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The fibre-matrix interfacial zone formed during the isothermal/isobaric chemical vapour 
infiltration processing of SiC fibres (ex-polycarbositane)/boron nitride/SiC matrix composites 
has been analysed by TEM/electron energy loss spectroscopy, Auger electron spectroscopy, 
and secondary ion mass spectroscopy. In the composites, the boron nitride interphase 
(deposited from BF3-NH3) is made of turbostratic boron nitride, almost stoichiometric but 
containing some oxygen (less than 5 at %). The boron nitride layer stacks are randomly 
orientated except in the very vicinity of the fibre surface where they lie almost parallel to the 
substrate. The long chemical vapour infiltration treatment at 1000 ~ used to infiltrate the SiC 
matrix acts as an annealing treatment for the metastable ex-polycarbosilane fibres which gives 
rise to the growth of an Si02/carbon amorphous double layer at the boron nitride/fibre 
interface. Deflection of microcracks arising from the failure of the brittle SiC-matrix occurs at 
the boron nitride/Si02 interface considered to be the weaker link in the matrix/boron nitride 
interphase/SiO2/carbon/fibre sequence. It is suggested that the combination of the boron 
nitride layered interphase and Si02/carbon fibre decomposition products might play an 
important role in determining the propagation path of microcracks in the fibre/matrix 
interfacial zones and could be responsible, at least to some extent, for the non-brittle 
behaviour of such composites. 

1. I n t roduc t i on  
Ceramic matrix composites (CMCs) made from SiC 
(ex-polycarbosilane or PCS) fibres (the most com- 
monly used being the Nicalon fibres, Nippon Carbon) 
usually exhibit a brittle mechanical behaviour unless 
the fibre-matrix coupling has been properly optim- 
ized during the high-temperature step of their pro- 
cessing. It is now well accepted that tough CMCs are 
obtained when a thin layer of a soft material, referred 
to as the interphase, is formed at the fibre-matrix 
interfaces as the result of: (i) some chemical reaction 
taking place in situ at high temperature during pro- 
cessing (related to, for example, a thermal decomposi- 
tion of the fibre material or an interdiffusion between 
the fibre and the matrix), or (ii) a treatment of the 
surface of the fibres (e.g. a chemical vapour deposition 
(CVD) coating) prior to embedding in the matrix. The 
main role played by the interphase is to act as a 
mechanical fuse in order to protect the brittle fibres 
against the notch effect arising from the microcracking 
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of the matrix (in a CMC submitted to an increasing 
load, the matrix fails first). Microcracks propagating 
in the brittle matrix usually in Mode I are either 
arrested or even deflected in Mode II (with, in the 
latter case, a debonding of the fibres) with the result 
that: (i) the fibres which are not broken when the 
matrix fails can be further loaded up to their intrinsic 
failure stress and (ii) the composite exhibits a tough 
mechanical behaviour [1-3]. Apart from its role of 
mechanical fuse, the interphase, particularly when it is 
deposited by CVD, may also act as a diffusion barrier 
to protect the fibres against chemical reactions in- 
volving the matrix or the gaseous atmosphere. 

Among the few soft materials which have been 
selected as interphases in SiC, ZrO2, mullite or 
glass-ceramic matrix composites, pyrocarbon and 
boron nitride (BN), both having a turbostratic layered 
crystal structure, are those which have resulted so far 
in the best mechanical properties, particularly in terms 
of toughness [4-14]. Furthermore from a chemical 
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standpoint, the oxidation of BN is known to start at a 
higher temperature than that of pyrocarbon. It also 
yields an oxide, i.e. B2Oa, which remains in a conden- 
sed state (and thus may play a protection role) over a 
rather wide temperature range, whereas the oxidation 
of pyrocarbon gives only gaseous oxides. Therefore, a 
BN interphase could be a better interphase material 
for composites used in oxidizing atmospheres and 
medium temperatures. 

It has already been shown that a BN interphase can 
be deposited either by CVD on filaments or tows as 
well as by chemical vapour infiltration (CVI) in fib- 
rous preforms, from a variety of precursors including 
(i) BEH6-NH3 or BXa-NH 3 (with X = F, C1) mixtures 
[15-20] or (ii) organometallic species such as poly- 
borazine or aminoborane and hexachloroborazene 
[21-23]. However, and as far as we know, no detailed 
investigation of the actual composition, structure and 
microstructure of the BN interphase in CMCs has yet 
been published. 

The aim of the present contribution is to report the 
data that we have obtained, from TEM, Auger elec- 
tron spectroscopy (AES) and secondary ion mass 
spectroscopy (SIMS) analyses performed on SiC (ex- 
PCS)/BN/SiC (CVI) composites, on a turbostratic BN 
interphase infiltrated in fibre preforms from a 
BFs -NH 3 precursor. Another objective of the present 
work was to study the change that occurs during the 
processing of the composites either in the BN inter- 
phase itself or at both the interphase/fibre and inter- 
phase/matrix interfaces. 

2. Experimental procedure 
2.1. Materials  
The material used in the present investigation is a 
composite prepared according to a two-step CVI 
procedure, from a two-dimensional preform (90 mm 
x 90 mm x 10 mm) made of continuous SiC (ex-PCS) 
fibres (Nicalon (NLP 201 grade) fibre, Nippon Car- 
bon). The preform consisted of a stack of fabrics 
maintained together with a ceramic tooling and whose 
initial porosity was of the order of 37%. 

In the first CVI step, the BN-interphase material 
was deposited within the preform porosity, from a 
BF3-NH 3 mixture (with a molar NHs/BF 3 ratio 
slightly higher than unity) at a temperature of about 
1000 ~ and under reduced pressure, according to a 
procedure which has been described elsewhere [16, 
17]. The thickness of the interphase layer was of the 
order of 1 I.tm which corresponded to an infiltration 
duration of about 20 h. At this step, the consolidated 
preform will be referred to as 2D-SiC/BN preform, 
although it is now well established that such fibres (i) 
are not pure SiC but rather a nanometrescale mixture 
of SiC + C in an amorphous Si-(C,O) continuum, and 
(ii) have a surface which might be enriched in oxygen 
E243. 

In the second CVI-step, the SiC matrix (consisting 
mainly of the B-SiC blende-type modification) was 
deposited within the porosity of the 2D-SiC/BN pre- 
form, from a CH3SiC13/H2 precursor, also at about 
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1000 ~ and under reduced pressure, according to the 
isothermal/isobaric CVI process (ICVI) which has 
been presented elsewhere [-25, 263. In order to achieve 
a residual porosity of about Vp = 10%-15%, an over- 
all infiltration time of several hundreds of hours was 
necessary, a well-known feature of the ICVI process 
[27]. At this step, the material will be referred to as 
2D-SiC/BN/SiC composite. 

It is worthy of note that the various analyses men- 
tioned in the following have been performed on the 
same material plate at each processing step. SiC 
(ex-PCS) fibres coated with the BN interphase were 
extracted from fragments of tows protruding from the 
external surface of the plate, after the first CVI step. In 
the same manner, the sample used to characterize the 
BN interphase, after the second CVI step, was cut by 
diamond-saw cutting from the outside of the 2D- 
SiC/BN/SiC composite plate, whose central part was 
kept for mechanical testing [28]. 

Furthermore, in order to assess the possible effect of 
the thermal treatments, corresponding to the CVI 
steps, on the ex-PCS SiC fibres (which are known to be 
in a non-equilibrium state after processing), two addi- 
tional experiments were performed on the as-received 
fibres: (i) a heating/cooling cycle from room temper- 
ature to 1000 ~ under vacuum in the BN/CVI fur- 
nace, which simulated the transient thermal/chemical 
regime seen by the 2D-SiC preform prior to the 
BFs -NH 3 stream was allowed to flow in the infiltra- 
tion chamber (heat treatment 1) and (ii) a lon'g dura- 
tion annealing at 1000~ (i.e. about 800h under 
vacuum thought to simulate that seen by the fibres 
during the SiC CVI step (which is usually shorter) 
(heat treatment 2). 

2.2. Analysis 
2.2. 1. Auger electron spectroscopy (AES) 
AES analyses were performed with a scanning micro- 
analyser (PHI 560 SAM, Physical Electronics/Perkin 
Elmer) under the following conditions: a lateral res- 
olution of about 1 gin, a residual pressure of 10 -7 Pa, 
a high voltage of 5 kV and an electron-beam current of 
80 nA in the sample. The experiments were performed 
according to the depth profiling mode with a 
sputtering Ar + ion  gun. The peak to peak heights of 
the derivative d[(NE)]/dE spectra (BKm., N/~LL , 
OK LL, C~L L and SiL v v transitions) were used to calcu- 
late semi-quantitatively atomic concentrations. The 
data will be presented as atomic concentration- 
sputtering time curves (no attempt was made to con- 
vert the sputtering time in sputtered depth owing to 
the complexity of the materials). 

2.2.2. Secondary ion mass spectroscopy 
(SIMS) 

SIMS analyses were performed with a microanalyser 
(SIMS Lab (MIG 300), Vacuum Generators) equipped 
with a liquid metal ion source (i.e. Ga+). The lateral 
resolution was of about 50 nm and the residual pre- 
ssure in the analysis chamber was maintained below 
10-8 Pa. Owing to the insulating electrical character 



of both the ex-PCS fibres [-29] and BN interphases, 
the charge effect arising at the sample surface 
was compensated (at least partly) with an electron 
flood gun. 

The analyses (performed by Science et Surfaces) 
were conducted according to the depth profile mode 
with a sputtering ion gun, the intensities of the second- 
ary ion beams being recorded versus the sputtering 
time. The ions which have been selected are: 11B+, 
288i +, 160-,. 19F- ,  24C 2 and 2 6 C 2 H 2 / 2 6 C N  - .  In fact, 
all the analyses which have been performed should be 
regarded as only qualitative. No attempt was made to 
derive atomic concentrations from the recorded in- 
tensities of the secondary ion beams owing to the 
occurrence of a strong matrix effect. As an example, 
the intensity of the 28Si + beam is Strongly enhanced 
for silicon atoms in silica. Conversely, because ni- 
trogen is known to be characterized by a low yield in 
secondary ions, it is common to select t h e / ~  ion 
as a nitrogen vector which has the same mass as the 
26C2H 2 ion. 

2.2. 3. Transmission electron microscopy 
(TEM) 

TEM analyses were performed with a 120 kV electron 
microscope (EM 400 T, Philips) equipped with an 
electron energy loss spectrometer (EELS) (ELS 50, 
Vacuum Generators). The apparatus was used, re- 
spectively, (i) to characterize the crystal structure and 
the texture of the materials by selected-area diffraction 
(SAD) patterns and bright-field images, and (ii) to 
determine the chemical composition of the materials 
at a submicroscopic scale by electron energy loss 
spectroscopy (EELS). 

The thin foils were prepared according to two 
different procedures: those of individual filaments 
were obtained by ultramicrotomy, whereas those of 
the composites were prepared by mechanical thinning 
and ion milling (600, Gatan). 

Figure 1 TEM analysis of a BN interphase as infiltrated in a SiC 
(ex-PCS) fibrous preform from a BF3-NH 3 precursor: (a) bright 
field image, (b) SAD pattern. 

3. Results 
3.1. Characterization of the BN-coated 

SiC fibres after the first CVI step 
3. 1.1. The boron nitride fibre coating 
The BN films deposited from a BF3-NH 3 precursor 
under CVI conditions (i.e. at low temperature and 
pressure) either on flat SiC substrates or SiC (ex-PCS) 
fibres have been studied in detail elsewhere [-30]. In 
the particular case considered here (i.e. that of 1 gm 
interphase deposited on SiC (ex-PCS) fibrous sub- 
strate, the TEM bright-field images and SAD data 
(Fig. 1) show that the BN deposits are turbostratic 
(absence of three-dimensional ordering of the hexa- 
gonal BN layers) with a rather large interlayer dis- 
tance (doe 2 = 0.365 rim) with respect to that observed 
in hexagonal boron nitride deposited or annealed at 
very high temperatures (doe2 = 0.333 nm). Moreover, 
the deposits are made of randomly orientated crystals 
and contain numerous micropores (Fig. la). 

As shown in Table I, the N/B atomic ratio in the as- 
infiltrated BN interphase is much lower than that 

expected from stoichiometry, i.e. it ranges from 0.7-0.8 
(from EELS data) with respect to 1 in stoichiometric 
BN. Furthermore, the BN interphase contains signific- 
ant amounts of oxygen (i.e. 10 15 at %). 

3. 1.2. The BN/fibre interface 
The BN interphase is only weakly bonded to the fibre 
surface as evinced from the occurrence of easy de- 
bonding at the interphase/fibre interface (Fig. 2). 
When debonded from the BN interphase, the fibre 
surface did not seem to have been extensively dam- 
aged chemically during the deposition of BN from 
BF3-NH 3. However, microcavities were observed al- 
ong the imprints left by the fibres in the boron nitride 
deposit (Fig. 2b). 

From the various analyses which have been per- 
formed, it appears that both oxygen and carbon have 
piled up at the interface between the SiC (ex-PCS) 
fibre and the BN interphase (Figs 3 and 4). A detailed 
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Figure 2 Fracture of a 2D-SiC/BN sample (after 20 h BN CVI) at 
the BN/SiC interface, as observed by scanning electron microscopy. 
(a) SiC (ex-PCS) fibre partly debonded from the BN deposit. 
(b) microscopic cavities in the imprint left by a SiC (ex-PCS) fibre in 
the BN deposit. 

analysis of the SiLv v Auger electron transition re- 
corded for different sputtering times along a direction 
perpendicular to the interface, suggests that the oxy- 
gen atoms which have piled up at that interface are 
bonded to silicon as in silica (Fig. 3b). For short 
sputtering times (the depth origin being in the BN 
interphases as shown in Fig. 3a), i.e. 30-40 rain, the 
Auger electrons corresponding to the SiLv v transition 
have the same kinetic energy to that observed in silica 
(76 eV) [31]. As sputtering proceeds, the Si L v v peak at 
76 eV progressively vanishes, whereas a new peak at 
88 eV, close to that of the SiLv v transition in SiC 
(92 eV) and assigned to the silicon atoms from the ex- 
PCS SiC fibres [32, 333 is observed with an increasing 
intensity. For still longer sputtering times, i.e. 
40-50 min, the depth concentration profiles clearly 
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Figure 3 AES analysis of the BN interphase deposited by CVI 
(infiltration time 20 h) from a BF3-NH 3 precursor, on an ex-PCS 
fibre: (a) depth-concentration profile along a direction perpendicu- 
lar to the fibre surface, (b) high-resolution analysis of the 
SiLv v transition recorded for increasing sputtering time. 

support the occurence of another sublayer consisting 
mainly of carbon (Fig. 3a). However, no significant 
chemical shift or shape changes were observed for the 
Auger electron related to the CKL L transition. 

The SIMS depth profiles confirm qualitatively that 
oxygen atoms have piled up at the fibre/BN interface 
as is apparent from the occurrence of sharp peaks in 
the intensity-sputtering times curves shown in Fig. 4a 
for the 160-  ion (sputtering time 165 s) and Fig. 4b for 
the 28Si+ ion (sputtering time 196 s). As already men- 
tioned in Section 2.2.2, the intensity of the 28Si + peak 
is strongly enhanced in the interfacial silica sublayer as 



evinced from the fact that it is much higher than the 
corresponding intensity recorded in the ex-PCS SiC 
fibre itself (for sputtering times longer than 270s) 
where silicon is present with a higher concentration, 
i.e. 57 at % instead of 33 at % in silica but in different 
chemical bonds, i.e. SiC and Si-(C,O). Despite the fact 
that the nitrogen concentration is high in the BN 
deposit, the intensity of the 26CN- secondary ion 
beam remains very low for sputtering times less than 
150 s (Fig. 4a) which is consistent with the fact that 
BN films deposited from BF3-NH 3 mixtures on a 
non-reactive substrate do not contain carbon, as re- 
ported elsewhere [34]. On the contrary, beyond this 
value, the intensity of the 28CN- secondary ion beam 
increases sharply with a well-defined peak at 186 s. A 
similar increase in intensity is also observed for the 
same sputtering time for the 24C; ion beam. These 
results are qualitatively consistent with (i) the occur- 
rence of a carbon-rich interfacial sublayer between the 
fibre and silica and (ii) the high carbon concentration 
in the ex-PCS SiC fibre (i.e. 30 at % present as both 
SiC and free carbon). These data suggest that the ions 
of mass 28 are probably mainly C2H ~- ions rather 
than C N -  ions at least for sputtering times larger than 
222 s. Surprisingly, the 160- ion beam intensity re- 
corded for BN deposits is much higher than observed 
for the ex-PCS SiC fibre, although the oxygen concen- 
tration is about the same in both materials (i.e. 
10-15 at % for BN as shown in Table I, compared 
with 12 at % in the fibre). Therefore, the formation of 
160- ions could be much easier in a BN-matrix than 
it is in the Si-(C,O) amorphous continuum of the ex- 
PCS SiC fibre. Finally, the fluorine depth profile curve 
exhibits a very sharp peak immediately beyond the 
silica sublayer suggesting that this element (whose 
occurrence has to be related to the BF3-NH 3 pre- 
cursor used for the deposition of BN) might be located 
in the carbon interfacial sublayer. Because fluorine has 
not been detected either by AES or by EELS, it is 
thought that its concentration might be low (i.e. of the 
order of 1% or even less, based on the AES and EELS 
detection limits). 

The occurence of a thin silica layer is also consistent 
with the EELS spectrum recorded from a thin foil at 
the BN/fibre interface. As shown in Fig. 5, the only 
elements identified are silicon (L23 ionization edge at 
100 eV) and oxygen (K ionization edge at 534 eV). 

3.2. Characterization of the BN interphase 
in 2D-SiC/BN/SiC composites 

As is clearly apparent from the transmission electron 
micrograph shown in Fig. 6, the transition between 
the ex-PCS SiC fibre and the SiC CVI matrix is 
complex when observed at a submicrometre scale. It 
involves at least three different phases which have 
been identified, as discussed below, at the BN inter- 
phase, a thin irregular sublayer of silica and a sublayer 
of carbon. 

3.2. 1. The boron nitride intorphase 
The chemical composition and the doo z interlayer 
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Figure 4 SIMS depth profile analysis of the BN interphase depos- 
ited by CVI (infiltration time 20 h) from a BF3-NH 3 precursor, on 
an ex-PCS fibre: (a) negative ions, and (b) positive ions. 
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Figure 5 EELS spectrum recorded at the BN/fibre interface from an 
ex-PCS fibre coated by BN deposited by CVI (infiltration time 20 h) 
from a BF3-NH 3 precursor. 
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TABLE I Chemical analysis and interlayer spacing of BN inter- 
phases 

Samples N/B atomic Oxygen doo 2 
ratio (EELS) (at %) (nm) 

BN interphase as-infiltrated 0.7~).8 1(~15 0.365 
BN interphase in the SiC/BN/ 
SiC composite 0.9-1.0 < 5 0.351 
BN interphase infiltrated 0.9-1.0 < 6 0.357 
in a carbon felt and annealed 
(20 min, 1200 ~ vacuum) 

Figure 6 Transmission electron micrograph of the fibre/matrix in- 
terfacial zone in a 2D-SiC (ex-PCS)/BN/SiC (CVI) composite pre- 
pared according to the ICVI process. 

spacing, derived from the TEM characterization 
(EELS and SAD data), of the BN interphase after the 
second CVI step (i.e. in the 2D-SiC/BN/SiC com- 
posite) are shown in Table I. From a comparison with 
the data corresponding to the material after the first 
CVI step, it clearly appears that the infiltration of the 
CVI/SiC matrix results in the following change in the 
BN interphase: (i) the N/B atomic ratio tends towards 
that corresponding to stoichiometric BN, (ii) the 
amount of oxygen is significantly lower, and (iii) the 
doo 2 interlayer spacing slightly decreases. 

In fact, the BN interphase still has a turbostratic 
character (the doo 2 interlayer value, 0.351 nm, still 
being far from that, 0.333 nm, corresponding to hex- 
BN well-ordered three-dimensionally). Furthermore, 
its microtexture, as shown in Fig. 7, is very similar to 
that observed in the deposit immediately after the first 
CVI step (Fig. la). In the majority of the material, the 
BN layers are randomly orientated except in the very 
vicinity of the silica substrate (i.e. over a thickness of 
the order of 10 nm) where they tend to be aligned 
parallel to the substrate surface [30]. 

3.2.2. 7-he BN/SiC matrix interface 
On the basis of the SAD patterns (Fig. 8b), the SiC 
matrix deposited from CH3SiCI3/H2 consists mainly 
of microcrystals of the cubic 13-modification (blende 
type). However, it is known that such deposits also 
contain significant amounts of hexagonal polytypes 
[35]. No attempt was made to characterize in a 
detailed manner the SiC matrix structure, the em- 
phasis of the present work being on the character- 
ization of the fibre-matrix interfacial zone. 

As is apparent from the TEM bright-field image 
shown in Fig. 8a, no extended interaction zone (which 
could have resulted from interdiffusion phenomena 
during the long CVI treatment at 1000 ~ is observed 
at the BN/SiC (CVI) interface. This result suggests 
that the BN coated ex-PCS SiC fibres are a chemically 
inert substrate with respect to the gas phase involved 
in the CVI of SiC from a CH3SiC13/H2 precursor. In 
fact, this conclusion is consistent with the results 

3414 

Figure 7 TEM bright-field image of the transition zone between the 
BN interphase and the silica sublayer in a 2D-SiC (ex-PCS)/BN/SiC 
(CVI) composite. 

of thermodynamic calculations (performed for a 
CH3SiC13/H2-BN system under conditions simula- 
ting the second CVI step considered here), according 
to which neither B~C nor Si3N4 (the solid phases 
which might have resulted from a chemical reaction 
between SiC and BN) are present at equilibrium at 
1000 ~ [36]. 

3.2.3. The BN/fibre interface 
As already mentioned, the interfacial zone between 
BN and the ex-PCS SiC fibre is much more complex. 
It is apparent from the TEM image shown in Fig. 6, 
that this interracial zone consists of two well-defined 
sublayers: one, in contact with the BN-interphase, has 
a somewhat irregular border on the BN-side and a 
mean thickness of 40 nm, whereas the other, adjacent 
to the fibre, is more regular with a mean thickness of 
about 80 nm. On the basis of the EELS spectra shown 
in Fig. 9, the former was identified with silica (not pure 
but containing some boron) and the latter with car- 
bon. Both were observed to be amorphous (from 
electron diffraction patterns). Furthermore, the shape 
of the carbon C K EELS peak is characteristic of a 
carbon with a low state of organization [37, 38]. 

The occurrence of the silica and carbon sublayers at 
the BN/fibre interface is confirmed by the AES con- 
centration depth profiles recorded from a failure sur- 
face of a 2D-SiC/BN/SiC composite loaded in flexion 
(Fig. 10). Starting from the failure surface (which seems 
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Figure 9 EELS spectra of the BN/fibre interracial zone in a 2D-SiC 
(ex-PCS)/BN/SiC (CVI) composite: (a) silica sublayer, and (b) car- 
bon sublayer. 

Figure 8 TEM analysis of a 2D-SiC (ex-PCS)/BN/SiC (CVI) com- 
posite in the vicinity of the BN/SiC (CVI) interface: (a) bright-field 
image of the interface, and (b) SAD pattern of the SiC (CVI) matrix. 

to be located within the BN interphase but in the 
immediate vicinity of the BN/SiO2 interface), the silica 
sublayer (sputtering times 1-8 min) and then the car- 
bon sublayer (sputtering times 8-16 min) are succes- 
sively observed. Finally, there seems to be a smooth 
transition (i.e. a carbon-enriched transition zone) be- 
tween the carbon sublayer and the bulk of the SiC ex- 
PCS fibre (average composition 57 at % Si, 30 at % C 
and 12 at % O [39]). It is worthy of note that some 
overlapping seems to occur among the sublayers (e.g. 
BN/SiO 2 or SiO2/C). This feature does not necessarily 
mean that interdiffusion phenomena took place be- 
tween the sublayers. It could also be the result of 
artefacts related to, for example, the curvature of the 
surface (the diameter of an ex-PCS SiC fibre is typ- 
ically 15 lain) or different sputtering rates enhancing 
the microrelief of the sputtered surfaces. 

3.2.4. Intrinsic thermal evolution of 
ex-PCS SiC fibres 

In order to assess the origin of the silica and carbon 

sublayers observed at the BN-fibre interface, i.e. to 
establish whether their formation could be related to 
the chemistry of the BN and/or SiC CVI, on the one 
hand, or more simply to some thermal evolution of the 
fibre itself, on the other, AES concentration depth 
profiles were recorded from ex-PCS SiC fibres which 
have been submitted to each of the two thermal 
treatments defined in Section 2.1. The results are 
shown in Figs 11 and 12. 

The surface of an ex-PCS SiC. fibre submitted to 
heat treatment 1 is made of silicon, carbon and oxygen 
atoms, as is apparent from Fig. 1 la. The kinetic energy 
of the Auger electrons corresponding to the SiLv v 

transition is observed to be of about 79 eV, a value 
which is not too far from that reported for silica 
(76 eV) (whereas that for SiC is 92 eV) [31-33]. Fur- 
thermore, the concentration depth profiles recorded 
along a direction perpendicular to the fibre surface 
(the origin being on the fibre surface itself) show 
successively: (i) a carbon-rich zone (sputter times less 
than 10 rain) which could be due either to some 
contamination of the sample by both the annealing 
furnace and AES apparatus or to the pyrolysis of the 
fibre organic size, and (ii) a maximum in both the 
silicon and oxygen profiles (sputtering time of about 
12 rain) which suggests that some silica might have 
been formed (Fig. 1 lb). Finally, both boron and ni- 
trogen are observed in small amounts near the fibre 
surface (sputtering times less than 15 min), probably 
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Figure 10 Analysis of the BN/fibre interfacial zone of a 2D-SiC 
(ex-PCS)/BN/SiC (CVI) composite: (a) failure surface as observed by 
scanning electron microscopy after a bending test (single arrow, 
silica sublayer; double arrow, BN interphase), (b) AES depth profile 
perpendicular to the surface of a fibre extracted from the composite. 

or ig inat ing from an outgas ing  of BF3 and N H  3 ad-  
sorbed (as B F  x NHy species) on the cold surface 
of the BN furnace in which heat  t r ea tment  1 was 
per formed [28]. 

The AES analysis  pe r formed  on a fibre submi t ted  to 
heat  t rea tment  2 (Fig. 12)confirms the features a l ready  
ment ioned  for the fibre submi t ted  to heat  t r ea tment  1, 
i.e. a well-defined carbon/S iO2 ca rbon  sequence near  
the fibre surface. Moreover ,  the concen t ra t ion  dep th  
profiles are very s imilar  to those observed for the 2D- 
S iC/BN/S iC  composi tes  (Fig. 10b). 

3.3. Deflection of microcracks at the 
fibre-matrix interfacial zone 

The samples observed by T E M  have been submi t ted  
to var ious  stress fields dur ing  the p r epa ra t i on  of the 
thin foils, which result  in microcracking.  In  a few 
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treatment 1 (1000 ~ (a)AES spectrum of the fibre surface recorded 
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Figure 12 AES concentration depth profile of an ex-PCS SiC fibre 
submitted to heat treatment 2 (864 h annealing at 1000 ~ along a 
direction perpendicular to the fibre surface. 

cases, those microcracks  could  be character ized.  As an 
example,  Fig. 13a shows a mic rocrack  which has been 
in i t ia ted  in the SiC mat r ix  where it has p r o p a g a t e d  in 
M o d e  I (i.e. roughly  perpendicu la r  to the fibre axis). 
Then,  it p r o p a g a t e d  th rough  the BN in te rphase  a long 
a sl ightly more  i r regular  pa th  before being deflected in 
M o d e  II  at the BN/si l ica  interface. As a result,  a 



decohesion of the interface took place over more than 
1.5 #m, whereas, in the opposite direction, local deco- 
hesion areas are also observed. 

In the other example shown in Fig. 13b, a micro- 
crack, after having crossed the interracial zone (i.e. the 
BN interphase and both the SiO 2 and carbon sub- 
layers) has induced the failure of the fibre itself where 
it propagated in Mode I. All these features are con- 
sistent with the modern concepts of the failure modes, 
at the submicrometre scale, of tough CMCs and can 
be considered as one of the first experimental proofs of 
the ability of a fibre/matrix interface to arrest and/or 
deflect in Mode II, the microcracks originating from 
the early failure of a brittle matrix. 

4. Discussion 
The experimental results which have been presented in 
Section 3 can be used to discuss some key points 
related to the processing and micromechanical beha- 
viour of SiC/BN/SiC composites. 

4.1. Nature and thermal evolution 
of the BN interphase 

The data presented in Section 3.1.2 clearly show that 
the coating, deposited on the fibres within the open 
porosity of a 2D-ex-PCS SiC preform, from a 
B F 3 - N H  3 precursor at 1000~ and under reduced 
pressure (ICVI conditions), is made of turbostratic 
non-stoichiometric boron nitride and contains signi- 
ficant amounts of oxygen. 

During the long SiC CVI treatment, which is neces- 
sary to fill as completely as possible the preform 
porosity by SiC, i.e. several hundreds of hours at 
about 1000 ~ several important changes occur in the 
BN interphase: (i) it becomes almost stoichiometric, 
and (ii) the oxygen concentration is divided by a factor 
of three. On the other hand, from a structural point of 
view, the material remains turbostratic owing to the 
fact that the annealing treatment took place at too low 
a temperature to result in any three-dimensional 
ordering of the layered structure. 

These features are consistent with the results pre- 
viously published by several authors on the CVD of 
BN from various precursors. As an example, Matsuda 
and co-workers [40, 41] as well as Marchand et al. 

[42] have established very recently that BN prepared 
from BC13-NH3 precursors tends to become crystal- 
line only when it is deposited or annealed beyond 
about 1800 ~ For  lower deposition temperatures, i.e. 
800~ < T <  1400~ their BN deposits were also 
non-stoichiometric and contaminated by oxygen. 
Conversely, for higher deposition or annealing tem- 
peratures (T > 1400~ the BN deposits tended to- 
wards stoichiometric and contained less oxygen, a 
feature which could be explained by the evolution of 
gaseous boron oxides. 

The principle of the CVI process in fact precludes 
the use of high infiltration temperatures [27, 43]. 
Therefore, the BN interphase infiltrated in a fibre 
preform by ICVI from any gaseous precursor (includ- 
ing BF3-NH 3 and BC13 NH3) would consist ofdefec- 

Figure 13 TEM analysis of the interaction between a microcrack 
and the fibre/matrix interracial zone in a thin foil of 2D-SiC/BN/SiC 
composites: (a) deflection in Mode II of a microcrack at the 
BN/SiO 2 interface; (b) fibre failure in Mode I due to a microcrack 
which has been first deflected in Mode II at the BN/SiO 2 interface. 

tire boron nitride. However, it is fortunate that some 
of the defects initially present in the as-deposited 
material (i.e. lack of stoichiometry, oxygen impurity) 
are eliminated during the long duration of the SiC 
CVI step. Finally, and as already mentioned, the BN- 
interphase has many structural and microstructural 
features in common with the pyrocarbon interphase 
deposited from, for example, CH~ under similar condi- 
tions. 

4.2. Chemical compatibility of the BN 
interphase with ex-PCS SiC fibres 
and SiC CVI matrix 

At the beginning of the CVI step 1, the ex-PCS SiC 
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fibres are exposed at about 1000 ~ to the BF3-NH 3 
gas phase. An important question is to know whether 
or not the fibrous substrate is chemically compatible 
with such a gas phase, a negative answer indicating 
that the fibres would be chemically surface damaged 
and thus would loose part of their reinforcing 
potential. 

This subject has been studied on the basis of a 
thermodynamic approach and the results discussed in 
detail elsewhere [34]. It will be sufficient to recall here 
the main conclusions in order to give a theoretical 
frame to the discussion of the present experimental 
results. Substrates of either pure carbon or silica 
can be considered as quasi-unreactive with respect to 
the BF3-NH 3 precursor, for I < ~ < 15 (with 

= NH3/BF 3 mole ratio) and 850~ < T < 1450 ~ 
the deposition reaction corresponding in a first 
approximation, to the following equation 

BF3(g ) + NH3(g ) ~ BN(s ) + 3HF(g) (1) 

Under such conditions, deposition takes place with a 
very low conversion yield, i.e. less than 20% in the 
most favourable case. Conversely, pure SiC or 
SiC/S iO 2 hybrid substrates are very reactive, the de- 
pgsition mechanism involving a chemical attack of the 
substrate which could be taken into account on the 
basis of the following equations written in the case of a 
pure SiC substrate material 

4 4 
~BF3(g) + ~NH3(g ) -* ~BN(, + 4HF(g) (1) 

4HF(g) + SiC(s ) --. C(s) + SiF4(g) + 2Hz(g ) (2) 

1 . 3 3 H 
NHa(g) + SiC(s) -~ ~$13N4(s ) + ~C(s ) + ~ Z(g) (3) 

2NH3(g ) ~ Ne(g~ + 3H2(g~ (4) 

~BF3(g) + ~NH3(g) + ~SiC(s ) --. 3 BN(S~4 + 47C(s) 

+ ~Si3N4(s) + SiF4(g) + H2(g) + N2(g) (5) 

Under such conditions, i.e. when NH 3 is in excess, 
(i) the SiC substrate is chemically attacked by both 
source species and BN is observed to be mixed (at least 
at the very beginning of the deposition process) with 
carbon and silicon nitride, and (ii) the conversion of 
BF 3 into BN is quasi-quantitative. Finally, when the 
hybrid SiC/SiO 2 substrate is used instead of pure SiC, 
Si2N20(s ) is also formed. 

The experimental results which have been presented 
in Section 3 support the assumption that a preform 
made of ex-PCS SiC fibres can be considered as quasi- 
unreactive with respect to the BF3-NH3 precursor, 
although the fibres are a mixture of SiC + C  
+Si-(C,O) which should be reactive. In fact, the 
surface analysis which has been done on ex-PCS fibres 
submitted to heat treatment 1 (simulating the transi- 
ent phase which takes place immediately before the 
BF3-NH 3 precursor is allowed to flow over the sub- 
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strate heated at 1000 ~ suggests that the fibre surface 
consists of a sequence (or  a mixture) of carbon and 
silica (Fig. 1 lb), both being unreactive as established 
by the thermodynamic calculations. 

The conclusion drawn here concerning the nature of 
the surface of the ex-PCS SiC fibres is consistent with 
the results of the ESCA and AES analyses performed 
by Macey et al. [44] or Porte and Sartre [45] on 
desized fibres. Furthermore, Maniette [8J has con- 
cluded, on the basis of TEM analyses conducted on 
fibres submitted to a thermal cycle similar to our 
thermal treatment 1, that the fibre surface consisted of 
a layer of silica overcoated with a very thin film of 
carbon. 

It thus appears that the C + SiO2 coating protects 
the reactive ex-PCS SiC fibres against a chemical 
attack from the BF3-NH 3 precursor at 1000~ as 
suggested by the smooth surface of the fibre partly 
debonded from the BN interphase, shown in Fig. 2a. 
On the other hand, the cavities present along the 
imprint left by a fibre in the BN interphase (Fig. 2b) 
suggest that chemical phenomena involving a gas 
evolution (i.e. bubbles) did take place in the vicinity of 
the fibre/interface. This latter topic will be discussed in 
Section 4.3. 

In a similar way, the analysis of the BN/SiC (CVI) 
matrix interface (Fig. 8a) suggests that no reaction 
took place between the BN-infiltrated preform and the 
gas phase (i.e. CH3SiC13/H / mixtures, with H2/ 
CH3SiC13 > 1) used for the infiltration of the SiC 
matrix. In order to justify this assumption, thermo- 
dynamic calculations were performed, according to a 
procedure which has been published elsewhere 
[26-27J, in the CH3SiC13/Hz-BN system, for the 
following conditions: (i) initial composition [CH3- 
SiC13J~n=lmol; < B N > i . = l m o l ;  ~ = [ H / ] ~ , /  
[CH3SiC13]in ranging from 0-50, and (ii) T = 1300 K 
and P = t kPa [37, 38]. The results, shown in Fig. 14, 
clearly established that no reaction occurs between 
BN and the gas phase. 

4.3. Effect of the SiC CVI step on the SiC 
(ex- PCS) fibres 

The experimental results reported in Section 3 
strongly support the assumption that the carbon/silica 
sequence, observed in the interfacial zone between the 
ex-PCS s i c  fibre and the BN interphase, in the 2D- 
SiC/BN/SiC composites, has been formed during the 
long SiC CVI step 2 at 1000 ~ acting as an annealing 
treatment. In fact, this sequence cannot be the result of 
a chemical reaction between the fibre and the gas 
phase during the deposition of BN because it has been 
established in Section 4.2 that (i) some carbon and 
silica are both already present at the fibre surface 
when the BFa-NH 3 precursor is allowed to flow over 
the substrate, and (ii) under such conditions the fib- 
rous preform is a quasi-unreactive substrate. On the 
other hand, carbon and silica, which are present only 
in small amounts at the beginning of the SiC CVI step 
1, are observed as well-identified sublayers at the end 
of the SiC CVI step 2, their thicknesses being of about 
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40 and 80 nm for silica and carbon, respectively 
(Figs. 6, 9 and 10b). Finally, a pure annealing treat- 
ment performed at 1000 ~ under vacuum for several 
hundreds of hours (i.e. under thermal conditions quite 
similar to those seen by the fibres during SiC CVI step 
2) has also yielded a similar carbon-silica sequence at 
the fibre/BN interphase (Fig. 12). Therefore, the ex- 
perimental data presented here clearly establish that 
the extension of carbon and silica sublayers present at 
the fibre/BN interface are a direct consequence of the 
specific features of the ICVI process used to infiltrate 
the SiC matrix in the porous 2D-SiC (ex-PCS) pre- 
form (that process acting as a long annealing treat- 
ment with respect to the thermodynamically unstable 
SiC (ex-PCS) fibres). 

The carbon-silica double layer present in 2D-SiC/ 
BN/SiC composites, which results mainly from the 
thermal evolution of the ex-PCS fibres as already 
discussed, has nevertheless some features which are 
directly related to the chemistry of the CVI processing 
technique. Both the carbon and silica sublayers in fact 
contain small amounts of impurity atoms which ori- 
ginate from the CVI 1 and/or 2 steps. The carbon 
sublayer, which is amorphous does not seem to con- 
tain significant amounts of foreign atoms, including 
nitrogen, on the basis of the EELS data (Fig. 9b). This 
remark may be used to justify a posteriori the 
assignment of the ions of mass 26 to CzH f (rather 
than to CN-) which has been done in the analysis of 
the SIMS spectra reported in Section 3.1.2, assuming 
that hydrogen is present in the carbon sublayer at 
least in small amounts (Fig. 4a). This hydrogen could 
originate either from the fibre where its bulk concen- 
tration is known to be of the order of 0.2 wt% accord- 
ing to Ichikawa et al. [46], or from the CVI process 
gas phase. Furthermore, the interfacial carbon sub- 
layer might also contain some fluorine (i.e. probably 
less than 1 at %) introduced in the material during the 
infiltration of BN (Fig. 4a). In a similar way, the EELS 
analysis has shown that the silica sublayer, which is 
adjacent to the BN interphase, contains boron 
(Fig. 9a). In fact, BN is often used as a boron source 

for doping both silicon and silica [47-48]. Boron 
might have diffused in the solid state in silica during 
the long SiC CVI step at 1000~ giving rise to a 
boria-silica glass known to exhibit a lower glass 
transition than that of pure silica. Therefore this glass 
might be a better encapsulating material for the fibre, 
at the CV! processing temperature (i.e. about 1000 ~ 

As already mentioned, the formation of a 
carbon-silica double layer at the fibre surface is part 
of the complex phenomena that take place when an 
ex-PCS fibre is annealed above 1000 ~ under vacuum 
or inert atmosphere. Such phenomena have been stud- 
ied by several authors [7, 8, 49-53] but only a few of 
them mentioned that the C/SiO2 sequence is the result 
of the thermal degradation of the fibre [8, 49, 53]. 
According to the model proposed recently by Laffon 
et al. [24], ex-PCS SiC fibres consist of a continuum of 
S i C  4 and SiC~O~ (with x + y = 4) tetrahedral species, 
in which nanometre-scale domains of pure SiC 4 tetra- 
hedra are separated from one another by amorphous 
zones of silicon oxycarbide. Furthermore, nanometre- 
scale aggregates of aromatic carbon (still partly bon- 
ded to hydrogen atoms) are inserted in the continuum. 
Obviously, this nanostructure which is a remnant of 
the organic state, is not stable at high temperatures, 
from a thermodynamic point of view [51]. As a result, 
when such a metastable fibre is annealed, the follow- 
ing phenomena are thought to take place: (i) a de- 
composition of the Si-(C,O) ternary species giving rise 
to an evolution of both SiO and CO (this decomposi- 
tion starts near the fibre surface and then moves 
towards the fibre core), and (ii) a coarsening of the SiC 
domains in that zone where the decomposition of the 
Si-(C,O) phase already took place (the SiC domains 
being no longer isolated). It is thought that the forma- 
tion of the carbon-silica double layer at the fibre 
surface is directly related to (i). 

It clearly appears from the model presented above 
that the thermal degradation of ex-PCS fibres and 
consequently the formation of the C/SiO 2 layer is 
thermally activated and depends on time. Therefore, it 
is not surprising that it is observed to take place 
during the long annealing treatment at 1000 ~ experi- 
enced by the fibres during the SiC ICVI processing 
step. The same arguments could be used to explain the 
origin of the carbon (silica) layer observed at the 
interface between such a fibre and a glass-ceramic 
matrix in composites processed by hot pressing. In 
this latter case, the thermal treatment is much shorter 
but the temperature is higher (i.e. 1200-1300~ 
[54-56]. 

Finally, the microcavities which have been observed 
(Fig. 2b) along the imprint left by a fibre in the BN 
interphase, could have been formed during the CVI 
processing of the composites, by bubbles of gas (of CO 
and/or SiO) resulting from the thermal decomposition 
of the ex-PCS fibres and which were trapped at the 
interface. 

4.4. Interaction between the fibre-matrix 
interfacial zone and microcracks 
generated in the brittle SiC matrix 

When a composite made of continuous ceramic fibres 
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embedded in a ceramic matrix is loaded, e.g. in tension 
along the fibre direction, the brittle matrix fails first, 
generating numerous microcracks propagating in 
Mode I. The mechanical behaviour of the composites, 
particularly its failure mode and toughness, depends 
on the nature of the interaction occurring between 
these microcracks and the fibre/matrix interfaces 
[1-3]. When the fibres are strongly bonded to the 
matrix, which is the case for many CMCs, the notch 
effects arising from the matrix microcracking result in 
the early failure of the fibres (i.e. a crack propagating 
in Mode I in the matrix is not arrested by interface). 
Under such conditions, CMCs behave as brittle ma- 
terials. Conversely when the fibres are only weakly 
bonded to the matrix, the fibre/matrix interfacial zone 
either acts as a crack arrester or deflects the crack in 
Mode II, debonding the fibre from the matrix over a 
certain length. Under such conditions, (i) the matrix 
microcracking no longer results in the early failure of 
the fibre, (ii) the fibre can be loaded up to its intrinsic 
failure strain, and (iii) numerous damaging phe- 
nomena occur which increase the toughness of the 
material. 

Up to now, it was admitted that an efficient way to 
control properly the fibre-matrix coupling was to 
insert a thin interphase of, for example, pyrocarbon 
between the two components. In glass-ceramic matrix 
composites reinforced with ex-PCS SiC fibres, we have 
suggested in Section 4.3 that the carbon interphase 
might result from a surface decomposition of the fibres 
taking place during the processing of the composites 
(which consists usually of a hot-pressing step at 
1200 1300 ~ followed by an annealing treatment at 
about 1000 ~ to ceram the glass matrix). Under such 
processing conditions, the materials are tough and a 
carbon/silica sequence is observed at the fibre/matrix 
interface [54 56]. Conversely, when such composites 
are processed according to a low-temperature route 
(e.g. sol-gel), they exhibit a brittle behaviour [57]. 
This difference of failure mode is probably related to 
the fact that, in the latter case, temperature was too 
low to give rise to any significant decomposition of the 
fibres (therefore no carbon (silica) interracial zone was 
formed). 

As shown in Fig. 13, a similar deflection of the 
microcracks arising from the failure of the SiC CVI 
matrix is observed within the fibre/matrix interfacial 
zone in the 2D-SiC/BN/SiC composites studied here. 
However, crack deflection does not occur within the 
BN interphase, as it could be expected, but rather at 
the interface between boron nitride and the silica thin 
layer resulting from the thermal decomposition of the 
ex-PCS fibre. This feature suggests that the BN/SiO z 
interface might be the weaker link in the interfacial 
phase sequence (i.e. SiC CVI matrix/BN/SiOz/C/ex- 
PCS SiC fibre). 

The low adhesion between BN and silica, clearly 
apparent from Fig. 2a, might have various origins, 
including (i) the lack of strong interactions between 
both layers during processing (which precluded a 
bonding by diffusion), (ii) the fact that the BN layers 
are deposited, at the very beginning of the process, 
almost parallel to the fibre surface (a well-known 
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feature of the CVD of layered structure materials) 
(Fig. 7), and (iii) the strong anisotropy of the coeffi- 
cient of thermal expansion (CTE) of boron nitride, i.e. 
~o = 40.5 1 0 - 6 ~  -1 and ~a = 0 at 770~ according 
to Pease and mentioned in [58]. Features (ii) and (iii) 
might well be the most important. Feature (ii) when 
taken alone suggests that the shear strength of the 
interfacial zone could be controlled by the very weak 
chemical bond (Van der Waals type) between two 
adjacent BN layers turbostraticatly stacked (bond 
length 0.35 rim, as shown in Table I). Furthermore, 
when (iii) is added to (ii) one might even conclude that 
the contraction of the BN interphase during cooling 
from 1000 ~ to room temperature could either leave 
the interphase in tension or already debond the inter- 
phase from the fibre. It is noteworthy that Sinclair and 
Simmons [58] mentioned, in their study of BN/Sialon 
particulate composites, that the boundaries between 
the two phases were often separated when the inter- 
face involves the basal plane of BN but rarely when 
the contact was between the edges of a BN plate and 
Sialon. On the basis of the similarity between turbos- 
tratic BN and pyrocarbon, the same arguments could 
be applied to the SiC CVI matrix/pyro- 
carbon/SiOz/C/ex-PCS SiC fibres sequence. 

In a recent article, Rawlins et  al. [7] have correlated 
the lack of reproducibility of the mechanical proper- 
ties between specimens of SiC (ex-PCS)/SiC (CVI) 
composites prepared by forced-CVI, on the one hand, 
and the occurrence, or not, of an interfacial zone 
consisting of two amorphous sublayers (one of Which, 
i.e. the thicker, being assigned to silica), on the other 
hand. Pull-out was observed when the interfacial film 
was present and was still enhanced when a pyrocar- 
bon interphase was deposited on the fibre prior to the 
FCVI step. On the contrary, no pull-out occurred in 
the other case [-7]. These results are consistent with the 
conclusions of the above discussions. In the FCVI 
process, the deposition rate is much faster than in the 
ICVI process used in the present work. As a result, the 
ex-PCS metastable fibres are submitted to a less severe 
annealing (20-40 h at 1100 1200 ~ in FCVI instead 
of several hundreds of hours at about 1000 ~ in ICVI 
[28, 42, 59, 60]. Under such conditions, the interracial 
zone could have been not extended enough to allow 
(i) the assignment of the other sublayer (probably 
carbon), and (ii) crack deflection and pull-out. The role 
played by the pyrocarbon interphase is obviously very 
similar to that of BN as already mentioned. Finally, 
the authors reported that no pull-out occurred with, 
consequently, a brittle failure mode, when the pyro- 
carbon-layered interphase was replaced by an isotro- 
pic silicon interphase, which is consistent with the 
present discussion (inasmuch as such interphase 
material could be assumed to be strongly bonded to 
the silica interfacial layer). 

5. Conclusions 
A detailed analysis by TEM, AES and SIMS of the 
fibre-matrix interfacial zone generated during the 
processing of SiC/BN/SiC composites by CVI, has led 
to the following conclusions. 



1. The submicrometre BN interphase is made 
of  turbostratic BN, almost stoichiometric (N/B 
= 0.9 1.0) and containing less than 5 at% oxygen. 

2. During the long infiltration step of the SiC 
matrix at 1000~ the ex-PCS SiC fibres undergo 
some decomposition, resulting in the growth of an 
SiOz/C amorphous double layer at the BN/fibre inter- 
face. 

3. Microcracks arising from the failure of the brittle 
SiC matrix are deflected at the BN/SiO 2 interface, 
thought to be the weaker link in the interracial SiC 
CVI matrix/BN interphase/SiO2/C/ex-PCS SiC fibre 
sequence. 

4. Therefore, the combination of a layered structure 
interphase (either pyrocarbon or boron nitride) and 
the products (i.e. silica and carbon) resulting from the 
thermal decomposition of the ex-PCS SiC fibres is 
thought to be responsible for the toughness of the 
SiC/SiC composites processed by ICVI. 
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