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Abstract

The oxidation behavior of the SiC fiber-bonded composite (Tyrannohex™) was investigated at 1500 °C up to 4000 h in air.
During heating of the samples, it was observed that an amorphous SiO, scale was formed and that bubbles of SiO, were generated
due to the gaseous products upon oxidation. A large mass loss was also observed after 4000 h heating in spite of the condition of
passive oxidation for SiC. The cause of large mass loss can be explained by destruction of oxidation protective scale due to bursting
of the bubbles, and high oxidation rate due to high oxygen mobility in amorphous SiO, scale containing aluminum ions. To prevent
this accelerated oxidation of the composite, a double-layered coating using a CVD-SiC process was developed. Although the sam-
ples coated with CVD-SiC were stable in this oxidation test, the cristobalite peaks observed by XRD suggest also an inherent

problem of the SiO, scale spalling.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Coatings; Composites; Cristobalite; CVD coating; Interfaces; Oxidation; SiC/SiC

1. Introduction

Ceramic matrix composites (CMCs) or continuous
fiber ceramic composite (CFCC) with high fracture
toughness as compared to monolithic ceramics have
been developed for their high performances at high
temperatures in air. In order to keep their mechanical
properties, the ceramic fibers must be very stable under
reactive and particularly oxidative atmospheres during
the processing and the practical using of the composites.
Different types of fiber material compete for those
applications. However, the constituent fiber for CMCs
used at high temperatures is presently limited in non-
oxide fibers such as SiC or SiCBN because of their good
creep resistance property at high temperatures.

Then, CMCs with SiC fiber are expected to be used at
high temperatures. The fibers used in them are one of
the typical applications of the polymer-derived ceram-
ics, invented by Yajima et al. in the 1970s.! They are
produced by conversion of a polymer precursor to a
mixture of amorphous and nanocrystalline phases of
SiC.%3 However, during the first stage of their develop-
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ment, they had a limited temperature range for high
temperature applications due to the insufficient stability
of microstructure. One of the ways to extend the range to
higher temperatures is to decrease the oxygen content,
second phases, and to increase grain size of the crystallites
in the SiC fibers.*® Now, the increasing attention to the
metal-containing polymer precursors is also providing new
potential for nano-structured composites. These polymers
are basically homogeneous and can be converted to an
ultra-fine ceramic structure that is stable at very high tem-
peratures. The active metal in polymer works as an accep-
tor of residual oxygen and improves sintering activity.
The most stable SiC fibers known so far are those
developed by Ishikawa et al.” Although, ordinary SiC
fibers had been fabricated by sintering a polymer pre-
cursor at 1300 °C. The newly developed SiC fibers are
produced by sintering at 1900 °C an amorphous Si—Al—
C-O precursor fabricated by the melt-spun of poly-
aluminocarbosilane at low temperatures. On the con-
trary, the produced fibers are composed of nearly
stoichiometric SiC that is considered the main reason
for the microstructural stability. They have clearly
shown full strength retention up to 1900 °C and 80%
retention of the initial room temperature strength after
heat-treatment at 2000 °C for 1 h in argon. The creep
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resistance of the fibers at 1300 °C is significantly higher
than that of ordinary SiC fibers.

Another important issue of the CMCs is an interface
between the fibers and matrices. Since the interface
strength in CMCs determines their crack resistance, a
special interface or inter-phase is normally introduced
into the composite structure. CMCs usually have either
carbon or boron nitride interphase which is acting as a
weak interface. An example of creating a favorable
interface by self-assembling has been also given by Ishi-
kawa et al.® Cross plies of amorphous Si-Al-C-O
woven fibers obtained from a polyalminocarbosilane
precursor were stacked together to form a two-dimen-
sional sheet, which was hot-pressed at a temperature of
1900 °C under 50 MPa of Ar. The process resulted in a
thin carbon layer between the fibers and conversion of
the amorphous fiber into B- and/or «-SiC fibers of hex-
agonal cross-section, which is so-called prismatic struc-
ture. The carbon layer acts as an interphase yielding a
fracture mechanism with much fiber pull-out and
favorably high fracture energy, of about 2000 J m~2.

The problem of microstructural stability of CMCs
arises inevitably when they are used at high tempera-
tures in oxidizing atmospheres. The carbon interphase
provides the appropriate strength as described above,
but it reacts easily with oxygen to form either carbon
monoxide or carbon dioxide at temperatures as low as
about 500 °C. Boron nitride readily forms a low-viscos-
ity B,Oj5 liquid phase at temperatures less than 1000 °C
that leads to high mobility of various species that can
affect the microstructure of other components.® There-
fore, both oxidation kinetics and mechanical properties
of the composites have been studied thoroughly.!%-13
After complete removal of carbon as carbon monoxide
or carbon dioxide, oxygen reacts with the SiC fiber to
form a SiO, layer, which leads both to weakening of the
fiber and to strengthening of the fiber—matrix interface
resulting in a drastic decrease in fracture toughness of
the composite. One of the possible solutions for pre-
vention of oxidation of carbon and boron nitride at an
interface, therefore, should be oxidation protective
coating on the surface of the composites.

In this paper we report recent results on the stability of
SiC fiber-bonded composite derived from an aluminum-
containing polymer at 1500 °C for long term in air. In
addition, a new concept for oxidation protective coating
by a double-layered SiC coating is also demonstrated.

2. Experimental procedure
2.1. SiC fiber-bonded composite
The SiC fiber-bonded composite tested in this work

was Tyrannohex™ that was fabricated by Ube Indus-
tries Ltd., and consisted of cross-ply (0°/90°) of the

Tyranno™ fibers (Si-C-Al-O). This composite was
developed by Ishikawa et al.® as mentioned earlier, and
the carbon interphase was deposited from the fibers
during hot pressing at 1900 °C in Ar. Using transmis-
sion electron microscopy (TEM), the carbon interphase
of this as obtained composite has been measured to be
approximately 10 nm in thickness. The XRD pattern
indicated the composition to be predominantly B-SiC
(mixed with some amount of «-SiC), cristobalite and a
very small amount of graphite phases. It is recalled that
the aluminum organic compound, oxygen and excess
carbon contained in the amorphous Si—-C-AI-O fibers
are vaporized as aluminum carbide and silicon mon-
oxide during the hot pressing at 1900 °C.

The dimensions of the polished substrate after cutting
from the bulk were 3x4x40 mm, and all of the faces of
the sample had been previously oxidized (with forma-
tion of a layer of cristobalite as supported by XRD)
under certain oxygen partial pressure for inhibition of
the oxidation of the in-depth carbon interphase. The
sample showed dark purple red color due to the SiO,
protective scale of about 50 um thick.

2.2. A double-layered SiC coating on the specimen

This coating process was originally developed for
improvement in oxidation resistance of a C/C composite
by the authors and the detail of the procedure has been
described elsewhere..!*!> The surface of the previously
oxidized substrate was firstly coated with Si powder +
polyvinylalcohol (PVA) slurry and heated at 1500 °C
for 2 hin Ar in order to remove the SiO, overlayer that
had already been made by oxidizing. SiC conversion
from the carbon interphase deposited between the fibers
near the surface of this composite has also occurred at
the same time. The adhesive strength of the upper coat-
ing layer formed by the following process described
below, can be improved by this surface treatment.

Fig. 1 shows the fabrication process of the double-
layered SiC coating. The surface-pretreated substrate by
Si powder was coated again with the slurry containing
finely dispersed powdered carbon fiber, Si powder and
polycarbosilane (xylene solution). These constituents (Si
powder and powdered carbon fiber) were selected to
form a SiC/SiC composite layer through the following
CVD process. This composition limited to carbon and
silicon, was made not to lower the melting point of
SiO»-scale formed by high temperature oxidation. It is
very important not to increase the oxygen permeability
of the SiO,-scale. The powdered carbon fiber is a com-
mercially available milled fiber material (Toho Tenax
Co., Ltd., HTA-CMF-0040-E), about 40 um in average
length. The binder of the slurry was 17.8 mass% poly-
carbosilane (PCS, Nippon Carbon Co., Ltd.) in xylene.
The composition of the slurry shown in Table 1 is an
example for synthesis of the Si-rich SiC layer.
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Fig. 1. Schematic diagram for double-layered SiC coating process.

Table 1
Composition of the slurry for coating

Material Mass ratio (%)
Powdered carbon fiber (milled fiber) HTA-CMF-0040-E, Toho Tenax Co., Ltd. Average fiver length: 40 um 8.6
Si powder Kojundo Chemical Lab. Co., Ltd. Purity: 99.999%, 300 mesh under 20.0
Polycarbosilane (PCS) Nipsi Type S, Nippon Carbon Co., Ltd. 17.8
Xylene Wako Pure Chemical Industries, Ltd. 53.6

With respect to this fiber composite layer, it should be
emphasized here, a Si-rich matrix is generally more stable,
in terms of oxidation resistance, at high temperatures than
a C-rich matrix, because of less formation of CO and/or
CO, gaseous species. It is easy to control its composition by
changing the ratio of powdered carbon fiber and Si powder
contents. The coated sample was dried at 150 °C in air and
then densified through the following CVD-SiC process.
The thickness of the coated layer was about 20 pm.

CVD-SiC was formed at 1250 °C, under a total gas
pressure of 1.3 kPa, at gas flow rates of 8.3x107°m3 s~!
for SiCl, and CH,4, and 50x10~° m? s~! for H, gas,
respectively. After coating for 4 h, the coated samples
were turned over and coated for 4 h again in the same
way to make a uniform thickness of the resulting coating.
A double-layered SiC coating of about 100 pum in total
thickness could be obtained under these conditions. When
SiC is deposited inside the pore of the fiber composite
coating layer during the CVD processes, ceramization of
PCS to SiC and reaction sintering of powdered carbon
fiber and Si powder also occurred at the same time.

2.3. Oxidation test

Oxidation resistance of the samples was examined at
1500 °C at certain time intervals up to 4000 h in a con-

stant airflow at a pressure of about 0.1 MPa. Fig. 2
shows a schematic diagram of the oxidation testing
apparatus. The flow rate of dry air was 3.3x107° m?
s~!. The SiC fiber-bonded composite samples were
mounted on a sample holder (made from SiC, which
purity is approx. 97.5% and it contained approx. 0.35%
of a free carbon, the other impurities being Fe, Si and
Si0») in a vertical position and manually loaded into a
high purity Al,O3 box furnace for the desired oxidation
time. The heating rate was 750 °C h~!. Air was passed
through a molecular sieve (silicagel) in order to dry it.
After a certain heating time interval, some of the sam-
ples were taken out from the furnace, and their mass
changes were measured.

In order to reduce the influence of the sodium con-
tamination from the wall of the furnace, the high purity
Al,O;3 box furnace had been preheated at 1500 °C for 50
h passing air before use for the oxidation tests. How-
ever, the sodium contamination is caused from any-
where such as the passing air, therefore, it is difficult to
prevent. Therefore, oxidation behavior has been inves-
tigated by comparing the stability of the samples with
pure SiC (CVD-SiC).

The residual strength was also measured by using
four-point flexural test with a floating self-aligning fix-
ture with an inner span of 10.00 mm and an outer span
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Fig. 2. Schematic diagram of the oxidation apparatus used in the test.

of 30.00 mm. Cross head speed was 0.5 mm/min. Three
to six samples were tested at each condition. The
remaining samples were heated again up to the desired
time (intervals), therefore, the samples heated for long
time intervals had the more cyclic heat history.

3. Results and discussion
3.1. Oxidation of the composites

Typical kinetic curves of oxidation are shown in Fig. 3
for samples without coating (a) and with coating (b).
The mass changes in both of the samples measured for
the first 500 h of oxidation showed parabolic feature
due to the SiO, scale growth. However, after 500 h
heating the mass of the sample without coating tended
to decrease with an increment of the heating time, and
finally large mass loss was observed after 4000 h heating

showing localized heavy degradation. The surface of the
sample changed its color to white from original dark
purple-red color. During the heating of the samples, it
was also observed that a glassy SiO, scale was
formed on the sample without coating and bubbles of
“silica” were generated due to the gaseous oxidation
product (presumably CO, and/or CO,). On the other
hand, the samples with coating showed quite less bubble
formation.

In order to make clear the mechanism of bubble for-
mation for this composite, the standard deviation of the
measured size change was investigated. The results of
standard deviation of the measured size and mass
changes of the samples without coating after oxidation
indicate that the bubble formation at the surfaces of the
sample perpendicular to the laminate (out-of-plane) is
much more frequent than that at the surfaces parallel to
the laminate (in-plane) as shown in Fig. 4. Therefore,
the cause of bubble formation at the early stage of the
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Fig. 3. Mass change, (AW; normalized with surface area), plotted as a function of oxidation time for SiC fiber composite samples, (a) without
double-layered SiC coating and (b) with double-layered SiC coating. The samples were isothermally oxidized at 1500 °C in dry air.
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Fig. 4. Results of the calculated standard deviation of the measured data (size and mass) of the samples without coating after oxidation. Large
standard deviation of the measured width of the samples indicates frequent bubble formation at the cross section of this material during heating.

oxidation of the samples without coating is considered to
be mainly due to the oxidation of the carbon interphase.
The frequent bubble formation in the out-of-plane direc-
tion is due to the macrostructure of the cloth ply of this
composite forming a path for gaseous oxidation products.

3.2. Fracture behavior of fiber-bonded composites by
four-point flexural test

Prior to the measurement of the residual strength of
SiC fiber-bonded composites after oxidation, the frac-
ture behavior of these samples before oxidation in the
four-point flexural test was examined. Fig. 5(a) shows
the fracture behavior observed with the samples loaded
in the z direction (out-of-plane). The displacement, x, of
cross head increases linearly with an increment of the
applied load, P, up to 0.3 kN, indicating elastic defor-
mation. Above the loading of 0.3 kN, the displacement
increases as the result of the generation of initial crack.
The maximum loads are varying from 0.33 to 0.37 kN,
however, it is clear that this fiber-bonded composite has
the good resistance to crack propagation as shown by
the typical SEM image [inserted in Fig. 5(a)] of the
crack. Interfacial failure is predominant in this sample,
allowing the crack to be arrested and deflected within
the carbon/SiC-fiber interface. The propagation of
crack is accelerated by the increment of crack opening
displacement, and it is observed that about 70% of the
initial strength is lost by the initial crack. The variation
of the measured fracture loads (0.33—0.37 kN) is rather
small, therefore, one of the important features of stable
fracture of CMCs has been demonstrated in Fig. 5(a).

Another important feature of CMCs is the possibility
to control the mechanical property by changing the fiber
direction of the composite. In other words, CMCs nor-
mally have anisotropic properties. Fig. 5(b) shows the
fracture behavior observed with the sample loaded

along the y-direction (in-plane). By changing the load
direction from z to y, the fracture load increases by 60%
(0.52 kN), while the fracture behavior is changed to the
brittle fracture. The displacement increases linearly up
to the maximum load, and the fracture occurs with
rapid crack propagation. Therefore, it is clear that the
fracture resistance of this composite is increased at the
expense of the fracture strength.

3.3. Residual strength after oxidation

Figs. 6 and 7 show the influence of oxidation on the
residual flexural strength of the samples (out-of-plane)
measured by four-point flexural test, and the fracture
behavior of the samples after oxidation, respectively. It
should be noted in Fig. 6 that because the sample with-
out coating after 4000 h at 1500 °C has been too much
oxidized, the measurement was therefore carried out
with the samples oxidized up to 2000 h. In addition, the
flexural strength of samples with coating was calculated
with ignoring the coating thickness because the strength
of the coating is rather low. Therefore, the values of the
measured flexural strength of the coated samples are
comparably a little higher than that of uncoated ones.

The measured residual flexural strength of the sample
without coating decreases slightly with an increment of
oxidation time up to 2000 h. On the other hand, the
fracture behavior was almost the same as that of the
sample before oxidation, showing the deflecting crack
caused by the weak interphase structure. Since, the fibers
in this composite have been laminated as two-dimensional
cloth ply, the fracture behavior of the sample (out-of-
plane) shows a fracture similar to that of usual layered
composite materials. On the contrary to this, the residual
strength of the sample with coating preserves the initial
strength even after oxidation for 4000 h as shown in
Fig. 6, and it showed graceful failure.
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Fig. 5. Comparison of fracture behaviors of the fiber composite sample (a) loaded in the z direction (out-of-plane), (b) loaded in the y direction (in-
plane). x, y and z indicate the three-dimensional direction along with the sample configuration. Different curves show the dispersion of the measured

value by four-point flexural test.

Fig. 8 shows the Weibull plots of the flexural strength
distribution of the samples before and after 2000 h oxi-
dation. The strength distribution of the oxidized sample
loaded along the y-direction (out-of-plane) is wide with
a Weibull slope estimated to be 5.6, while those of the
samples before oxidation are 28.5 (in-plane) and 15.3
(out-of-plane), respectively. Therefore, this SiC fiber-
bonded composite displays not only a reduced fracture
strength but also a lower reliability after high tempera-
ture oxidation. The reduction of the fracture strength by
oxidation is considered to be due to the easy cracking of
the silica scale on the surface of the samples. However,
the detailed mechanism of this strength reduction has

not yet been clarified. Anyway, if we assume the need
for oxidation protective coating for this SiC fiber-bon-
ded composite, this result suggests that the fracture
property of the coating material affects the strength of
these composites. Therefore, we should pay much
attention for the selection of a coating material.

3.4. Mechanisms for accelerated oxidation of the fiber-
bonded composite materials

Fig. 9(a,b) shows a comparison of the XRD profiles
of the surface after 4000 h oxidation for the samples
without coating (a) and with coating (b). It is observed
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Fig. 6. Influence of oxidation at 1500 °C on the residual fracture strength of the samples measured with four-point flexural test (out-of-plane).

that the SiO, peaks appear upon oxidation of the sam-
ple with coating [Fig. 9(b)]. These SiO, peaks corre-
spond to those of cristobalite. That is to say, the surface
of the outer CVD-SiC layer is oxidized forming cristo-
balite and this oxidation behavior observed here is in
good agreement with that of pure SiC. However, the
samples without coating showed the reduced diffraction
intensity of the SiO, peaks with an increment of heating
time. Finally, no SiO, peaks but broad background
could be observed corresponding to amorphous SiO, of
the sample after 4000 h exposure [Fig. 9(a)]. These
samples showed localized but heavy degradation with
the color changing from the original dark purple-red
color to white as mentioned earlier.

Then the questions arise, why the oxidized sample
without coating shows reduced formation of cristobalite
and why some of these samples are locally degraded.
One possible explanation for these phenomena is that it
was caused by the destruction of formed oxidation pro-
tective scale due to the bursting of the bubbles. The
frequent bubble formation can be considered due to the
high oxygen permeability through interstitial voids of
SiO, scale containing Al ions. Namely, this composite
forms an amorphous scale at 1500 °C composed of SiO,
containing a few amounts of Al ions brought from the
Si—C—-Al-O fiber origin. This implies a high permeability
of oxygen through the scale. Fig. 10(a) shows a struc-
ture model for the amorphous SiO, in top of the figure,
and (b) that for the amorphous SiO, containing Al ions.
The amorphous SiO, has a network structure of SiO4~

tetrahedra, and contains interstitial voids between tet-
rahedral through which O, molecules can diffuse. The
oxidation process of SiC and of inside carbon is gov-
erned by the inward diffusion of O, molecules through
the scale. As AI*" ions occupy Si*™ sites, the interstitial
voids increase and the oxidation rate becomes higher.
The more Al ions content gives the more interstitial
voids, resulting in the higher oxidation rate.

The amorphous SiO, scale with AI** ions on this
composite does not crystallize during cooling after oxi-
dation tests, because the solubility of Al,O5 is very small
in B-cristobalite.'® For the crystallization of SiO,, A3+
ions that occupy Si** site are required to diffuse away
and precipitate as mullite. The process is so slow that
crystallization of SiO, is suppressed.!” Therefore, the
SiO, scale that contains Al ions on this composite does
not crystallize into cristobalite. Although amorphous
SiO» has good scale adherence during cyclic oxidation,
the residual stress in the excessively grown amorphous
SiO, scale increases that will be resulting in spalling of
the scale.

Although the samples coated with CVD-SiC were
stable in this oxidation test, the cristobalite peaks
observed by XRD suggest also inherent SiO, scale
spalling problem due to the large volume change during
the o—P phase transformation in cristobalite when it is
cyclically heated. From the viewpoint of stability of
SiO» scale, the tridymite is well known as displaying the
lower volume change with alpha to beta phase trans-
formation. In order to form tridymite in the oxidized
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SiO, scale, addition of CaO etc. might be effective.
However, the addition of a cation to the Si—O system
will result in high oxygen permeability and a lowering of
the viscosity of SiO, scale that will lead to excess for-
mation of SiO,. Therefore, further oxidation protective
coating with some stable oxide on the CVD-SiC coating
may be useful. This idea of the multi-coating system will
be tested in near future.

4. Conclusion

The difference in oxidation behavior between Al con-
taining fiber-bonded composite (Tyrannohex™) and
CVD-SiC is the crystallinity of the formed SiO, scale.
Large mass loss of Tyrannohex after 4000 h oxidation
at 1500 °C in air is caused by destruction of oxidation
protective scale due to bursting bubbles of amorphous
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Si0O, scale produced by the evolution of gaseous carbon
oxides during heating. The high oxidation rate of Tyr-
annohex is brought by the high inward diffusion rate of
O, molecules in the Al-doped SiO; scale. The inhibited
crystallization of amorphous SiO, scale during long
term oxidation tests can be explained by a slow diffu-
sion rate of Al ions in the amorphous SiO, scale.

Although the samples coated with CVD-SiC were
stable in this oxidation test, the cristobalite peaks
observed by XRD suggest also an inherent problem of
the SiO, scale spalling due to the large volume change
during the o—f phase transformation during cyclic
heating.
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