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Abstract

In Ceramic Matrix Composites (CMCs) reinforced by continuous fibers, a good toughness is
achieved by adding a thin film called "interphase" between the fiber and the brittle matrix,
which acts as a mechanical fuse by deflecting the matrix cracks. Pyrocarbon (PyC), with or
without carbide sub-layers, is typically the material of choice to fulfill this role. The aim of this
work was to study PyC-free nanoscale multilayered carbide coatings as interphases for
CMCs.

Nanoscale multilayered (SiC-TiC), interphases were deposited by pressure-Pulsed Chemical
Vapor Deposition (P-CVD) on single filament Hi-Nicalon fibers and embedded in a SiC matrix
sheath. The thicknesses of the carbide interphase sub-layers could be made as low as a few
nanometers as evidenced by scanning and transmission electron microscopy. By using the
P-ReactiveCVD method (P-RCVD), in which the TiC growth involves consumption of SiC, it
was not only possible to obtain multilayered (SiC-TiC), films but also TiC films with a porous
multilayered microstructure as a result of the Kirkendall effect. The porosity in the TiC
sequences was found to be enhanced when some PyC was added to SiC prior to total RCVD
consumption. Because the porosity volume fraction was still not high enough, the role of
mechanical fuse of the interphases could not be evidenced from the tensile curves, which

remained fully linear even when chemical attack of the fiber surface was avoided.
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1. Introduction

In Ceramic Matrix Composites (CMCs) reinforced by continuous fibers, the fiber/matrix
interface must be controlled for obtaining non-brittle and high performance materials [1]. This
is achieved through a fiber coating called 'interphase’ that acts as a mechanical fuse by
deflecting the cracks created in the brittle matrix before they reach the fibers [2] [3]. In CMCs
developed for applications in aeronautic engines or energy production like SiC/SiC in which
both the matrix and the fiber reinforcement are SiC-based, the interphase material of choice
is the pyrocarbon (PyC), but its poor oxidation resistance causes embrittlement of these
composites when used at high temperature in oxidizing atmosphere [4] [5]. PyC can be
replaced by boron nitride, another material with a layered crystal structure, but BN is poorly
compatible with nuclear applications and its water sensitivity leads to CMC degradation in
moist environments [6] [7]. (ZrO,), multiple zirconium dioxide interphases in which weak
interlayer cohesion originates from porosity and disordered bonds between adjacent ZrO,
layers showed promising results [8]. However, zirconia is subject to martensitic
transformation at high temperature [9], which may affect the CMC behavior under thermal
cycling. Another solution consists in replacing part of the PyC interphase by carbide in order
to reduce to a minimum the presence of the sensitive free carbon. Hence, pseudo 'porous'
SiC interphases (a mixture of carbon and SiC) and now more common (PyC-carbide),
multilayered interphases made up of a stack of n PyC and carbide sub-layers have exhibited
interesting behaviors in severe environments like neutron irradiation at high
temperature [10] [6]. However, even though the irradiation does not dramatically degrade the
tensile mechanical performance of the SiC/SiC composites with PyC-containing interphases,
the irradiation-induced dimensional change of carbon causes a fiber-matrix bonding
weakening under certain conditions [11] [12] that may have a detrimental effect on the
composite resistance in long term applications. Thus, the use of pure carbide interphases,
i.e. without the drawbacks of pyrocarbon, boron nitride or oxide materials, would allow CMC
properties to be maintained in severe conditions. The problem of carbide brittleness and the
achievement of a mechanical fuse could be overcome by laminating the carbide material
itself at the nanometer scale.

A way to process (PyC-carbide), nanoscale multilayered coatings with PyC sub-layers as
thin as a few nanometers on fibers in preforms is the use of pressure-Pulsed Chemical Vapor
Deposition or Infiltration (P-CVD/CVI), a method adapted from CVD [3] [13] [14]. Another way
is the use of pressure-Pulsed Reactive CVD or CVI (P-RCVD/RCVI) adapted from the RCVD
method in which a part of the elements of the deposited coating comes from the
substrate [15] [16]. The basic RCVD method was successfully applied by Bouix et
al. [15] [17] [18] and Baklanova et al. [19] [20] [21] to coat carbon and SiC-based fibers with



thin various carbide films for high temperature oxidation protection. If P-RCVD has
demonstrated its interest in the design of (PyC-TiC), interphases, a first attempt to get a
good mechanical fuse only made of pure carbide by total removing of PyC during the carbide
growth was unsuccessful [22].

The aim of the present paper was to obtain and study new nanoscale multilayered coatings
by P-(R)CVD, but here by replacing the classical PyC sub-layers by SiC sub-layers in order
to prepare PyC-free (SiC-TiC), interphases for CMCs. The alternation of carbide sub-layers
with different microstructures and coefficients of thermal expansion should induce shear
stresses at the interfaces that may be able to deflect the matrix cracks. Furthermore, the use
of P-RCVD for the growth of the TiC sub-layers also allowed the study of the total
consumption of the SiC sub-layers and its result on the composite behavior with pure TiC

multilayered interphases.

2. Experimental procedure

2.1. Synthesis of coatings

The experimental study was carried out by using microcomposites. A microcomposite is a
model composite consisting of one single fiber coated with the interphase and embedded in
the matrix (Fig. 1). It represents the elementary cell of the composite and can be easily
prepared by CVD methods [23]. It allows the interphase behavior to be studied.

Carbide multilayered coatings were deposited on Hi-Nicalon single fibers (~14 um in
diameter, from Nippon Carbon, Japan) by two CVD methods: P-CVD and P-RCVD at a
temperature close to 1373 K in the same CVD device as Jouanny et al. [24]. Pressure pulses
were obtained within the chamber by opening and closing pneumatic valves at regular
intervals through an automatic controller. Both methods used successive pulses composed
of a brief injection stage of gases into the reactor during 0.5 s, a reaction stage with the
gases in the closed reactor at a low pulse pressure ranging from 2 to 4 kPa during 4 s and an
evacuation stage of the gases by the pumping system (3 s). So the total time of each pulse
cycle was 7.5 seconds.

SiC sub-layers were deposited by P-CVD from a H,/MTS gaseous mixture (MTS: CH3CI;Si)
with a pulse pressure equal to 2 kPa. TiC sub-layers were synthesized either by P-CVD or P-
RCVD with a pulse pressure equal to 3.5kPa. In the CVD method, the gases were
H,/CH,/TICl, supplying both carbon and titanium elements to the TiC coating. The dilution
ratio of TiCl, in H, was 13 and the dilution ratio of CH, in H, was 10. In the RCVD method,

the gases were H,/TiCl,;. Pure TiC could be obtained with a low enough dilution ratio of TiCl,



in H, (13-15), the carbon coming from the previously deposited SiC sub-layer [25] [26].
Therefore the TiC sub-layers were synthesized by consumption of the SiC sub-layers, the
silicon being evacuated in the gaseous phase in the form of by-product species.

The multilayered coatings and interphases made of silicon and titanium carbides were
named (SiC-TiC), where n was the total number of carbide dual-layers within the film.

Each single phase sub-layer was prepared with a series of gas pulses. Each (SiC-TiC) dual-
layer was prepared with a sequence of two series composed of a number s and a number t
of gas pulses used for the SiC and the TiC sub-layer deposition respectively. The notation
(ss-t)n referred to as the pulse series sequences used for the corresponding multilayered
coating processing.

For a given number s of H,/MTS pulses, when the number t of H,/TiCl, pulses was high
enough to totally consume the SiC sub-layers previously deposited by P-CVD through the P-
RCVD growth of the TiC sub-layers, the resulting pure titanium carbide coating was
represented by the notation (g-TiC), where g corresponds to a lost pure SiC sub-layer.

In some cases, one pure propane pulse (3.5 kPa) was added to the H,/MTS pulse series in
order to add some pyrocarbon (PyC) in the SiC sub-layer before its total RCVD consumption.
The notation (s¢/1,/Ss-t;), referred to as such pulse series sequences in which the propane
pulse was interposed between two series of s H,/MTS pulses before each series of t H,/TiCl,
pulses. The resulting pure titanium carbide coating was represented by the simplified
notation (&J-TiC), where @ corresponds to the lost SiC and PyC.

The microcomposites were prepared by deposition of the interphase (with a thickness
ranging from 0.4 to 1.0 um) on Hi-Nicalon single fibers, followed by the P-CVD growth of the
SiC matrix (with a thickness ranging from 0.5 to 3.3 pm).

2.2. Characterization

The microstructural study was performed by transmission electron microscopy (TEM-Philips
CM30 microscope) using a LaBs source operating at 300 kV. Because the region of interest
was the (SiC-TiC), multilayered coating deposited on the fiber, a method to prepare TEM
thin-foil samples in the longitudinal fiber direction was required with minimum irradiation
damage. The Argon lon Slicing (JEOL lon Slicer EM-09100IS) method was used. This
method showed a lower irradiation damage for SiC/SIC composites than the standard
methods (FIB and argon ion milling) [27]. At least ten coated fibers were embedded in an
epoxy resin then stuck on a copper half-ring with a 10 um thick piece of shield belt (Fig. 2).
Then, the preparation was thinned by Argon lon Slicing following the method indicated
by [27]. It is worth mentioning that the redeposition phenomenon was not observed in the

TEM samples.



Coatings were observed by scanning electron microscopy (SEM-Quanta 400 FEG V2
microscope) using backscattered electron (BSE) and secondary electron (SE) detectors, with
an accelerating voltage fixed at 15 kV. To study the growth rate of TiC and SiC, the layer
thicknesses were measured from BSE-SEM images. Composition line profiles were
performed through the section of the coatings from TEM thin-foil samples in this scanning
electron microscope by Energy Dispersive X-ray Spectroscopy (EDS) with an accelerating
voltage fixed at 30 kV. The very low thin-foil sample thickness (< 100 nm) allowed the pear-
shaped interaction volume to be avoided and so the EDS spatial resolution to be enhanced.
Morphology observations were also carried out in a second SEM microscope (Hitachi S4500
FEG) with a SE detector and an accelerating voltage fixed at 3 or 5 kV.

Chemical analyses of coatings were also carried out by Auger electron spectroscopy (AES-
VG Microlab 310F spectrometer) with simultaneous Ar® etching in order to obtain the
concentration depth profiles of carbon, titanium, oxygen and silicon. The Auger spectra were
obtained with an electron beam energy of 10 kV and a beam current of 5 nA and focused to
a spot on substrate (about 1 um). For the etching, the voltage and current of the ion beam

were kept at 4.0 kV and 0.5 nA, respectively. The sputtering rate was estimated at ~1 A/s.

A specific table-model testing machine was used to perform tensile tests at room
temperature. Coated fiber failure stresses were obtained from 20 tests per batch with a
gauge length of 25 mm according to a single fiber test procedure [28]. The specimen (coated
fiber or microcomposite) was mounted on a paper frame; the paper frame was aligned in the
grips and then the frame sides were cut. The specimen was loaded up to failure. The
stresses at failure were determined by dividing the load at failure by the section of the
specimen. For each batch of coated fibers or microcomposites, the given value was an

arithmetic mean obtained from the 20 tested specimens.

3. Results and discussion

3.1. Growth rate of SiC and TiC sub-layers

3.1.1. P-CVD SiC and TiC growth

SIC/TiC multilayered coatings were synthesized by P-CVD with Hy/MTS and H,/CH,/TiCl,

pulse numbers varying from 3 to 25. The thicknesses of the carbide sub-layers were



measured from BSE-SEM observations where the observed SiC layers are dark whereas the
TiC layers are bright, as shown in Fig. 3.

The SiC and TiC layer thicknesses range from 20 to 160 nm and from 10 to 80 nm
respectively and were both proportional to the pulse numbers with virtually no initiation stage.
In P-CVD, the steady-state conditions were reached from the first pulses. The growth rates
were about 7 nm/pulse and 3 nm/pulse for SiC and TiC respectively.

3.1.2. P-RCVD TiC growth

In the P-RCVD method (i.e. without methane), the TiC growth rate depended on the
thickness because of the occurrence of an initiation stage where the growth was delayed and
difficult to control. For a thickness lower than 50 nm, the growth rate was irregular and lower
than 1 nm/pulse. Figure 4 shows that from 50 nm thick and ~120 pulses onwards, the
thickness increases linearly with the number of pulses t and the growth rate never exceeds
1.5 nm/pulse, which remains twice as low as by P-CVD with CH,. This feature was attributed
to the way how carbon atoms were brought to the growing TiC coating: through solid-state
diffusion from SiC in RCVD, which was more limiting than the direct supply from gaseous
methane simultaneously with TiCl, in CVD. Despite this solid-state diffusion limitation but
owing to the sub-micrometer thickness range of the present P-RCVD study, no growth
slowdown was observed as in classical RCVD for coatings thicker than 1 um [25].

From SEM observations of graded multilayered coatings (Fig. 4a), knowing the constant SiC
growth rate and so the initial SiC thicknesses at each sequence, it was possible to deduce
the SiC thickness consumed during the P-RCVD growth of each next TiC layer. Figure 4b
shows that the SiC consumption rate is constant and equal to 0.8 nm/pulse from the early
stages. As a result by comparison with TiC growth rate, the volume conversion ratio from SiC
to TiC increased from 0.5 (¥0.1) with t =120 to 1.2 (x0.2) with t = 240. Assuming that one
mole of SiC gives one mole of stoichiometric TiC by RCVD and taking into account the
similar molar volumes of both carbides, the theoretical volume conversion ratio should be
close to one. If the produced titanium carbide is substoichiometric, the theoretical volume
conversion ratio should be greater than one. The experimental value smaller than 1.0 found
for low t means that the lost SiC is not totally involved in the TiC production. A part of the SiC
loss could be assigned to the carbon loss in the form of hydrocarbon additionally to the loss
of silicon evacuated in the form of silicon chlorides in the gaseous phase [26]. Only a small

part of the carbon of the lost SiC was involved in TiC growth during its initial stage.



3.2. (SIiC-TiC), interphases

3.2.1. Interphases deposited by P-CVD

Four fiber (SiC-TiC), multilayered coatings were prepared by P-CVD without a matrix
according to (ss-ty), pulse series sequences with s=1 or 2, t =7 or 15 and n ranging from 7
to 15 (Tab. 1). It was possible to obtain very thin continuous carbide sub-layers with
thicknesses as low as a few nanometers. While the different very thin carbide sub-layers
become hardly distinguishable by SEM when s and t are small (Fig. 5a), the series of silicon
and titanium carbides are clearly evidenced with continuous sub-layers for larger numbers of
pulses (Fig. 5b). The EDS depth profile ripples, where each maximum of the Ti intensity
curve corresponds to a minimum of the Si intensity curve and conversely, account for the
multilayered structure (Fig. 6). But it may also be noticed that SiC sub-layer thickness
depended not only on s but also on t, the pulse number of (H,/TiCl,;) used for TiC sub-layer
growth: for a given value of s, the SiC sub-layers were thinner with t =15 than with t=7
(Tab. 1). This result suggests that some SiC consumption and so some "RCVD-like"
mechanism occurred despite the use of methane as the main carbon source.

The stress at failure decreased with the presence of a (SiC-TiC), multilayered coating
especially when the t/s pulse ratio increased in the coating (Tab. 1). The TEM brightfield
image of the (SiC-TiC); multilayered interphase prepared with (2:-15)); pulse sequences
shows the seven (SiC-TiC) dual-layers, each of them being continuous and parallel to the
fiber surface (Fig. 7). Each TiC sub-layer is made of contiguous grains which are equivalent
in size to the thickness of the sub-layer. The enlarged section of the interfacial area also
shows that the fiber surface was damaged by chlorinated gases or by diffusion of titanium
species at high temperature resulting in a 10 nm thick TiC interlayer. This observation
confirms that for low thicknesses and in our experimental conditions (chemical composition
of gases, temperature and pressure), the P-CVD method is not totally separated from the P-
RCVD method. As in the case of the study of Jouanny et al., this local chemical attack by
titanium containing-species results in the presence of brittle TiC grains and so flaws that
create notch effects at the surface of the fiber that are responsible for the mechanical
properties drop of the coated fibers [24]. The mechanical properties gradually decreases
when the number of pulses t and so the presence of TiC at the fiber surface increases. In the
present study with the (SiC-TiC), multilayered coatings, this phenomenon is further
aggravated by the decrease of the number of pulses s because it reduces the thickness of
the initial protective SiC interlayer which gradually less prevents the formation of TiC grains
at the surface of the fiber (Fig. 7). The discrepancy with Baklanova et al. who reported that

the strength of the carbon fibers coated with TiC grown by RCVD were preserved and even



slightly increased may arise not only from the different fiber nature but also from the use of
carbon-containing gas (CF,) meaning that the used CVD method could be not totally
'reactive’, carbon atoms being able to be also provided by the gas [21]. Conversely,
Baklanova et al. reported that in the course of RCVD HfC deposition, the carbon fiber was
gradually becoming more brittle in comparison with the initial fiber [20]. These different
results highlighted the delicate control of the carbon source during the carburization surface
of carbon-containing substrates and so the difficulty of ensuring their integrity.

3.2.2. Interphases deposited by P-RCVD

Fig. 8 shows a (SiC-TiC); multilayered interphase deposited by P-RCVD (without CH,) with
(8s-30,); pulse sequences and then embedded in a SiC matrix. The carbides sub-layers are
poly-crystalline, fully continuous and regular around the fiber. Each type of carbide sub-layer
can be located on SEM EDS X-ray elemental maps and the multilayered structure is also
evidenced by the EDS depth profiles (Fig. 9). However, only six TiC sub-layers are observed
in the profile. The two first TiC sub-layers appear mixed up because of a local SiC sub-layer
initially thinner than the others or because of a local enhancement of SiC loss. Despite that,
no fiber surface attack was clearly observed by TEM, likely due to a first SiC sub-layer
initially just thick enough to protect the fiber from RCVD reaction.

Thanks to this protection, the average tensile stress at failure of the microcomposites with
this (SiC-TiC); multilayered interphase was as high as 1000 MPa, but proportional limit and
failure were identical, only a linear elastic behavior without a damageable behavior was
observed. Therefore, it can be concluded that the (SiC-TiC), interphase itself did not act as a

mechanical fuse.

3.3. Porous TiC interphases and coatings

3.3.1. (#-TiC), interphases

(2-TiC)s interphases were deposited by P-RCVD without a matrix with (10s-50;)s pulse
sequences (Fig. 10). The absence of silicon outside the fiber in the AES depth concentration
profiles of the coatings shows that each initial SiC sub-layer initially deposited with the ten
H,/MTS pulses was then totally consumed by the fifty H,/TiCl, pulses (Fig. 10b).
Nevertheless, the coating still exhibits a multilayer-like microstructure where the eight TiC

sub-layers with a thickness of about 70 nm can be observed by SEM (Fig. 10a). Figure 11



shows similar interphases prepared with (8s-40,) pulse sequences where the presence of
lined up pores is clearly evidenced. These pores were produced by the Kirkendall effect
based on nonreciprocal mutual solid-state diffusion process through an interface of two
materials, i.e. carbon versus titanium atom diffusion between SiC and TiC. Nowadays, such
effect is exploited as a new fabrication route to designed hollow nano-objects [29]. In the
present study, these pores were created in the TiC layers when the intermediate SiC sub-
layer was vanishing. As long as some SiC remained at the surface of the previous TiC sub-
layer, the growth of the next TiC sub-layer occurred without pore formation. Some formation
of pores in TiC grown by P-RCVD has already been reported when the initial substrate sub-
layers are made of pure PyC [22]. The transport rate of carbon atoms through the titanium
carbide layer is much faster than the one of titanium atoms in the opposite direction, causing
the Kirkendall effect. But in that former case with only pure PyC as initial carbon precursor,
the pores were few. In the present study with SiC as initial substrate by comparison with the
previous one with PyC, the formed pores in TiC are noticeably more numerous. The precise
mechanism of the formation of pores is not clearly established so far but the presence of
silicon initially combined with carbon and then evacuated in the gaseous phase appeared to
play an important role in the obvious porosity formation.

The pore formation was even more pronounced near the surface of the Hi-Nicalon fiber
where it occurred simultaneously with the attack of the fiber. The damaging of the fiber
reinforcement led to an average tensile stress at failure of the microcomposites of only
700 MPa with the (g-TiC)s interphase.

3.3.2. (8-TiC), and ((4-TiC),-SiC), coatings and interphases

Fig. 12 shows a BSE SEM observation of a multilayered coating prepared by adding one
pure propane pulse to Ho/MTS pulse sequences. The porosity appears enhanced in the TiC
sequences, which are separated by ~250 nm thick dense SiC layers deposited with series of
30 H,/MTS pulses. This observed cross section was prepared by fracturing the coating with a
scalpel. A crack is crossing the dense SiC coatings and a porous (9-TiC), layer at the top of
the image and is deflected in another porous (g-TiC), layer.

The potential role of the PyC added to SiC on the porosity enhancement in (3-TiC), coatings
compared with (g-TiC), coatings was not clear. It could be assumed that interfacial energy or
stress developed at the initial SiC/PyC interfaces interfered with vacancy migration or solid-
state atom diffusion and favored the formation of voids.

A (@-TiC)y, interphase with such enhanced porosity was directly deposited on Hi-Nicalon

fibers and embedded in a 1.5 pm thick SiC matrix (Fig. 13). Here again, the fiber surface was



slightly attacked during the process and consequently the microcomposites were brittle with
a tensile stress at failure of 800 MPa. In order to avoid the fiber attack, a ((4-TiC),-SiC)3
interphase was deposited by P-RCVD with ((3s/1,-30;)4-10s); pulse sequences on a Hi-
Nicalon fiber protected with a SiC sub-layer pre-deposited with a 205 series. A large part of
the first SiC protective sub-layer, about 150 nm, is still present at the fiber surface, which was
not attacked (Fig. 14). These last microcomposites exhibited an average tensile stress at
failure of 1000 MPa. But despite the presence of both enhanced porosity in the TiC layers
and alternating layers of SiC and TiC in the interphase, no damageable behavior was
observed in the tensile curves, which remained fully linear. Therefore, the volume fraction of
the porosity in this carbide interphase was still not high enough to deflect the matrix cracks
according to the concept proposed by Carpenter et al. [30] [31].

4. Conclusion

After a preliminary Kinetic study comparing P-CVD with P-RCVD, nanoscale multilayered
(SIiC-TiC), interphases could be prepared on Hi-Nicalon fibers by both methods. A first
difficulty relied on the protection of the fiber surface which was very sensitive to chemical
attack by titanium containing-species. This difficulty could be circumvented through a first
deposited SiC sub-layer thick enough to protect the surface of the fiber. Multilayered
interphases composed of pure TiC were also prepared by totally consuming the SiC sub-
layers previously deposited by P-CVD through the P-RCVD growth of the TiC sub-layers.
Pores were then created by Kirkendall effect and lined up along the (TiC-TiC) interfaces. It
was found that by adding some PyC to the SiC sub-layers before their total RCVD
consumption, the porosity was enhanced in the carbide interphases. However, the
multilayered carbide interphases, whether with or without pores, did not act as mechanical

fuses in SiC/SiC microcomposites.
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Tab. 1: Pulse series sequences, t/s pulse ratio and sub-layer thicknesses (within
+ 2 nm) of (SIiC-TiC), multilayered coatings prepared by P-CVD and average tensile
strengths and standard deviations of as-received and coated fibers.

pulse series Us Thickness Fiber strength (MPa)
sequences SiC (nm) TiC (nm)  Average Standard deviation
none 3000 640

(257910 35 20 10 1800 350

(1s-7)1s 7 10 12 1000 340

(25-15y)7 75 15 25 800 380

(11511 15 5 15 300 260




Hi-Nicalon fiber
(@~ 14pm)
25 mm >

&

-

matrix” interphase

20 um

Fig. 1. SE SEM image of a Hi-Nicalon/SiC microcomposite
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Fig. 2: SE SEM images of a TEM thin-foil: microcomposites mounted on the
copper half-ring (a) and longitudinal section thin area (b)



Fig.3: BSE SEM image of a (SiC-TiC), graded multilayered coating prepared by P-CVD
according to the pulse series sequences (k.-k;) with k = {25, 20, 15, 10, 7, 5, 5, 3, 3}.
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Fig.4: BSE SEM image of a (SiC-TiC) graded multilayered coating prepared by
P-RCVD according to the pulse series sequences (40-t),, with t = {120, 180, 240}
(a) and thicknesses of TiC coatings grown by P-RCVD and lost SiC (i.e. SiC
consumed during the RCVD growth of TiC) versus H,/TiCl, pulse number (t) (b).
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Fig.5: BSE SEM images of (SiC-TiC),, multilayered coatings prepared by P-CVD
according to the pulse sequences (1,-7,);5 (a) and (2,-15,); (b).
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Fig. 6: EDS depth profile of the (SiC-TiC), multilayer coating obtained by
P-CVD with (2.-15,), pulse sequences (from thin-foil sample).



Fig.7: Brightfield TEM images of the (SiC-TiC), multilayered interphase
prepared by P-CVD with (2.-15,); pulse sequences.
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Fig.8: BSE SEM (a) and brightfield TEM (b) images of the (SiC-TiC),
multilayered interphase prepared by P-RCVD with (8,-30,); pulse sequences.
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Fig.9: SEM EDS X-ray elementals maps and EDS depth profiles of the (SiC-TiC), multilayered
interphase prepared by P-RCVD with (8,-30,), pulse sequences (from thin-foil sample).
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Fig. 10: BSE SEM image (a) and AES depth profile analyses (b) of the (2-TiC)g
interphase prepared par P-RCVD with (10.-50,)g pulse sequences.
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Fig.11: SE SEM (a) and brightfield TEM (b) images of (@-TiC)g and (@-TiC)g
multilayered interphases both prepared by P-RCVD with (8,-40,) pulse sequences.

Fig.12: SE SEM image of a multilayered coating prepared by P-RCVD with
304-(24/1,/125-40,),-304-(1,/3,-30,),-305 pulse series sequences (from the
bottom to the top).



Fig.13: SE SEM image of a (3-TiC),, interphase prepared by P-RCVD with
(34/1,/35-40y),4 pulse series sequences.

Fig.14: SE SEM image of a ((4-TiC),-SiC); interphase deposited by P-RCVD
with ((34/1,-30,),-105); pulse sequences on a Hi-Nicalon fiber protected with a
SiC layer and coated with a SiC matrix.
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