in 
high purity argon at Tp (1000 < Tp < 1600°C) 
during tp = 1 h. 

2.3 Characterization techniques 
Chemical analyses of the bulk of the fibres were 
performed on polished cross sections by electron 
probe microanalysis (EPMA) (CAMEBAX 75 
from CAMECA) using wave length dispersion 
spectrometers (PET crystal for Si-K, and Ti-I& 
and PC11 multilayer for C-K, and O-K,) and pure 
or stoichiometric standards (respectively Sic, Ti 
and Si02). Hydrogen is not taken into account by 
EPMA. Elemental analyses were also performed 
using conventional procedures at the Service Cen- 
tral d’Analyse at CNRS, Vernaison. 

The nanostructure of the fibres was investigated 
by high resolution transmission electron micro- 
scopy (TEM) (EM 400 from Philips). The samples 
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were embedded in epoxy resin, cut into thin foils 
with an ultramicrotom and set on copper micro- 
grids. The TEM analyses were performed in the 
bright field (BF), dark field (DF), lattice fringes 
(LF) and related area diffraction (SAD) modes. 
Crystalline phases analyses were also carried out 
by X-ray diffraction (XRD) (DSOOO diffractometer 
from Siemens). The XRD spectra were recorded 
from tows of fibres. The apparent mean grain size 
of the SIC crystallites (L) was calculated from the 
full width at half length (D) of the (111) diffraction 
peak according to the Scherrer equation: 
L = Kl/D cos 8 where K is a constant (taken as I), 
1 the Cu-K, wavelength (O-154 nm) and the Bragg 
angle (17”53’). 

Electron spin resonance (ESR) measurements 
were performed at room temperature with a X-band 
spectrometer (lOi Hz from Varian). The g-value, 
the line width (s) and the paramagnetic sus- 
ceptibility (xp) were measured. The number of 
localized paramagnetic centers (r]) was deter- 
mined using DPPH (diphenylpicrylhydrazyle) as a 
standard. 

The electrical conductivity of the fibres (a) was 
measured as a function of temperature (T), from 
room temperature to about -190°C. Two different 
procedures were used depending on the magnitude 
of the resistance measured. 

For a resistance lower than 106Q a four-points 
testing device was used. The two ends of a single 
fibre, whose diameter was previously measured by 
laser interferometry were glued on a mica plate 
with an insulating varnish. Four copper wires were 
then connected to the fibre with silver painting 
(DAG 1415 from Ackeson). The fibre was sub- 
mitted to a low electrical current (to avoid a local 
heating of the fibre by Joule effect) by means of the 
two outer wires connected to a stable current sup- 
ply (224 from Keythley) and the two inner wires 
were then connected to a voltmeter (193 from 
Keythley). The resistance was calculated in this 
case from the Ohm law. The main advantage of the 
four points method is that the measured resistance 
is not altered by the resistances due to the electrical 
connections which may be significant. 

For a higher magnitude of resistance (R > 10%) 
but not exceeding lo’%, a two-points testing 
device was used. The resistance was directly mea- 
sured by means of an electrometer (617 from Key- 
thley). The additional resistances due to the 
electrical connections are supposed in this case to 
be negligible compared to that of the fibre. In order 
to avoid an eventual additional voltage due to a 
thermoelectric effect of the electrical connections, a 
second measurement was made after reversing the 
polarity and the average value of the two measured 
resistances was considered. 

To make low temperature measurements, the 
testing device consisting of the fibre and its con- 
nections on the mica plate was glued at the end of a 
thermocouple to measure the temperature. The 
whole system was inserted in a tight glass container 
filled with helium to facilitate thermal exchanges 
and to avoid moisture contamination. 

The thermal dependence of 0 (in !Z’cm-‘) is 
shown in diagrams where c is plotted in a loga- 
rithmic scale versus the reciprocal temperature 
(1000/T in K-l). The function log (T =f(l/T) gen- 
erally obeys a linear variation at least within the 
temperature range 200 < T < 300 K and the 
thermal behaviour of ~7 can be defined as follows: 
D = a0 exp (-&/k-r) where a0 is the pre-exponen- 
tial factor (in W’cm-‘), T is the temperature (in 
K), & is the apparent activation energy (in eV) and 
k is the Boltzmann constant (in eVK-‘). 

3 Results 

3.1 Chemical analysis 
The composition of the various Sic-based fibres is 
shown in Table 1. The chemical concentrations 
were all measured by EPMA except for the experi- 
mental Nicalon( 1.38)~Nicalon(0.96) fibres whose 
composition was provided by Nippon-Carbon. As 
expected, it clearly appears that the oxygen content 
of the EB-cured fibres is significantly lower than 
that of the oxygen-cured fibre (Nicalon NL 200). 
Except the Nicalon (O-96) fibre, all the fibres con- 
tain high amounts of free carbon. The conven- 
tional pyrolysis of EB-cured PCS and PTCS 
filaments (respectively GC1400, Hi-Nicalon and 
Tyranno Lox-E fibres) generally gives rise to a 
slightly higher free carbon amount than that of the 
oxygen-cured PCS fibre (Nicalon NL 200). This 
feature is probably due to the much lower amounts 
of carbon atoms engaged in the rare or nearly 
absent SiO,C, phase in the former fibres. The 
composition of the Hi-Nicalon fibre is close (espe- 
cially in terms of free carbon) to that of the 
GC1400 fibre. The higher oxygen concentration of 
the latter fibre originates from the PCS precursor 
used which was pre-oxidized in its as-received state. 

Table 1. Chemical composition of the different Sic-based 
fibres (from EPMA, hydrogen is not taken into account) 

Si CjSi Free C 
(at%) (atZ6) (ak) (a?&) (at) (at%) 

NL 200 39.5 48.6 12.0 - 1.23 14.9 
GC1400 40.0 57.0 3.0 ~ 1.43 18.5 
Hi-Nicalon 41.0 58.0 1.0 - 1.41 17.1 
Tyranno Lox-E 36.0 57.0 6.0 0.9 1.58 23.2 
Nicalon (0.91) 52.4 47.6 -0 - 0.91 0 
Nicalon (1.23) 44.8 55.2 -0 - 1.23 10.4 
Nicalon (1.38) 42.0 58.0 -0 - 1.38 16 
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The Tyranno Lox-E fibre shows low amounts of 
titanium as well as a relatively high oxygen con- 
centration which both result from the composition 
of the starting PTCS precursor. The experimental 
low-free carbon fibres contain significantly lower 
amounts of free carbon than the standard Hi- 
Nicalon fibre. The Nicalon(0.96) even shows a sili- 
con excess probably under the form of free silicon. 
It is worthy of note that the conventional elemental 
analyses of all the fibres failed in assessing the 
residual hydrogen concentration. It nevertheless 
cannot be omitted since the detection limit 
(0.3 wt%) corresponds to concentration of about 5 
at%. Furthermore, a RMN study of pyrolitic resi- 
dues of PCS showed that the hydrogen concentra- 
tion can be as high as 4.9 at% (O-27 wt%) for 
Tp = 1200°C and O-9 at% (O-03 wt%) for 
Tp = 1400”C.22,23 

The composition of the fibres (except the Nica- 
lon NL 200 and the low-free carbon fibres) was 
also measured after thermal annealing in argon up 
to 1600°C. No significant change in the silicon, 
titanium, carbon and oxygen concentrations was 
detected. 

Neutron diffraction analysis qualitatively 
showed the presence of residual hydrogen in the as- 
received Tyranno Lox-E fibre (it failed for the Hi- 
Nicalon fibre). The analysis of the fibre after 
annealing at Tp = 1400°C clearly evidenced the 
vanishing of hydrogen from the ceramics.24 

3.2 Structural analyses 
The structural properties assessed by TEM analysis 
of the fibres in the as-processed state and after 
annealing (the maximal SIC grain size d(SiC),,,, 
the extent of the aromatic layer stacks L, and the 
number of layers N) are shown in Table 2. The 
average SIC grain size determined by XRD analy- 
sis is shown in Fig. 1. 

3.2.1 Experimental PCS-derivedfibre (GCJibre) 
Tp= 1000°C: the microstructure of the fibre is 
amorphous since no diffraction peak is detected on 
the XRD spectrum. 

Table 2. Structural properties of the different Sic-based fibres 
(from TEM) 

GC fibre 

Hi-Nicalon 

Tyranno Lox-E 

Tp (“C) d(SiC),, L, N 
tp fh)-’ (nm) (nm) 

1200/0.25 6 2-3 46 
1400/0.25 10 3-5 4-6 
1600/0.25 25 48 48 

as-received 17 2-3 %3 
1400/l 25 3-6 5-8 
1600/l 50 5-10 7-12 

as-received 34 l-3 4-5 
1400/l 15 24 4-s 

0 'I.I.I'I'I.I.I'I' 
0 400 800 1200 1600 

Tp (“0 
Fig. 1. Apparent average B-Sic grain size (from XRD) of EB- 
cured polymer-derived fibres, versus the pyrolysis temperature 
Tp, for tp= 1 h [(O) GC fibre (tp=0,25h), (m) Hi-Nicalon, 
(A) Tyranno Lox-E, (0) Nicalon (0.91), (*) Nicalon (1.23), 

(0) Nicalon (1.38)]. 

Tp = 1200°C: the SiCi I 1 DF imaging of the 
GC1200 fibre shows very small /?-Sic crystallites 
(2-3 nm) in agreement with the XRD analysis. LF 
imaging shows free carbon as isolated basic struc- 
tural units (BSU) (i.e. 2 to 3 layers of about 10 
aromatic cycles). 

Tp = 1400°C: the GC1400 is polycrystalline with 
a mean apparent Sic grain size of 4nm (from 
XRD analysis), a maximum SIC grain size of 10 nm 
(from SiClll DF) and a free-carbon phase orga- 
nized as turbostratic stacks of N= 3-5 layers partly 
surrounding SIC crystals. No preferential orienta- 
tion of either the SIC and the carbon domains is 
observed. 

Tp = 1600°C: SIC grains have an apparent mean 
Sic grain size of 8-10 nm and reach 25 nm as 
determined by SiCll I DF. The extent of the tur- 
bostratic stacks (L,) and the number of layers (N) 
both increase from Tp= 1400 to 1600°C. 

3.2.2 Hi-Nicalon Jibre 
As-received fibre: the nanostructure of the Hi- 
Nicalon fibre is rather similar to that of the 
GC1400 fibre. The size of SIC grains currently 
ranges from 2 to 17 nm with a mean value of about 
5 nm. The free carbon domains are L, = 2-3 nm in 
extent and consist of N= 5 to 8 aromatic layers. 
The turbostratic stacks tend to associate edge to 
edge flat upon Sic crystals to form an uncompleted 
intergranular network. LF imaging seldom sug- 
gests sintering of SIC crystals. 

Tp = 1400°C: a SIC grain growth is observed by 
both XRD and TEM analyses (with a maximum 
crystal size of 25nm). Free carbon is also better 
organized in terms of the extent of the turbostratic 
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stacks (L, ranges from 3 to 5nm). The three- 
dimensional network of wrinkled carbon domains 
is more apparent than in the as-received state. 

TP = 1600°C: SIC grains as large as 50 nm are 
observed. Joined SIC crystals are more frequent. 
The free-carbon phase keeps on organizing with 
increasing L, (5-10 nm) and N (7-12) values. 

3.2.3 Tyranno Lox-EJibre 
As-received: XRD and TEM analyses also show 
the presence of B-Sic and free carbon phase but in 
a much lower organization state than that of the 
Hi-Nicalon fibre. The maximum SIC grain size is 
334 nm and the carbon domains are slightly thinner 
(N = 4-5) and significantly shorter (L, = l-3 nm). 

TP = 1400°C: the SIC grain size increases at 
TP = 1400°C with a maximum size of 15 nm but 
remains lower than the GC1400 fibre or the Hi- 
Nicalon fibre treated at the same temperature. The 
free-carbon phase becomes much more organized’ 
and apparently abundant. The number of aromatic 
layers is unchanged (N=&5), the extent of the 
carbon domains is higher (L, = 24nm) but they 
remain highly curved. 

3.3 Electronic properties 

3.3. I Electron spin resonance 
The ESR results are shown in Table 3 for the as- 
received and heat-treated Hi-Nicalon ( TP = 1600°C) 
and Tyranno Lox-E (TP = 1400°C) fibres. The g- 
values are similar to these reported for carbon 
materials (i.e. almost that of the free electron: 
g= 0.0023) and for Nicalon NL 200 fibres.25 The 
paramagnetic susceptibility (xp) and the linewidth 
(s) are also close to those reported by other 
authors for the Nicalon NL 200 fibres. 

The g-value is almost unchanged after the heat- 
treatments while xp and the associated spin con- 
centration (n) both strongly decrease for the Hi- 
Nicalon at TP = 1600°C (to about one-fifth) and 
increase for the Tyranno Lox-E at TP= 1400°C (to 
the double). 

3.3.2 Electrical conductivity 
The electrical conductivity of the standard EB- 
cured fibres (GC1400, Hi-Nicalon and Tyranno 
Lox-E) is 3 to 4 orders of magnitude higher than that 
of the oxygen-cured fibre (Nicalon NL 200) (Fig. 2). 
All the fibres show a typical semi-conducting 

T C'C) 
0 -100 -150 -200 

lo 3 

AA 
A 

A~ 
A 

2 4 6 12 14 

Fig. 2. Thermal behaviour of the electrical conductivity of 
polymer-derived Sic-based fibres: (IJ) Hi-Nicalon, (0) 

GC1400, (0) Tyranno Lox-E and (a) Nicalon NL200. 

behaviour (i.e. (T increases with 73 which is much 
more pronounced (the magnitude of E, is higher) 
for the Nicalon NL 200 fibre than for the standard 
EB-cured fibres. 

The influence of the pyrolysis temperature (T,) 
on the electrical conductivity of the PCS-derived 
EB-cured fibres (GClOOO-GC1600) is shown in 
Fig. 3. The electrical conductivity measured at a 
given temperature T increases strongly from 
TP= 1000 to 1200°C (of about 4 decades at 300K) 
and then gradually up to TP = 1600°C. For 
TP < 1 lOO”C, the fibre exhibits a low electrical con- 
ductivity (a< 5.10-4 !Z’cm-‘) and a marked 
semi-conducting behaviour (E,= 0.72 eV at 
TP= 1000°C for 200 < T < 300 K). 

From TP= 1100°C to 1200°C the d.c. electrical 
conductivity increases by more than 2 orders of 
magnitude whereas E, drops from 0.117 to 0.056 
eV. For TP > 14OO”C, the electrical conductivity 
becomes almost independent of the temperature. 
An analysis by Auger electron spectroscopy of the 
surface of the fibre treated at TP = 1600°C showed 
the presence of a thin superficial carbon layer 
(-350 nm in thickness). l5 In order to study the 
influence of this carbon layer on the electrical con- 
ductivity of the fibre, it was removed by a brief 
oxidation in air at 600°C. The electrical con- 
ductivity of the oxidized fibre is significantly lower 

Table 3. ESR results for the different Sic-based fibres 

Samples g s Xp(emu CGS gP’) rl (spin 8-l) 
(gauss) 

Hi-Nicalon as-received/l600”C 1 hh’ Ar’ 
Tyranno Lox-E as-received/1400”C 1 hh’Arr’ 
Nicalon NL200 as-received (26) 

2.0028/2.0027 3.812.7 3.30x 10-*/0.65x lO-8 155x 10’8/3.1 x10’s 
2.0026/2.0027 1.6/1.5 0.28x 1O-8/O.57x 1O-8 1.3~10’~/2.7x lOI 
2.0027 2.6 
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102q 
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Fig. 3. Thermal behaviour of the electrical conductivity of 
experimental EB-cured PCS-derived fibres (GC fibers), versus 
the pyrolysis temperature Tp, for tp = l/4 h [( + ) Tp = 1 OOOT, 
(A) Tp= llOO”C, (0) T,=12OO”C, (0) T,=14OO”C, (0) 

Tp= 16OO”C, (m) T,,= 1600°C (oxidized 6OO”C)]. 

than that of the original fibre but & remains 
almost unchanged. 

The influence of the annealing temperature (T_) 
on the electrical conductivity of the Hi-Nicalon 
and Tyranno Lox-E fibres is shown in Figs 4 and 5. 
As observed above for the experimental ex-PCS 
EB-cured fibres but to a lower extent, the electrical 
conductivity of both the Hi-Nicalon at the Tyr- 
anno Lox-E fibres increase and the semi-conduct- 
ing behaviour vanishes (& decreases) with Tp. The 
effect of the thermal treatment is much more pro- 
nounced for the Tyranno Lox-E than for the Hi- 

T (“0 
9 -1QO -150 -200 

1 

i 
4 

@--oo*o 
@+&ha 

Qo~oooooo 0000 0 00 

AAAAAAA AA AA A 

10-l ‘1 ’ ’ ’ ’ - ’ ’ ’ - ’ ’ t 
2 4 6 8 10 12 14 

1000/T&) 
Fig. 4. Thermal behaviour of the electrical conductivity of Hi- 
Nicalon fibres, versus the annealing temperature Tp, for 
tp= 1 h ((+) as received, (0) Tp= 12OO”C, (A) Tp= 14OO”C, 

(0) Tp= 1600°C). 

10 l 

_F loo 

g 

?g 

b 
10-l 

10 -2 

T C’C) 
0 -100 -150 -200 

2 4 6 8 _1 10 12 14 

lOOO/T(K > 

Fig. 5. Thermal behaviour of the electrical conductivity of 
Tyranno Lox-E fibres, versus the annealing temperature Tp, 
for tp= 1 h [( +) as received, (0) Tp= 1 lOO"C, (A) 
Tp= 12OO”C, (0) Tp= 13OO”C, (0) T,=135O”C, (X) 

T,,, = 14OO”C)]. 

Nicalon fibre (a increases of 12 times at 
Tp= 1400°C for the former and only 4 times at 
Tp = 1600°C for the latter) while the electrical con- 
ductivity of the Hi-Nicalon is higher than that of 
the Tyranno Lox-E in the as-received state 
(respectively 0.8 versus 4.9 W’cm-‘). Conversely, 
the electrical conductivity of the Tyranno Lox-E 
becomes lower than that of the Hi-Nicalon fibre 
after annealing at Tp = 1400°C (respectively 1.9 
versus 4.9 Q2-‘cm-‘). The influence of the free-car- 
bon content of the experimental EB-cured fibres 
(Nicalon 1.38-Nicalon 0.9 1) on their electrical 
conductivity is shown in Fig. 6. Its room tempera- 
ture value increases strongly by more than 4 orders 
of magnitude and the semi conducting behaviour 
vanishes (Ea decreases) when C/Si ratio is raised 
from 0.91 to 1.41 (for the Hi-Nicalon fibre). Fur- 
thermore, there is a large and sudden evolution of 
both (T and E, (0 increases by more than 3 orders 
of magnitude) from CjSi = 1.23 to l-38. For C/ 
Si< 1.23, the fibres exhibit a remarkably low elec- 
trical conductivity (a < lop4 W’cm-‘) and a 
marked semi-conducting behaviour both close to 
those of the Nicalon NL 200 fibre. 

4 Discussion 

The electrical conductivities at ambient tempera- 
ture of the EB-cured fibres GC1400, Hi-Nicalon, 
Tyranno Lox-E and Nicalon (1.38) are all close to 
1 !X’cm-’ (0.5 <D < 1 $Z-‘cm-‘) while those of the 
oxygen-cured Nicalon NL 200 and of the low-free 
carbon Nicalon (O-91) and Nicalon (1.23) range 
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Fig. 6. Thermal behaviour of the electrical conductivity of 
EB-cured PCS-derived fibres with a varying free carbon con- 
tent [(A) Nicalon(0.91), (0) Nicalon(l.23), (0) Nica- 

lon(l.38), (0) Hi-Nicalon(C/Si = 1.41)]. 

from 5.1OW to 5.10p4 W’cm-‘. Considering that 
the fibres consist mainly of silicon carbide and free 
carbon, such a value of 0 strongly suggests that the 
component controlling the electrical behaviour is 
mainly the free-carbon phase. As a matter of fact, 
the electrical conductivity of nanocrystallized car- 
bons resulting from the carbonization of anthra- 
cene chars currently ranges from l-100 Q2-‘cm-‘, 
depending on the processing temperature.2”28 As a 
comparison, CT is only 5-10 W’cm-’ for pure 
polycrystalline CVD SIC. Because of the much 
lower volume ratio of the free carbon phase to SIC 
in the former type of fibres (e.g. respectively 14-19 
~01% of SIC versus 76 ~01% of C in the Hi-Nicalon 
fibre), such value of r~ consistent to that of carbon 
materials suggests a continuous texture of the free 
carbon phase throughout the fibre. A simple het- 
erogenous model of the material consisting of a 
mixture of insulating particles (the SIC grains) and 
conducting domains (the free carbon) implies a 
volume ratio of free carbon sufficient to reach the 
percolation threshold (which is dependent of the 
shape and the distribution of these domains).27 
Conversely, for lower volume ratios of free carbon 
[e. g for the Nicalon (0.9 1) and Nicalon (1.23)], the 
fibres have such a nanotexture that the carbon 
phase does not form a continuous network any- 
more (its volume fraction is below the percolation 
threshold). The electronic conduction through the 
fibre cannot be achieved by the free carbon phase 
only but also partially by the SIC phase. The value 
of CJ is therefore only of the order of that of pure 
SIC (5.10-6-5.10-4 W’cm-I). 

The Nicalon NL 200 fibre has a free carbon 
atomic ratio close to that of the Hi-Nicalon fibre 

but it exhibits a much lower magnitude of electrical 
conductivity than its EB-cured counterpart 
(2.10-4< < 1 Q2-‘cm-‘). For a similar reason as 
described above, this feature might be explained by 
the discontinuity of the free-carbon phase which 
would place the Nicalon NL 200 fibre below the 
percolation threshold. The electrical behaviour 
would therefore be controlled by the Si-O-C con- 
tinuum including the SIC grains and the SiO,C, 
oxycarbide phase. As a matter of fact, the free 
carbon is generally described as isolated BSU’s 
embedded in the Si-0-C continuum.5 The low 
value of o may also be partly related to a low pro- 
cessing temperature yielding a poorly organized 
and hydrogen-rich free carbon phase characterized 
by a low electrical conductivity.27,28 It is worthy of 
note that TGA analyses have tended to show that 
the Tyranno Lox-E fibre is not as stable as the 
Nicalon NL 200 since a weight loss probably due 
to an evolution of hydrogen was observed for the 
former fibre at a temperature as low as 1050”C.24 
The Tyranno Lox-E fibre has however a much 
higher electrical conductivity than that of the 
Nicalon NL 200. This feature tends to confirm the 
assumption of the presence of isolated BSU’s in the 
Nicalon NL 200 on one hand and of inter- 
connected carbon domains in the Tyranno Lox-E 
on the other hand. 

All the EB-cured fibres exhibit a semi-conducting 
type electrical behaviour which gradually vanishes 
as the electrical conductivity increases, both features 
as a result of the pyrolysis or annealing temperature 
TP increase. Such a behaviour has already been 
observed for PCS pyrolitic residues 29 and has been 
described for non-crystalline carbon materials.27 

A qualitative analysis of the electronic properties 
of EB-cured fibres during pyrolysis (GClOOO- 
GC1600) can be based on a study of the carboni- 
zation of anthracene chars.27,28 The free-carbon 
phase of the fibre for TP > 1000°C can be descri- 
bed by the mixture of two phases; the former is 
conductive and made of stacked aromatic carbon 
layers (visible by TEM) long and organized enough 
to have metal-like electrical properties whereas the 
latter is insulating, i.e. the faulted carbon (with sp3 
hybridization state), the hydrogenated carbon at 
the periphery of the aromatic layers and the por- 
osity between the carbon domains. The pyrolysis of 
the EB-cured fibres results, after the formation of 
conducting aromatic domains of low extent (T > 

850”C),22 (1) in the elimination of the hydrogen 
atoms from the periphery of the aromatic layers 
(and therefore to the formation of free radicals) 
and (2) in the coalescence of these nano-domains to 
form larger conducting domains (associated to the 
decrease of the number of free radicals). From a 
macroscopic point of view, the coalescence of the 
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conducting domains beyond the percolation 
threshold gives rise to a sudden increase of the 
electrical conductivity (from Tp = 1100 to 12OO”Q 
in a similar manner to that for the fibres with 
variable amounts of free carbon. 

A similar behaviour is observed for the Hi-Nica- 
lon and Tyranno Lox-E fibres when submitted to 
increasing annealing temperatures, but to a lesser 
extent. As a matter of fact, the fibres were prepared 
at such high temperatures that the further thermal 
treatment has only a moderate effect on their 
microstructure and therefore on their electrical 
properties. An increase of 0 associated with a 
decrease of E, is however observed at Tp = 1100°C 
for the Tyranno Lox-E fibre and 1200°C for the 
Hi-Nicalon fibre, while no structural evolution of 
the fibres was observed. 

The effect of the thermal treatments of both 
fibres on their concentration of paramagnetic cen- 
ters (q) is completely different. q increases from the 
as-received state to Tp = 1400°C for the Tyranno 
Lox-E and decreases at Tp = 1600°C for the Hi- 
Nicalon fibre. These features illustrate the two 
successive mechanisms described above: (1) an 
increase of q due to the breaking of C-H bonds at 
the boundary of the carbon domains and (2) a 
decrease of N due to the two- dimensional ordering 
of these domains. The first mechanism is mainly 
involved for the annealing of the Tyranno Lox-E 
fibre at Tp = 1400°C because of its relatively high 
concentration of residual hydrogen. It is not 
necessarily associated with an organization of the 
free carbon texture, as supported by the TEM 
analysis which only shows a moderate increase of 
L, at Tp= 1400°C. Conversely, the second 
mechanism is mainly involved for the Hi-Nicalon 
fibre at Tp= 16OO”C, because of its very low con- 
centration of hydrogen, its significantly better 
organization of the free carbon phase in the as- 
received state (also supported by TEM analysis) 
and finally because of the obvious organization of 
free carbon observed after annealing at a higher 
temperature ( Tp = 1600°C). 

5 Conclusion 

The electrical properties of various Sic-based 
fibres prepared from the pyrolysis of organosilicon 
precursors were studied in correlation with their 
chemical and structural properties. The magnitude 
of the electrical conductivity (a) and its thermal 
dependence (the apparent activation energy E,) are 
mainly controlled by the free-carbon phase present 
in the fibres. 

Free carbon is observed by TEM analysis as 
turbostratic stacks of aromatic carbon layers. The 

extent of those carbon domains (in length: L, and 
thickness: N) increases with the maximum (post)- 
processing temperature Tp of the fibres. The 
amount of free carbon but mainly, its texture, 
govern the electrical properties of the fibres 
according to a percolation effect. For instance, 
isolated carbon domains embedded in an insulating 
crystalline [Nicalon (O-91) and Nicalon (1.23)] or a 
partially crystalline (Nicalon NL 200) continuum 
give rise to an electrical conductivity level which is 
4 to 5 orders of magnitude lower than that of fibres 
with a continuous carbon network (GC140& 
GC 1600, Hi-Nicalon and Tyranno Lox-E). 

For a given amount of free carbon in the mate- 
rial, its organization (i.e. its microstructure and 
microtexture) significantly influences the magni- 
tude of 0 and Ea. The pyrolysis of EB-cured PCS 
filaments at increasing temperatures results succes- 
sively (1) in the formation of hydrogenated aro- 
matic domains (GClOO&1 loo), (2) in the 
elimination of the hydrogen from the border of the 
domains (GC 1 1 00-GC 1400 and Tyranno Lox-E 
for Tp= 1400°C) and (3) in their coalescence into 
larger conductive domains eventually in the form 
of a continuous carbon network (GC1400- 
GC1600, Hi-Nicalon and Tyranno Lox-E for Tp 
> 1400°C). From a macroscopic point of view, this 
phenomenon corresponds to large changes in the 
d.c. electrical conductivity at room temperature 
and its temperature dependence. 
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