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Description

[Technical Field]

[0001] The present disclosure relates to a ceramic ma-
trix composite and a method of manufacturing the same.

[Background Art]

[0002] As high-temperature materials for aircraft en-
gines, and the like, ceramic matrix composites (CMCs)
have drawn attention since the specific gravities of the
ceramic matrix composites are equal to or less than one
third of those of heat-resistant metal materials such as
Ni alloys, and the ceramic matrix composites are excel-
lent in heat resistance. Melt infiltration is one of ceramic
matrix composite manufacturing methods, and forms a
matrix by infiltrating molten silicon. Melt infiltration makes
it possible to manufacture a dense ceramic matrix com-
posite by processing the matrix for a short time.
[0003] Japanese Patent Application Publication No.
Hei 10-59780 (PTL 1) discloses a ceramic matrix com-
posite including a matrix with a silicon carbide main phase
which is formed by infiltrating carbon powder into a pre-
form containing fiber bundles of ceramic fibers, thereafter
infiltrating molten silicon into the preform, and reactively
sintering the resultant preform.

[Citation List]

[Patent Literature]

[0004] [PTL 1] Japanese Patent Application Publica-
tion No. Hei 10-59780

[Summary of Invention]

[Technical Problem]

[0005] However, in the case where the matrix is formed
by the carbon powder infiltration, the subsequent molten
silicon infiltration and the reactive sintering in manufac-
turing the ceramic matrix composite, unreacted carbon
powder is likely to remain in the matrix. If such carbon
powder remains in the matrix, the carbon is oxidized to
form gas which is a combination of carbon and oxygen
(CO and the like), and there is a case where the oxidation
resistance of the ceramic matrix composite deteriorates.
[0006] With the above taken into consideration, an ob-
ject of the present disclosure is to provide a ceramic ma-
trix composite whose oxidation resistance can be further
improved, and a method of manufacturing the same.

[Solution to Problem]

[0007] A ceramic matrix composite according to an em-
bodiment of the present invention includes a substrate
which contains a fibrous body made of silicon carbide

fiber, and a matrix which is formed in the substrate, and
which contains silicon carbide and a silicon material
made of silicon or a binary silicon alloy.
[0008] In the ceramic matrix composite according to
an embodiment of the present invention, the matrix con-
tains no elemental carbon.
[0009] In the ceramic matrix composite according to
an embodiment of the present invention, the silicon car-
bide fiber is amorphous silicon carbide fiber, and the sil-
icon material is a binary silicon alloy.
[0010] In the ceramic matrix composite according to
an embodiment of the present invention, the binary sili-
con alloy is a Si-Y alloy, a Si-Ti alloy or a Si-Hf alloy.
[0011] A method of manufacturing a ceramic matrix
composite according to an embodiment of the present
invention includes a powder infiltration step of infiltrating
silicon carbide powder containing no elemental carbon
into a substrate which contains a fibrous body made of
silicon carbide fiber, and a melt infiltration step of infil-
trating a silicon material made of silicon or a binary silicon
alloy into the substrate, into which the silicon carbide
powder has been infiltrated, by melting the silicon mate-
rial through thermal treatment at a temperature equal to
or higher than a melting point of the silicon material.
[0012] In the method of manufacturing a ceramic ma-
trix composite according to an embodiment of the present
invention, the silicon carbide fiber is amorphous silicon
carbide fiber, and in the melt infiltrating step, the silicon
material is a binary silicon alloy, and the binary silicon
alloy is thermally treated at a temperature equal to or
higher than the melting point of the silicon material, but
lower than a thermal degradation temperature of the
amorphous silicon carbide fiber.
[0013] In the method of manufacturing a ceramic ma-
trix composite according to an embodiment of the present
invention, the binary silicon alloy is a Si-Y alloy, a Si-Ti
alloy of a Si-Hf alloy.
[0014] The foregoing configuration makes the matrix
of the ceramic matrix composite contain no elemental
carbon, and can accordingly improve the oxidation re-
sistance of the ceramic matrix composite.

[Brief Description of Drawings]

[0015]

Fig. 1 is a schematic cross-sectional diagram illus-
trating a configuration of a ceramic matrix composite
according to an embodiment of the present inven-
tion.
Fig. 2 is a flowchart illustrating a configuration of a
method of manufacturing a ceramic matrix compos-
ite according to the embodiment of the present in-
vention.
Fig. 3 is a diagram for explaining how a melt infiltra-
tion step is performed in the embodiment of the
present invention.
Fig. 4 is a photograph showing a result of observing
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a cross section of a specimen of Example 1 in the
embodiment of the present invention.
Fig. 5 is a photograph showing a result of observing
a cross section of the specimen of Comparative Ex-
ample 1 after an oxidation test in the embodiment of
the present invention.
Fig. 6 is a photograph showing a result of observing
a cross section of a specimen of Example 2 after an
oxidation test in the embodiment of the present in-
vention.
Fig. 7 is a graph showing an oxidation rate constant
kp in the atmosphere in the embodiment of the
present invention.
Fig. 8 is a graph showing an oxidation rate constant
k in an oxidizing atmosphere containing water vapor
in the embodiment of the present invention.
Fig. 9 is a graph showing a result of measuring a
Young’s modulus in the embodiment of the present
invention.

[Description of Embodiments]

[0016] Referring to the drawings, detailed descriptions
will be hereinbelow provided for an embodiment of the
present invention. Fig. 1 is a schematic cross-sectional
diagram illustrating a configuration of a ceramic matrix
composite 10. The ceramic matrix composite 10 includes
a substrate 12 which includes fibrous bodies made of
silicon carbide fiber, and a matrix 14 formed in the sub-
strate 12. The ceramic matrix composite 10 can be used,
for example, for gas turbine components such as a jet
engine turbine blade, high-temperature components
such as a rocket engine thruster, and the like.
[0017] The substrate 12 includes fibrous bodies 16
made of silicon carbide fiber (SiC fiber), and has a func-
tion of reinforcing the ceramic matrix composite 10. Crys-
talline silicon carbide fiber and amorphous silicon carbide
fiber are usable as the silicon carbide fiber. Crystalline
silicon carbide fiber is better in heat resistance than amor-
phous silicon carbide fiber, and can improve the heat
resistance of the ceramic matrix composite 10. The sili-
con carbide fiber is usable, for example, in the form of
continuous fiber, discontinuous fiber, whisker and the
like.
[0018] For example, three-dimensional fiber woven
fabric having a three-dimensional structure which is ob-
tained by weaving fiber bundles of hundreds to thou-
sands of silicon carbide fiber filaments in the XYZ direc-
tions is usable as the fibrous bodies 16. Otherwise, two-
dimensional fiber woven fabric and the like having a two-
dimensional structure which is obtained by weaving fiber
bundles of hundreds to thousands of silicon carbide fiber
filaments using plain-weaving, satin-weaving or other
weaving techniques is usable as the fibrous bodies 16.
[0019] The silicon carbide fiber of each fibrous body
16 may be coated with an interface layer. The interface
layer has a function of inhibiting the propagation of cracks
and the like from the matrix 14 to the silicon carbide fiber.

The interface layer may be made of boron nitride (BN)
with excellent oxidation resistance or the like. The thick-
ness of the interface layer may be, for example, 0.1 mm
or more and 0.5 mm or less.
[0020] In the substrate 12, silicon carbide layers may
be provided in pores between the silicon carbide fibers
of the fibrous bodies 16. The silicon carbide layer is ca-
pable of protecting the interface layers coating the silicon
carbide fibers.
[0021] The matrix 14 is formed in the substrate 12. The
matrix 14 contains silicon carbide, and a silicon material
made of silicon or a binary silicon alloy, but no elemental
carbon. The matrix 14 has a function of supporting the
substrate 12. The matrix 14 is formed in pores and the
like in the substrate 12. To put it more specifically, the
matrix 14 is formed, for example, in pores between fiber
bundles, pores between fibers, and the like.
[0022] The matrix 14 contains silicon carbide. The sil-
icon carbide contained in the matrix 14 improves chem-
ical stability between the silicon carbide fibers and the
matrix 14, and inhibits the occurrence of cracks and the
like due to the thermal expansion difference. Further-
more, the silicon carbide is excellent in oxidation resist-
ance, and can improve the oxidation resistance of the
ceramic matrix composite 10. The silicon carbide is
formed in a particle shape.
[0023] The matrix 14 contains the silicon material
made of silicon or a binary silicon alloy. The silicon ma-
terial is formed in gaps between the silicon carbide par-
ticles or the like. The silicon material has a function of
making the matrix 14 dense. In addition, the silicon ma-
terial contains silicon, and is excellent in oxidation resist-
ance. The silicon material, therefore, can improve the
oxidation resistance of the ceramic matrix composite 10.
[0024] In the case where the silicon material is made
of silicon, the silicon material can improve the heat re-
sistance of the ceramic matrix resistance 10 since the
melting point (approximately 1414 °C) of silicon is high.
[0025] In the case where the silicon material is made
of a binary silicon alloy, the silicon material makes it pos-
sible to lower the thermal treatment temperature in the
melt infiltration step (discussed later) since the melting
point of the binary silicon alloy can be made lower than
that of silicon. Even in a case where amorphous silicon
carbide fibers are used, this makes it possible to inhibit
thermal degradation in the amorphous silicon carbide fib-
ers (grain coarsening, thermal decomposition, and the
like) . The binary silicon alloy may be a Si-Y (Yttrium)
alloy, a Si-Ti (titanium) alloy or a Si-Hf (hafnium) alloy
with excellent oxidation resistance.
[0026] The Si-Y alloy may be an alloy which contains
8 at% or more and 18 at% or less of Y, and whose rest
is Si and inevitable impurities. In the case where the con-
tent of Y is 8 at% or more and 18 at% or less, the melting
point of the Si-Y alloy is equal to or close to the eutectic
temperature, and is accordingly lower than the melting
point of elemental silicon. In addition, in the case where
the content of Y is 8 at% or more and 18 at% or less, the
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content of silicon contained in the Si-Y alloy is large, and
the thermal expansion difference between the matrix 14
and the silicon carbide fibers is smaller than otherwise.
Accordingly this content makes it possible to inhibit the
occurrence of cracks and the like. In the case where the
content of Y is 8 at% or more and 18 at% or less, the Si-
Y alloy includes, for example, Si phases and YSi2 phases.
[0027] The Si-Ti alloy may be an alloy which contains
8 at% or more and 18 at% or less of Ti, and whose rest
is Si and inevitable impurities. In the case where the con-
tent of Ti is 8 at% or more and 18 at% or less, the melting
point of the Si-Ti alloy is equal to or close to the eutectic
temperature, and is accordingly lower than the melting
point of elemental silicon. In addition, in the case where
the content of Ti is 8 at% or more and 18 at% or less, the
content of silicon contained in the Si-Ti alloy is large, and
the thermal expansion difference between the matrix 14
and the silicon carbide fibers is smaller than otherwise.
Accordingly this content makes it possible to inhibit the
occurrence of cracks and the like. In the case where the
content of Ti is 8 at% or more and 18 at% or less, the Si-
Ti alloy includes, for example, Si phases and TiSi2 phas-
es.
[0028] The Si-Hf alloy may be an alloy which contains
5 at% or more and 12 at% or less of Hf, and whose rest
is Si and inevitable impurities. In the case where the con-
tent of Hf is 5 at% or more and 12 at% or less, the melting
point of the Si-Hf alloy is equal to or close to the eutectic
temperature, and is accordingly lower than the melting
point of elemental silicon. In addition, in the case where
the content of Hf is 5 at% or more and 12 at% or less,
the content of silicon contained in the Si-Hf alloy is large,
and the thermal expansion difference between the matrix
14 and the silicon carbide fibers is smaller than otherwise.
Accordingly this content makes it possible to inhibit the
occurrence of cracks and the like. In the case where the
content of Hf is 5 at% or more and 12 at% or less, the
Si-Hf alloy includes, for example, Si phases and HfSi2
phases.
[0029] The matrix 14 is formed without containing el-
emental carbon. "Without containing elemental carbon"
means not actively making the matrix 14 contain elemen-
tal carbon while the ceramic matrix composite 10 is being
manufactured. In a case where the matrix 14 contains
elemental carbon such as residual carbon, carbon pow-
der and the like caused while the ceramic matrix com-
posite 10 is being manufactured, the oxidation resistance
of the ceramic matrix composite 10 deteriorates when
exposed to heat of approximately 600 °C or higher in the
atmosphere because elemental carbon is oxidized to
form gas which is a combination of carbon and oxygen
(CO and the like) . In a case where the matrix 14 contains
no elemental carbon, no such elemental carbon oxidation
occurs, and the oxidation resistance of the ceramic matrix
composite 10 improves. The matrix 14 may be made of
silicon carbide, and the silicon material made of silicon
or a binary silicon alloy, without containing elemental car-
bon.

[0030] Next, descriptions will be provided for a method
of manufacturing the ceramic matrix composite 10. Fig.
2 is a flowchart illustrating a configuration of the method
of manufacturing the ceramic matrix composite 10. The
method of manufacturing the ceramic matrix composite
10 includes a powder infiltration step (S10) and a melt
infiltration step (S12).
[0031] The powder infiltration step (S10) is a step of
infiltrating silicon carbide powder containing no elemen-
tal carbon into the substrate 12 which contains the fibrous
bodies 16 made of the silicon carbide fiber.
[0032] To begin with, the substrate 12 will be de-
scribed. The fibrous bodies 16 contained in the substrate
12 are made of silicon carbide fiber, and includes a pre-
form of three-dimensionally fiber woven fabric or the like.
Crystalline silicon carbide fiber and amorphous silicon
carbide fiber may be used as the silicon carbide fiber.
[0033] For example, Hi-Nicalon™ Type S (Nippon Car-
bon Co. Ltd), Tyranno Fiber™ SA-Grade (Ube Industries,
Ltd.) or the like may be used as the crystalline silicon
carbide fiber. The crystalline silicon carbide fiber is better
in heat resistance than the amorphous silicon carbide
fiber, and can improve the heat resistance of the ceramic
matrix composite 10.
[0034] For example, Hi-Nicalon™ (Nippon Carbon Co.
Ltd), Tyranno Fiber™ ZMI-Grade (Ube Industries, Ltd.)
or the like may be used as the amorphous silicon carbide
fiber. The amorphous silicon carbide fiber has a lower
elastic modulus than the crystalline silicon carbide fiber,
and has a larger fracture strain. The amorphous silicon
carbide fiber, therefore, makes the fibrous bodies 16 eas-
ier to form. Furthermore, the amorphous silicon carbide
fiber is more inexpensive than the crystalline silicon car-
bide fiber, and makes it possible to reduce manufacturing
costs of the ceramic matrix composite 10.
[0035] The silicon carbide fiber of each fibrous body
16 may be coated with the interface layer made of boron
nitride (BN) or the like. The coating of the silicon carbide
fiber with the interface layer may be achieved by chemical
vapor deposition (CVD) .
[0036] In the substrate 12, silicon carbide layers may
be formed in pores between the fibers of the fibrous bod-
ies 16 by chemical vapor infiltration (CVI) before the pow-
der infiltration step (S10). The silicon carbide layers can
be formed in pores between the fibers of the fibrous bod-
ies 16, for example, by setting the fibrous bodies 16 in a
reactor, heating the fibrous bodies 16 (at a reaction tem-
perature of 900 °c to 1000 °C), and using methyltrichlo-
rosilane (CH3SiCl3) as the reaction gas. The silicon car-
bide layers are each made in the form of a dense film by
chemical vapor infiltration, and can protect the interface
layers.
[0037] Next, descriptions will be provided for a powder
infiltration method. First of all, slurry for infiltrating the
silicon carbide powder containing no elemental carbon
is produced. The slurry includes the silicon carbide pow-
der and a solvent. Silicon carbide powder containing no
elemental carbon such as carbon powder is used as the
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silicon carbide powder. This makes it possible to prevent
the matrix 14 from containing elemental carbon.
[0038] The average particle diameter of the silicon car-
bide powder may be 1 mm or more and 10 mm or less.
This is because if the average particle diameter of the
silicon carbide powder is less than 1 mm, silicon carbide
particles aggregate to decrease the infiltration property
of the silicon carbide powder. This is also because if the
average particle diameter of the silicon carbide powder
is greater than 10 mm, the silicon carbide powder’s prop-
erty of being filled into the substrate 12 is worsened. The
particle size of the silicon carbide powder can be adjusted
by classification using a sieve. The particle diameters
and the particle size distribution of the silicon carbide
powder can be measured using a general measurement
method such as a laser diffraction scattering method.
[0039] The content of the silicon carbide powder in the
slurry may be 30 volume % or more and 70 volume % or
less. This is because if the content of the silicon carbide
power is less than 30 volume %, the silicon carbide pow-
der’s property of being filled into the substrate 12 is wors-
ened. This is also because if the content of the silicon
carbide is greater than 70 volume %, the viscosity of the
slurry is too large, and decreases the infiltration property
of the silicon carbide powder. The content of the silicon
carbide powder may be 40 volume % or more and 60
volume % or less. A commercially available product may
be used as the silicon carbide powder.
[0040] Any solvent may be used as long as the solvent
is capable of dispersing the silicon carbide powder. For
example, ethanol, methanol, butanol, acetone, xylene,
water and the like may be used as the solvent. A com-
mercially available product may be used as the solvent.
[0041] The slurry is produced by mixing the silicon car-
bide powder containing no elemental carbon and the sol-
vent together using a mixer or the like. The slurry may
include a binder. For example, silica sol such as colloidal
silica may be uses as the binder.
[0042] The substrate 12 and the slurry are put into a
container, and the substrate 12 is dipped into the slurry.
Thereby, the slurry is infiltrated into the substrate 12. The
inside of the container may be vacuumed using a vacuum
pump or the like before or while the substrate 12 is dipped
into the slurry. The removal of air and the like from pores
in the substrate 12 by the vacuuming makes it easier to
infiltrate the slurry into the substrate 12.
[0043] For the purpose of facilitating the infiltration of
the slurry into the substrate 12, ultrasonic vibration may
be applied to the substrate 12 and the slurry using an
ultrasonic vibrator or the like (so-called wet vibration ap-
plication infiltration) while the substrate 12 is dipped in
the slurry. The vibration frequency may be, for example,
in a range of 50Hz to 30kHz. A length of time for which
the ultrasonic vibration is applied may be, for example,
in a range of 10 minutes to 30 minutes.
[0044] Thereafter, the substrate 12 into which the slur-
ry has been infiltrated is dried. The substrate 12 into
which the slurry has been infiltrated is dried by being

heated using a drier or the like. Thereby, the solvent is
removed from the slurry, and the silicon carbide powder
remains in the substrate 12. The drying temperature may
be, for example, in a range of 80 °C to 100 °C. The drying
length of time may be, for example, in a range of one
hour to three hours.
[0045] The melt infiltration step (S12) is a step of infil-
trating the silicon material made of silicon or the binary
silicon alloy into the substrate 12, into which the silicon
carbide powder containing no elemental carbon has been
infiltrated, by melting the silicon material through thermal
treatment at a temperature equal to or higher than the
melting point of the silicon material. Fig. 3 is a diagram
for explaining how the melt infiltration step (S12) is per-
formed.
[0046] As illustrated in Fig. 3, ingots or the like of the
silicon material 18 made of silicon or the binary silicon
alloy are disposed on the substrate 12 into which the
silicon carbide powder containing no elemental carbon
has been infiltrated. The ingots can be formed by arc
melting or the like. The binary silicon alloy may be the
Si-Y alloy, the Si-Ti alloy or the Si-Hf alloy with excellent
oxidation resistance.
[0047] The Si-Y alloy may be the alloy which contains
8 at% or more and 18 at% or less of Y, and whose rest
is Si and inevitable impurities. In the case where the con-
tent of Y in the Si-Y alloy is 8 at% or more and 18 at% or
less, the melting point of the Si-Y alloy can be made lower
than the melting point of silicon.
[0048] The Si-Ti alloy may be the alloy which contains
8 at% or more and 18 at% or less of Ti, and whose rest
is Si and inevitable impurities. In the case where the con-
tent of Ti in the Si-Ti alloy is 8 at% or more and 18 at%
or less, the melting point of the Si-Ti alloy can be made
lower than the melting point of silicon.
[0049] The Si-Hf alloy may be the alloy which contains
5 at% or more and 12 at% or less of Hf, and whose rest
is Si and inevitable impurities. In the case where the con-
tent of Hf in the Si-Hf alloy is 5 at% or more and 12 at%
or less, the melting point of the Si-Hf alloy can be made
lower than the melting point of silicon.
[0050] The ingots of the silicon material 18 are ther-
mally treated after the ingots are disposed on the sub-
strate 12 into which the silicon carbide powder containing
no elemental carbon has been infiltrated. The thermal
treatment is performed by heating at a thermal treatment
temperature equal to or higher than the melting point of
the silicon material 18 for the purpose of melting the sil-
icon material 18.
[0051] In the case where the silicon material 18 is made
of silicon, the thermal treatment is performed by heating
at a thermal treatment temperature equal to or higher
than the melting point (approximately 1414 °C) of silicon.
The thermal treatment temperature may be, for example,
approximately 1450 °C.
[0052] In the case where the silicon material 18 is made
of the binary silicon alloy, the thermal treatment is per-
formed by heating at a temperature equal to or higher
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than the melting point of the binary silicon alloy. Since
the melting point of the binary silicon alloy can be made
lower than that of silicon, the thermal treatment temper-
ature can be lowered. Thus, even in the case where
amorphous silicon carbide fiber is used, the thermal treat-
ment temperature can be lowered. This lower thermal
treatment temperature inhibits the thermal degradation
caused by the coarsening of the grains, thermal decom-
position and the like of the amorphous silicon carbide
fiber, and therefore inhibits a decrease in the mechanical
strength of the ceramic matrix composite 10. Further-
more, since the thermal treatment temperature can be
lowered, the productivity can be improved, and the man-
ufacturing costs can be reduced. The thermal treatment
temperature may be equal to or higher than the melting
point of the binary silicon alloy, but lower than the thermal
degradation temperature of the amorphous silicon car-
bide fiber. The thermal degradation temperature of the
amorphous silicon carbide fiber may be equal to a tem-
perature at which the grains of the amorphous silicon
carbide fiber coarsens and thermally decomposes.
[0053] The thermal treatment time period may be set
in a range from approximate 10 minutes to 1 hour at the
thermal treatment temperature. The thermal treatment
atmosphere may be the vacuum atmosphere, or an inert
gas atmosphere using an argon gas or the like in order
to inhibit the oxidation. From a viewpoint of facilitation of
the infiltration, the thermal treatment atmosphere may be
the vacuum atmosphere. As for the thermal treatment
facility, a general vacuum thermal treatment furnace, a
general atmospheric thermal treatment furnace or the
like, which is used to thermally treat metallic materials,
may be used. The thermal treatment is performed at the
thermal treatment temperature for the predetermined
length of time. The cooling following the thermal treat-
ment is performed to room temperature.
[0054] The molten silicon material 18 penetrates into
gaps and the like between the silicon carbide particles,
and is thereby infiltrated into the gaps and the like be-
tween the silicon carbide particles. Since the silicon car-
bide powder does not contain elemental carbon such as
carbon powder, the molten silicon material 18 is densely
infiltrated into the gaps between the silicon carbide par-
ticles up to the inside of the substrate 12. To put it spe-
cifically, in the case where the silicon carbide powder
contains elemental carbon, the molten silicon material
18 reacts with elemental carbon on the surface of the
substrate 12, and forms silicon carbide. The thus-formed
silicon carbide blocks the infiltration channels which are
formed from the gaps between the silicon carbide parti-
cles, and inhibits the penetration of the molten silicon
material 18 into the inside of the substrate 12. In contrast
to this, in the case where the silicon carbide powder con-
tains no elemental carbon, almost no reaction occurs be-
tween the silicon carbide powder and the molten silicon
material 18. Thus, the infiltration channels to the inside
of the substrate 12 can be secured, and the molten silicon
material 18 can penetrate into the inside of the substrate

12. The molten silicon material 18 is densely infiltrated
into the gaps between the silicon carbide particles up to
the inside of the substrate 12, and inhibits the occurrence
of non-infiltrated portions. Thereby, the matrix 14 made
of silicon carbide particles containing no elemental car-
bon, and the silicon material 18 filled in the gaps between
the silicon carbide particles is densely formed in the
pores, voids and the like in the substrate 12. Since the
matrix 14 is densely formed, the Young’s modulus of the
matrix 14 can be made substantially equal to that of sil-
icon carbide continuous fiber.
[0055] It should be noted that after the melt infiltration
step (S12), the method of manufacturing the ceramic ma-
trix composite 10 may be provided with a polymer im-
pregnation and pyrolysis step of forming silicon carbide
by impregnating the substrate 12 with a polymer material
for forming the silicon carbide, and pyrolyzing the poly-
mer material.
[0056] As discussed above, according to the foregoing
configuration, the ceramic matrix composite includes the
substrate which contains the fibrous bodies made of the
silicon carbide fiber, and the matrix which is formed in
the substrate, and which contains silicon carbide and the
silicon material made of silicon or the binary silicon alloy,
but no elemental carbon. Since the matrix contains no
elemental carbon, the oxidation resistance of the ceramic
matrix composite is improved.
[0057] According to the foregoing configuration, the
method of manufacturing the ceramic matrix composite
includes the powder infiltration step of infiltrating the sil-
icon carbide powder containing no elemental carbon into
the substrate which contains the fibrous bodies made of
the silicon carbide fiber, and the melt infiltration step of
infiltrating the silicon material made of silicon or the binary
silicon alloy into the substrate, into which the silicon car-
bide powder containing no elemental carbon has been
infiltrated, by melting the silicon material through the ther-
mal treatment at a temperature equal to or higher than
the melting point of the silicon material. Since the matrix
contains no elemental carbon, the oxidation resistance
of the ceramic matrix composite is improved. In addition,
the use of the silicon carbide powder containing no ele-
mental carbon makes it possible to enhance the molten
silicon material’s infiltration property, and to form the
dense matrix.

[Examples]

[0058] A matrix formation test was performed on the
ceramic matrix composite.
[0059] To begin with, descriptions will be provided for
Example 1. Slurry was produced by mixing SiC powder
containing no elemental carbon such as carbon powder
with ethanol. SiC powder with an average particle diam-
eter of 1 mm or more and 10 mm or less was used as the
SiC powder. The slurry was poured into a rectangular
mold, and was subsequently dried. Thereby, a rectangu-
lar SiC powder compact was formed.
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[0060] Si was melted and infiltrated into the SiC powder
compact. Ingots of Si were disposed on the SiC powder
compact. The ingots were formed by arc melting. The
SiC powder compact with the ingots disposed thereon
was put into a thermal treatment furnace, and was ther-
mally treated in the vacuum atmosphere at a thermal
treatment temperature of 1450 °C for a holding time of
20 minutes. Through this thermal treatment, the ingots
were melted, and Si was melted and infiltrated into the
SiC powder compact. The specimen of Example 1 was
observed with an optical microscope. Fig. 4 is a photo-
graph showing a result of observing a cross section of
the specimen of Example 1. In the specimen of Example
1, the molten Si penetrated into gaps between SiC par-
ticles, and the matrix was integrally densely formed.
[0061] Next, descriptions will be provided for Example
2. A silicon material to be melted and infiltrated in Exam-
ple 2 was different from that to be melted and infiltrated
in Example 1, but Example 2 used the same SiC powder
compact as used in Example 1. In Example 2, a Si-Y
alloy was melted and infiltrated into the SiC powder com-
pact. A Si-10 at% Y alloy which contained 10 at% of Y,
and whose rest was Si and inevitable impurities, was
used as the Si-Y alloy. Ingots of the Si-Y alloy were
formed by arc melting. The ingots were disposed on the
SiC powder compact. The SiC powder compact with the
ingots disposed thereon was put into the thermal treat-
ment furnace, and was thermally treated in the vacuum
atmosphere at a thermal treatment temperature of 1380
°C for a holding time of 20 minutes. Through this thermal
treatment, the ingots were melted, and the Si-Y was thus
melted and infiltrated into the SiC powder compact.
[0062] An oxidation test was performed on the speci-
men of Example 2, and the oxidation resistance of the
specimen was evaluated. Furthermore, the oxidation test
was similarly performed on a specimen Comparative Ex-
ample 1 made of the Si-10 at% Y alloy. The oxidation
test was performed in the atmosphere at an exposure
temperature of 1100 °C for an exposure time of 100
hours. After the oxidation test, cross-sections of the re-
spective specimens were observed with the optical mi-
croscope.
[0063] Fig. 5 is a photograph showing a result of ob-
serving the cross-section of the specimen of Compara-
tive Example 1 after the oxidation test. As shown in Fig.
5, it was observed that the specimen of Comparative Ex-
ample 1 included Si phases and YSi2 phases, and the
YSi2 phases and grain boundaries were preferentially ox-
idized.
[0064] Fig. 6 is a photograph showing a result of ob-
serving the cross-section of the specimen of Example 2
after the oxidation test. In the specimen of Example 2,
the molten Si-Y alloy penetrated into gaps between SiC
particles, and the matrix was integrally densely formed.
Mainly Si phases were formed in the gaps between the
SiC particles, and fine YSi2 phases were dispersed in
between. Internal oxidation less occurred in the speci-
men of Example 2 than in the specimen of Comparative

Example 1, and the specimen of Example 2 was better
in oxidation resistance than the specimen of Comparative
Example 1. One may consider that this is because less
of the YSi2 phases were exposed to the surface of the
specimen, and the grain boundary density was small
enough to inhibit the diffusion of oxygen.
[0065] Oxidation rate constants were calculated based
on increases in the respective oxidation weights in the
atmosphere. Fig. 7 is a graph illustrating the oxidation
rate constants kp in the atmosphere. In Fig. 7, the vertical
axis represents the oxidation rate constants kp, and the
lengths of the bars are respectively proportional to the
values of the oxidation rate constants kp. The graph of
Fig. 7 shows that the oxidation rate constant of the spec-
imen of Example 2 was smaller than that of the specimen
of Comparative Example 1, and the specimen of Example
2 was better in oxidation resistance than the specimen
of Comparative Example 1.
[0066] Thereafter, a water vapor oxidation test was
performed. The water vapor oxidation test was performed
in an oxidizing atmosphere containing water vapor at an
exposure temperature of 1100 °C for an exposure time
of 100 hours. Oxidation rate constants were calculated
based on the film thicknesses of the respective oxide
films. Fig. 8 is a graph showing the oxidation rate con-
stants k in the oxidizing atmosphere containing water va-
por. In Fig. 8, the vertical axis represents the oxidation
rate constants k, and the lengths of the bars are respec-
tively proportional to the values of the oxidation rate con-
stants k. The graph of Fig. 8 shows that the oxidation
rate constant of the specimen of Example 2 was smaller
than that of the specimen of Comparative Example 1,
and the specimen of Example 2 was better in water vapor
oxidation resistance than the specimen of Comparative
Example 1.
[0067] Thereafter, the Young’s modulus of the speci-
men of Example 2 was measured. The Young’s modulus
was measured by a resonance method in the atmosphere
in a temperature range of room temperature to 1000 °C.
Fig. 9 is a graph showing results of measuring the
Young’s modulus. In Fig. 9, the horizontal axis represents
temperature, while the vertical axis represents the
Young’s modulus. Black diamonds in Fig. 9 correspond
to Young’s moduli at the respective temperatures. It be-
came clear that in the environment in the temperature
range of room temperature to 1000 °C, the Young’s mod-
ulus of the specimen of Example 2 was substantially
equal to that of the SiC continuous fiber.

[Industrial Applicability]

[0068] The present disclosure is effective for gas tur-
bine components such as a jet engine turbine blade, high-
temperature components such as a rocket engine thrust-
er, and the like since the matrix in the ceramic matrix
composite contains no elemental carbon and is accord-
ingly capable of improving the oxidation resistance of the
ceramic matrix composite.
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Claims

1. A ceramic matrix composite comprising:

a substrate which contains a fibrous body made
of silicon carbide fiber; and
a matrix which is formed in the substrate, and
which contains silicon carbide and a silicon ma-
terial made of silicon or a binary silicon alloy.

2. The ceramic matrix composite according to claim 1,
wherein the matrix contains no elemental carbon.

3. The ceramic matrix composite according to claim 1
or 2, wherein
the silicon carbide fiber is amorphous silicon carbide
fiber, and
the silicon material is a binary silicon alloy.

4. The ceramic matrix composite according to claim 1
or 2, wherein the binary silicon alloy is a Si-Y alloy,
a Si-Ti alloy or a Si-Hf alloy.

5. The ceramic matrix composite according to claim 3,
wherein the binary silicon alloy is a Si-Y alloy, a Si-
Ti alloy or a Si-Hf alloy.

6. A method of manufacturing a ceramic matrix com-
posite, comprising:
a powder infiltration step of infiltrating silicon carbide
powder containing no elemental carbon into a sub-
strate which contains a fibrous body made of silicon
carbide fiber; and
a melt infiltration step of infiltrating a silicon material
made of silicon or a binary silicon alloy into the sub-
strate, into which the silicon carbide powder has
been infiltrated, by melting the silicon material
through thermal treatment at a temperature equal to
or higher than a melting point of the silicon material.

7. The method of manufacturing a ceramic matrix com-
posite according to claim 6, wherein
the silicon carbide fiber is amorphous silicon carbide
fiber, and
in the melt infiltrating step, the silicon material is a
binary silicon alloy, and the binary silicon alloy is ther-
mally treated at a temperature equal to or higher than
the melting point of the silicon material, but lower
than a thermal degradation temperature of the amor-
phous silicon carbide fiber.

8. The method of manufacturing a ceramic matrix com-
posite according to claim 6 or 7, wherein the binary
silicon alloy is a Si-Y alloy, a Si-Ti alloy or a Si-Hf
alloy.
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