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A dense silicon carbide matrix composite reinforced by Hi-Nicalon fibers CVD coated with
boron nitride and silicon carbide was fabricated by slurry impregnation and subsequent
reaction sintering with molten silicon. The effect of the structure and the thickness of the
silicon carbide layer of the fiber coating on the mechanical properties of the composite
were investigated. That is, three types of silicon carbide layers, namely a dense structure
with a thickness of 0.15 µm and two porous structures with a thickness of 0.15 µm
and 0.48 µm, respectively, were investigated. As a result, excellent strength property of
ceramic matrix composite (CMC) was obtained in the case of the dense silicon carbide (SiC)
layer. The thickness effect of the SiC layer on the strength was smaller than that of the
structure. C© 2002 Kluwer Academic Publishers

1. Introduction
Fiber-reinforced ceramic matrix composites are some
of the most promising candidate materials for high tem-
perature structural applications. SiC matrix composites
are expected to be used as materials for gas turbine hot
section parts, aiming at the improvement of the gas tur-
bine efficiency due to the reduction of cooling air, and
the potential reduction of NOx [1, 2]. The typical fabri-
cation processes for SiC matrix composites are chemi-
cal vapor infiltration (CVI) and precursor impregnation
and pyrolysis (PIP). With regard to protection of fibers
and interfaces from the oxidation environment of the
gas turbine, a dense matrix is preferable. The reaction
sintering process is one of the processes suitable for
forming a dense matrix without firing shrinkage [3–7].
The recent development of a low oxygen content SiC
fiber (Hi-Nicalon), which shows both excellent high
temperature stability and weaving ability, enables vari-
ous matrix consolidation processes at high temperature.

In our previous work [8–12], a dense SiC matrix com-
posite reinforced by Hi-Nicalon fibers was developed
by slurry impregnation and subsequent reaction sin-
tering process. In this work another processing route
was selected by selecting appropriate processing con-
ditions for the BN/SiC dual coating and Si-B metal
infiltration for this composite, high strength and large
fracture energy properties were achieved. In order to
obtain the excellent mechanical properties, it was nec-
essary to control the reaction of fiber with molten Si
during sintering [13–18].

In this work, the effects of the structure and the thick-
ness of the SiC layer of the fiber coating on the mechan-
ical properties of the composite were investigated. The
barrier effect of SiC layer to prevent the reaction with
molten Si during sintering was discussed.

2. Experimental procedure
The fabrication method for composite test samples
is shown in Fig. 1. Filaments of SiC fiber (Hi-
Nicalon/Nippon Carbon Co., Ltd.) were coated with
BN/SiC by chemical vapor deposition (CVD), to pro-
vide the appropriate interfacial weak bonding and to
prevent the interfacial reaction. The BN coating thick-
ness was about 0.4 µm. The SiC coatings were three
types: a dense structure with a thickness of 0.15 µm
and two porous structures with a thickness of 0.15 µm
and 0.48 µm, respectively. The dense and porous struc-
tures of SiC coatings were obtained under different
CVD conditions. The fiber yarn consisted of 500 fil-
aments, and the filament diameter was about 14 µm.
After 4 yarns were gathered into one fiber bundle unit,
flat braided preforms made of 13 bundle units were
fabricated. Alternatively, the fiber yarns were gathered
uni-directionally. The fibrous preforms were set in a
porous mold and the green composites were obtained
by pressure impregnating and casting of the matrix
slurry. The slurry was a mixture of SiC, carbon pow-
ders and water with some dispersant. The green com-
posites were dried and then reaction sintered at 1450◦C
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Figure 1 Flow chart of the fabrication process for the composite
samples.

(1723 K) in vacuum for 18 ks. The infiltrating met-
als were 99.9 mass% pure silicon metal and 5 mass%
boron-doped silicon metal. The sintered bodies were
machined into 1 × 10 × 40 mm bending test bars. For
the uni-directional samples, the fiber direction was 90◦
to the tensile stress direction in the bending test.

The microstructures of the SiC coatings of the fibers
were observed by a scanning electron microscope
(SEM). Densities of the fabricated composite were eval-
uated by the Archimedes’ method. Fiber volume frac-
tions of the braided samples were evaluated by the
observation of polished cross sections. The mechani-
cal properties, which were first matrix cracking strength
(σ1) and ultimate strength (σ2) for braided samples were
evaluated in the 3-point bending test. The 90◦ fiber di-
rection strength (σ⊥) was evaluated in the 3-point bend-
ing test for uni-directional samples. The span and the

Figure 2 SEM microphotograph of the contact region of Hi-Nicalon and silicon after heat treatment at 1420◦C (1693 K) in vacuum.

crosshead speed of the 3-point bending test were 30 mm
and 0.5 mm/min, respectively.

3. Experimental results and discussion
3.1. Microstructure of SiC coatings
In previous studies on the reaction between SiC
and molten Si [13–18], it was reported that a small
amount of SiC dissolved into molten silicon, and
then re-precipitated. Different silicon carbide materi-
als showed extremely different reaction behavior in liq-
uid silicon. The polycarbosilane-derived silicon carbide
fibers showed the highest reaction rate, CVD-formed
silicon carbide fibers showed the slower reaction with
molten Si [18]. So, to prevent the reaction between the
fibers and the molten silicon, the CVD-silicon carbide
barrier coating was applied.

Fig. 2 shows a SEM microphotograph of the contact
region of Hi-Nicalon and silicon after heat treatment at
1420◦C (1693 K) in vacuum. The fiber-material in the
contact region to the Si-melt had dissolved and then
re-precipitated. This remarkable morphology change
was thought to have caused the drastic degradation of
the fiber strength. Therefore, controlling the contact
and the reaction between fiber and molten silicon in
the fabrication process is thought to be important for
obtaining desirable mechanical properties. The effects
of the structures and the thickness of the SiC barrier
coating were investigated.

Fig. 3 shows the microstructures of the surfaces of
the three SiC coatings observed by SEM. The SiC coat-
ing thickness conditions are 0.15 µm for fiber (a) and
fiber (b), and 0.48 µm for fiber (c). It is clearly observed
that the microstructures of the SiC coatings are dense
for fiber (a), and porous for fiber (b) and (c). The dense
coating has a glassy morphology. On the other hand,
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Figure 3 SEM microphotographs of the SiC coating surfaces of Hi-Nicalon.

Figure 4 The relation between the first matrix cracking strength and
the ultimate strength for the braided samples, with dense structure and
0.15 µm-thickness SiC coating (a), with porous structure and 0.15 µm-
thickness SiC coating (b), with porous structure and 0.48 µm-thickness
SiC coating (c).

Figure 5 The first matrix cracking strength for the braided samples,
with dense structure and 0.15 µm-thickness SiC coating (a), with porous
structure and 0.15 µm-thickness SiC coating (b), with porous structure
and 0.48 µm-thickness SiC coating (c).

1103



Figure 6 The ultimate strength for the braided samples, with dense struc-
ture and 0.15 µm-thickness SiC coating (a), with porous structure and
0.15 µm-thickness SiC coating (b), with porous structure and 0.48 µm-
thickness SiC coating (c).

Figure 7 SEM microphotographs of fracture surfaces after 3-point bending test at room temperature, with dense structure and 0.15 µm-thickness SiC
coating (a), with porous structure and 0.15 µm-thickness SiC coating (b), with porous structure and 0.48 µm-thickness SiC coating (c).

the porous coating has a granular morphology. This
difference in the coating structures is caused by the
SiC CVD process conditions.

3.2. Effect of SiC coating structure on the
mechanical properties of composites

Densities of the fabricated composites were about
3.0 Mg/m3. Fiber volume fractions of the braided sam-
ples were about 20 vol%. The mechanical properties,
which are first matrix cracking strength (σ1) and ulti-
mate strength (σ2) for braided samples in the 3-point
bending test are shown in Figs 4–6. Fig. 4 shows the
relation between the first matrix cracking strength and
the ultimate strength for all samples. The ultimate
strength is higher than the first matrix cracking strength.
Therefore, the fracture strength of the composed fibers
is thought to control the ultimate strength. From Fig. 5,
it is recognized that the sample of fiber (a) with dense
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Figure 8 The 90◦ fiber direction strengths for the uni-directional sam-
ples, with dense structure and 0.15 µm-thickness SiC coating (a), with
porous structure and 0.15 µm-thickness SiC coating (b), with porous
structure and 0.48 µm-thickness SiC coating (c).

Figure 9 SEM-BEI microphotographs on polished section of the specimen, with dense structure and 0.15 µm-thickness SiC coating (a), with porous
structure and 0.15 µm-thickness SiC coating (b), with porous structure and 0.48 µm-thickness SiC coating (c).

structure and 0.15 µm-thickness SiC coating shows the
highest first matrix cracking strength, the sample of
fiber (c) with porous structure and 0.48 µm-thickness
SiC coating shows the middle strength, and the sample
of fiber (b) with porous structure and 0.15 µm-thickness
SiC coating shows the lowest strength. From Fig. 6, it
is recognized that the sample of fiber (a) with dense
structure and 0.15 µm-thickness SiC coating shows the
highest ultimate strength, the sample of fiber (c) with
porous structure and 0.48 µm-thickness SiC coating
shows the middle strength, and the sample of fiber
(b) with porous structure and 0.15 µm-thickness SiC
coating shows the lowest strength. This difference is
thought to correspond to the composed fiber strength.
As mentioned above, the composed fiber strength prop-
erty is mainly dependent on the degradation caused by
the reaction between molten Si during sintering. So,
the dense structure SiC coating is effective for pre-
venting the contact with molten Si. The thicker SiC
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coating shows the middle ultimate strength. The effect
of the thickness of SiC coating is smaller than that of
the structure. The fracture energy properties show a lit-
tle difference. Fig. 7 shows SEM microphotographs of
the corresponding fracture surfaces. Fiber pull-out was
clearly observed for all fracture surfaces. However, no
regions without fiber pull-out were observed. The ten-
dency was recognized that the regions with no fiber
pull-out were large for porous SiC coating samples, but
small for the dense SiC coating sample.

The 90◦ fiber direction strengths (σ⊥) are shown in
Fig. 8. They show the highest value for the sample of
fiber (b), the middle value for the sample (c), and the
lowest value for sample (a). This is thought to corre-
spond to the interfacial bonding strength. Fig. 9 shows
SEM-BEI microphotographs for polished section of the
specimen. For porous structure SiC coatings of fiber
(b) and (c), a part of the composite fibers showed a
region with changed contrast, which had reacted with
molten silicon during sintering. These results explain
that the effectiveness of the SiC layer as a barrier for
preventing the reaction with molten Si is in the descend-
ing order of the samples of fiber (a), (c) and (b).

4. Conclusions
A dense SiC matrix composite reinforced by
Hi-Nicalon fibers was fabricated by slurry impregna-
tion and subsequent reaction sintering process. The
effects of the structure and the thickness of the silicon
carbide layer over the SiC fiber on the mechanical pro-
perties of the composites were investigated. The fol-
lowing was concluded.

1. The effects of the structure and the thickness of
the SiC layer of the fiber coating on the mechanical
properties of the composite were investigated.

2. In the case of SiC coating with dense structure,
the SiC layer was effective as a barrier for preventing
the reaction with molten Si during reaction-sintering.

3. The barrier effect of the thickness of SiC coating
layer on the strength of CMC was smaller than the effect
of the dense structure.
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