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Abstract 

ZD-Nicalon/C/SiC composites fabricated by CVI, 
either uncoated or protected with a Sic CVD seal- 
coating, have been aged at IlOO-1300°C under 
vacuum or carbon monoxide. They experienced a 
weight loss due to the decomposition of the 
Sz’O,,C,_, phase present in the fibers and to sec- 
ondary reactions between carbon (from the fibers 
and the interphase) and the fiber decomposition 
products (CO and SiO). The change occurring in 
the chemical composition and microstructure of the 
composites has been studied by EPMA, AES and 
TEM/PEELS and in their mechanical behavior by 
tensile and push-out tests at ambient. The degrada- 
tion process is slowed down by the CO pressure 
either applied externally to or generated within the 
composites as the result of the confinement of 
SiOKO by the Sic coating. When aged between 
1100 and 1200°C the composites fail at relatively 
high strain and stress with a plateau-like feature for 
the tensile curve whereas those aged at 1300°C are 
brittle when treated under vacuum even with a Sic 
coating, or non-brittle with a low failure stress when 
treated under CO. 0 1997. Published by Elsevier 
Science Limited. All rights reserved. 

Resume’ 

Des composites ZD-Nicalon/C/SiC Plaborb par 
CVI, rev&us ou non par un seal-coat de Sic CVD, 
ont PtP vieillis entre II00 et 1300°C sous vide ou 
SOUS monoxyde de carbone. Ils presentent une perte 
de masse due a la decomposition de la phase 
Si02XC,_, au sein des fibres et a des reactions sec- 
ondaires entre le carbone (des jibres et de I’inter- 
phase) et des produits de decomposition de la $bre 
(CO et SiO). L ‘t%oIution de la composition chimique 

et de la microstructure de ces composites a etP 
etudiee par EPMA, AES et TEMPEELS tandis 
que leur comportement mecanique a ete’ identzjie par 
des essais de traction et de push-out a I’ambiante. 
Le processus de degradation est ralenti par une 
pression de CO, qu’elle soit appliquee de I’exterieur, 
ou gennkte dans le composite d la suite du confine- 
ment de SiO/CO par le seal-coat de Sic. Les 
composites vieillis entre 1100 et 1200°C cassent a un 
niveau de contrainte et d’allongement relativement 
Pleve avec une courbe de traction a plateau’ tandis 
que les materiaux vieillis h 1300°C sont soit fragiles 
lorsqu’ils sont trait& sous vide m&me rev&us d’un 
seal-coat de Sic, soit non fragiles avec une .faible 
contrainte a rupture lorsqu’ils sont trait& sous CO. 

1 Introduction 

2D-SiC/C/SiC composites fabricated from Nicalon 
(NLM 202, Nippon Carbon, Japan) fabric pre- 
forms according to the chemical vapor infiltration 
(CVI) process have been reported to undergo 
chemical degradation when they are aged under 
vacuum or argon at high enough temperature 
(i.e. beyond about 1 100”C).‘-8 This degradation is 
primarily related to the decomposition of the 
metastable SiO,,C,_, ternary phase of the Nicalon 
fibers which occurs with an evolution of gaseous 
species (mainly CO and to a less extent SiO).‘,9 
Furthermore, secondary reactions are thought to 
occur between the fiber decomposition gaseous 
products (particularly SiO) and free carbon from 
the fiber itself and from the interphase (as pyro- 
carbon) which is used in most ceramic matrix 
composites (CMC) to achieve a proper bonding 
between the fiber and the matrix. As this degra- 
dation mechanism proceeds, free carbon is pro- 
gressively consumed with the formation of large 
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SIC crystals at the fiber surface and an overall Sic 
grain growth in the bulk of the fibers. This degra- 
dation mechanism has important consequences. 
It yields a weight loss Am/m, and a change in 
the mechanical behavior of the composites. This 
change is related to the weakening of the fiber- 
matrix (FM) bonding as the pyrocarbon inter- 
phase is progressively consumed and to that of the 
fibers themselves (as the result of the decompo- 
sition and SIC grain growth phenomena).’ 

The kinetics of the degradation process depend 
on the ageing conditions (i.e. temperature, pres- 
sure and nature of the atmosphere: the weight loss 
rate increases as temperature is raised and as 
pressure is lowered). The degradation process is 
slowed down when the treatment is performed 
under a pressure of argon (e.g. 70 kPa) with 
respect to ageing under vacuum, at least as long 
as the temperature is low enough (i.e. for T -c 

1 300”C).‘.6 Thus, it has been thought interesting to 
study the effect on the degradation process of the 
composites, of an external pressure of CO (which 
is the main gaseous species involved in the degra- 
dation mechanism) applied to the materials during 
the ageing treatments. Furthermore, it was 
assumed that a SIC seal-coating, deposited by 
CVD on the composite surface prior to the ageing 
treatment, might have a somewhat similar effect, 
in as much as it could make the evolution of the 
gaseous decomposition products more difficult 
and thus generate internal pressures of CO and 
SiO. 

The aim of the present contribution, which is a 
continuation of the first part’ devoted to the age- 
ing under vacuum or argon of uncoated compo- 
sites, was to study the influence of an external 
pressure of CO and that of a Sic seal-coating on 
the ageing of 2D-SiC/C/SiC composites, in terms 
of chemical composition, microstructure, FM 
bonding and mechanical behavior under tensile 
loading at room temperature. 

2 Experimental 

2.1 Materials 
The materials used in the present study are 2D- 
SiC/C/SiC composites with a bidimensional 
Nicalon fiber architecture and fabricated accord- 
ing to the CVI-process. lo Prior to the infiltration 
of the SIC matrix, the fibers have been coated with 
a film (mean thickness: = 0.1 pm) of a pyrocarbon 
interphase through the cracking of a hydrocarbon 
precursor (mainly CHJ. All the infiltration steps 
have been performed at moderate temperatures 
(900-l 1OO’C) and reduced pressures (a few kPa or 
10 kPa), as is the rule in isothermal/isobaric CVI.” 

The Nicalon fibers have a mean diameter of 
14 pm and their chemical composition (in at%) 
was found to be close to: Si(35)-C(48)-0(17) by 
electron probe micro-analysis (EPMA), in the 
as-processed composites. The fibers were observed 
to be surrounded by a thin (5-10 nm) amorphous 
layer of a mixture of carbon and silica, assumed 
to be formed during the fabrication of the fibers 
and/or that of the composites.“,‘* 

The pyrocarbon interphase consists of a quasi- 
isotropic nanoporous carbon over the majority of 
its thickness. However, very near the fiber surface 
(i.e. within about 20 nm), the carbon atomic lay- 
ers tend to be aligned locally parallel to the fiber 
surface (Fig. 3 in Ref. 1) as previously mentioned 
by other authors.‘,“,‘* 

In the as-received state, the 2D-SiC/C/SiC com- 
posites exhibit a non-linear stress-strain behavior 
(Fig. 18 in Ref. 1) with a Young’s modulus of 
about 230 GPa, the failure occurring at relatively 
low stress and strain (a, = 150 MPa; &r = 0.17%), 
with limited fiber pull-out. 

The ageing treatments and then the tensile tests 
have been performed on samples machined as 100 
X 10 X 3 mm3 bars, as shown in Fig. l(a) (the 
bars being orientated with their length parallel to 
one of the fiber directions, namely directions 1 or 
2). The samples have been aged either in the 
as-machined state (i.e. uncoated) or coated with a 
15 pm thick SIC seal-coating (the coating being 
deposited by CVD, after machining, on all sample 
faces) (Fig. l(b)). 

2.2 Ageing treatments 
The ageing treatments have been performed 
directly on the tensile specimens. The specimen 
was hung to a microbalance (DlOl , Cahn, USA) 
in order to record the weight loss continuously, 
Am/m, and heated with a graphite susceptor, as 
shown in Fig. 2, in Ref. 1. The ageing treatments 
were conducted either at constant volume under a 
pressure of carbon monoxide (or argon) up to one 
atmosphere, or under vacuum (the residual pres- 
sure being in the range 10-l to 10m3 Pa). As shown 
in Tables 1 and 2, the uncoated samples were aged 
under CO atmospheres only (at pressures ranging 
from 45 to 100 kPa) since the treatments under 
vacuum or argon have been already studied in 
Ref. 1. Conversely, the Sic-coated samples were 
aged under all conditions (i.e. under vacuum, 
argon and carbon monoxide). 

2.3 Characterization 
The compositional and microstructural evolution 
of, both the fibers and FM interfacial zones during 
ageing have been studied on polished cross- 
sections, thin foils or fracture surfaces, by electron 
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Fig. 1. Tensile test specimen of 2DSiCICISiC composites 
coated with a 15 pm Sic seal-coating: (a) shape, fiber orienta- 
tion and dimensions, (b) SEM image of the Sic seal-coating. 

probe micro-analysis (EPMA; Camebax, Cameca, 
France), transmission electron microscopy (TEM; 
2000 FX, Jeol, Japan), electron energy loss 
spectroscopy (EELS; 300 kV TEM, Philips with 
PEELS analyzer, Gatan); and Auger electron spec- 
troscopy (AES; PHI-590, Perkin-Elmer), accord- 
ing to classical procedures which have been 
presented in part 1.’ One should emphasize that 
all the analyses have been performed at or near 
the failure surface of each specimen in order to 
derive a correlation between the chemical/micro- 
structural degradation of the sample and the 
change observed in its mechanical behavior. 

The aged samples were tested at room tempera- 
ture under tensile loading (Instron 8501) at a con- 
stant strain rate of 0.05% per min. The evolution 
of the FM-bonding (resulting from the chemical/ 
microstructural degradation of the material) was 
assessed qualitatively through indentation push- 
out tests (Onera, France) conducted on specimens 

Table 1. Ageing conditions applied to the uncoated 2D- 
Sic/C/Sic tensile specimens treated under CD atmospheres 

and resulting weight losses 

Material 
reference 

Pressure Ageing Ageing Am/m,, 
of CO (kPa) temperature time ch) CL%) 

(“CI 

0 As-received none none none none 
13 aged 70 1100 139 -0.43 
14 aged 45 1200 58 -0.71 
15 aged 70 1200 64 -0.83 
16 aged 4.5 1300 21 4.7 
17 aged 80 1300 20 -2.1 
18 aged 100 1300 63 -2.9 

Table 2. Ageing conditions applied to Sic seal-coated 2D- 
SiC/C/SiC composites and resulting weight losses 

Material Ageing Ageing Age&g Am/m,) 
reference atmosphere temperature time (h) (I%) 

(Pa) (“CJ 

19 aged Vacuum (4 X 10m4) 1100 24 -0.02 
20 aged Vacuum (5 X 10m3) 1200 12 -0.13 
21 aged Vacuum (6 X IO-‘) 1200 78 -0.15 
22 aged Vacuum (5 X 10 4, 1200 108 -0.13 
23 aged Argon (7 X 104) 1200 75 -0.17 
24 aged Vacuum (6 X IO-‘) 1300 17 -2.6 
25 aged Vacuum (I X 10 ‘) 1300 28 -5.2 
26 aged Argon (9 X 104) 1300 24 -1.2 
27 aged co (7 x 104) I300 128 -0.26 

less than 300 pm in thickness prepared according 
to a technique similar to that used for the TEM 
thin foils. The load was applied on the fiber with a 
flattened Vickers indentor at a rate of the order of 
0.12 pm s-’ and measured with a 2N load cell. 
The displacement was measured with a capacitive 
sensor. In the absence of satisfactory models for 
this kind of composite, no attempt has been made 
yet to derive interface parameter values from the 
push-out test data. 

3 Results 

3.1 Weight loss during the ageing treatment 
The weight loss Am/m, experienced by the com- 
posites during the ageing treatments as a function 
of time, is shown in Figs 2 and 3 for the uncoated 
and Sic-coated tensile test specimens (m. = 8 g), 
respectively. For a given temperature, e.g. 13OO”C, 
the weight loss is less when the composite is aged 
under an atmosphere of CO (with respect to age- 
ing under vacuum or argon) and when it has been 
coated with a SIC seal-coating prior to the ageing 
treatment. 

For the uncoated specimens aged under an 
atmosphere of CO, the weight loss exhibits the 
following features: (i) it increases as temperature 
is raised from 1100 to 13OO”C, at constant CO 
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Fig. 2. Variations of the weight loss experienced by uncoated 
2DSiCICISiC composite specimens as a function of time, 
during ageing treatments performed in CO atmospheres under 
various conditions. The curve corresponding to an ageing 
treatment under vacuum is shown for purpose of comparison. 
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Fig. 3. Variations of the weight loss experienced by 2D-Sic/ 
C/SIC composite specimens coated with a Sic seal-coating, as 
a function of time, for various ageing conditions. The curve 
corresponding to the uncoated specimen is shown for purpose 

of comparison. 

pressure (e.g. 70-80 kPa) and (ii) at a given tem- 
perature (e.g. 13OO”Q it decreases as the pressure 
of CO is raised. The effect of the CO pressure 
appears to be much more significant at high 
temperatures. As an example, increasing the CO 
pressure from 45 to 80 kPa has an obvious effect 
on the value of Am/m, at 1300°C whereas the 
same CO pressure increase has a negligible effect 
on the weight loss at 1200°C. Furthermore and as 
already reported in part 1 for the ageing treat- 
ments under vacuum or argon, the variations of 
Am/m, as a function of the square root of time are 
linear at least in a first approximation (Fig. 4).’ 
The slopes k of the related straight lines have been 
used to characterize the kinetics of the weight loss 
process. Their thermal variations (Arrhenius plot) 
are shown in Fig. 5. Although the data points 
were limited in number (since ageing was con- 
ducted directly on tensile test specimens), each 
Arrhenius plot can be analysed as a straight line 

400 
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Fig. 4. Variations of the weight loss experienced by uncoated 
2D-SiCICISiC specimens as a function of the square root of 
time. during ageing treatments performed in CO atmospheres 
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Arrhenius plots for the thermal variations of the 
kinetic constants k (defined as the slopes of the straight 
lines shown in Fig. 4) characterizing the weight loss of 2D- 
SiCICISiC uncoated composites aged under vacuum (residual 
pressure: 10-l to 10m3 Pa) or an atmosphere of argon or 

carbon monoxide. 

and used to derive an apparent activation energy, 
which has been observed to be of about 230 kJ 
mol-’ (i.e. slightly higher than that corresponding 
to ageing under vacuum or argon). Thus, the use 
of a CO ageing atmosphere slows down the degra- 
dation process of the composites. 

The data in Fig. 3 clearly show that the use of a 
15pm thick SIC seal-coating is another efficient 
way to slow down the degradation process. As 
an example, the specimen aged at 1200°C during 
100 h either under vacuum or argon, has experi- 
enced a weight loss of only 0.15%. Under similar 
conditions (12OO”C, 94 h, vacuum), that reported 
for the uncoated composite in Ref. 1, Table 4, was 
6.3%.’ Although the beneficial effect due to the 



SIC seal-coating is much less significant at higher 
temperatures, e.g. 13OO”C, it still exists. This last 
feature suggests that beyond about 12OO”C, a 15- 
pm-thick SIC seal-coating deposited by CVD is 
no longer perfectly gas-tight, with respect to the 
evolution of the fiber decomposition gaseous 
products (CO and SiO). This assumption is 
further supported by the fact that the weight loss 
becomes negligible at 1300°C when combining the 
slowing down effect of the SIC seal-coating with 
that of a CO atmosphere. 

3.2 Chemical and microstructural analysis of the 
fiber and FM interfacial zone in aged composites 

3.2. I Composites aged under CO 
The pyrocarbon interphase remains basically 
unchanged in the bulk when the composites are 
aged up to 1300°C (with 45 < PC0 < 100 kPa), 

(4 
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Fig. 6. TEM images showing decohesion near the pyrocarbon/ 
fiber interface in fractured tensile test specimens of uncoated 
2D-SiCICISiC composites aged at 1300°C under CO: (a) dark 
field image (Coo2) (ageing time: 63 h; PC0 = 100 kpd), (b) lattice 

fringe image (agerng time: 21 h; Pco = 45 kPa). 

with or without a SK seal-coating, as shown by 
TEM-analysis (Figs 6 and 7). However, the 
anisotropic part of the interphase (i.e. the first 20 
nm in contact with the fiber in the as-received 
composite) is observed to have undergone decohe- 
sion near the fiber surface, in the fractured tensile 
test specimens which have been aged at 1200 or 
1300°C (Fig. 6). 

In the uncoated composites aged at 1200°C 
(with Am/m, = 0.83%) oxygen has accumulated 
near the fiber surface (i.e. over a depth of about 
40 nm), as shown by both AES depth profile 
analysis (Fig. 8) and EELS data (Table 3). This 
narrow zone, which can be locally very rich in 
oxygen, is thought to be a mixture of silica and 
carbon. Within the fiber, the chemical compo- 
sition is close to that of the fiber in the as-supplied 

(b) 

Fig. 7. TEM images of Sic-coated 2D-SiCICISiC composites 
aged at 1300°C (128 h) under CO (70 kPa): (a) bright field 
image of the FM interfaclal zone (the arrows show the SIC 
crystals in the fiber), (b) lattice fringe image of a zone near 
the fiber surface (depth 0 5-l grn) (the simple arrows show 

the carbon BSU, and the double arrows the SIC crysta!sj. 
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composite (Table 4) with a slightly lower value of 
the C/Si atomic ratio (1.12 and 1.37, respectively). 
Finally, for these rather mild ageing conditions 
(Am/q = 0.83X), the Sic grain growth associated 
with the degradation of the fibers remains limited 
(mean SIC grain size: 4-5 nm). 

0 

0 3 6 9 12 
Sputter time (IL, 

18 21 24 

Fig. 8. AES radial depth profiles recorded from the surface of 
a pulled-out fiber present at the failure surface of an 
uncoated 2D-SiCICISiC composite aged at 1200°C for 58 h 
under an atmosphere of CO (45 kPa) and tensile tested. The 
sputtering rate was 8 nm/min (reference: Ta,OS). The shift of 
the Si,,, transition as a function of etching time (respec- 

tively: 1, 4, 10 and 20 min) is shown in the inset. 

Table 3. O/Si and CiSi atomic ratios as assessed by PEELS 
analysis as a function of the distance from the surface of 
Nicalon fibers in thin foils of 2D-SiC/C,‘SiC composites aged 

under various conditions 

Materiul 
refi~rence 

Ageing 
treutment 
conditi0n.s 

Distance O/Si C/Si 
fLom atomic atomic 

jiber surface ratio ratio 

(nm) 

15 

21 

12OO”C-64 h 
CO(70 kPa) 
Uncoated 
specimen 

12OO”C-78 h 
Vacuum 
Sic-coated 
specimen 

zz 5 
30 

200 
6000 

z 

2=20 
410 

0.59 I 
0.47 1.2 
0.42 1.4 
0.36 = 1 

1.18 2.5 
0.4 = 1 
0.34 = 1 
0.26 = 1 

In the uncoated composites aged under more 
severe conditions in terms of weight loss (T = 
13OO”C, Am/m, > 2%) there is a clear correlation 
between the weight loss experienced by the com- 
posite, on the one hand, and both the decrease in 
oxygen concentration and Sic grain growth in the 
fibers, on the other hand (Fig. 9 and Table 4), as 
previously reported in part 1 for the ageing treat- 
ments under vacuum or argon. However, for a 
given weight loss, the growth of the SIC crystals 
within the fibers is more limited for the compos- 
ites aged under CO than for those treated under 
vacuum (part l).’ As an example, for Am/m, = 
4’S, the SIC crystal mean size is of the order of 
9 nm for the material aged under CO (specimen 
16) whereas it is of about 20 nm for that aged 
under vacuum (Fig. 9). Furthermore, a similar SIC 
grain mean size (i.e. 7-9 nm) has been observed 
for a composite (specimen 18) aged under different 
conditions in terms of time and Pco, but which 
has indeed experienced a rather similar weight loss 
(Am/m, = 4.7 and 2.9 for specimens 16 and 18, 
respectively) and whose fibers exhibit close residual 
compositions (with same oxygen concentration) 
(Table 4). 

100 
u vacll~uncoated 
q vacuum,siccaated 

(1GGz-j 

- A CO (4516OkPa),uucoated 

0 2 4 6 8 

Weight loss, Am/m0 (%) 

Fig. 9. Correlation between the Sic grain growth in the 
Nicalon fibers and the composite weight loss, in 2D-Sic/C/ 

SIC composites aged at 1300°C under various conditions. 

Table 4. Chemical composition of Nicalon fibers (as assessed by EPMA) in 2D-SiC/C/SiC composites aged under various 
conditions 

Muteriuls Ageing Am/m, 
reference conditions (%/ 

Si 

Atomic % 

c 0 

C/Si 
at. ratio 

0 as-received 0 35 48 17 1.37 
I5 12OO”C-64 h-CO(70 kPa) -0.83 38.5 43 18.5 1.12 
16 13OO”C-2 I h-CO(45 kPa) -4.1 38 60 7 1.82 
I8 13OO”C-63 h-CO( 100 kPa) -2.9 35 58 7 1.66 

21 12OO”C-78 h-vacuum -0.15 37 45 18 1.22 
24 13OO”C- 17 h-vacuum -2.6 39 53 8 1.36 
27 13OO”C- 128 h-CO(70 kPa) -0.26 40 44 16 I.10 

Materials 15, 16, 18: uncoated; materials 21, 24, 27: coated with a IS-pm-thick Sic seal-coating. The uncertainty on the at% is 
estimated to be of the order of 1%. 
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Fig. 10. AES radial depth profiles recorded from the sur- 
face of a pulled-out fiber present at the failure surface of 
a Sic-coated 2D-SiCICISiC composite aged at 1300°C for 
I28 h under an atmosphere of CO (70 kPa) and tensile tested 

(sputtering rate: 8 nm/min; reference Ta,O,). 

In the Sic-coated composite (specimen 27) 
which has been aged for a long time at 1300°C 
under CO, the SIC grain mean size in the fibers is 
again of the order of 8 nm although the weight 
loss is now extremely low (i.e. 0.26%) with respect 
to those observed for the uncoated specimens (2.9 
and 4.1X, for specimens 16 and 18). With respect 
to the as-supplied composite (specimen 0), there 
has been a slight change of composition in the 
bulk of the fibers with a decrease in the C concen- 
tration, an increase in the Si concentration and 
correlatively a decrease in the C&i atomic ratio 
(Table 4). Conversely, the oxygen concentration 
has remained almost unchanged, a feature which 
is consistent with the extremely low weight loss. 
The carbon BSUs appear to be rather well inter- 
connected, at least near the fiber surface (i.e. over 
a depth of about 1 pm which was observable by 
TEM in the thin foil) (Fig. 7(b)). Finally and as 
shown in Fig. 10, oxygen seems to have accumu- 
lated near the fiber surface (i.e. over a thickness of 
about 50 nm). 

3.2.2 Sic-coated composites aged under vacuum 
As already established in Section 3.1, the com- 
posites protected with a 15-pm-thick CVD seal- 
coating, experience a very low weight loss when 
aged under vacuum at 1200°C. For an ageing time 
of = 100 h, it is only 0.13% (specimen 22, Table 2) 
whereas it has been reported to be of the order 
of 6% for the uncoated composite (specimen 4, 
Table 1 in Ref. 1). This feature correlates with the 
results of the analyses performed in situ on the 
fibers. First, the chemical composition of the fibers 
in the bulk (particularly the oxygen concentration) 
is almost unchanged (Table 4). Second, the grain 
growth in the fibers is limited, the SIC crystal 
mean size being of the order of 5 nm (Fig. 1 l(a)), 

Fig. 11(a). TEM analysis of a Sic-coated 2D-SiC/C/SiC com- 
posite after ageing under vacuum (residual pressure: 6 X 10.’ 
Pa) at 1200°C for 78 h: dark field image (C,eZ and p SIC,, ,I 

of the fiberipyrocarbon interfacial zone. 

Fig. 11(b). TEM analysis of a Sic-coated 2D-SiCICISiC com- 
posite after ageing under vacuum (residual pressure: 6 X IO ’ 
Pa) at 1200°C for 78 h: lattice fringe image of the fiber at a 

depth of 0.5-I pm from the fiber surface. 

although the free carbon appears to be better 
organized (the BSUs being interconnected and 
forming a network around the SIC crystals) 
(Fig. 1 l(b)). The most noticeable change in the 
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Sic-coated specimens aged at 1200°C under 
vacuum, deals with the FM interfacial zone. The 
pyrocarbon interphase remains basically unchanged 
in thickness and microstructure even after an age- 
ing time as long as = 100 h (Fig. 12). However, the 
pyrocarbon/fiber interface is significantly altered: 
(i) an additional thin layer (Fig. 1 l(a)), assigned to 
a mixture of silica and carbon on the basis of AES 
analysis (Fig. 13) and EELS data (specimen 21, 
Table 3), has grown at the fiber surface, its thick- 
ness increasing as the ageing duration is raised 
(Fig. 14) and (ii) this carbon/silica layer seems to 
exhibit defects (e.g. nanopores and/or decohesion) 
after tensile testing, at least for the longer ageing 
times (Fig. 12). All these features suggest a weak- 
ening of the FM-bonding. 

Fig. 12. TEM lattice fringe image of the FM interfacial zone 
in a Sic-coated 2DSiCICISiC composite aged under vacuum 

at 1200°C for 108 h and tensile tested. 

lOOti 1 

. . 

0 12 24 36 48 60 
Sputter time (mid 

Fig. 13. AES radial depth profiles recorded from the surface 
of a pulled-out fiber present at the failure surface of a 
Sic-coated 2D-SiCICISiC composite aged under vacuum 
at 1200°C for 108 h and tensile tested (sputtering rate: 

8 nmimin; reference Ta,O,). 

The confinement of the fiber decomposition 
products (CO and SiO) within the composites due 
to the SIC seal-coating, is no longer effective when 
the temperature of the vacuum ageing treatment is 
set at or beyond 1300°C. As a result, the weight 
loss experienced by the Sic-coated composites 
(e.g. 52% for t = 28 h; specimen 25 in Table 3) 
becomes close to that reported in part 1 for the 
uncoated composites aged under similar con- 
ditions (6.9% for t = 24 h; specimen 7 in Ref. 1, 
Table l).’ Thus, it is not surprising that both the 
fibers and the FM interfacial zones are observed 
to undergo a compositional and microstructural 
change similar to that reported in part 1 for the 
uncoated composites. There is first a decrease of 
the oxygen concentration in the fibers, which is, 
however, slower for the Sic-coated composites. 
As an example, the residual 0 concentration in 
specimen 24 (Table 4) is still 8 at% for the SiC- 
coated composite for t = 17 h, whereas it was only 
1 at% for the uncoated composite (specimen 12; 
t = 24 h, Ref. 1, Tables 1 and 2).’ Correspondingly, 
there is an increase of the carbon concentration of 
same magnitude for both composite types. Second 
and as shown in Fig. 9, the SIC grain growth in 
the fibers is similar for the Sic-coated and the 
uncoated composites, for a given weight loss 
value. Third, the FM interfacial zone undergoes 
the same evolution with: (i) a progressive gasifi- 
cation of the pyrocarbon interphase associated 
with the growth of large size SIC crystals at the 
fiber surface over a depth of 50-80 nm (Fig. 15(a)) 
and (ii) the growth of an amorphous silica-rich 
layer at the fiber surface, for longer ageing dur- 
ations (Fig. 15(b)). These features suggest that the 
FM-bonding may have been dramatically lowered 
(not to say destroyed) and the fibers significantly 
weakened (due to both grain growth in the bulk 
and large surface flaws formation). 

t 

Time bin) 

Fig. 14. Variations of the thickness of the C + SiO, layer 
grown at the fiber surface, as a function of the ageing time, in 
Sic-coated 2D-SiCICISiC composites treated under vacuum 

(residual pressure: IO ’ to 1O~j Pa) at 1200°C. 



EfSect of high-temperature ageing on Nicalon/C/SiC composites. 2 649 

3.3 Mechanical behavior at ambient 

3.3. I Under tensile loading 
The tensile stress-strain curves recorded for 2D- 
Sic/C/SIC composites aged under various con- 
ditions, are shown in Figs 16(a) and 16(b) for the 
uncoated and Sic-coated specimens, respectively. 
They fall into three different categories: (i) the 
curves which are close to that of the as-received 
composites (with however a lower proportional 
limit and a higher failure strain), (ii) the curves 
exhibiting a plateau-like shape beyond the propor- 
tional limit and (iii) the linear curves typical of a 
brittle behavior. 

(4 

03 (b) 

Fig. 15. TEM images (bright field) of W-coated 2D-SiC/ 
C/SIC composites aged under vacuum (residual pressure: 3 X 
10 ’ Pa) at 1300°C: (a) FM interfacial zone after an ageing 
treatment of 17 h and (b) pyrocarbon/fiber interface after an 

Fig. 16. Tensile stress-strain curves recorded at ambient for 
2D-SiC/C/SiC composites after ageing under various con- 
ditions: (a) uncoated specimens aged under CO atmospheres, 
(b) Sic-coated specimens after ageing under vacuum (residual 

ageing treatment of 28 h. pressure: 10 ’ to 10e3 Pa), argon or CO. 

The as-received composite (sample 0) exhibits a 
tensile stress-strain curve with a limited non-linear 
domain corresponding to damage localized near the 
macropores left in the material by the CVI pro- 
cess, as well as within the transverse tows, as pre- 
viously reported by Aubard.13 The corresponding 
microcracks in the failed specimens can only be 
observed after surface chemical etching (e.g. with 
the Murakami reagent) in as much as they become 
perfectly closed when the specimen is unloaded. 

The Sic-coated composite which has been aged 
under mild conditions (viz. 24 h at 1100°C under 
vacuum, with Am/m0 = 0.02%; specimen 19 in 
Table 2) exhibits a mechanical behavior close to 
that of the as-received material (Fig. 16(b)). How- 
ever, microcracks are observable without any sur- 
face chemical etching, in polished longitudinal 
sections of the failed specimen. This feature sug- 
gests that the FM interfacial zone has already 
undergone some degradation during the ageing 
treatment thus allowing more decohesion to occur 
between the fibers and the matrix. As a result, the 
fibers can be loaded to a higher strain. Under such 
conditions, the composite itself fails at a higher 
strain (i.e. 0.3% for the specimen 19 versus 0.17% 
for the specimen 0), the matrix microcracks 
exhibiting some residual opening after failure. 

0 0.1 0.2 0.3 0.4 0.5 0.6 
Tensile strain (%J 

(4 

llOO"C,!24h,vacuum 12OO"C,75h 

I I I I I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 

Tensilestrain 



650 C. LubrugPre et al. 

The tensile stress-strain curves with a plateau- 
like shape are observed for the composites which 
have experienced a slightly higher weight loss 
during ageing, namely 0.4% < Am/m, < 0.0’0 for 
the uncoated specimens aged under CO at 1 lOO_ 
1200°C and 0.13 % < Am/m, < 0~17‘!h, for the SiC- 
coated specimens treated under vacuum or argon 
at 1200°C (Tables 1, 2 and Fig. 16(a),(b)). Their 
main features, i.e. a low proportional limit, a 
plateau-like shape and a pseudo-linear domain 
before failure, are those of the composites of type 
A, previously described by Naslain,” Cojean et 

a1.,12 Jouin et al. I4 or Gui11aumat.15 These features 
suggest that a rather significant weakening of the 
FM-bonding has occurred during the ageing treat- 
ments, which correlates with the degradation of 
the fiber-pyrocarbon interface already mentioned 
in Sections 3.2.1 and 3.2.2. Firstly, there is a dra- 
matic decrease of the proportional limit whose 
value depends on the weight loss experienced by 
the composite during the ageing treatment (viz. it 
falls from = 85 MPa to as low as = 40 MPa when 
Am/m,, increases from 0 to 0.710/o, in Fig. 16(a)). 
Furthermore, the lowest values of the propor- 
tional limit are observed for those composites in 
which a well-developed silica<arbon amorphous 
Iayer, known to correspond to a weak FM bond- 

ingY has been formed at the fiber surface 
during ageing, namely specimens 14 and 22 
(Figs 8, 13, 16(a),(b)). Secondly, the microcracks 
which are formed in the rather narrow stress 
range corresponding to the plateau-like domain, 
are not numerous and run across the whole speci- 
men thickness (in planes roughly perpendicular 
to the load axis), as shown in Fig. 17(a). Their 
mean spacing, i.e. 1.27 mm, is large and cor- 
responds roughly to the mean distance between 
the residual macropores. Furthermore, the resid- 
ual opening of the microcracks is large, as shown 
in Fig. 17(a) for an unetched failed specimen, a 
feature which is largely responsible for the rapid 
decrease of the secant modulus as the applied load 
is increased beyond the proportional limit. 
Thirdly, in the last domain of the tensile curve 
(viz. beyond a strain of = 0.25%) the applied load 
is mainly carried by the fibers alone up to the fail- 
ure of the composite which still occurs at a rela- 
tively high stress, i.e. 75 to 95% that of the 
as-received composite (Table 5). This result clearly 
shows that the fibers have not been too severely 
damaged during the ageing treatments and corre- 
lates with the limited SIC grain growth in the 
fibers (the size of the SIC crystallites being less 
than 5 nm for Am/m, < Ioh, as shown in Fig. 9) as 
well as with the limited degradation of the fiber 
surface. All the composites aged under these 
moderate conditions (with 0.1% < Am/m, -c 023%) 

(4 

Fig. 17. Micrographs of a Sic-coated 2DSiCKYSiC compo- 
site (specimen 21) aged under vacuum (78 h at 1200°C; resid- 
ual pressure: 6 x 10-l Pa) and tensile tested at ambient 
showing: (a) the state of damage related to the matrix micro- 
cracks (optical micrograph; unetched specimen) and (b) the 

fiber pull-out at the failure surface @EM micrograph). 

exhibit a failure strain which is much higher than 
that of the pristine composite and seems to depend 
slightly on the nature of the ageing treatment 
atmosphere. It is of = 0.55% for the specimens 
aged at 1200°C under CO or Ar and only = 0.43% 
for those treated under vacuum at the same tem- 
perature (whereas q = 0.17% for the as-supplied 
composite (Table 5)). Finally and as shown in 
Fig. 17(b), the failure surface of the composites 
exhibits a moderate fiber pull-out in contrast 
with the extensive pull-out usually associated 
with weak FM-bonding and tensile curves of the 
plateau-like type. 

Two different kinds of tensile curve shape are 
observed for the composites aged at 13OO”C, 
depending on the degradation experienced by 
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Table 5. Mechanical characteristics measured at room temperature under tensile loading, of 2D-SiCICISiC in the as-received state 
and after ageing under various conditions 

R<j Ageing treatment 

0 none (as-received) 0 
13 11 OO”C- 139 h-CO(70)‘.’ -0.43 
14 1200°C58 h-CO(45) -0.71 
I5 12OO”C-64 h-CO( 70) -0.83 
16 13OO”C-2 1 h-CO(45) 47 
17 13OO”C-20 h-CO(80) -2.1 
18 1300°C63 h-CO( 100) -2.9 

19 11 OO’C-24 h-vat.’ -0.02 
20 1 200°C- 12 h-vat. -0.13 
21 1 200°C-78 h-vat. -0.15 
22 1200°C-108 h-vat. -0.13 
23 1200°C-75 h-Ar -0.17 
24 13OO”C- 17 h-vat. -2.6 
25 1300°C28 h-vat. -5.2 
26 13OO”C-24 h-Ar -1.2 
27 13OO”C-128 h-CO(70) -0.26 

“Pressure in kPa is given in parentheses. 
‘Uncoated materials, 13-18. 
‘Protected with Sic seal-coating; 19-27. 

the fibers and FM interfacial zones, as shown in 
Fig. 16(a),(b). When the composite (even pro- 
tected with a SIC seal-coating) has been aged 
under vacuum and has experienced a high weight 
loss (e.g. 52% for specimen 259, the mechanical 
behavior of the material is brittle (Fig. 16(b)). 
This feature is obviously related to the fact 
that the fibers, under such severe ageing condi- 
tions, have been strongly damaged due to both 
chemical reactions and SIC grain growth (mean 
SIC crystallite size: 40 nm), as further supported 
by the decrease in the Young’s modulus of the 
composite (i.e. = 150 MPa instead of = 230 MPa 
for the pristine material). Conversely, all the com- 
posites aged under CO at 1300°C exhibit a non- 
Iinear stress-strain curve, whatever the weight loss 
experienced by the materials. Under such condi- 
tions, the damage occurs almost instantaneously 
with few microcracks localized near the residual 
macropores. Then the applied load is progres- 
sively transferred to the fibers up to the composite 
failure which occurs at a strain which is still rela- 
tively high (with respect to that of the as-supplied 
composite), namely 0.2-0.3%, but at a very low 
stress. These features are related to the strong 
degradation of the FM interfacial zone and the 
weakening of the fibers, as already mentioned in 
Sections 3.2.1 and 3.2.2. 

3.3.2 As assessed through push-out tests 
Push-out tests have been performed on thin slices 
cut in: (i) the as-received composite, (ii) one sam- 
ple of Sic-coated composite aged under vacuum 
at 1200°C and exhibiting a tensile curve with a 
plateau-like domain (specimen 21) and (iii) one 

146 0.17 230 
139 0.57 218 
110 0.56 190 
120 0.56 190 
35 0.21 80 
35 0.25 83 
38 0.33 100 

130 0.32 235 
115 0.43 190 
105 0.44 220 
57 0.08 201 

123 0.52 235 
49 0.18 160 
40 0.02 146 
49 0.39 177 
41 0.17 210 

sample of Sic-coated composite aged under CO at 
1300°C (specimen 27). 

The results are shown in Fig. 18 and Table 6. 
There is obviously a progressive evolution of the 
load-displacement curve as the ageing conditions 
become more severe. The values of F,, and F, 
(defined as the loads corresponding to the begin- 
ning and total FM interface debonding, respec- 
tively,‘“” which are clearly different for the 
pristine material, tend to be identical for the aged 
composites. Furthermore, they regularly decrease 
as the ageing conditions are more severe and their 
values correlate with those of the proportional 
limit derived from the tensile curves. No attempt 
was made to derive interface parameters from the 
push-out data, as already mentioned in part 1, 
lacking an appropriate model.’ 

44 l&O 
re~2lbvx?Ilum) 
reL27(CO,7OkPa) 

093 - 
Fc 

+ 

0 1 2 3 4 

Displacement (pn) 

Fig. 18. Typical push-out test curves recorded numerically for 
Sic-coated 2D-SiC/C/SiC composites, as-received or aged 
under vacuum (residual pressure: 6 X 10m2 Pa) or CO atmos- 
phere. The measurements were performed on 250qm thick 

slice specimens. 
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Table 6. Push-out test data for as-received and aged Sic-coated 2D-SiCICISiC composites. measured on fibers 15 pm in diameter 

Ref: 

0 
21 
27 

Ageing treatnlent Amh, Fd F< ~,kN 
(‘Xl lMPul (MPu) (MPa) 

___ 

None (as-received) 0 0.17 L!z 0.02 0.29 + 0.04 85 
12OO”C-78 h-vacuum -0.15 0.08 + 0.03 0. IO k 0.03 45 
13OO”C- 128 h-CO( 70 kPa) -0.26 0.04 + 0.02 0.04 * 0.02 25 

Each Fd and F, value is the mean of 15-20 measurements. oc,;,,, is the proportional limit derived from tensile tests performed on 
the same specimens. 

4 Discussion 

It has been shown in part 1’ that the degradation 
of the mechanical behavior of 2D-SiC/C/SiC com- 
posites resulting from ageing treatments performed 
under argon or vacuum has mainly two origins: 
(i) the intrinsic decomposition of the metastable 
SCC-0 Nicalon fibers which occurs beyond about 
1 lOO-1200°C with an evolution of gaseous species 
(CO and SiO) and a grain growth of the SIC 
nanocrystals and (ii) chemical reactions between 
these gaseous species (mainly SiO) and the carbon 
of the interphase resulting in the growth of a layer 
of large size Sic crystals at the fiber surface (act- 
ing as new surface flaws) and consuming the inter- 
phase thus destroying the FM-bonding. The data 
which have been presented in the present work 
(Section 3) have clearly shown that the detrimental 
effects of the ageing treatment can be minimized 
and even suppressed when the 2D-SiC/C/SiC com- 
posites are aged under a CO atmosphere and/or 
when they have been coated with a SIC-CVD 
coating. In both cases the thermal stability 
improvement which has been observed, more 
effective at 1200°C than at 13OO”C, is primarily 
related to the fact previously reported by several 
authors2*19 that a high enough pressure of CO can 
slow down or even suppress the decomposition of 
the Si-C-O Nicalon fibers. This CO pressure is 
here either applied externally (ageing in a CO 
atmosphere) and/or generated internally by the 
use of a dense SIC-CVD seal-coating (confining 
the gaseous decomposition products of the fibers 
within the composites). Several aspects of the 
experimental study will be further discussed in the 
following. 

4.1. I Ageing under mild conditions (T I 1200°C) 
As shown in Tables 1 and 2 and Figs 2 and 3, both 
the uncoated composites aged under CO (with 45 

< PC0 < 70 kPa) and the Sic-coated composites 
aged under vacuum (with 4 X 10 4 < P < 6 X 10 ’ 
Pa) or argon (P = 70 kPa), have experienced very 
low weight loss (viz. 0+0.8% for the former and 
only 0.13-0.17% for the latter). These results 
clearly show that the evolution of gaseous species 
(CO and SiO, with CO/SiO > 4) mainly due to the 
decomposition of the fibers reported in part 1 for 
the uncoated composites aged under vacuum or 
argon (and responsible for weight losses as high as 
6% for 100 h at 1200°C) almost no longer occurs. 
In other words, the two chemical reactions pre- 
sented in part 1 as mainly responsible for the 
weight loss and corresponding to the following 
equations (numbered as in part 1): 

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

4.1 Chemical degradation mechanisms 

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

where SiO,,C,_, is the silicon oxycarbide of the 
Nicalon fibers,‘.2,20-22 are now shifted to the left 
hand side. It thus appears that the CO pressure 
effectively stabilizes the metastable fibers (presum- 
ably the Si02.&_, ternary phase), as already 
discussed by several authors on the basis of ther- 
modynamic and/or experimental considerations.2%‘9 
This mechanism is also consistent with: (i) the very 
limited growth of the Sic crystallites in the fiber 
bulk (their size being of the order of 4-5 nm for 
Am/m, < l%, as shown in Fig. 9, versus l-2 nm 
for the pristine fibers) and (ii) the fact that the 
pyrocarbon interphase is not consumed and Sic 
crystals are not formed at the fiber surface (eqn (l)), 
in contrast to what has been reported in part 1. 

The chemical degradation mechanisms responsible However even under such mild ageing condi- 
for the weight loss experienced by the compo- tions under CO, some change in the materials has 
sites and for the chemical/microstructural change occurred during ageing, namely: (i) the growth of 
experienced by the fibers and FM interfacial zones a carbon/silica layer at the fiber surface and (ii) a 
during ageing, still remain a matter of speculation decrease of the carbon concentration in the fiber 
and have been already discussed in part 1.’ Only bulk. It is not yet fully understood whether these 
the effect of the pressure of CO will be qual- two phenomena are interrelated or not. Firstly, the 
itatively discussed here. experimental data shown in Table 3 and Figs 8 
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and 12-14, establish that oxygen and carbon accu- 
mulate at the fiber surface in both uncoated speci- 
mens aged under CO and Sic-coated specimens 
treated under vacuum. The AES analysis suggest- 
ing that oxygen is bonded to silicon as in silica 
(inset in Fig. 8) one could reasonably assume that 
a silica/carbon layer is formed at the fiber surface, 
its thickness increasing linearly as a function of 
time, as shown in Fig. 14 for the Sic-coated speci- 
mens. Several equations could be written to take 
into account the formation of a silica/carbon mix- 
ture at the fiber surface, under a pressure of CO, 
as for example: 

2 CO(,) + Sic,,, + SiOz(s, + 3 C&) 
AG(900-1300°C) = -196 to -61 kJ (3) 

CO,,, + SiO,,, + SQ,,, + CH 
AG(900-1300°C) = -274 to -139 kJ (4) 

In such tentative mechanisms, the silica/carbon 
layer would be the result of a chemical reaction 
between the CO atmosphere and either the Sic 
nanocrystals from the fiber surface (eqn (3)) or 
SiO(g) formed by some decomposition of the sil- 
icon oxycarbide at the fiber surface (eqn (4)). 
Equation (4) might be preferred in as much as the 
Sic-matrix has not been observed to undergo any 
chemical evolution (eqn (3)) during the long age- 
ing of Sic-coated composites (specimen 27). 
Secondly, the EPMA analyses performed on the 
fibers (Table 4) in aged composites, can only be 
explained by assuming that some carbon migra- 
tion has occurred from the bulk of the fiber to the 

fiber surface (according to a mechanism which is 
still unknown), providing thus another explan- 
ation for the carbon accumulation near the fiber 
surface, i.e. over at least 500 nm (Table 3, Figs 8 
and 13). As shown in Tables 7 and 8, the evolu- 
tion of the fiber bulk composition (as assessed 
by EPMA) in composites aged at 12OO”C, with 
respect to the as-received material, can only be 
explained by assuming that nine atoms of carbon 
(uncoated specimen aged under CO) and five 
atoms of carbon (Sic-coated specimen aged under 
vacuum), per 100 atoms of Si + C + 0, have 
left the fiber core with no decrease in the oxygen 
concentration. 

4.1.2 Age&g under more severe conditions 

(T = 1300°C) 
When the composites are aged at 1300°C (i.e. 
200°C beyond the decomposition threshold usu- 
ally reported for Nicalon fibers), the application 
of an external moderate pressure of CO, e.g. 40 
kPa (ageing on uncoated specimens) or that of a 
Sic seal-coating (ageing under vacuum) are no 
longer effective for reducing significantly the 
degradation of the materials, at least when taken 
independently. As an example, the weight loss is 
4.7% and 5.2%, for specimens 16 and 25, respec- 
tively (Tables 1 and 2 and Figs 2 and 3). These 
results show that such a CO pressure is too low 
to impede the decomposition of the silicon oxy- 
carbide and such a CVD seal-coating is not 
gas-tight enough to confine the gaseous decompo- 
sition products of the fibers within the composite. 

Table 7. Evolution of the chemical composition of the fiber (in the bulk) in uncoated 2DSiCICISiC composites aged under a CO 
atmosphere 

Species 
removed 

Atomic percentages in jiber bulk 

Si C 0 

(a) 12OO”C-20 h-CO (70 kPa) 

As-received material 35 48 17 
Assumed ageing model 9 C(s) 35 39 17 
Calculated composition 38.5 42.9 18.7 
Experimental composition 38.5 43 18.5 

(h) 13OO”C-63 h-CO (100 kPa) 

As-received material 35 48 17 
Assumed ageing model 8 SiO (g) 27 44 5 

4 CO (8) 
Calculated composition 35.5 57.9 6.6 
Experimental composition 35 58 7 

(c) 13OO”C-21 h-CO (45 kPa) 

As-received material 35 48 17 
Assumed ageing mode1 10 SiO (g) 25 46 5 

2 CO (8) 
Calculated composition 32.9 60.5 6.6 
Experimental composition 33 60 7 

The nature and mole numbers of species removed from the initial composition have been semi-empirically determined in order to 
achieve the best fit with the experimental composition in the aged composites (as assessed by EPMA). 
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These conclusions are further supported by the 
fact that the weight loss falls to 2.1% when the 
CO pressure is raised to 80 kPa (uncoated speci- 
men 17) and to 1.2% when the high vacuum is 
replaced by an atmosphere of argon (90 kPa) for 
the ageing of Sic-coated composites (specimen 
26). Finally, the composite experiences almost no 
weight loss when both the effect of a high external 
CO pressure (100 kPa) and that of a SIC seal- 
coating are combined (viz. Am/m, = 0.26”h for a 
five-day ageing treatment at 1300°C; specimen 27 
in Table 2). 

The chemical/microstructural change occurring 
in the Sic-coated specimens aged under high 
vacuum is basically similar to that reported in 
part 1 for the uncoated materials, suggesting that 
the chemical mechanisms involved are the same, 
with however minor differences. Firstly, CO and 
SiO resulting from the decomposition of the fibers 
are formed in a molar ratio, i.e. = 2 (Table 8(b)), 
which is significantly lower than for the uncoated 
composites aged under similar conditions (where 
CO/SiO > 4) (part l).’ Secondly, the same phe- 
nomena, namely a gasification of the pyrocarbon 
interphase coupled to the growth of large SIC 
crystals at the fiber surface (Fig. 15(a)) on the one 
hand, and the formation of a silica/carbon layer 
near the fiber surface (Fig. 15(b)) on the other 
hand, still occur. However, the thickness of that 
layer is about twice that observed for the uncoated 
composites aged under similar conditions (viz. 
70-80 nm versus 3040 nm). This difference might 
be explained by a more noticeable shift of eqn (4) 

to the right hand side, for the Sic-coated speci- 
mens, caused by the confinement of CO and SiO 
within the material. 

When uncoated 2D-SiC/C/SiC composites are 
aged at 1300°C under an atmosphere of CO (with 
45 < PC0 < 100 kPa), there is still some chemical 
degradation of the materials in terms of weight 
loss (Fig. 2). However, the fibers undergo a differ- 
ent chemical evolution and the pyrocarbon inter- 
phase is not consumed. The data shown in Tables 
7(b) and (c) suggest that the decomposition of the 
fibers (eqn (6)) yields a SiO-CO gas mixture which 
is now SiO-rich (with SiO/CO molar ratios equal 
to &5), owing to the effect of the external CO 
pressure. This feature might be related to the fact 
that the silicon oxycarbide is not a stoichiometric 
compound. Depending upon the nature of the 
atmosphere (i.e. an external atmosphere of CO or 
SiO), the composition of the SiOZ_$__Y tetrahedra 
might change in a different manner, the decompo- 
sition gas mixture being accordingly SiO- or CO- 
rich. Furthermore, there is a significant increase in 
the carbon concentration of the fibers (58-60 at% 
in the aged composites versus 48 at% in the 
as-received material) and additionally, the pyro- 
carbon interphase is not consumed. These results 
suggest that the secondary reaction according 
to eqn (1) is significantly shifted to the left hand 
side, due to the external pressure of CO. As a 
result, the SIC grain growth in the fibers remains 
limited, with respect to that for the composites 
aged under vacuum (Fig. 9). As an example, for 
Am/m,, = 4%, the SIC crystallite size is = 8 nm for 

Table 8. Evolution of the chemical composition of the fiber (in the bulk) in Sic-coated 2DSiC/C/SiC composites aged under 
vacuum (residual pressure: 10 ’ to 10m3 Pa) or CO atmosphere 

Species 
removed 

Atomic percentages in jiber bulk 

Si C 0 

(a) 12OO”C-78 h-vacuum 

As-received material 35 48 17 
Assumed ageing model 5 C(s) 35 43 17 
Calculated composition 36.8 45.3 17.9 
Experimental composition 37 45 18 

(b) 13OO”C- I7 h-vacuum 

As-received material 35 48 17 
Assumed ageing model 7 Cwt) 31 41 6 

4 SiO (g) 
Calculated composition 39.7 52.6 7.7 
Experimental composition 39 53 8 

(c) 13OO”C-21 h-CO (45 kPa) 

As-received material 35 48 17 
Assumed ageing model 6 C(s) 35 39 14 

3 CO (8) 
Calculated composition 39.8 44.3 15.9 
Experimental composition 40 44 16 

The nature and mole numbers of species removed from the initial composition have been semi-empirically determined in order to 
achieve the best fit with the experimental composition in the aged composites (as assessed by EPMA). 
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the specimens aged under CO and = 20 nm for 
those aged under vacuum. Thus, the degradation 
mechanisms of the composites are somewhat 
different depending on the nature of the atmo- 
sphere, which might explain the fact that the 
apparent activation energies are slightly different 
(E, = 195 kJ mol-’ under vacuum and E, = 230 kJ 
mol-’ under CO). 

Finally and as already mentioned, the Sic-coated 
composites aged at 1300°C under an atmosphere 
of CO, experience a very low weight loss (only 
0.26% after 128 h). The EPMA data shown in 
Table 8(c) suggest that there is both an evolution 
of CO and a carbon migration from the fiber 
bulk. Conversely, there is no evolution of SiO. 
These results might be explained by assuming that 
SiO, formed according to eqn (6), is either 
consumed in the fiber bulk, according to eqn (1) 
(since there is a decrease in carbon concentration, 
viz. from 48 to 44 at%) and/or at the fiber surface, 
according to eqn (4) (in as much as the thickness 
of the silica/carbon layer increases from 5-10 nm 
to 60 nm, for specimen 27). 

4.2 Degradation kinetics and SIC crystallite growth 
Although limited in number (the ageing treat- 
ments were performed directly on tensile test spec- 
imens, as already mentioned), the data presented 
in Section 3.1 suggest that the weight loss kin- 
etics are diffusion-rate-controlled (Figs 4 and 5). 
Furthermore, the weight loss experienced by the 
composites during the ageing treatments (mainly 
due to fiber decomposition) and the growth of the 
SIC crystallites within the fibers, seem to be inter- 
related phenomena, as already pointed out by 
many authors in studies of the intrinsic decompo- 
sition of Nicalon fibers. 

Thus, the features of the degradation kinetics of 
the composites can be used to obtain indirectly 
some insight into the kinetics of growth of the SIC 
crystallites within the fibers. Shimoo et al. have 
used the Avrami-Erofeev equation to model the 
decomposition of Si-C-O and Si-C-Ti-0 fibers.23 
In their model, the degree of decomposition of the 
fibers after ageing at a given temperature during a 
time t, is defined as X = A W,,JA Wtn, where AW’,,, 
and AW,, are the weight loss at time t and the 
weight loss corresponding to complete decompo- 
sition, respectively. They have observed that the 
variation of X as a function of time, obeyed the 
Avrami-Erofeev equation,‘4 namely: 

-Ln(l - X) = k.t” (7) 

or Ln [-Ln(1 - a] =Ln k + m.Ln t (7’) 

where k is a kinetic parameter and m an exponent 
whose value depends on the growth mechanism 

Fig. 19. Treatment of the weight loss data recorded for 
uncoated 2D-SiCICISiC composites aged under CO or 
vacuum (residual pressure: 10 ’ Pa). according to the AvramiL 

Erofeev model (equation (7’)). 

and growth morphology (with 0.5 < m < 4). Their 
data when treated according to eqn (7’), yield for 
m, a value of 1.5 for T > 1300°C and a value of 1 
for T -c 12OO”C, for the decomposition of the 
Si-C-O Nicalon fibers (ceramic grade). From these 
results, Shimoo et al. concluded that the growth 
of the SIC crystallites is diffusion-controlled and 
occurs according to a three-dimensional growth 
mechanism (1.5 < m < 2.5), although the reported 
m values could also be compatible with a two- (1 .O 
< m < 2.0) and even a one- (0.5 < m < 1.5) dimen- 
sional growth.23 

A similar approach has been tentatively used 
here, defining the degree of a degradation of the 
composite, X, as the ratio between the weight loss 
measured at a given time t, AW,,,, and that, AW,,, 
corresponding to completion of the degradation 
process, with A W,, = 11%. 23 The weight loss data 
corresponding to the ageing treatments performed 
on uncoated specimens aged under CO (Fig. 2) 
have been treated according to eqn (7’). As shown 
in Fig. 19, the variations of Ln [-Ln (1 - X)] as a 
function of Ln t are linear in a first approximation 
with a value of m ranging from = 0.5 to = 1.2. 
These low m values are compatible with the 
diffusion-rate-controlled character of the compo- 
site degradation already mentioned. However, it is 
not known yet whether they necessarily mean a 
low dimension growth morphology (the SIC crys- 
tallites growing in a fibrous medium, i.e. a one- 
dimensional medium, but the weight loss being 
only partly due to the fiber decomposition in the 
composites). 

4.3 Mechanical behavior 
As shown in Fig. 16(a),(b) the degradation of the 
mechanical behavior is already apparent for the 
composites aged at 1100°C. However, it remains 
relatively limited as long as the weight loss is low 



656 C. LabrugPre et al. 

enough (e.g. 0.02% for Sic-coated specimen 19 
aged at 1100°C under vacuum). The slight 
decrease in both the proportional limit and the 
slope of the non-linear domain, suggests that 
some weakening of the FM bonding has already 
occurred. 

The degradation of the mechanical behavior 
is much more significant when the weight loss 
experienced by the composites is further increased 
within the narrow 0.1-l% range. Under such con- 
ditions, all the tensile stress-strain curves exhibit 
the same features, i.e. a low proportional limit, a 
plateau-like shape beyond the proportional limit, 
an almost linear domain before failure and a high 
failure strain (uncoated specimens 13, 14, 15 aged 
under CO and Sic-coated specimens 20, 21, 23 
aged under vacuum or argon). All these features 
can be explained by an important weakening of 
the FM bonding whereas the fiber strength is not 
yet too severely lowered. The weakening of the 
FM bonding, which is clearly apparent from 
the push-out test results (specimen 21; Fig. IS), is 
related to the growth of a carbon/silica layer at the 
fiber/pyrocarbon interface (Figs 8, 13) observed to 
be often porous (Fig. 12) and already reported 
to be responsible for low FM bonding in such 
composites. “*‘2,‘5 Under the ageing conditions 
considered here (i.e. for 0.1 < Am/m, < 1%) the 
decomposition of the Si-C-O fibers remains lim- 
ited, as supported by both the low values of the 
weight loss and the absence of significant SIC 
grain growth (crystallite size: 4-5 nm vs 1.5-2 in 
the pristine fibers), owing to the combined effects 
of the Sic-matrix, the Sic seal-coating and/or the 
external CO atmosphere. As a result, they still 
have a high load-bearing capability. Thus, when 
the matrix microcracking is achieved (end of the 
tensile curve plateau), the fibers, which are now 
largely debonded from the matrix, carry the 
applied load alone (quasi-linear domain before 
failure) and the failure of the composite occurs at 
a high strain and a still relatively high stress. 

The mechanical behavior of the composites 
aged at 13OO”C, is still more severely degraded 
whatever the nature of the composite and the age- 
ing conditions. In the worst case (specimen 25; 
Am/m, = 5*2X), the mechanical behavior is that of 
a brittle material (Fig. 16(b)), owing to the severe 
decomposition of the fibers and the gasification of 
the carbon interphase. Conversely, the composites 
(coated or uncoated) still exhibit a non-linear 
mechanical behavior after ageing at 1300°C under 
CO (specimens 16, 18, 27) in as much as the car- 
bon interphase is not consumed. However, the 
FM load transfer is low as supported by the push- 
out test data (Fig. 18). Finally, the composites fail 
at low stresses in as much as the fiber strength is 

severely degraded (due to the formation of large 
Sic crystals at the fiber surface and Sic grain 
growth in the bulk). 

5 Conclusions 

From the results which have been presented and 
discussed in Sections 3 and 4, the following con- 
clusions can be drawn: 

(i) The degradation of 2D-SiC/C/SiC compos- 
ites occurring during ageing at high temperatures 
is slowed down when the materials have been pro- 
tected with a SIC CVD seal-coating and/or when 
the ageing treatment is performed under an atmo- 
sphere of CO. Both ways are effective up to about 
1300°C. They rely on the stabilization of the 
Si02$_, phase present in Nicalon fibers by a CO 
pressure (applied externally or generated within 
the composite as a result of the confinement of the 
fiber decomposition products in the material due 
to the coating). 

(ii) As long as the weight loss experienced by 
the composite remains low enough (i.e. for = 0.1 
< Am/m, < 1% and 1100 < T < 12OO”Q the main 
change in the material occurs at the fiber surface 
in the form of the growth of a carbon/silica layer. 
This phenomenon dramatically weakens the fiber- 
matrix bonding. As a result, the tensile stress-strain 
curves exhibit low proportional limits and a 
plateau-like shape. Under such ageing conditions, 
the fibers are not too severely degraded and the 
composites fail at a high strain (0.5 to 0.6%) and 
at a stress which is still relatively high (= 70% of 
that observed for the as-received material). 

(iii) When the composites have been aged under 
still more severe conditions (i.e. with Am/m,, > 1% 
and T = 13OO”C), the change in the material is 
more drastic. The Sic-coated composites aged 
under vacuum are brittle, the Sic coating being 
no longer gas-tight with the result that the CO 
internal pressure is not high enough to impede the 
fiber decomposition and the pyrocarbon inter- 
phase gasification. Conversely, all the composites 
aged under CO still exhibit a non-brittle behavior 
(the carbon interphase being no longer consumed, 
but very weakly bonded to the fiber). However, 
under such ageing conditions, failure occurs at a 
low stress in as much as the fibers are severely 
weakened by Sic grain growth. 
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