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Si C-N model filaments almost free of oxygen have been prepared from a novel PCSZ 
precursor by melt-spinning, y-ray curing and pyrolysis under pure nitrogen (or argon) at a 
temperature 0p as high as 1 600 ~ The organic-inorganic conversion of the precursor takes 
place at 450 < 0p < 850 ~ It yields an amorphous filament whose composition is close to 
Si0o.93No.46 (with less than 2 wt % O). No significant change in composition and 
microstructure occurs up to about 1400~ Beyond 1400~ under argon, a decomposition 
process takes place starting from the filament surface whereas, under nitrogen, the only 
observed phenomena are the growth of a skin a few nanometres thick at the filament surface 
and the formation of tiny [3-SIC crystals within the amorphous Si-C N material. As 0p is 
raised, the Young's modulus at room temperature continuously increases to reach a value 
close to 220 GPa for 0p = 1600~ whereas the tensile failure stress undergoes a broad 
maximum close to 2400 MPa for 0 n = 1200~ and is still higher than 2000 MPa after ageing 
at 1600 ~ Thus, Si-C-N filaments free of oxygen have improved stability at high temperatures 
with respect to Si-C-O filaments processed under similar conditions. 

1. In t roduc t ion  
The potential of metal-matrix composites (MMC) 
[1-3] and ceramic-matrix composites (CMC) [3-6] 
as structural materials for applications at high temper- 
atures (e.g. in the aerospace industry field) is limited, 
among others, by the poor high-temperature charac- 
teristics of the reinforcement; presently available. 
Oxide-based fibres such as alumina [7-9] and zir- 
conia [10] fibres are chemically very stable at high 
temperatures, with respect to atmospheres containing 
oxygen. Unfortunately, they undergo grain growth 
phenomena even at medium temperatures which 
lower their failure strength. Conversely, carbon fibres 
are known to exhibit a good microstructural stability 
and excellent mechanical properties at high temper- 
atures but they are very sensitive to oxygen even at 
temperatures as low as 500-600 ~ Ell, 12]. 

A variety of fibres, referred to as SiC [13-23] or 
Si3N 4 [24-26] fibres, amorphous or microcrystalline, 

have been elaborated from organosilicon precursors 
according to a spinning-curing-pyrolysis procedure 
similar to that previously used for the carbon fibres. 
Since both SiC and Si3N 4 exhibit an excellent resist- 
ance to oxidation (related to the growth of a thin 
protective scale of silica: the so-called passive oxida- 
tion regime), up to 1500-1600 ~ one could expect 
that SiC (or Si3N4) fibres were among the best mater- 
ials for the reinforcement of CMCs. This is actually 
true as long as the temperature does not exceed about 
1200 ~ Beyond this temperature, their microstruc- 
ture is no longer stable owing to the occurrence of a 
large amount of oxygen (i.e. 10-20 wt %) in their 
composition. Oxygen is mainly picked up by the green 
fibre during the curing process (the organosilicon 
precursor is usually spun in the molten state and it is 
made unmeltable by an oxidation process) and re- 
mains in the amorphous state after pyrolysis (owing to 
the stability of the Si-O bond) [27]. Only when the 
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temperature is raised beyond about 1200~ (for the 
S i -C-O fibres) is oxygen released as SiO and CO 
[27 29]. Unfortunately, this decomposition, which 
proceeds radially from the external surface of the fibre, 
has two negative consequences: (i) it yields, with an 
important diameter shrinkage and weight loss, a 
13-SIC + C mixture in which the f3-SiC crystal size 
increases as the temperature is raised and (ii) it results 
in a dramatic drop in both the tensile failure strength 
and stiffness [18, 193. Conversely, this decomposition 
process, which takes place at a temperature corres- 
ponding roughly to the CMC processing conditions, is 
also responsible for the formation of a thin layer of 
carbon at the fibre surface, acting as an interphase or 
mechanical fuse in the composites. Therefore, the non- 
brittle behaviour of SiC glass-ceramic or SiC-SiC 
composites is at least partly a beneficial consequence 
of the low thermal stability of oxygen-cured ex- 
organosilicon fibres [30 32]. 

Since it has been established that the use at high 
temperatures of ex-organosilicon fibres was actually 
limited by the oxygen introduced in the material 
during the curing step, attempts have been made to 
lower the oxygen concentration or better to select 
curing processes which did not involve oxygen. 
Si-C-N(O) fibres (HPZ fibres from Dow Coming) 
containing only a few per cent of oxygen have been 
obtained from hydridopolysilazane (HPZ) precursors 
utilizing a curing process with HSiC13 (instead of 
water vapour used previously) [33]. Independently, 
Si-C-N(O) fibres (Fiberamic from Rh6ne-Poulenc) 
with a rather low oxygen content (8 wt %) have been 
prepared by spinning a polysilazane (PSZ) and mak- 
ing the fibres obtained unmeltable by thermal and 
chemical curing [34]. Finally, ex-polycarbosilane 
(PCS) fibres, almost free of oxygen (0.4 wt %), have 
been very recently elaborated utilizing a physical cur- 
ing process (electron beam curing) and were reported 
to exhibit a drop in their room-temperature mechan- 
ical characteristics after an ageing treatment of 1 h at 
1500~ [35, 36]. 

The present contribution is part of work devoted to 
a new polycarbosilazane (PCSZ) precursor and to the 
related S i -C-N and S i - C - N - O  ceramics. Previous 
articles published on the subject (parts 1-3) dealt with 
(i) the synthesis of the precursor and its conversion by 
pyrolysis into bulk S i -C-N ceramic samples [37], 
(ii) its curing by oxygen [38] and (iii) the preparation 
and pyrolysis of oxygen-cured PCSZ model mono- 
filaments [39]. It has thereby been shown that oxygen- 
cured PCSZ filaments remain amorphous within a 
wide range of temperatures (i.e. from 850 to about 
1400~ under an argon or nitrogen atmosphere. 
Beyond 1400 ~ the filaments undergo a 
decomposition-crystallization or a decomposition- 
nitriding process depending on whether the pyrolysis 
is performed under argon or nitrogen, respectively. 
The heteroatoms (N and O) were shown to impede the 
growth of p-SiC crystals. The effect of both pyrolysis 
temperature and atmosphere on the room-temper- 
ature failure strength and stiffness was discussed. 

The aim of the present contribution is (i) to discuss 
the preparation and properties of oxygen-free S i -C-N 
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model monofilaments which have been spun from 
molten PCSZ precursor, cured with y-rays and pyrol- 
ysed under argon or nitrogen; and thus, by com- 
parison with the data previously presented in part III 
[39], (ii) to show the effect of oxygen on their micro- 
structure and mechanical properties at room temper- 
ature. 

2. Experimental procedure 
2.1. Preparation of the ex-PCSZ Si-C-N 

model filaments 
The PCSZ precursor used in the present work was 
prepared according to a two-step process described 
in detail elsewhere [40]. In the first step, a poly- 
silasilazane (PSSZ) was prepared by adding dimethyl- 
dichlorosilane and 1,3-dichloro-l,3-dimethyldisilazane, 
in equimolar ratio; to a suspension of sodium in 
boiling toluene. In a second step, the clear, mobile 
PSSZ was converted into crosslinked PCSZ by hea- 
ting progressively at temperatures up to 400 ~ under 
argon. Among other complex mechanisms, this path- 
way certainly involves methylene group insertions 
into Si-Si bonds as previously reported for disilanes 
and polysilanes [41, 13, 37]. At this stage, the average 
molecular weight ~3 w was about 15 200. The material, 
referred to as PCSZ-I! in part 1 [37], corresponds to 
the formula SiC1.22No.45H,~.200.o3, showing that the 
contamination by oxygen during processing has been 
very low. 

The PCSZ precursor was spun, in the molten state, 
with a laboratory-scale apparatus equipped with a 
single spinneret, in order to prepare a continuous 
monofilament 25 gm in diameter. The green filament 
was then cut, in a glove box filled with a dry inert 
atmosphere, in a gauge of 50 mm length. 

The green PCSZ filaments were cured with y-rays 
under dry argon according to the following procedure: 
(i) they were first introduced, under the argon atmo- 
sphere of the glove-box, in aluminium containers sub- 
sequently tightly sealed, then (ii) the containers were 
set within the irradiation chamber of a 6~ source 
and submitted to an overall irradiation dose ranging 
from 50 to 350 Mrad (the irradiation rate being close 
to 0.5 Mrad h-1) and finally (iii) the irradiated con- 
tainers were opened in the glove box in order to avoid 
any contact with oxygen and moisture during the 
curing step. 

The y-ray cured filaments were set in a boat of silica, 
transferred to a pyrolysis furnace whose glass silica 
tube was directly connected to the glove box, and 
pyrolysed in an atmosphere of argon (P = 100 kPa) 
up to 850~ (heating rate: 50~ h-~; plateau at 
850~ 15 min). After such treatment, which corres- 
ponds basically to the organic-inorganic transition 
as discussed in parts I-III  [37-39], the material is no 
longer sensitive to oxygen and moisture. The pyro- 
lysis, performed under pure nitrogen or argon, was 
achieved with high-temperature pyrolysis equipment 
(r.f. heating), according to a procedure described in 
part I [37], up to a value 0p (the material being 
maintained for 15 min at 0p). The flow chart of the 
overall process is shown in Fig. 1. 
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Figure 1 Flow chart of the process used to prepare the Si C N 
(present work) and Si -C-N-O (part III 1-39] ) filaments from the 
same PCSZ-II precursor. 

2.2. Characterization of the filaments 
The elemental analyses and mechanical tests per- 
formed on S i - C - N  filaments after the y-ray curing 
and pyrolysis steps have been previously described in 
parts I Ill  [-37-39] and will be only briefly recalled 
for the purpose of the discussion. 

The measurement of the insoluble fraction was 
performed on filaments submitted to increasing dose 
of y-rays, as follows: a sample (mass too) of filaments 
was treated with hexane at 25 ~ for 15 min and the 
resulting solution filtered. The solid residue was dried 
at 150 ~ and its mass m, was measured. The insoluble 
fraction in hexane ~ was calculated as ~ = mjmo. 

In order to study the effect of the y-ray irradiation 
dose on the weight loss during pyrolysis, thermo- 
gravimetric analysis (TGA) (TGS 2 apparatus from 
Perkin Elmer) was performed up  to 950 ~ under an 
argon atmosphere (P = 100 kPa) up to 950 ~ (heat- 
ing rate: 300~ h-~), the sample (mo = 10 mg) being 
set in a platinum crucible. 

Elemental analysis was performed by electron 
probe microanalysis (EPMA) (Camebax 75 from 
Cameca) from polished cross-sections of the filaments 
utilizing two different monochromators (i.e. PET for 
SiK~ and a multilayer PCI pseudo-crystal for CKa, 
OK~ and NK~) and pure SiC, BN and SiO 2 as stand- 
ards. Auger depth-concentrat ion profiles were re- 
corded from the filament surface by Auger electron 
spectroscopy (AES) (scanning Auger microprobe 
PHI-590 from Perkin-Elmer) with an Ar + sputtering 
gun. The apparent atomic concentrations were 
derived from the intensities of the SiLVV, CKLL, 
OKLL and NKLL Auger electron transitions, 
utilizing the derivative mode. It should be emphasized 

that (i) these concentration measurements are only 
semi-quantitative and (ii) the sputtered depths that 
will be mentioned in the following are only relative 
values (reference : Ta20  5 sputtering rate), the actual 
sputtering rate for the Si C N filaments being 
unknown. 

Transmission electron microscopy (TEM) was per- 
formed (2000 FX TEM from Jeol) on thin sections of 
filament obtained by ultramicrotomic according to 
the bright-field, dark-field and selected-area diffrac- 
tion (SAD) modes. The dark-field images were re- 
corded by setting the aperture in position 2, i.e. it was 
centred at 4.2 nm-  i in order to select, among others, 
the 1 1 1 reflection of I3-SiC. Scanning electron micro- 
scopy (SEM) (840 SEM from Jeol) was used to 
observe the filament surface and assess the morpho- 
logy of the tensile failure surfaces. 

Finally, the ex-PCSZ S i - C - N  filaments were tensile 
tested at room temperature (gauge length L = 10 mm) 
with a microtensile tester similar to that described by 
Bunsell et al. [42]. The mean tensile failure stress cy R 
was calculated from the data obtained from an aver- 
age of 20 tests and the Young's modulus taken as the 
slope of the stress-strain curve at the origin. 

3. Results 
&l .  Insoluble fraction after 7-ray curing and 

weight loss during pyrolysis 
The variation, as a function of the irradiation dose, of 
the fraction "q insoluble in hexane and the ceramic 
yield q after pyrolysis at 0p = 950~ are shown in 
Fig. 2. Both curves exhibit the same general features 
which can be presented as follows: (i) a sharp increase 
in both q and r 1 as the irradiation dose is raised to 
about 150 Mrad followed by (ii) a smooth increase in 
q and q as the irradiation dose is raised up to 350 
Mrad. The filaments which were cured with an ir- 
radiation dose of the order of 150 Mrad exhibit, after 
pyrolysis, a shrunken surface with many defects 
thought to be detrimental to the tensile failure stress, 
as shown in Fig. 3. Therefore, the effect of the pyro- 
lysis temperature 0p on the properties of the Si C - N  
filaments (discussed in section 4 below) was studied on 
materials having received a y-ray irradiation dose 
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Figure 2 Variations, as a function of the ,{-ray irradiation dose, of 
the insoluble fraction in hexane and ceramic yield at 950~ of 
PCSZ model filaments. 
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Figure 3 Surface morphology of Si-C-N filament after insufficient 
7-ray curing (irradiation dose 150 Mrad) and pyrolysis treatment 
under nitrogen at 1200~ 

equal to 350 Mrad (no attempt was made to establish 
the minimum irradiation dose resulting in no detri- 
mental shrinkage after pyrolysis). 

The variations of the weight loss Am/too as a func- 
tion of temperature 0p, before and during the 
organic-inorganic transition, are shown in Fig. 4 for 
both cured and uncured PCSZ-II filaments. The main 
difference between the two materials lies in the fact 
that the uncured PCSZ-II precursor has already 
undergone a weight loss of the order of 23% (com- 
pared with only 10% for the cured filaments) before 
the beginning of the organic-inorganic transition, i.e. 
within the temperature range 25-450 ~ As discussed 
in part I [37], this kind of weight loss has been 
assigned to an evolution of oligomers. On the other 
hand, the weight loss during the organic inorganic 
transition itself (i.e. for 450 < 0p < 850 ~ is almost 
the same, i.e of the order of i0%, for both materials. 
Thus, the overall weight loss for 0p = 950 ~ is 33 and 
20% for the uncured and cured PCSZ-II, respectively. 

3.2. Chemical composition 
The elemental compositions of ex-PCSZ-II y-ray 
cured S i -C-N filaments after pyrolysis in an atmo- 
sphere of pure nitrogen at 0p = 1000, 1200, 1400 and 
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Figure 4 Variations of the weight loss, Am/mo, as a function of 
temperature before and during the organic inorganic transition in 
cured and uncured PCSZ-II filaments. 
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1600 ~ are shown in Table I. It appears from the data 
that (i) the composition of the filaments remains 
unchanged when 0p is raised: it corresponds to the 
formula SiCo.93No.460o.o5, and (ii) the oxygen con- 
centration at the very end of the pyrolysis treatment is 
less than 2 wt %. Furthermore and as previously dis- 
cussed in parts I and III [37, 39], hydrogen (which 
cannot be analysed by EPMA) might be present in 
small amounts, particularly for low 0p values. 

It has been shown in part III that S i - C - N - O  
filaments prepared from the same PCSZ-II precursor 
but according to a procedure involving an oxygen 
curing step (see Fig. 1) underwent beyond 0p 
= 1400~ either a decomposition-crystallization or 

decomposition-nitriding process (in argon and ni- 
trogen, respectively) which started from the filament 
surface and moved radially towards the filament axis 
at a rate depending on 0p [39]. In order to establish 
whether such processes occur in oxygen-free filaments, 
AES depth concentration profiles were recordedfrom 
the surface of filaments which had been submitted to a 
pyrolysis treatment at or beyond 0p = 1400 ~ under 
either nitrogen or argon. The results are shown in 
Fig. 5. 

For 0p < 1400~ the filaments heated under ni- 
trogen do not exhibit any significant decomposition 
zone near their surface (Fig. 5a). The Si, C, N, O 
concentrations are homogeneous, at least to a first 
approximation, over the entire sputtered thickness 
and in good agreement with those measured by 
EPMA (Table I). The only noticeable feature is a small 
decrease in the silicon concentration in the very vicin- 
ity of the filament surface, which suggests that an 
evolution of silicon-containing gases might have oc- 
curred. For 0p = 1600 ~ a thin layer (i.e. 40-50 nm in 
apparent thickness) of a carbon-rich material has been 
formed at the filament surface during pyrolysis where- 
as the composition of the material below is still homo- 
geneous and unchanged (Fig. 5b). Thus, it appears 
that the actual surface of Si-C N filaments pyrolysed 
at 1600~ under nitrogen consists of almost pure 
carbon. 

The results are different with the filaments treated 
under argon. At 0p = 1400~ the decomposition 
layer, although of similar apparent thickness (i.e. 
50-60 nm), exhibits a different composition: (i) it is 
enriched in carbon and depleted in both N and O and 
(ii) the filament surface itself no longer consists of pure 

TABLE I Chemical composition of ex-PCSZ 7-ray cured 
Si-C-N filaments pyrolysed under an atmosphere of nitrogen 
(P = 100 kPa) at increasing pyrolysis temperature, as established 
from EPMA data (hydrogen which might be present cannot be 
measured using this technique) 

0p (~ Composition (at %) 

Si C N O 

1000 41 38 19 2 
1200 40 38 19 3 
1400 41 38 19 2 
1600 40 39 19 2 
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carbon (its composition being rather close to that of 
SiC) (Fig. 5c). 

3.3. Morphology, structure and microstructure 
In the green state and after the 7-ray curing, the 
PCSZ-II filaments are almost perfectly cylindrical 
with a diameter close to 25 p.m. During the successive 
steps of the pyrolysis, both a diameter shrinkage and a 
density increase occur, as a result of the evolution of 
gaseous species (i.e. mainly CH 4 and  hydrogen). For 
0p = 1400 ~ the density of the filament is close to 
2.47 gcm -3 and its diameter equal to about 16 p.m, 
whatever the pyrolysis atmosphere is (Table II). 

As shown in Fig. 6, the failure surfaces of filaments 
submitted to pyrolysis at temperatures ranging from 
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Figure 5 AES depth concentration profiles recorded radially from 
the surface for ex-PCSZ-II ?-ray cured S i - C - N  filaments pyrolysed 
at (a) 1400 ~ under nitrogen, (b) 1600 ~ under nitrogen and (c) 
1400~ under argon. Sputtering rate 5 nm min -1 (reference 
Ta2Os). 

1200 to 1600 ~ under nitrogen or argon exhibit the 
typical features of brittle materials (including a mirror 
area and surface defects) responsible for the failure 
lmtlatlon. 

The filaments treated at 0p -- 1200 and 1400 ~ for 
15 min under nitrogen show TEM dark-field images 
(2 2 0 SiC and 3 1 1 SiC DF) composed of bright diffuse 
spots and some diffuse SAD patterns (Fig. 7). A 
through-focus series was undertaken but was not 
convincing enough to demonstrate any crystallization. 
For a treatment of 1 h at 1400~ under the same 
conditions, TEM dark-field images showed bright 
spots, and SAD of 13-SiC was observed. The average 
crystallite size is about 5 nm (Fig. 8). 

At higher temperature (0p = 1600~ for a treat- 
ment of 15 min under nitrogen, a SAD pattern of 
[3-SIC was observed. Dark-field images (2 2 0 SiC and 
3 1 1 SiC DF) gave an average crystallite size of 7 nm 
(Fig. 9). 

3.4. M e c h a n i c a l  cha rac te r i s t i c s  
The variations of the failure tensile stress and Young's 
modulus (at room temperature) of S i - C - N  filaments, 
as a function of the highest temperature 0p achieved 
during pyrolysis (under nitrogen), are shown in 
Fig. 10. The failure stress undergoes a maximum 

T A B L E  II Main characteristics of ex-PCSZ y-ray cured S i - C - N  filaments after pyrolysis under nitrogen atmosphere 

0p (~ 

As spun 1000 1400 1600 

Weight loss (%) - m20 < 21 < 21 
Composition SiC1.22No.4.sH4.2Oo.o3 8iCo.93No.46Oo.o5 SiCo.93No.,,6Oo.o5 8iCo.98No.48Oo.o5 
Diameter (~tm) ~25 17 16 16 
Density (g cm 3) 2.47 2.56 
State of crystallization Amorphous Amorphous Amorphous [3-SIC (7 nm) 
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Figure 6 Failure surfaces of ex-PCSZ-II y-ray cured S i - C - N  
filaments treated either under nitrogen at (a) 1200~ and (b) 
1600~ or (c) under argon at 1400~ 

(close to 2500 MPa) for 0p close to 1200~ then it 
slightly decreases as 0p is raised from 1200 to 1600 ~ 
It is noteworthy that the failure stress of the related 
S i - C - N  O filaments (i) exhibited a lower value for 
0p = 1200~ (i.e. about 1900 MPa) and moreover 
(ii) was observed to fall by 30% when 0p was raised to 
1400~ [39]. The Young's modulus increases from 
185 to 214GPa  when 0p is raised from 1000 to 
1200 ~ then it increases more slowly and is equal to 
220 GPa  for 0p = 1600 ~ 

When treated under argon, the S i - C - N  filaments 
exhibit lower mechanical properties than their coun- 
terparts which have been treated under nitrogen. 
Thus, for 0p = 1400~ their tensile failure stress at 
room temperature is only equal to 1900 MPa (instead 
of --~ 2300 MPa for the filaments pyrolysed under 
.nitrogen). 

3054 

Figure 7 TEM dark-field image of an ex-PCSZ-II ?-ray cured 
S i - C - N  filament after pyrolysis under nitrogen atmosphere at 0p 
= 1400~ for 15 rain (the SAD pattern is shown in the insert). 

4. Discussion 
The data which have been reported in section 3 show 
that PCSZ-II, an oxygen-free precursor to Si C - N  
ceramics resulting from the co-polymerization of 
dichlorodimethylsilane and 1.3-dimethyl-l.3-di- 
chlorodisilazane, can be cured by 3'-ray irradiation in 
the absence of oxygen. As can be seen from Fig. 2, a 
low irradiation dose already has a very pronounced 
effect on the hexane-insoluble fraction and ceramic 
yield, a feature which supports the occurrence of a 
transition from a poorly crosslinked polymeric struc- 
ture to a three-dimensional framework. Such a trans- 
ition, induced by ?-rays, has already been mentioned 
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Figure 8 TEM dark-field image of an ex-PCSZ-I1 y-ray cured 
Si-C N filament after pyrolysis under nitrogen atmosphere at 0p 
= 1400 ~ for 1 h (the SAD pattern is shown in the insert). 
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Figure 10 Mechanical properties at room temperature of ex-PCSZ 
( 0 )  S i - C - N  (y-ray cured) and ([]) Si-C N O (oxygen-cured) 
filaments pyr01ysed under nitrogen atmosphere at increasing 
temperatures 0p: (a) tensile failure stress, (b) Young's modulus. 

Figure 9 TEM dark-field image of an ex-PCSZ-II y-ray cured 
Si-C-N filament which has been treated under nitrogen at 1600 ~ 
the aperture being in position 2 (the SAD-pattern is shown in the 
insert). 

by different authors [43-47] in organosilicon poly- 
mers and more recently by Taki et al. [45, 46] in 
polycarbosilanes. The detailed mechanism which is 
actually involved in the curing process of PCSZ-II by 
7-rays in the absence of oxygen is still unknown. 
However, it might be close to that reported 
by Okamura [36] in a study of the curing of PCS, 
which was shown to involve the formation of free 
radicals (i.e. -(2H Si(CH3)2; CH2-Si(CH3) 2 and 

(~H-SiH(CH3) -)  and hydrogen (and to a lesser 
extent methane). It can be assumed that formation 
and coupling of free radicals afford the three- 

dimensional polymeric framework. In the present 
work, hydrogen was also observed to be formed 
during the 7-ray irradiation of PCSZ-II (as evidenced 
by the analysis of the gas content of the sample 
containers after irradiation). W e  suggest that the free 
radicals formed during the irradiation process could 
be as follows: 

C - ; i - C  S i - C - S i - ; i  Si-l~-H Si-I~ Si 
I I t 

N H Si 

Experimental studies of the nature of the free radicals, 
their respective lifetimes as well as the correlation 
between the formation of the free radicals and the 
curing process mechanism, are in progress in our 
laboratories. 

As shown in Fig. 2, the variations of both the 
hexane-insoluble fraction z i and ceramic yield il as a 
function of the irradiation dose are not smooth, a 
feature which suggests that the formation of the var 
ious free radicals depends on the irradiation dose 
value. The occurrence of a pronounced increase in 
both z i and 33 as the irradiation dose is raised within 
the range 0-150 Mrad could be explained by (i) the 
easy formation of some radicals as mentioned above, 
and (ii) the fast coupling reaction between these rad- 
icals made possible by the proximity of the sites where 
they have been formed. Otherwise, the second parts of 
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the curves with weak slopes corresponding to a slow 
increase of ri and rl with irradiation dose might be 
related to a substantial increase of viscosity and con- 
comitant decrease of the coupling aptitude of radicals. 

On the basis of the data reported in section 3 and of 
the conclusions previously drawn in parts I-III ,  the 
pyrolysis of oxygen-free PCSZ-II filaments, spun in 
the molten state and cured without oxygen by means 
of y-rays (irradiation dose 350 Mrad), as well as their 
main properties, can be discussed as follows: 

(i) For 25 < 00 < 450 ~ a first weight loss is ob- 
served (Fig. 4) which is mainly assigned to an evolu- 
tion of oligomers. The fact that its value is low (i.e. 
10%), with respect to that (i.e. 23%) corresponding to 
the uncured PCSZ-II, shows that the "f-ray curing 
process is effective. As a matter of fact, in a three- 
dimensional polymeric framework, the polymeric 
chain ends have disappeared, a feature which makes 
the release of oligomers much more difficult as 
previously pointed out by several authors for related 
materials [46, 47]. 

(ii) For 450 < 0p < 850 ~ a second weight loss (of 
the order of 10%) occurs which can be assigned to the 
organic-inorganic transition, on the basis of the res- 
ults of our study of the pyrolysis of bulk PCSZ 
samples [37]. It is known to result in an evolution of 
hydrogen and methane, on the one hand, and an 
important filament diameter shrinkage, on the other 
hand (Table II). For 0p = 850 ~ the filaments consist 
of an amorphous S i -C-N material whose formula is 
close to SiCo.93No.46 and its oxygen concentration 
less than 2 wt %. Furthermore, it is thought that the 
S i -C-N amorphous material contains also a small 
amount of hydrogen, as established for the bulk 
Si C N samples in part I [37]. 

(iii) For 850 < 0p < 1400~ the amorphous 
S i -C-N material undergoes only minor change. Its 
chemical composition remains stable (Table II) with 
the exception of a possible release of residual hydro- 
gen which is responsible for a small weight loss and 
diameter shrinkage, whatever the nature of the pyro- 
lysis atmosphere (i.e. argon or nitrogen). The high 
thermal stability of the amorphous S i -C-N filaments 
with respect to their S i -C-O counterparts is thought 
to be related to (i) the occurrence of a high concentra- 
tion of nitrogen heteroatoms (playing a role similar to 
that of oxygen) and (ii) the absence of early decompo- 
sition processes releasing gaseous oxides (SiO and 
CO), both phenomena impeding the formation of SiC4 
sites and subsequently the growth of [3-SIC crystals. It 
is noteworthy that a similar conclusion has been 
previously drawn for the S i - C - N - O  filaments [39] 
which also remain amorphous up to about the same 
temperature, a feature which emphasizes the stabili- 
zing effect of nitrogen and its beneficial role in such 
materials. Within the temperature range 1000 < 0p 
< 1400 ~ (Fig. 10) the tensile failure stress aR (which 

undergoes a broad maximum for 0p= 1200~ 
is higher than that previously reported in part III [39] 
for the S i - C - N - O  filaments whatever 0p is. This 
feature suggests that the flaws formed in the filaments 
during the pyrolysis process are less severe when the 
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filaments have been cured by 'f-ray irradiation. Within 
the same temperature range, the Young's modulus 
increases from 190 to 215 GPa, probably due to the 
release of hydrogen and the related densification pro- 
cess of the amorphous material, as already mentioned. 
The lower stiffness observed for the S i -C-N O fila- 
ments is thought to be related to the occurrence of a 
large amount of Si-O bonds (the Young's modulus of 
silica itself being close to 75 GPa, increasing the oxy- 
gen concentration in ex-PCSZ filaments should lower 
their stiffness). Finally, the Young's modulus of 
S i -C-N filaments, although it is significantly higher 
than those reported previously for the related Si-C O 
and S i - C - N - O  filaments, remains far from that of 
Si3N 4 and SiC CVD filaments (E ~ 400-450 GPa for 
SIC), a feature which might be due to both their 
amorphous structure and the occurrence of a signific- 
ant porosity at the. nanometre scale (the density of 
Si-C N amorphous filaments is only 2.5 g cm 3 for 0p 
= 1400~ whereas .that of CVD SiC is 3.2 gcm-3). 

(iv) For 1400 < 0p < 1600 ~ the microstructure of 
the filaments depends on both the value of 0p and the 
nature of the pyrolysis atmosphere. When the pyrol- 
ysis is performed under argon, the filaments undergo a 
decomposition process in the vicinity of their surface 
which is already apparent for 0p = 1400 ~ (it might 
even start at somewhat lower temperatures) (Fig. 5c). 
This decomposition process results in the formation of 
a skin, depleted in both silicon and nitrogen and thus 
enriched in carbon. Even under such unfavourable 
conditions the thermal stability of the amorphous 
Si-C N filaments is much higher than that of the ex- 
PCS Si-C O fibres commonly used in CMCs and 
which are known to undergo a decomposition- 
crystallization process at temperatures as low as 
1100-1200~ Conversely, when the pyrolysis is per- 
formed under nitrogen at the same temperature (0p 
= 1400~ almost no decomposition takes place 

near the filament surface, as shown in Fig. 5a. There- 
fore and as expected, the thermal stability of the 
amorphous S i -C-N filaments appears to be higher 
under nitrogen-rich atmospheres than under argon. 

Interestingly, the overall elemental composition of 
the S i -C-N filaments which have been cured without 
oxygen and pyrolysed under pure nitrogen was ob- 
served to remain almost unchanged when 0p is raised 
from 1000~ to values as high as 1600~ Such a 
stability has never been reported for an ex-organo- 
silicon fibrous material, as far as we know. However, 
the AES and TEM studies reported in section 3 have 
shown that local structural and microstructural 
changes actually occur in the filaments as 0p is raised 
from 1400 to 1600 ~ which in turn results in a slight 
decrease in o R and increase in E at room temperature 
(Fig. 10). 

On the one hand, a thin skin (apparent thickness 
50 nm) is formed at the filament surface, which is 
clearly apparent for 0p = 1600~ (Fig. 5b). Since it 
consists of almost pure carbon (at least in the very 
vicinity of the filament surface), it might result from a 
thermal decomposition of the ternary S i -C-N 
amorphous material with simultaneously a release of 



nitrogen and gaseous Si-based species (not to say 
silicon itself). Thus it is suggested that such a de- 
composition process, if it ever takes place in situ in a 
CMC, would probably not embrittle the material in as 
much as this carbon layer growing at the fibre surface 
would come in addition to the initial interphase ma- 
terial (e.g. carbon). A similar decomposition process is 
known to occur actually in CMCs elaborated from ex- 
PCS Si-C-O fibres (Nicalon fibres from Nippon Car- 
bon) [48]. However, the main difference between the 
Si C-N filaments studied here and ex-PCS Si-C-O 
fibres lies in the fact that the decomposition process 
responsible for the formation of carbon takes place at 
a temperature which is lower for the latter (i.e. 
1100-1200 ~ and falls within the temperature range 
at which some CMCs are actually processed (e.g. hot 
pressing for SiC (ex-PCS) glass-ceramics). 

On the other hand, when 0p is raised from 1400 to 
1600 ~ or the duration is raised from 15 rain to 1 h at 
1400 ~ 13-SIC crystals are formed within the Si-C-N 
amorphous matrix (Figs 8 and 9). Their mean size 
(which is of the same order, i.e. a few nanometres, as 
that observed for the Si-C N-O filaments treated 
under nitrogen at the same temperature) is much 
lower than those measured either for Si-C O or 
Si C-N-O filaments (respectively 200 and 15-20 nm) 
treated under argon at 1600~ [39, 49]. 

Finally, the absence of any pronounced drop in the 
mechanical properties at 25 ~ of Si-C N filaments 
cured without oxygen and pyrolysed under pure ni- 
trogen for Op ranging from 1200 to 1600 ~ appears to 
be rather new in the field of ex-organosilicon fibrous 
materials: (i) the Young's modulus remains constant 
(it even slightly increases) and (ii) the decrease in 
tensile failure stress is only 15% (with respect to the 
maximum for 0p = 1200~ aR being still equal to 
2100 MPa for 0p = 1600~ (Fig. 10). The difference 
between the dependence on 0p of the mechanical 
behaviour of Si-C-N O and Si-C-N filaments 
pyrolysed at very high temperatures under nitrogen 
might be mainly related to the absence of any thick 
decomposition skin for the oxygen-free filaments. This 
feature emphasizes the detrimental effect of oxygen on 
the thermal stability and thus the mechanical proper- 
ties of ex-PCSZ filaments. 

5. Conclusion 
From the experimental data reported in section 3 and 
the discussion in section 4, the following conclusions 
can be drawn: 

(i) Si-C-N model filaments, almost free of oxygen 
and about 16 gm in diameter, have been prepared for 
the first time from a new PCSZ precursor, by melt- 
spinning, 7-ray curing and pyrolysis under nitrogen 
(or argon) at a temperature as high as 1600 ~ 

(ii) The amorphous filaments resulting from the 
organic-inorganic conversion of the precursor exhibit 
a composition close t o  SiCo.93No.4.  6 (with less than 
2 wt % of oxygen) and undergo only minor change in 
composition and structure up to about 1400 ~ either 
under argon or nitrogen. 

(iii) When heated under argon beyond 1400~ 
they undergo a decomposition process which starts 
from the filament surface, yielding a skin enriched in C 
and depleted in both Si and N. However, the kinetics 
of growth of this skin is much slower than that 
reported for ex-PCS fibres commonly used in many 
CMCs. 

(iv) Si-C-N filaments exhibit an exceptionally high 
stability when heated under nitrogen within the 
1400 1600~ temperature range: the only noticeable 
phenomena are the formation of a very thin carbon 
skin and that of tiny [~-SiC crystals (mean size 6 nm) 
within an Si-C-N matrix which remains amorphous. 

(v) Si-C-N filaments are characterized at room 
temperature by high stiffness (E~ 220 GPa) and ten- 
sile failure stress (~R~2400MPa) which remain 
almost constant after ageing treatments under ni- 
trogen at 1400-1600~ It is thought that the failure 
stress could be further increased by reducing the 
filament diameter. 

Furthermore, a comparison between the properties of 
the Si C-N (present work) and Si-C N-O [391 
filaments processed from the same PCSZ-II precursor 
shows that both oxygen and nitrogen heteroatoms 
stabilize the amorphous structure resulting from the 
organic-inorganic transition, by impeding the forma- 
tion of some _SIC4 sites and subsequently the growth of 
13-SIC crystals, on the one hand, and oxygen has a 
detrimental effect on the stability of the amorphous 
state at high temperatures, promoting its decomposi- 
tion by formation of SiO and CO species, on the other 
hand. Thus, oxygen-free Si-C N fibres might be a 
better reinforcement at high temperatures than the 
presently used Si-C-O fibres. 
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