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Abstract 

Two-dimensional NicalonMSiC composites processed 
by chemical vapour injiltration have been aged at 
IIO@15OO”C under vacuum or argon. The composites 
experience a weight loss Am/m, related to the decom- 
position of the Si02XC,_, phase of the Jibres and to 
side-reactions between the jibre decomposition 
gaseous products (particularly SiO) and carbon (from 
the$bre and the interphase), as assessed by electron 
probe microanalysis, and Auger electron spectro- 
scopy analyses. This decomposition/reaction process 
results in an evolution of the mechanical behaviour 
(characterized through tensile/push-out tests) corre- 
lated with the weight loss. Mild ageing conditions 
(Am/m, < 1.3(X)) result in a weakening of the jibre- 
matrix bonding due to some interfacial decohesion 
with a decrease in both the proportional limit and 
failure strength, as well as an increase in the failure 
strain. More severe ageing conditions (Am/m, = 
2%) yield a partial consumption of the interphase 
with the formation of large Sic-crystals on thejibre 
surface weakening the jibres, the composite still 
exhibiting a non-linear mechanical behaviour. Finally, 
for extremely severe ageing conditions (3 <Am/m, 
<7%), the interphase is totally consumed and the 

jibres undergo a pronounced decomposition/crystal- 
lization process, the composite becoming brittle with 
a very low load-bearing capability. 0 1997 Elsevier 
Science Limited. All rights reserved. 

Rthme’ 

Des composites ZD-Nicalon/C/SiC elabores par 
CVI ont ete vieillis entre 1100 et 1500°C sous vide 
ou sous argon. Les composites prbentent une perte 

de masse Am/q, relative a la decomposition de la 
phase SiO,,C,_, des jibres, et a des reactions com- 
plementaires entre les produits gazeux de la decom- 
position de la fibre (en particulier SiO) et le 
carbone (de la fibre et de l’interphase), comme le 
montrent les analyses EPMA, TEiWEELS et AES. 
Ce processus de decomposition/reaction entraine 
une evolution du comportement mecanique (carac- 
t&is& par des essais de traction et d’indentation- 
push-out), fonction de la perte de masse. Des 
conditions de vieillissement peu s&v&es (Am/m, 
<1.3%) conduisent h un aflaiblissement de la liaison 
jibre/matrice, dti a des d&oh&ions interfaciales, 
accompagne par une diminution simultanee de la 
limite elastique et de la contrainte a rupture, ainsi 
que par une augmentation de l’allongement a rup- 
ture. Des conditions de vieillissement plus severes 
(Am/m, = 2%) entrainent une consommation par- 
tielle de l’interphase avec formation de cristaux de 
Sic de grande dimension sur la surface de la jibre 
aflaiblissant les jibres, et conferant au composite 
un comportement mecanique non-Clastique. Enjin, 
pour des conditions de vieillissement draconiennes 
(3 <Am/m, <7Y6), l’interphase est totalement con- 
sommee, et les jibres presentent un processus de 
decomposition/cristallisation prononce, le composite 
devenant fragile avec une tres faible tenue a la 
rupture 

1 Introduction 

Sic/Sic composites consist of Sic-based continu- 
ous ceramic fibres embedded in a SIC matrix. 
They exhibit non-brittle mechanical behaviour 
when the fibres are bonded to the matrix via a 
thin layer of a compliant material, e.g. a thin film 
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of pyrocarbon, referred to as the interphase. SIC/ 
SIC composites have been designed to withstand 
long exposures at high temperatures in oxidizing 
atmospheres on the basis of the high melting point 
of Sic (Td = 2500°C) and the formation of a silica 
protective layer (passive oxidation regime). They are 
expected to replace carbon-carbon composites, 
known to exhibit very poor oxidation resistance, 
in the aerospace industry (e.g. as rocket or jet 
engine parts or as thermal protection of structures). 

In Sic/Sic composites, the fibres that are 
presently used, are usually not pure Sic fibres. 
The most commonly used, i.e. Si-C-O fibres, are 
made from a polycarbosilane (PCS) precursor 
according to a spinning/oxygen curing/pyrolysis 
process developed by Yajima et al.’ The oxygen, 
which is introduced in the fibre during the curing 
step (in order to make the green PCS fibre 
infusible), is not eliminated during the following 
pyrolysis step performed at about 12OO”C, owing 
to the stability of the Si-0 bond. As a result, 
ex-PCS fibres prepared according to the Yajima 
route, such as Nicalon fibres*, belong to the 
ternary Si-C-O system (their overall composition 
being close to 53.6% Si, 3 1.5% C, 14.9% 0, by 
weight). In the as-prepared state, Nicalon fibres 
consist of Sic nanocrystals (mean size: 2 nm) in a 
matrix of amorphous silicon oxycarbide. They 
also contain a small amount of free carbon as 
basic structural units (BSU)t as well as trace 
amounts of hydrogen thought to be bonded to 
carbon.2-5 It is now well established that Si-C-O 
(ex-PCS) fibres are metastable at high temperatures. 
They undergo decomposition with an evolution of 
gaseous species (mainly CO and SiO) when heated 
beyond about 1100°C. 6,7 Their evolution towards 
the stable thermodynamic state is progressive with 
a rate that depends on temperature, pressure and 
the nature of the atmosphere.8-18 

Sic/Sic composites also contain a pyrocarbon 
interphase which is not inert chemically since it 
can react with the decomposition products of the 
fibres (i.e. CO and SiO) and with the atmosphere 
when the materials are exposed to oxidizing atmo- 
spheres at high temperatures. As a result, dra- 
matic changes may occur in the fibres and the 
fibre-matrix (FM) interfacial zones when Sic/Sic 
composites are aged under such conditions, which 
may in turn alter significantly their non-brittle 
mechanical behaviour. 

The aim of the present work was first to study 
the change occurring in the Nicalon fibres and the 
pyrocarbon (PyC) interphase when Sic/Sic com- 
posites were aged at temperatures (i.e. 1 lOO-1500°C) 

*Nicalon fibres (ceramic grade) from Nippon Carbon, Japan. 
?A BSU is a stack of a few carbon layers of limited lateral size. 

higher than the processing temperature (= 1OOOC) 
and under various atmospheres. In a second step, 
it was also to derive a correlation between the 
evolution of the FM interfacial zone and the 
change in the mechanical behaviour. The results 
are presented in two related articles, the first deal- 
ing with ageing performed under vacuum or inert 
atmosphere (argon) and the second with ageing 
treatments in reactive atmosphere (i.e. containing 
CO). The effect of a Sic seal-coating, the main 
effect of which is to entrap the decomposition 
products of the fibres, is also studied in the second 
part. 

2 Experimental 

2.1 Materials 
The starting materials used in the present study 
are composites fabricated (by SEP, Le Haillan, 
France) from Nicalon fabrics (NLM 202 Nicalon 
fibres, from Nippon Carbon, Japan). Thus the 
composites exhibit a bidirectional fibre architec- 
ture, and will be referred to as two-dimensional 
(2D) SIC/C/SIC, with a fibre volume fraction of 
about 40%. The materials were fabricated accord- 
ing to a three-step process. In a first step, a 2D 
fibre preform was prepared from a stack of fabrics 
maintained pressed together with a graphite tool- 
ing, in order to fix the fibre volume fraction. 
Then, the interphase material (i.e. a film of about 
0.1 pm of pyrocarbon) was deposited in situ on 
the fibre surface, from the cracking of a hydrocar- 
bon precursor (mainly CH,). Finally, the Sic 
matrix was formed in situ by chemical reaction 
from a mixture of CH,SiC& and hydrogen, the 
residual porosity being lO-15%. The infiltration of 
both the PyC interphase and the Sic matrix was 
performed according to the isothermal/isobare 
chemical vapour infiltration technique (ICVI), 
which has been described in detail elsewhere.” It 
is sufficient to recall here that in ICVI both the 
temperature and the pressure have to be low 
enough (i.e. values as low as = 1000°C and a few 
kPa, respectively) to avoid early plugging of the 
pore entrances by the deposit and to achieve 
in-depth homogeneous infiltration.” 

Rectangular samples (100 X 10 X 3 mm3) were 
cut with a diamond saw from the composite plates 
and were shaped, as shown in Fig. 1, for the age- 
ing treatments and the mechanical tensile tests. 
The length of the sample was orientated along one 
of the fibre directions of the fabric (direction 1 or 
2). The samples were used in the as-cut state, i.e. 
no protective surface coating was applied to the 
sample surface before the ageing treatments, in 
this first part of the study. 
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2.2 Ageing treatments 
The ageing treatments were performed directly on 
the tensile test specimens with the apparatus shown 
schematically in Fig. 2. The specimen was treated 
in a graphite crucible heated by induction of radio 
frequency (RF) current (the crucible acting as sus- 
ceptor), in order to reach high temperatures in a short 
time (i.e. 1 lOO-1500°C within less than 15 min). For 
the treatments under vacuum, the ageing chamber 
was evacuated with a turbomolecular pump resid- 
ual pressure: 10~~’ to lo-’ Pa) whereas those in 
argon were performed at constant volume under a 
pressure slightly lower than atmospheric pressure. 
The ageing conditions are listed in Table 1. 

The relative weight variations, Am/m, (where m. 
= 8 g is the initial weight of a tensile test speci- 
men), occurring during the ageing treatment were 
continuously recorded with a microbalance (D101 
from Cahn, USA; sensitivity: 0.1 pg). 

2.3 Characterization 
Analysis of the FM interfacial zone (in terms of 
chemical composition and microstructure) was 
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Fig. 1. Location of the specimens used for the TEM, AES 
and push-out characterization, in a failed tensile test specimen. 

performed by transmission electron microscopy 
(TEM) (2000 FX from Jeol, Japan) coupled to 
electron-energy loss spectroscopy (EELS) (300 kV 
TEM from Philips and PEELS from Gatan) and 
by Auger electron spectroscopy (AES) (PHI-590 
from Perkin-Elmer). The samples used for TEM 
characterization were cut with a diamond wire 
saw, from aged specimens that had been subjected 
to tensile testing, at a distance of about 15 mm 
from the failure surface as shown schematically in 
Fig. 1. The specimens were thinned according to 
the classical procedure for this kind of material 
(i.e. mechanically, down to 80-150 pm, and then 
with Ar’ ions). AES analyses were performed in 
the depth profiling mode (Ar’ ion etching) on the 
surface of pulled-out fibres present at the failure 
surface of tensile test specimens. The Auger elec- 
tron transitions used are: SiLvv (referred to as Sl) 
for silicon; CKLL (referred to as Cl) for carbon 
and O,, (referred to as 01) for oxygen. The 
apparent atomic concentrations were calculated from 
the peak-to-peak heights of the spectra recorded 
in the derivative dN(E)ldE mode. The sensitivity 

Fig. 2. Apparatus used for the ageing treatments (schematic): 
l-RF power supply; 2-induction coil; 33optical bicolour pyro- 
meter; 3’-temperature regulation; 4-microbalance; 5-insu- 
lating holder; 6-turbomolecular pump; 6’-pressure gauge; 

i-gas lines. 
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Table 1. Conditions used for ageing treatments of the tensile specimens and corresponding weight loss 

Materials Ageing Ageing Ageing 
reference atmosphere 

(Pa) 
temperature 

PC) 
time (h) (X) 

0 (as-received) 
1 (age4 
2 (age4 
3 (aged) 
4 (aged) 
5 (aged) 
6 (aged) 
7 (aged) 
8 (aged) 
9 (aged) 

10 (aged) 
11 (aged) 
12 (aged) 

none none 
vacuum (6 X lo-*) 1100 
vacuum (6 X 10 ‘) 1100 
vacuum (1 X 10-l) 1200 
vacuum (1 X 10m3) 1200 
vacuum (2 X lo-*) 1300 
vacuum (5 X 10--3) 1300 
vacuum (2 X 10m3) 1300 
vacuum (2 X IO-*) 1460 
vacuum (2 X lo-‘) 1460 

argon (7 X 104) 1100 
argon (7 X 104) 1200 
argon (7 X 104) 1300 

50 
90 
20 
94 

1 
1.5 

24 
0.08 

2;: 
49 
24 

none 
a.55 
-1.3 
-2.05 
-6.3 
-1.5 
-3.0 
-6.9 
-0.27 
-9.3 
-0.37 
-3.58 
-6.39 

factors were adjusted with respect to the results 
obtained by electron probe microanalysis (EPMA). 

The elemental composition of the fibre, near the 
FM interfacial zone, was assessed by EPMA 
characterization (CAMEBAX instrument from 
Cameca, France) performed on one polished face 
of aged specimens. Both carbon and oxygen were 
analysed with a wavelength dispersion spectro- 
meter (WDS) (C K, and 0 K, peaks), an ODPB 
monochromator and standards of carbon and 
silica. Silicon was analysed with an energy disper- 
sion spectrometer (Si K, peak) and a standard of 
Sic. The results will be shown as radial concentra- 
tion profiles. 

The tensile tests were performed on aged speci- 
mens, at ambient temperature and with a constant 
strain rate of 0.05% min-‘, using an Instron 8501 
tensile tester. The FM bond strength was assessed 
by push-out tests performed on material slices 
(with a thickness of 300 pm or less) cut from 
failed tensile test specimens according to a proce- 
dure identical to that described for the TEM spec- 
imens. The indentation device (indentor licensed 
from ONERA, France) consisted of a Vickers dia- 
mond tip equipped with a capacitive displacement 
sensor. The load applied to the diamond tip was 
measured with an inductive load cell (maximum 
capacity: 2 N) set below the sample. The tests 
were run with indentation rates of the order of 
0.12 pm s’. 

3 Results 

3.1 As-fabricated 2D SiC/C/SiC composites 
2D SiC/C/SiC, fabricated from Nicalon fibres 
according to the ICVI process, is a family of com- 
posites that have been the subject of many studies. 
Their mechanical properties depend closely on the 

processing conditions. *‘q2’ Thus, the as-received 
composites were first characterized (from chemical 
and mechanical points of view) in order to assess 
the class to which they belong within the 2D 
SiC/C/SiC family. 

Within the as-received composites, the Nicalon 
fibres exhibit a mean diameter of 14 pm and a 
chemical composition (established from EPMA 
data) close to 35 at% Si, 48 at% C and 17 at% 0 
(hydrogen thought also to be present was not 
analysed). Each fibre is surrounded by a thin 
amorphous layer (thickness in the range 5-10 nm), 
as shown in Fig. 3, which has been assigned to a 
mixture of silica and carbon on the basis of AES 
concentration profiles recorded from the surface 
of pulled-out fibres present at the failure surface 
of tensile test specimens (Fig. 4). Additionally, the 
energy corresponding to the Si,,, Auger electron 

Fig. 3. TEM image (bright-field) of the FM interfacial zone in 
the as-received 2D SIC/C/SIC composite. 
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Fig. 4. AES concentration depth profiles recorded radially 
from the surface of a pulled-out fibre present at the failure 
surface of an as-received 2D SiCICISiC composite, with an 
etching rate of 5 nm min-’ (standard: Ta,O,). Inset: shift of 
the Si,,, transition as a function of etching time (i.e. after 

1, 4 and 60 min of etching). 

transition is observed to change when moving 
from the surface of the fibre to the core, i.e. from 
88 to 92 eV (inset in Fig. 4). This feature is consis- 
tent with the occurrence of silicon atoms bonded 
to oxygen near the fibre surface. This amorphous 
layer might be the result of some decomposition 
of the fibre during processing (of the fibre itself 
or/and of the composite), as suggested by previous 
authors.*l 

The pyrocarbon interphase deposited by ICVI 
exhibits a thickness of about 0.1 pm and consists 
essentially of a quasi-isotropic nanoporous carbon 
(Fig. 3). However, near the fibre surface (i.e. over 
a thickness of about 20 nm), the carbon atomic 
layers tend locally to be orientated parallel to the 
fibre surface, as previously reported by Cojean et 

al. for similar composites.*’ 
The as-received 2D SiC/C/SiC composite exhibits 

in tensile loading a mechanical behaviour with a lim- 
ited non-linear domain. The Young’s modulus corres- 
ponding to the elastic domain is close to 230 GPa. 
The material fails at somewhat low failure strain 
(i.e. 0.17%) and low failure stress (i.e. 150 MPa). 

From all these data, it can be concluded that 
the 2D SIC/C/SIC composites used as starting 
material in the present study belong to a class of 
composites referred to type C*’ or type III,21 char- 
acterized by a moderate FM bond strength and in 
which an early failure of the fibres (possibly dam- 
aged during processing) results in a low composite 
failure strain (typically O-16Q~25%).20 

3.2 Weight loss during the ageing treatments 

The variations of the weight loss, Am/m, experi- 
enced by the tensile specimens during the ageing 
treatments are shown as a function of time in 
Fig. 5. The weight loss depends strongly on tem- 
perature and to a less extent on the atmosphere 
(vacuum or argon). For the ageing durations con- 
sidered here, the weight loss becomes significant 
beyond 1200°C. At 1300°C and under vacuum, 
the weight loss Am/m0 rapidly becomes higher 
than 5%. Furthermore, a maximum weight loss 
close to 11% has been observed for 1550°C. This 
maximum weight loss, when expressed with 
respect to the weight of the fibres alone, i.e. as 
Am/mf (where mf is the weight of the fibres in the 
composite calculated for Vr = 40’/0), yields a value 
of about 27%. Under a pressure of argon (70 kPa), 
the variations of Am/m, as a function of time 
exhibit the same features, the weight loss rate 
being lower than that observed under vacuum as 
long as the temperature remains lower than 1300°C. 

For the purpose of comparison, similar ageing 
treatments were performed directly on the Nicalon 
fabrics (i.e. without PyC interphase and SIC 
matrix). The results (Fig. 6) clearly show that, for 
given ageing conditions, the weight loss rate is 
much higher for the unembedded fibres, thus 

Fig. 5. Weight loss experienced by 2D SiC/C/SiC tensile speci- 
mens during ageing treatments performed under vacuum 
(residual pressure: 10-l to 10e3 Pa) or under a pressure of 
argon (70 kPa): (a) as a function of time and (b) as a function 

of the square root of time. 
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Fig. 6. Variations of the weight loss. Am/me, experienced 
by Nicalon fabric specimens (m, = 0.25 g) as a function of 
time during ageing treatments performed under vacuum 
(residual pressure: 10 ’ Pa). In the inset: variations of Am/m, 

as a function of t”?. 

suggesting that the PyC + SIC coating entraps the 
fibre decomposition products and slows down the 
decomposition process. Furthermore, at the lowest 
ageing temperature, i.e. lOOO’C, an induction 
period (during which no weight loss occurs) of 
about 100 min is observed. 

The variations of the weight loss, Am/m,, as a 
function of the square root of time are shown in 
Fig. 5(b) for the tensile composite specimens and 
in the inset of Fig. 6 for the Nicalon fabrics. 
These variations are linear, at least to a first 
approximation, both under vacuum and argon for 
T I 1300°C (with the restriction related to the 
induction period for the Nicalon fabrics, men- 
tioned above). However, this linear variation is 
no longer obeyed at higher temperatures (e.g. 
1460°C) under vacuum [Fig. 5(b)]. These data sug- 
gest that the phenomenon responsible for the 
weight loss (in the unembedded fibres and in the 
composites) may be rate-controlled by a diffusion 
step. Diffusion-based constants k can be defined 
as the slopes of the straight lines shown in Figs 
5(b) and 6. Their thermal variations, expressed as 
Arrhenius plots, are shown in Fig. 7. The appar- 
ent activation energies are similar for the fibres 
and the composites aged under vacuum (i.e. E, = 
190 kJ mall’) whereas that for the composites 
aged under a pressure of argon (E, = 280 kJ 
mall’) is significantly higher. 

3.3 Chemical and microstructural analysis of the 
fibre and FM interfacial zone in aged composites 
The ageing treatments have an effect on: (i) the 
SIC grain size in the fibre, (ii) the chemical com- 
position of the fibre and (iii) the nature of the FM 
interfacial zone, which is directly related to the 
importance of the weight loss experienced by the 
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Fig. 7. Variations of the diffusion-based constant k as a func- 
tion of reciprocal temperature (Arrhenius plot) related to ageing 
treatments performed on Nicalon fabrics or 2D SiCICISiC 

composites, under vacuum or argon. 

composite. This is almost similar for the compos- 
ites aged under vacuum and for those treated 
under a pressure of argon, for a given Am/m,, 
value [which means different ageing times, for 
1100 <T < 12OO”C, as shown in Fig. 5(a)]. Thus, 
these various effects will be described in the fol- 
lowing only for the composites which have been 
aged under vacuum. 

3.3. I Sic grain size in thejibres 
As shown in Figs 8 and 9, the size of the SIC crys- 
tals in the fibre (as derived from the TEM images) 
increases as the weight loss experienced by the 
composite increases. In the as-received compos- 
ites, it ranges from 1 to 2.5 nm, a value which is 
close to those reported previously for the Nicalon 
fibre (ceramic grade) itself.2-4,‘7.‘8,22 As long as the 
weight loss remains low enough, e.g. for Am/m, = 
0.5% (corresponding to an ageing treatment of 50 h at 

0 2 4 6 8 

Weight loss, Am/m ,(%) 

Fig. 8. Correlation between SIC crystal size (as derived from 
TEM images) and weight loss experienced by 2D SiC/C/SiC 
composites during ageing treatments performed under vacuum 

(residual pressure: 10-l to 10m3 Pa). 
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Fig. 9. TEM images showing Sic grain growth in Nicalon fibres for 2D SiCKYSiC composites aged under vacuum (residual 
pressure: 10-l to lo-’ Pa) with increasing weight loss: (a) Am/m, = -2% ( 1200°C, 20 h) (dark-field Sic,,,); (b) Am/m, = -6.3% 

( 1200°C, 94 h) (bright-field); and (c) Am/m0 = -9.3% (146O”C, 3 h) (dark-field Sic,,,). 

1 IOOT), the SIC grain size in the fibres is almost 
unchanged. Conversely, for more severe ageing 
treatments (i.e. beyond 12OO”C), the SIC crystals 
undergo significant growth which is associated 
with chemical degradation of the fibres.8,‘3,‘7 As an 
example, the crystal size is 40-80 nm when Am/m, 
is equal to 6-7% (for ageing treatments at 
1200-1300°C) [Figs 8 and 9(b)] and reaches a 
value as high as 1 pm for a sufficiently long treat- 
ment at 1460°C [Fig. 9(c)]. Finally, it is worth not- 
ing that the SIC grain size is almost the same, for 

a given Am/m, value, in materials aged at 1200 
and 1300°C. 

3.3.2 FM interfacial zone andfibre surface 
For mild ageing treatments (e.g. 50-90 h at 
1100°C; Am/m, = 0.5-l%), the pyrocarbon inter- 
phase does not undergo significant microstruc- 
tural change. It still consists of quasi-isotropic 
nanoporous carbon in the bulk with a thin layer 
(20-30 nm) of anisotropic carbon on the fibre side 
[Fig. 10(a)]. Additionally, decohesions [arrows in 
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(4 04 

byrocarbon I 

Fig. 10. TEM images of the FM interfacial zone in 2D SiC/C/SiC composites aged for 50 h at 1100°C under vacuum (residual 
pressure: 6 X IO-” Pa): (a) lattice fringe image and (b) dark-field (Sic,,,) image. Arrows show decohesions between the 

anisotropic carbon layer and the fibre surface. 

Figs 10(a), (b)] are present locally between the 
fibre surface and the anisotropic carbon layer. As 
already observed for the as-received composites 
(Section 3.1), the fibre surface consists (over a 
thickness of about 10 nm) of an amorphous mix- 
ture of silica and carbon (as supported by AES 
and PEELS data). The AES depth concentration 
profiles (Fig. 11) show an increase in both the 
oxygen and carbon concentrations near the fibre 

0 12 2-4 36 46 60 
Sputter time (min) 

Fig. 11. AES depth concentration profiles recorded from the 
surface of a pulled-out fibre present at the failure surface of a 
tensile specimen of a 2D SiC/C/SiC composite aged for 90 h 
at 1100°C under vacuum (residual pressure: 6 X 10-l Pa). The 
etching rate was 8 nm min ~’ (reference: TazO,). The shift of the 
SiLVy transition as a function of etching time (1, 3 and 60 min) 

is shown in the inset. 

surface. Additionally, there is a shift (from =90 to 
=93 eV) of the Si Lvv transition when moving 
in-depth, suggesting that silicon is mainly bonded 
to oxygen (as in silica) very near the fibre surface 
(inset in Fig. 11). In a complementary manner, the 
PEELS data (Table 2) also show an increase in 
the O/Si atomic ratio in the amorphous skin sur- 
rounding the fibre (the oxygen level within this 
area being slightly higher than for the as-received 
composites). Finally, when moving inward (Fig. 1 l), 
the chemical composition rapidly becomes similar 
to that in the as-supplied composites (with, how- 
ever, a slightly lower oxygen concentration). In 
a similar manner, the size of the free carbon BSUs 
in the fibre (i.e. four or five distorted carbon lay- 
ers (= 1 nm in width) stacked together) is close to 

Table 2. O/Si and C/Si atomic rations as assessed by PEELS 
analysis near the surface Nicalon fibres in thin foils of 2D 

Sic/C/Sic composites aged under various conditions 

Ageing treatment Distance from 
jihre surface 

(nml 

O/Si at. 
ratio 

USi at. 
ratio 

1 100°C 90 h vacuum =5 0.15 -_ 1 
(residual pressure: 330 0.49 T. 1 
6 x 10m2Pa) 415 0.55 ii 1 

825 0.52 =Z 1 

1300°C 24 h vacuum =5 1 3 
(residual pressure: 800 very low ZZ 1 
2 X 10 3 Pa) 

1100°C 29 h argon =5 0.76 Z 1 
(pressure: 70 kPa) 100 0.47 ZZ 1 

>200 0.39 =Z 1 
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Fig. 12. TEM lattice fringe images of 2D SIC/C/SIC tensile test specimens which have been aged under vacuum at (a) 1100°C for 
90 h (residual pressure: 6 x 10 - Pa) and (b) 1200°C for 20 h (residual pressure: 10-l Pa). The free carbon BSUs are shown with 

the single arrows and the Sic crystals with the double arrows. 

that in the unaged composites, suggesting that the 
nature of the free carbon in the fibres has not 
changed during the ageing treatment [Fig. 12(a)]. 

Conversely, the nature of the FM interfacial 
zone is changed significantly when the composite 
is aged under more severe conditions (i.e. at 
1200-1300°C with Am/m, = l-2%), as shown in 
Figs 13 and 14. First, some pyrocarbon from the 
initial interphase is still present (exclusively on the 
matrix side) but the majority of the carbon seems 
to have been consumed. Second, Sic crystals of 
large size (typically = 20 nm) have been formed on 
the fibre surface. Furthermore, the AES depth 

concentration profiles (Fig. 14) show that the oxygen 
initially present in the fibres (as silicon oxycar- 
bide) has been partly consumed over a depth of 
several 10 nm from the fibre surface, whereas both 
silicon and carbon atomic concentrations are now 
close to 50% (as in Sic). Finally, the TEM lattice 
fringe image [Fig. 12(b)] shows that within a zone 
of at least 1 pm from the fibre surface: (i) the car- 
bon BSUs in the fibre are larger and more ordered 
and (ii) the Sic grain size is significantly enlarged 
(5 to 10 nm). 

Finally, for still more severe ageing conditions 
(i.e. at 1200-1300°C and with Am/m, >2%), the 

Fig. 13. TEM image (bright-field) of the FM interfacial zone 
in a 2D SiC/C/SiC composite aged at 1200°C for 20 h under 

vacuum (residual pressure: IO-’ Pa). 
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Fig. 14. AES depth concentration profiles recorded from the 
surface of a pulled-out fibre present at the failure surface of a 
tensile test specimen of a 2D SiC/C/SiC composite aged at 
1300°C for 1 h under vacuum (residual pressure; 2 X 10 ’ 
Pa). The etching rate was 8 nm min ’ (reference: Ta,O& The 
shift of the SiLV, transition as a function of etching iime (0, 4 

and 20 min) is shown in the inset. 
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0 
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Fig. 15. AES depth concentration profiles recorded from the 
surface of a pulled-out fibre present at the failure surface of a 
tensile test specimen of a 2D SiCICISiC composite aged at 
1200°C for 94 h under vacuum (residual pressure: 1 X 10e3 
Pa). The etching rate was 8 nm mm’ (reference: TaZO,). 
The shift of the Si,,, transition as a function of etching time 

(0, 1, 3, 20 and 60 min) is shown in the inset. 

pyrocarbon interphase has totally disappeared 
and the fibre is surrounded with a crown of large- 
sized SIC crystals. Additionally, for a high enough 
weight loss (Am/m,, = 67%) the fibre is signifi- 
cantly enriched in oxygen near its extreme surface 
(i.e. over a thickness of 3040 nm) (Table 2, Figs 
15 and 16) which might consist of a mixture of 
silica and carbon. Furthermore, significant shrink- 
age of the fibre occurs during ageing (Fig. 16) as 
the fibre undergoes decomposition (which con- 
sumes the oxygen of the oxycarbide phase) and 
tends towards a composition close to stoichiomet- 
ric Sic (Table 2). For extremely severe ageing 
conditions (e.g. at 146O”Q the decomposition 
residue of the fibre undergoes pronounced grain 
growth [Fig. 9(c)] and exhibits an oxygen concen- 
tration which is almost nil. 

3.3.3 Fibre bulk composition 
The bulk composition of the fibre has been 
assessed by EPMA analysis. Its variations as a 
function of the ageing conditions are shown in 
Table 3 and Fig. 17. The data show that: (i) the 
evolution of the chemical composition seems to be 
uniform within the fibre (i.e. there is no radial 
composition gradient) and (ii) the evolution of the 
composition correlates with that of the weight 
loss, Am/m,,. Finally, it is worth noting that the 
composition of the fibres tends towards that of 
pure silicon carbide for the most severe condi- 
tions, as already pointed out. 

(4 

Fig. 16. TEM image [bright-field (a)] of a 2D Sic/C/Sic 
composite aged at 1200°C for 94 h under vacuum (residual 
pressure: 1 X 1O-3 Pa), showing shrinkage of the fibres and 
(b) the occurrence of the SiOz + C layer formed on the fibre 

surface at locations indicated by the arrows. 

3.4 Mechanical behaviour after ageing 

3.4. I Under tensile loading 
The stress-strain curves recorded at room temper- 
ature under tensile loading and representative of 
the mechanical behaviour of 2D Sic/C/Sic com- 
posites aged under various conditions, are shown 
in Fig. 18. For a given ageing temperature, e.g. 
1 IOO’C, the U-E curves exhibit the same general 
features for specimens aged under vacuum and 
treated under an argon atmosphere (Table 4). 

After ageing under mild conditions (1100°C; 
Am/m, = 0+1.3%), the composites exhibit a 
Young’s modulus (defined as the slope of the (T--E 
curve at the origin) which is almost the same as 
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Table 3. Bulk composition of SIC Nicalon fibres within 2D SiCiCiSiC composites aged under various conditions 

Ageing treatment Am/m,, Composition (ut’X)’ C&i ut. 
(‘%,I ru tie 

Si c 0 

None (as-received) 0 35 48 17 1.37 
1100°C 29 h argon” PO.37 35 48 17 I.40 
1100°C 90 h vacuum’ -1.3 35 49 16 I .37 
1200°C 20 h vacuumh -2.05 44 49 7 I.11 
1200°C 94 h vacuumh -6.3 49 51 0 I.04 
1300°C 24 h vacuumh -6.9 47 52 I I.11 
1460°C 3 h vacuumh -9.3 49 51 0 I.04 

“Pressure: 70 kPa. 
‘Residual pressure: 10-l to 10 3 Pa. 
“Uncertainty: 2 1 at%. 

that measured for the as-received materials (i.e. 
200 + 30 GPa). Conversely, both the stress corre- 
sponding to the end of the linear domain (cd) and 
the ultimate failure stress (a,) are significantly 
lower than those reported for the as-received 
composites (Section 3.1); i.e. ad = 60 MPa versus 
90 MPa and a, = 120 MPa versus 150 MPa, 
respectively. Furthermore, the failure strain er is 
much higher: 0.25 and 0.33% for the composites 
aged under argon (29 h) and vacuum (90 h) 
respectively, compared with only 0.17% for the 
as-supplied composites. Finally, the fibre pull-out 
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Fig. 17. EPMA radial concentration profiles in Nicalon fibres 
within 2D SiC/C/SiC composites which have been aged under 
vacuum (residual pressure: 10-l to 10m3 Pa) and experienced 
various weight loss: (a) as-received composites or Am/m,, = 
-1.3% (llOO’C, 90 h); (b) Am/m, = -2% (12OO”C, 20 h); and 

(c) Am/m,, = -7% (13OO”C, 24 h). 

is more pronounced for the aged composites. All 
these features suggest the occurrence of some 
weakening of the FM bonding. 

The composites aged under more severe condi- 
tions, i.e. those corresponding to Anzlm, = 2% (e.g. 
for 12OOW20 h), exhibit a mechanical behaviour 
that is significantly degraded with respect to that 
of the untreated specimens. Their (T--E curves are 
still largely non-linear with a high failure strain 
(E, = 0.25 to 0.40%). However, their Young’s 
modulus is reduced by about 30”/0 and, more 
importantly, their failure stress is dramatically 
lowered (34 MPa instead of 146 MPa) (Table 4). 

Finally, for still more severe conditions, corre- 
sponding to Anz/m,(%) ranging from 3.6 to 7, all 
the aged composites exhibit brittle mechanical 
behaviour with an almost straight (T--E curve and 
a very low failure strain (typically 0.015%). 

3.4.2 Under push-out testing 
Thin foils (thickness of about 250 pm) of the as- 
received composites and specimens aged under mild 
to moderate conditions (Anzlm, I 2%) were sub- 
mitted to push-out testing in order to assess the 
strength of the FM bonding (those corresponding 
to higher weight loss were too brittle). 

150 
‘/’ 

1 - I ’ I ’ 
ref. 0 

n 
0.2 0.3 0.4 

Tensile strain (o/o) 

Fig. 18. Tensile stress-strain curves of 2D SiCICISiC composites 
tested at room temperature in the as-received state or after 

ageing treatments performed under various conditions. 
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Table 4. Mechanical characteristics measured at room temperature under tensile loading of 2D SiC/C/SiC composites in the as-received 
state and after ageing under various conditions 

0 
I 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
II 
12 

Ageing treutment 
(74) I Moja) (2) 

none (as received) 0 146 0.17 230 
I 100°C 50 h vat. -0.55 
1100°C 90 h vat. -1.3 118 0.33 215 
1200°C 20 h vat. -2.05 34 0.25 160 
1200°C 94 h vat. -6.3 29 0.023 105 
1300°C 1 h vat. -1.5 45 0.36 170 
1300°C I .5 h vat. -3.0 30 0.30 160 
1300°C 24 h vat. -6.9 26 0.012 - 
1460°C 0.08 h vat. -0.27 - 

1460°C 3 h vat. -9.3 
1100°C 29 h Ar PO.37 105 0.25 210 
1200°C 49 h Ar -3.58 25 0,015 170 
1300°C 24 h Ar -6.39 30 0.014 188 

The load-displacement curves are shown in 
Fig. 19 in their as-recorded state, for four materi- 
als corresponding to increasing values of Am/m,, 
(Table 5). Each curve, e.g. that for the as-received 
material, can be analysed as follows. The first 
non-linear part of the curve (for F <Fd) corre- 
sponds to the penetration of the Vickers indentor 
into the Nicalon fibre. Beyond Fd, progressive 
decohesion of the FM interface takes place with a 
significant change in the slope of the curve. The 
value of Fd (defined as the load corresponding 
to the beginning of FM interface debonding) 
depends on the interface toughness and the resid- 
ual clamping stress. 23 Total debonding of the FM 
interface is achieved when the applied load is 
equal to a critical value, referred to as F,. This 
value depends strongly on the thickness of the 
thin foi1.23-27 Beyond F,, the fibre, which is now 
debonded over its full length (i.e. the thickness of 
the foil), undergoes pure sliding with respect to 
the matrix. Since use of the classical models pro- 
posed to derive interface parameters (Marshal1 

“,- 

I 
ref. 0 I 
ref. 1; Am/m,= -0.55% 
ref. 10; AmImp -0.37% 

03 ref. 3; Am/m,= -2.05% I 

40 
0 1 2 3 4 

DisplacementQm) 

Fig. 19. Representative loadchsplacement push-out test 
curves recorded for 2D SiC/C/SiC composites (250 pm thin 
foils) in the as-received state (ref. 0) or aged under conditions 
of increasing Am/m, (ref. 1, 10, 3). F,-load at beginning of 
FM decohesion; F,-load at fibre sliding. The loading device 

is shown in inset. 

and Oliver model) from push-out test data23-27 
could be questioned in the present case (owing to 
the occurrence of relatively strong FM bonding 
and thick interphase), Fd and F, were retained to 
follow, on a comparative basis, the evolution of 
the FM bonding during the ageing treatment. 

In the composites submitted to mild ageing con- 
ditions, i.e. corresponding to Am/m,, = 040.5%, 
there is already a significant decrease in the values 
of both Fd and F, (i.e. about 30 and 50% respec- 
tively). This decrease becomes much more dra- 
matic for the composites aged under moderate 
conditions (Am/m, = 2%). For these latter materials, 
the depth of the Vickers indentation in the fibres 
is very small, the values of Fd and F, are almost 
the same and the fibres start sliding almost as 
soon as load is applied to the indentor. All these 
features show that the FM bonding is obviously 
significantly reduced for ageing characterized by 
weight loss as low as 2%. 

Finally, it is worthy of note that the decrease in 
the values of Fd and F, correlates with that 
observed in the value of ad, the tensile stress cor- 
responding to the end of the linear elastic domain 
(Table 5). 

4 Discussion 

For the purpose of comparison, ageing treatments 
were performed under vacuum at 14OO”C, on the 
SIC CVI matrix alone. The SIC sample was 
deposited under the CVI conditions used in the 
present work for infiltration of the Sic matrix into 
the fibre preforms. However, the deposition was 
carried out as a CVD coating on the external sur- 
face of a flat substrate and then the Sic coating 
was detached mechanically from the substrate. 
Such a Sic sample exhibited no weight loss during 
the ageing treatment (as expected). 
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Table 5. Push-out test data (F,, F,) for 2D SiC/C/SiC in the as-received state or after ageing under mild or moderate conditions. 
The weight loss Am/m,, and the tensile failure stress are also given. Each value of Fd and F, is the mean of IS-20 individual data 

recorded for I5 pm fibres 

Ref: Ageing treatments 

0 none (as-received) 
1 1100°C 50 h vat. 

10 1100°C 29 h Ar 
3 1200°C 20 h vat. 

An%, 
(Xl 

0 
-0.55 
-0.37 
-2.05 

(2) 

0. I7 _+ 0.02 
0.13 f 0.02 
0.11 f 0.02 
0.04 + 0.02 

F, a,; 
(NI (MPaI 

0.29 f 0.04 65 
0.16 + 0.04 55 
0.13 * 0.04 55 
0.05 f 0.02 30 

“As derived from tensile test. 

Furthermore, the maximum weight loss recorded 
under extremely severe ageing conditions (i.e. at 
1 550°C) for 2D SiC/C/SiC composites corresponds 
to a value of Am/m, (where m, is the fibre mass in 
the composite sample) of about 27%, as already 
mentioned in Section 3.2. It is noteworthy that 
this value is close to those previously reported for 
the bare Nicalon fibres (ceramic grade) them- 
selves22 or obtained in the present work for the 
as-received Nicalon fabrics (Fig. 6). 

Thus one may conclude that the weight losses 
observed during the ageing treatments performed 
on the 2D SiC/C/SiC composites (Fig. 5) and the 
related variations in their mechanical behaviour 
(Fig. 18) are mainly due to the evolution of the 
fibres and the FM interfacial zone (including the 
PyC interphase), as will be discussed in the present 
section. 

4.1 Degradation of the fibre in the bulk 
The TEM images [Figs 9(a)-(c)] clearly show that 
the Nicalon fibres undergo a crystallization pro- 
cess when 2D SIC/C/SIC composites are aged 
beyond 1100°C under vacuum or argon, the main 
result of which is uniform growth of Sic crystals 
in the bulk of the fibres. The mean size of the Sic 
crystals correlates with both the weight loss expe- 
rienced by the composite (Fig. 8) and the residual 
oxygen concentration in the fibres as assessed by 
EPMA (Table 3). It increases regularly as Am/m, 
becomes more and more significant, correlating 
with a decrease in the oxygen concentration in the 
fibres. Additionally, there is at least for the fibres 
that were moderately degraded (i.e. for Am/m, = 
2%), some reorganization of the BSUs in the free 
carbon phase [Figs 12(a) and (b)]. 

The thermal degradation of the fibres as 
observed during the ageing of 2D SIC/C/SIC com- 
posites under vacuum or argon exhibits features 
that are close to those previously reported for the 
bare Nicalon fibres themselves.8-10 It is well estab- 
lished that the ternary Si-C-O fibres undergo an 
overall compositional and microstructural evolu- 
tion beyond about 1 lOO”C, with the formation of 
large Sic crystals and a decrease in their oxygen 

concentration. The primary phenomenon is the 
decomposition of silicon oxycarbide (written as 
SiO,C,. or better Si02,YC,_,Y)‘8 with an evolution of 
gaseous species (mainly CO and SiO),“8*‘2 which 
can in turn react with the solid species and partic- 
ularly the free carbon. As both the silicon oxycar- 
bide (which acts as a matrix in the as-processed 
fibres, thus keeping the Sic nanocrystals isolated 
from one another) and the free carbon are pro- 
gressively consumed, grain growth can occur in 
the silicon carbide phase. This grain growth is a 
function of the temperature and duration of the 
ageing treatment.8,‘3 

During the ageing treatments, various sec- 
ondary reactions involving the gaseous CO and 
SiO species resulting from the primary decomposi- 
tion of silicon oxycarbide may occur depending 
upon the local conditions. Those corresponding to 
the following equations are characterized by nega- 
tive AG” values within the 1 lOO-1400°C temperature 
range, and are thus possible from a thermo- 
dynamic standpoint.28 

SiO(g) + 2 C(s) 4 Sic(s) + CO(g) (1) 

2 SiO(g) + C(s) -_j SiO,(s) + Sic(s) (2) 

2 CO(g) + Sic(s) + SiO,(s) + 3 C(s) (3) 

SiO(g) + CO(g) 4 SiO,(s) +C(s) (4) 

3 SiO(g) + CO(g) + 2 SiO,(s) + Sic(s) (5) 

Analyses performed on Nicalon fibres in 2D 
SiC/C/SiC composites aged under vacuum beyond 
12OO”C, by TEM and EPMA, show that the fibres 
undergo a compositional/microstructural evolu- 
tion with the following features: (i) it is homoge- 
neous in the bulk of the fibre (i.e. there are no 
gradients), (ii) there is a simultaneous decrease in 
both the oxygen and carbon concentrations and 
(iii) Sic grain growth occurs. Furthermore, the 
AES analyses (inset in Fig. 15) show that the Si,,, 
transition falls at about 93 eV when recorded after 
a sufficiently long etching time (e.g. 60 min), i.e. 
sufficiently deep within the fibre (~500 nm from 
the fibre surface; Ta205 standard). This value bet- 
ter corresponds to that reported for Sic (92 eV) 
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than for SiOz (75 eV), as previously mentioned by 
Vine and Steeds.29 On the basis of these data, the 
secondary reactions yielding silica [i.e. eqns (2) to 
(5)] seem to be unlikely. 

Thus, it seems more appropriate to assume that 
the decrease in both the oxygen and carbon con- 
centrations in the bulk of the fibres (Table 3) 
might be related to the formation of CO according 
to the following primary and secondary equations: 

Si02.,C,_,Y * SiO(g) + (2x - 1) CO(g) 
+ (2 - 3x) C(s) (6) 

SiO(g) + 2C(s) + Sic(s) + CO(g) (1) 

where the carbon present in the left-hand side of 
eqn (1) includes the free carbon of the fibres. 

The assumption that CO is the main gaseous 
species formed during decomposition of the fibres 
and responsible for the decrease in both the oxy- 
gen and carbon concentrations in the fibres, is fur- 
ther supported by comparing the compositions of 
the fibres in the aged and as-received composites 
(Table 3). For a given ageing treatment (e.g. 20 h 
at 1200°C under vacuum), one can calculate (as 
shown in Table 6) from the composition of the 
as-received fibres (line 1) the corresponding num- 
bers of moles of CO and SiO [and, by difference, 
those of Si, C and 0 in the solid (line 2)] necessary 
to achieve the best fit between the resulting theo- 
retical composition of the aged fibres (line 3) and 
that established experimentally by EPMA (line 4 
and Table 3). Thus, for a first example corre- 
sponding to a rather low Am/m, value (~2%; 
Table 3) the result of the calculations is 10 moles 
of CO for 1 mole of SiO. Thus the majority of the 

SiO species formed according to eqn (6) reacts in 
situ with carbon, and CO is indeed the main 
gaseous product of the fibre decomposition. 

Similar calculations (Table 6) show that a more 
significant evolution of SiO might occur for more 
severe ageing treatment, e.g. 94 h at 1200°C under 
vacuum with Am/m, = 6% (Table 3). For such 
conditions, the best fit is achieved by assuming an 
evolution of 14 moles of CO and 3 moles of SiO. 
The evolution of SiO might be more favoured here 
since the free carbon is almost totally consumed 
(C/S1 (at) = 1.04 versus 1.3 1 for the as-received 
fibres) and the resulting fibre porosity large enough. 

The decrease in volume of the fibre solid 
phases, resulting from the decomposition of sili- 
con oxycarbide and the reaction of SiO with free 
carbon, might thus explain: (i) the slight local 
decohesions observed at the fibre-pyrocarbon 
interface in composites aged under mild condi- 
tions [with Am/m, ~1%; Figs 10(a) and (b)] and 
(ii) the important fibre shrinkage clearly apparent 
from the TEM image (Fig. 16) for the composite 
aged under severe conditions (with Am/m, = 6%). 
For this latter case, the consumption of the PyC 
interphase (to be discussed in the next section) 
cannot explain alone the large void between the 
fibre and matrix, which is thus mainly due to 
shrinkage of the fibre. 

4.2 Reactions at the FM interface 
The experimental data reported in Section 3.3 
sho& that, during composite ageing, the surface of 
the Nicalon fibre undergoes an evolution which is 
somewhat different from that of the bulk. As a 
matter of fact, the fibre surface appears to be a 

Table 6. Evolution of the chemical composition of the fibre (in the bulk) in uncoated 2D SiCICISiC composites aged under 
vacuum. The nature and mole numbers of species removed from the initial composition have been determined semi-empirically 

to achieve the best fit with the experimental composition in the aged composites (as assessed by EPMA) 

Species 
removed 

Composition infibre bulk (at%) 

Si c 0 

(a) 1200°C 20 h vacuum (IV’ Pa) 
in as-received material 
assumed ageing model 10 co (8) 

1 SiO (g) 

35 48 17 
34 38 6 

calculated composition 
experimental composition 

(b) 1200°C 94 h vacuum ( 10m3 Pa) 
in as-received material 
assumed ageing model 

43.6 48.1 7.1 
44 49 7 

calculated composition 
experimental composition 

(c) 13OO”C24 h vacuum (2 X 10-j Pa) 
in as-received material 
assumed ageing model 

35 
14 CO (g) 32 
3 SiO (g) 

48.5 
49 

13 CO (g) 
3 SiO (g) 

35 48 17 
32 35 1 

calculated composition 47 
experimental composition 47 

48 17 
34 0 

51.5 
51 

0 
0 

51.5 
52 

1.5 
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particular reaction site where the Si-C-O system 
(i.e. the fibre is in contact with either a pure car- 
bon medium or a gaseous phase of unknown com- 
position, depending on whether the pyrocarbon inter- 
phase is still present or has been totally consumed. 

As long as Am/m, ~1% (i.e. for mild ageing con- 
ditions), the PyC interphase is still present at the 
FM interface. TEM (Fig. 10) and AES (Fig. 11) 
data show that the 5-10 nm thick CISiO, layer is 
still present at the fibre surface, and the nano- 
texture of the PyC interphase is basically 
unchanged. Thus, the interactions between the 
gaseous products of fibre decomposition (formed 
in very low amounts under such conditions) and 
the FM interfacial zones remain too limited to 
alter the constituents significantly. 

Conversely, when 1 <Am/m, ~2% (i.e. for T = 
12OO”C), growth of SIC crystals takes place which 
is much more significant at the fibre surface than 
in the bulk of the fibres (Figs 12 and 13). Simulta- 
neously, the oxygen concentration decrease in the 
fibre is more pronounced near the fibre surface 
than in the bulk (Fig. 14), on the one hand, and 
the carbon atomic layers from the PyC interphase 
are consumed on the fibre side (Fig. 13), on the 
other hand. Last, both the TEM image (Fig. 13) 
and AES analysis (Fig. 14) show that silica is no 
longer present at the fibre surface. All these fea- 
tures can be explained by assuming that the fibre 
decomposition gaseous products (and particularly 
SiO) react with the carbon from the interphase to 
give a crown of large SIC crystals (Fig. 13) with 
an evolution of mainly carbon monoxide. Thus, 
the reaction scheme given previously for the bulk 
of the fibre, namely a combination of eqns (6) and 
(l), still seems to be valid (the carbon from the 
left-hand side of eqn (1) including now part of the 
interphase pyrocarbon). 

Finally, when Am/m0 >2% (i.e. for severe ageing 
conditions), the pyrocarbon interphase is totally 
consumed according to eqn (1) and consequently 
a rather thick layer (50-80 nm) of large SIC 
crystals is present at the fibre surface [Figs 16(a) 
and (b)]. These results are consistent with those 
reported for the ageing of 2D SiC/C/SiC compos- 
ites under argon (P = 100 kPa) by Mozdzierz and 
Backhaus-Ricoult3’ or vacuum (residual pressure 
10e3 Pa) by Vine and Steeds.29 Moreover, the fact 
that there is an oxygen accumulation at the fibre 
surface and the formation of an amorphous layer 
outside the SIC crystal layer [Figs 15 and 16(b)], 
for long ageing times, suggests that the fibre 
surface is still the site of chemical reactions (still 
involving the fibre decomposition products, i.e. 
SiO or/and C031 even when the PyC interphase is 
totally consumed. However, under such new con- 
ditions, the Si-C-O system (i.e. the fibre) is in 

contact with a gaseous phase and the secondary 
reactions are different. TEM/PEELS and AES 
analyses (Table 2 and Fig. 15) have shown that 
the amorphous layer formed outside the SIC 
crystal layer [Fig. 16(b)] can be assigned to a 
mixture of silica and carbon. The fact that the 
reaction leading to the formation of this layer 
takes place only on the fibre surface and not 
within the bulk of the fibre (although it is highly 
porous and largely made of Sic), suggests that the 
new secondary reaction might be that according 
to eqn (4). 

4.3 Weight loss kinetics 
As shown in Fig. 5, 2D SIC/C/SIC composites 
experience a weight loss Am/m, when they are 
aged at a sufficiently high temperature under vac- 
uum or argon. This weight loss can be assigned to 
decomposition of the fibres and to reactions 
occurring between the gaseous decomposition 
products of the Si02rC1_,r species and free carbon 
(from the fibres and the interphase), as discussed 
in Sections 4,l and 4.2. Furthermore, the contri- 
bution of fibre decomposition to the weight loss is 
expected to be much larger than that of the reac- 
tion of the pyrocarbon interphase with SiO [eqn 
(l)], owing to the values of the related volume 
fractions in the composites (i.e. Vf = 40%). These 
assumptions are clearly supported by several 
experimental results. First, the weight loss starts at 
the same temperature, i.e. = 1 lOO”C, for both the 
composites (Fig. 5) and the related bare fabrics 
(Fig. 6), in agreement with data reported previ- 
ously for Nicalon fibre.“-l3 Second, the maximum 
absolute weight loss Am recorded for extremely 
severe ageing treatments (T = 1550°C; vacuum), 
when expressed with respect to the fibre mass pre- 
sent in the composite (with Yf = 40%), i.e. as 
Am/m, corresponds to a value (~27%) close to 
that reported for complete decomposition of bare 
Nicalon fibres.22 This latter result obviously shows 
that the majority of the weight loss is related to 
the decomposition of the fibres. 

The weight loss rate and the kinetic regime 
depend on the conditions of the ageing treat- 
ments, as shown in Figs 5-7. For not too severe 
ageing conditions (i.e. T <13OO”C; Am/m, <8%), 

the variations of Am/m, as a function of the 
square root of time are linear [Fig. 5(b)], as they 
are for the related bare Nicalon fabrics (inset in 
Fig. 6). This feature suggests that, under such con- 
ditions, the rate-limiting step might be a diffusion 
process the nature of which still remains 
unknown. Conversely, for extremely severe ageing 
conditions (T = 1460°C; vacuum; 8 <Am/m, < 1 l%), 
the linear Am/m0 = f(dr) relation is no longer valid 
and the diffusion rate-controlling step no longer 
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effective. Tentatively, this change in the kinetic 
regime might be related to the fact that the fibres 
and FM interfacial zones exhibit a very high 
porosity for such Am/m, values. 

The effect of the ageing treatment atmosphere 
on the weight loss rate and kinetics is shown in 
Fig. 7. For treatments performed under vacuum, 
the apparent activation energy E, is about the 
same (i.e. 190 kJ mol ‘) for both the composites 
and the related bare Nicalon fabrics, suggesting 
that the rate-limiting step is the same. Conversely, 
for a given ageing temperature, e.g. 12OO”C, the 
kinetic (or diffusion-based) constant is much 
higher for the bare fibres. Thus the weight loss 
and the decomposition/reaction process are slowed 
down in a significant manner when the fibres are 
embedded within the Sic matrix, as would be 
expected for a process involving an evolution of 
gaseous species (namely CO and SiO). 

The weight loss kinetics corresponding to age- 
ing treatments performed under vacuum or argon 
exhibit both common features and differences, as 
is apparent from Figs 5 and 7. The common fea- 
tures, i.e. the shape of the Am/m, = j(t) curves, 
might be related to the fact that both media are 
non-reacting atmospheres with respect to the com- 
posites. The differences, namely the lower weight 
loss rates (Fig. 5) and the high apparent activation 
energy (Fig. 7) observed for the ageing treatments 
performed under argon, might be related to the 
effect of pressure on the decomposition/reaction 
process. Tentatively, under a pressure of 70 kPa of 
argon, the equilibria involving the CO and SiO 
gaseous species either within the fibres or the FM 
interfacial zones might be affected, with the result 
that the decomposition/reaction process responsi- 
ble for the weight loss is slowed down. However, 
this pressure effect-which is pronounced at low 
temperatures-tends to decrease as the tempera- 
ture is raised (at 13OO”C, the weight loss kinetics 
are similar) (Fig. 5). 

4.4 Effect of ageing on the mechanical behaviour 
The chemical and microstructural evolution that 
occurs versus time during the ageing treatments of 
2D SIC/C/SIC composites, in the fibres and FM 
interfacial zones, results in a degradation of the 
mechanical behaviour of the composites at room 
temperature, as shown in Figs 18 and 19. This 
degradation remains moderate for mild ageing 
conditions (0.37 <Am/m,, ~1.3%) and becomes 
dramatic when they are more severe (2 <Am/m, 
~7%). It can be assigned to a lowering of the FM 
bonding and a decrease of the fibre strength due 
to a decomposition/grain growth process. 

For mild ageing conditions (1100°C; 0.37 
<Am/m, <1.3%,), the decrease in the value of 0, 

(Fig. 18 and Table 5) can be explained by a lower- 
ing of the FM bonding (Fig. 19 and Table 5) as 
suggested by the occurrence of decohesion 
between the fibre and the anisotropic layer of 
the pyrocarbon interphase [Figs 10(a) and (b)]. 
Although the effect of ageing seems to remain 
limited in terms of chemical and microstructural 
change, the strength of the FM bonding and the 
load-transfer capability of the interface are 
already lowered in a significant manner, as sup- 
ported by the push-out data (Fd and F, being 
reduced by about 30 and 50%, respectively, for 
Am/m, = 0.5%). Conversely, under such ageing 
conditions (i.e. for 0.37 <Am/m, <1.3%), the SIC 
grain growth in the fibre remains very limited 
(Fig. S), with the result that the failure stress of 
the fibres and thus that of the composite is not 
degraded in a dramatic manner (Fig. 18). Finally, 
by lowering the FM bonding the ageing treatment 
has a positive effect on the failure strain of the 
composite, which is observed to increase by ~47% 
for Am/m, = 0.37% and by almost 100% for 
Am/m, = 1.3% (Fig. 18 and Table 4). 

For more severe ageing conditions (correspond- 
ing to Am/m, = 2%, e.g. for 20 h at 1200°C under 
vacuum), the effect of the treatment on the 
mechanical behaviour becomes dramatic, particu- 
larly in terms of load-bearing capability (a, being 
reduced from 146 to 34 MPa) (Table 4). This 
reduction of the failure strength of the composite 
is related to the fact that: (i) the fibres are almost 
totally debonded from the matrix (Fig. 19), the 
pyrocarbon interphase being largely consumed by 
reaction with SiO (Fig. 13) and (ii) large crystals 
of SIC are already present at the fibre surface 
which may act as surface flaws, thus lowering the 
fibre failure strength. However, these somewhat 
weakened fibres can still carry moderate load level 
at a high strain (-0.3%) since they are no longer 
bonded to the matrix. 

Finally, for extremely severe ageing conditions 
(corresponding to 3.6 <Am/m, <7%), the compos- 
ites exhibit a brittle behaviour which can be 
explained by the absence of any FM bonding and 
the extreme degradation state of the fibres (which 
are now porous and made of large Sic-crystals). 
The absence of FM bonding is related to both 
the shrinkage of the fibres (Fig. 16) and the 
consumption of the pyrocarbon interphase, 
related to chemical reaction [eqn (l)] between SiO 
and carbon. 

There is thus a good correlation between the 
weight loss experienced by the composites during 
the ageing treatments (associated with decomposi- 
tion of the Nicalon fibres and side reactions) on 
the one hand, and the change in the mechanical 
behaviour of the composites (itself related to 
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weakening of both the fibre strength and FM and matrix, and more importantly to an 
bonding) on the other hand. extreme weakening of the fibres. 

5 Conclusions Acknowledgements 

From the data which have been presented in Sec- 
tion 3 and discussed in Section 4, the following 
conclusions can be drawn. 

(i) 2D SiC/C/SiC composites aged at a suffi- 
ciently high temperature under vacuum or 
argon undergo a weight loss which increases 
as temperature and time are raised. This 
weight loss is related to decomposition of the 
silicon oxycarbide present in Nicalon fibres 
and to side-reactions between the gaseous 
decomposition products (i.e. SiO) and the free 
carbon from the fibres themselves and the 
pyrocarbon interphase. As this decomposition 
proceeds, the oxygen and carbon concentra- 
tions in the fibres decrease and simultaneously 
grain growth of the Sic crystals occurs. 

(ii) The ageing treatments also result in a change 
in the mechanical behaviour of the composites 
which is related to a weakening of the fibre- 
matrix bonding and fibre strength, itself a 
conseouence of the decomposition/reaction 
process occurring in the fib& and the fibre- 
matrix interfacial zone. 

(iii) 

(iv) 

(v) 

For mild ageing conditions, corresponding to 
Am/m0 -c 1.3%, there is a decrease in the pro- 
portional limit cd and an increase in the fail- 
ure strain E,.; these are related to a weakening 
of the fibre-matrix bonding which may itself 
be related to the occurrence of decohesion at 
the fibre-pyrocarbon interface. Under such 
ageing conditions, the load-bearing capability 
of the composites remains relatively high since 
the decomposition/recrystallization process of 
the fibres is still limited. 
For more severe ageing conditions, correspon- 
ding to a weight loss of about 2%, the failure 
strength of the composites is dramatically 
lowered. This feature is related to the fact that 
the fibres are largely debonded from the 
matrix (the pyrocarbon interphase being partly 
consumed by reaction with SiO) and exhibit 
large SIC crystals on their surface, formed by 
reaction between SiO and the pyrocarbon, 
and acting as surface flaws. Conversely, the 
failure strain of the composites is significantly 
improved. 
For extremely severe ageing conditions, corre- 
sponding to 3 <Am/m0 <7%, all the compos- 
ites exhibit brittle behaviour due to the 
absence of any bonding between the fibres 
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