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(57) ABSTRACT 

A Si-SiC material of Si concentration-gradient type is 
obtained by melt-infiltrating Si into a molded material 
comprising SiC particles. The Si-SiC material has a poros 
ity of 1.0% or less and in the Si-SiC material the Si 
concentration decreases gradually from the Surface layer 
towards the innermost layer. A SiC fiber-reinforced Si-SiC 
composite material of Si concentration-gradient type is 
obtained by melt-infiltrating Si into a molded material 
comprising a SiC fiber and SiC particles. The composite 
material has a porosity of 1.0% or leSS and in the composite 
material the Si concentration decreases gradually from the 
Surface layer towards the innermost layer. These materials 
are significantly improved in corrosion resistance in highly 
oxidative and corrosive environment, Strength, and healabil 
ity of defects of Surface layer and innermost layer. 
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SI-SIC MATERIAL AND SC FIBER-REINFORCED 
S-SIC COMPOSITE MATERIAL 

BACKGROUND OF THE INVENTION 

0001) (1) Field of the Invention 
0002 The present invention relates to a Si-SiC material 
of Si concentration-gradient type and a SiC fiber-reinforced 
Si-SiC composite material of Si concentration-gradient 
type, both Superior in properties Such as weatherability, 
Oxidation resistance, creeping resistance, Strength, tough 
neSS and the like, as well as to processes for production of 
Said materials. 

0003) (2) Description of Related Art 
0004. In the midst of rapid progress of technological 
innovation, big projects are being planned and carried out in 
various parts of the world for development of state-of-the-art 
technologies Such as space Shuttle and space plane (in the 
field of Space development), high-temperature combustion 
gas turbine (in the field of energy) and high-temperature gas 
furnace and nuclear fusion reactor (in the field of atomic 
energy). 

0005 Also, utilization of hydrogen energy is being stud 
ied in order to use it as an energy other than nuclear energy 
and Solar energy. In this connection, expensive metal or fine 
ceramic is being investigated to use it as a reactor material. 
These Structural materials must have high Strength at inter 
mediate to high temperatures (200 to 2,000 C.), high 
reliabilities in toughness and impact resistance, and resis 
tances to environment (e.g. corrosion resistance, oxidation 
resistance and radiation resistance). 
0006 Currently, as a ceramic Superior in heat resistance, 
there are newly developed ceramics, i.e. Silicon nitride and 
Silicon carbide both having high Strength. They, however, 
are inherently fragile and are very fragile even when there 
have Small flaws, and further have low resistance to thermal 
or mechanical impact. 

0007. In order to overcome these drawbacks of the above 
ceramics, there was developed a ceramic matrix material 
(CMC) wherein a continuous ceramic fiber is mixed with a 
ceramic. This material, having high Strength and high tough 
neSS even at high temperatures, excellent impact resistance 
and excellent resistances to environment, is under active 
Study as a structural material having an ultrahigh resistance 
to heat, in Europe, U.S.A., etc. 

0008 For example, there was developed a ceramic matrix 
composite (CMC) wherein a fiber was mixed into a ceramic 
matrix, by making ceramic long fibers (ordinarily several 
hundreds to several thousands fibers) having a diameter of 
about 10 um, into a fiber bundle (a yarn), arranging these 
fiber bundles two-dimensionally or three-dimensionally to 
form a unidirectional sheet or a cloth, or laminating a 
plurality of Such sheets or Such cloths to form a preliminary 
molded material (a fiber preform) having a desired shape, 
and forming, inside the preliminary molded material, a 
matrix by, for exampple, (a) chemical vapor infiltration or 
(b) inorganic polymer infiltration and sintering, or filling the 
inside of the preliminary molded material with a ceramic 
powder by casting and Sintering the resulting material to 
form a matrix inside the preliminary molded material. 
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0009. In the sintering (firing) used in production of 
conventional ceramic matrix material, however, no attention 
was paid to the CO gas generated in the process, and it was 
conducted only to introduce an inert gas by a slight preSSure 
control mainly for prevention of Sivaporization. 
0010 Consequently, the CO gas produced during firing in 
asSociation with the conversion of organic polymer into 
ceramic, by the reaction of free carbon (present in firing 
atmosphere) and O and the reaction of free carbon and 
SiO, is liberated to form defects; these defects and the 
growth of B-SiC crystals bring about significant deteriora 
tion of Strength; further, the pores in produced ceramic 
matrix material cannot be reduced to Zero and their size is as 
large as about 1 mm, inviting deterioration of weatherability 
and oxidation resistance. 

0011 Further, although the conventional ceramic matrix 
material contains a SiC fiber inside, the thermal stress which 
the material receives during actual use, is caused by the 
difference in thermal expansion between SiC fiber and 
Si-SiC moiety; therefore, the material has had laminar 
peeling in Some cases. 

SUMMARY OF THE INVENTION 

0012. In view of the above-mentioned problems of the 
prior art, the present invention has been completed with 
objects of providing: 
0013 a Si-SiC material of Si concentration-gradient 
type and a SiC fiber-reinforced Si-SiC composite material 
of Si concentration-gradient type, both significantly 
improved in corrosion resistance in highly oxidative and 
corrosive environment, Strength, and healability of defects 
of Surface layer and innermost layer, and 
0014) processes for production of the above materials. 
0015 The further objects of the present invention are to 
provide: 

0016 a SiC fiber-reinforced Si-SiC composite material 
of Si concentration-gradient type, which has Substantially no 
pore unlike ceramic matrix materials (CMC) having pores, 
such as SiC fiber-reinforced Si-SiC composite material 
obtained by CVD or infiltration of inorganic polymer and 
which is improved in toughness while having the features of 
Si-SiC Sintered materials, Such as high oxidation resis 
tance, creeping resistance, and strength and toughness from 
ordinary temperature to high temperatures, and 

0017) 
0018. According to the present invention, there is pro 
vided a Si-SiC material of Si concentration-gradient type 
obtained by melt-infiltrating Si into a molded material 
comprising SiC particles, which Si-SiC material has a 
porosity of 1.0% or less and in which Si-SiC material the 
Si concentration decreases gradually from the Surface layer 
towards the innermost layer. 
0019. In the above Si-SiC material of Si concentration 
gradient type, it is preferred that the ratio of the Si concen 
tration of the Surface layer and the Si concentration of the 
innermost layer is in a range of innermost layer/Surface 
layer=0/100 to 90/100. 

a proceSS for production of the above material. 

0020. According to the present invention, there is also 
provided a process for producing a Si-SiC material of Si 
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concentration-gradient type by melt-infiltrating Si into a 
molded material comprising SiC particles, which proceSS 
comprises preparing at least two kinds of mixtures each 
comprising SiC particles having a different tap density, 
laminating the mixtures to form a molded material, keeping 
the molded material and Si at a temperature of 1,100 to 
1,400 C. in an inert gas atmosphere, and then increasing the 
temperature to 1,500 to 2,500 C. to melt-infiltrate Si into 
the molded material. 

0021. In the above process, it is preferred that the molded 
material and Si are kept at a temperature of 1,100 to 1,400 
C. at a pressure of 0.1 to 10 hPa for at least one hour with 
an inert gas being flown in an amount of 0.1 NL or more per 
kg of the total of the molded material and Si and then the 
temperature is increased to 1,500 to 2,500 C. to melt 
infiltrate Si into the molded material. The inert gas is 
preferably Ar. 
0022. According to the present invention, there is also 
provided a SiC fiber-reinforced Si-SiC composite material 
of Si concentration-gradient type obtained by melt-infiltrat 
ing Si into a molded material comprising a SiC fiber and SiC 
particles, which composite material has a porosity of 1.0% 
or less and in which composite material the Si concentration 
decreases gradually from the Surface layer towards the 
innermost layer. 
0023. In the above SiC fiber-reinforced Si-SiC compos 

ite material of Si concentration-gradient type, it is preferred 
that the ratio of the Si concentration of the surface layer and 
the Si concentration of the innermost layer is in a range of 
innermost layer/surface layer=0/100 to 90/100. 
0024. Also in the above SiC fiber-reinforced Si-SiC 
composite material of Si concentration-gradient type, the 
oxygen content of the SiC fiber is preferably 0.5 mass % or 
less and the SiC fiber may have a form of two-dimensional 
or three-dimensional cloth. 

0.025 According to the present invention, there is also 
provided a process for producing a SiC fiber-reinforced 
Si-SiC composite material of Si concentration-gradient 
type obtained by melt-infiltrating Si into a molded material 
comprising a SiC fiber and SiC particles, which proceSS 
comprises preparing at least two kinds of mixtures each 
comprising SiC particles having a different tap density, 
mixing a SiC fiber into each mixture, laminating the result 
ing mixtures to form a molded material, keeping the molded 
material and Si at a temperature of 1,100 to 1,400 C. in an 
inert gas atmosphere, and then increasing the temperature to 
1,500 to 2,500 C. to melt-infiltrate Si into the molded 
material. 

0026. In the above process for producing a SiC fiber 
reinforced Si-SiC composite material of Si concentration 
gradient type, it is preferred that the molded material and Si 
are kept at a temperature of 1,100 to 1,400 C. at a pressure 
of 0.1 to 10 hPa for at least one hour with an inert gas being 
flown in an amount of 0.1 NL or more per kg of the total of 
the molded material and Si and then the temperature is 
increased to 1,500 to 2,500 C. to melt-infiltrate Si into the 
molded material. The inert gas is preferably Ar. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0027. In the Si-SiC material of Si concentration-gradi 
ent type and the SiC fiber-reinforced Si-SiC composite 
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material of Si concentration-gradient type both of the 
present invention, the porosity is almost Zero (1.0% or less) 
and the Si concentration decreases gradually from the Sur 
face layer towards the innermost layer. 
0028. Thereby, the present materials have excellent cor 
rosion resistance in highly oxidative or corrosive environ 
ment and excellent Strength, and are significantly improved 
in healability of defects of Surface layer and innermost layer. 
0029 Description is first made on the process for pro 
duction of the present Si-SiC material of Si concentration 
gradient type. 
0030 The Si-SiC material of Si concentration-gradient 
type of the present invention is obtained by melt-infiltrating 
Si into a molded material comprising SiC particles. 
0031. The properties of the Si-SiC material of Sicon 
centration-gradient type differ depending upon the Structure 
of the molded material into which Si is to be melt-infiltrated. 
Therefore, the production method of the molded material is 
very important and it is preferred to produce the molded 
material according to the following method. 
0032 Compaction molding as one example of the pro 
duction method of the molded material used in the present 
process is described below. 
0033. The main raw material of the molded material is 
SiC granulated particles obtained by Subjecting, to granula 
tion by Spray drying or the like, a mixture comprising SiC 
coarse particles having an average particle diameter of 50 to 
100 um, SiC fine particles having an average particle diam 
eter of 0.1 to 10 um and, desirably, a carbon powder having 
an average particle diameter of 0.1 to 30 lum. Preferably, at 
least two kinds of SiC granulated particles different in tap 
density are appropriately Selected and used. 
0034) Incidentally, “tap density' is a bulk specific gravity 
obtained when a powder is placed in a container and Shaken 
or tapped for a given length of time for Stabilization. 
0035) SiC granulated particles having a tap density of 0.7 
to 0.85 are filled in a given mold and subjected to press 
molding or the like to prepare preliminary molded material 
1. 

0036). In the same manner are prepared preliminary 
molded material 2 comprising SiC granulated particles hav 
ing a tap density of 0.85 to 1.00 and preliminary molded 
material 3 comprising SiC granulated particles having a tap 
density of 1.00 to 1.3. 
0037 As shown above, the tap densities of the SiC 
particles of the preliminary molded materials 1 to 3 are Set 
So as to be “preliminary molded material 1.<preliminary 
molded material 2<preliminary molded material 3”. 
0038. Then, these preliminary molded materials are made 
into a molded material. In that case, it is important that the 
preliminary molded material comprising SiC particles of the 
Smallest tap density forms the Surface layer of the molded 
material and that the innermost layer of the molded material 
is formed by at least one preliminary molded material 
comprising SiC particles having a tap density larger than that 
of the Surface layer. Also, it is preferred that the preliminary 
molded materials are disposed So that the tap density of SiC 
particles increases gradually from the Surface layer of the 
molded material towards the innermost layer. 
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0.039 For example, the preliminary molded materials are 
disposed So as to form a Sandwich Structure of “preliminary 
molded material 1-preliminary molded material 2-prelimi 
nary molded material 1'or “preliminary molded material 
1-preliminary molded material 3-preliminary molded mate 
rial 1 or “preliminary molded material 1-preliminary 
molded material 2-preliminary molded material 3-prelimi 
nary molded material 2-preliminary molded material 1'; 
then, press molding is conducted to produce a laminated 
molded material. 

0040. Further, cast molding as other example of the 
production method of the molded material used in the 
present process is described below. 
0041 First, as main materials of the molded material, 
there are prepared slurries by adding an organic binder and 
water to a mixture comprising SiC coarse particles having an 
average particle diameter of 50 to 100 um, SiC fine particles 
having an average particle diameter of 0.1 to 10 um and, 
desirably, a carbon powder having an average particle diam 
eter of 0.1 to 30 lum. Preferably, few to several kinds of 
slurries different in the proportion (weight 9%) of the SiC 
coarse particles and the SiC fine particles (these two kinds 
of SiC particles are main materials of each slurry) are 
appropriately Selected and used. 
0.042 Specifically, there are prepared slurry Acomprising 
the SiC coarse particles (20 to 40% by weight) and the SiC 
fine particles (80 to 60% by weight), slurry B comprising the 
SiC coarse particles (40 to 60% by weight) and the SiC fine 
particles (60 to 40% by weight), and slurry C comprising the 
SiC coarse particles (60 to 80% by weight) and the SiC fine 
particles (40 to 20% by weight). 
0043. The total amount of SiC particles (the SiC coarse 
particles and the SiC fine particles) in each of slurries A to 
C is constant. Therefore, when the proportion (weight%) of 
the SiC coarse particles is high, the proportion (weight %) 
of the SiC fine particles is low; and when the proportion 
(weight%) of the SiC coarse particles is low, the proportion 
(weight %) of the SiC fine particles is high. 
0044) Next, a molded material is produced using these 
Slurries. In that case, it is necessary that a slurry comprising 
the SiC coarse particles in the highest proportion (weight %) 
is disposed So as to form the Surface layer of the molded 
material and that the innermost layer of the molded material 
is formed So as to comprise the SiC coarse particles in a 
proportion (weight %) Smaller than that in the Surface layer 
and the SiC fine particles in a proportion (weight %) larger 
than that in the surface layer. Preferably, the innermost layer 
of the molded material is formed So that in a position closer 
to the center of the molded material, the proportion (weight 
%) of the SiC coarse particles is smaller and the proportion 
(weight %) of the SiC fine particles is larger. 
0.045. In an example, slurries A to C are cast into a given 
mold so as to form a sandwich structure of “slurry A-slurry 
B-slurry A' or “slurry A-slurry C-slurry A' or “slurry 
A-slurry B-slurry C-slurry B-slurry A', whereby a laminated 
molded material is produced. 
0046. In melt-infiltrating Si into the molded material 
produced by any of the above two processes, Since the 
molded material is produced So that the innermost layer has 
a Smaller porosity (Si is later infiltrated into these pores) than 
the Surface layer has, the concentration of Si infiltrated can 
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be made Smaller from the Surface layer towards the inner 
most layer, that is, the Si concentration can have a gradient. 
The ratio of the Si concentration of the innermost layer and 
the Si concentration of the Surface layer can be allowed to 
be in a range of innermost layer/surface layer 0/100 to 
90/100. 

0047 The laminated molded material produced as above 
is kept, together with Si, in a firing furnace at a temperature 
range of 1,100 to 1,400 C. at a pressure of 0.1 to 10 hPa for 
at least one hour with an inert gas being flown in an amount 
of 0.1 NL (normal liter) (corresponding to 5,065 liters of 
1,200 C. and 0.1 hPa), whereby a molded material to be 
impregnated with Si is produced. 
0048 Next, the molded material to be impregnated with 
Si is heated to a temperature of 1,500 to 2,500 C., prefer 
ably 1,700 to 1,800° C. to melt-infiltrate Si thereinto, to 
produce a Si-SiC material of Si concentration gradient 
type according to the present invention. 
0049. In the present process for production of Si-SiC 
molded material of Si concentration-gradient type, it is 
desirable that the molded material and Si are kept in a firing 
furnace at a temperature of 1,100 to 1,400 C. at a pressure 
of 0.1 to 10 hPa for at least one hour with an inert gas being 
flown in an amount of 0.1 NL or more, preferably 1 NL or 
more, more preferably 10 NL or more per kg of the total of 
the molded material and Si. 

0050 Thus, by conducting the firing stage (a stage prior 
to Si melting and infiltration) in an inert gas current, the gas 
(e.g. CO) generated in conversion of inorganic polymer or 
inorganic Substance into ceramic is removed from the firing 
atmosphere and, moreover, the pollution of the firing atmo 
sphere with external factor (e.g. O in air) is prevented; as a 
result, the Si-SiC material of Si concentration-gradient 
type obtained by Subsequent melt-infiltration of Si into 
molded material can have Substantially Zero porosity. 
0051). In melt-infiltration of Si into the fired molded 
material, the atmosphere temperature is increased to 1,500 to 
2,500° C., preferably 1,700 to 1,800° C. In this case, the 
pressure inside the firing furnace is preferably 0.1 to 10 hPa. 
0052 AS stated above, in the Si-SiC material of Si 
concentration-gradient type, Since the Si concentration is 
high in the innermost layer as compared with that in the 
Surface layer, the microcracks appearing in the material can 
be healed. As a result, the material can retain oxidation 
resistance. 

0053. Further, in the Si-SiC material of Si concentra 
tion-gradient type, the Surface layer is made of a protective 
film completely impregnated with Si. Therefore, the material 
has remarkably improved corrosion resistance in a highly 
oxidative and corrosive environment and the Surface defects 
can be made Smaller and removed. As a result, the material 
has even improved Strength in a hihgly oxidative and 
corrosive environment. 

0054 Description is then made on the process for pro 
duction of the present SiC fiber-reinforced Si-SiC com 
posite material of Si concentration-gradient type. 

0055. The SiC fiber-reinforced Si-SiC composite mate 
rial of Si concentration-gradient type of the present inven 
tion is obtained by melt-infiltrating Si into a molded material 
comprising a SiC fiber and SiC particles. 
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0056. The properties of the SiC fiber-reinforced Si-SiC 
composite material of Si concentration-gradient type differ 
depending upon the Structure of the molded material into 
which Si is to be melt-infiltrated. Therefore, the production 
method of the molded material is very important and it is 
preferred to produce the molded material according to the 
following method. 
0057 Compaction molding as one example of the pro 
duction method of the molded material used in the present 
proceSS is described below. 
0.058 First, fine SiC fibers (ordinarily several hundreds to 
Several thousands fibers) having a diameter of about 10 um 
are made into a fiber bundle (a yarn); and these fiber bundles 
are arranged two-dimensionally or three-dimensionally to 
form a unidirectional sheet or a cloth, or Such sheets or Such 
cloths are laminated to form a fiber preform having a desired 
shape. 

0059. The main raw material of the molded material is 
SiC granulated particles obtained by Subjecting, to granula 
tion by Spray drying or the like, a mixture comprising SiC 
coarse particles having an average particle diameter of 50 to 
100 um, SiC fine particles having an average particle diam 
eter of 0.1 to 10 um and, desirably, a carbon powder having 
an average particle diameter of 0.1 to 30 lum. Preferably, at 
least two kinds of SiC granulated particles different in tap 
density are appropriately Selected and used. 
0060 SiC granulated particles having a tap density of 0.7 
to 0.85 are arranged in a layer with the above-obtained fiber 
preform being placed in the middle of the layer So as to form 
a Sandwich Structure, and Subjected to preSS molding or the 
like to prepare preliminary molded material 1. 
0061. In the same manner are prepared preliminary 
molded material 2 comprising SiC granulated particles hav 
ing a tap density of 0.85 to 1.00 and preliminary molded 
material 3 comprising SiC granulated particles having a tap 
density of 1.00 to 1.3. 

0.062. As shown above, the tap densities of the SiC 
particles of the preliminary molded materials 1 to 3 are Set 
So as to be “preliminary molded material 1.<preliminary 
molded material 2<preliminary molded material 3'. 
0.063. Then, these preliminary molded materials are made 
into a molded material. In that case, it is important that the 
preliminary molded material comprising SiC particles of the 
Smallest tap density forms the Surface layer of the molded 
material and that the innermost layer of the molded material 
is formed by at least one preliminary molded material 
comprising SiC particles having a tap density larger than that 
of the Surface layer. Also, it is preferred that the preliminary 
molded materials are disposed So that the tap density of SiC 
particles increases gradually from the Surface layer of the 
molded material towards the innermost layer. 
0064. For example, the preliminary molded materials are 
disposed So as to form a Sandwich Structure of “preliminary 
molded material 1-preliminary molded material 2-prelimi 
nary molded material 1' or “preliminary molded material 
1-preliminary molded material 3-preliminary molded mate 
rial” or “preliminary molded material 1-preliminary molded 
material 2-preliminary molded material 3-preliminary 
molded material 2-preliminary molded material 1'; then, 
preSS molding is conducted to produce a molded material. 
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0065. Further, cast molding as other example of the 
production method of the molded material is described 
below. 

0066 First, fine SiC fibers (ordinarily several hundreds to 
Several thousands fibers) having a diameter of about 10 um 
are made into a fiber bundle (a yarn); and these fiber bundles 
are arranged two-dimensionally or three-dimensionally to 
form a unidirectional sheet or a cloth, or Such sheets or Such 
cloths are laminated to form a fiber preform having a desired 
shape. 

0067. Then, as main materials of the molded material, 
there are prepared slurries by adding an organic binder and 
water to a mixture comprising SiC coarse particles having an 
average particle diameter of 50 to 100 um, SiC fine particles 
having an average particle diameter of 0.1 to 10 um and, 
desirably, a carbon powder having an average particle diam 
eter of 0.1 to 30 lum. Preferably, few to several kinds of 
slurries different in the proportion (weight 9%) of the SiC 
coarse particles and the SiC fine particles (these two kinds 
of SiC particles are main materials of each slurry) are 
appropriately Selected and used. 
0068 Slurry A comprising the SiC coarse particles (20 to 
40% by weight) and the SiC fine particles (80 to 60% by 
weight) is cast into a given mold in which the above 
obtained fiber preform has been placed, to impregnate the 
fiber preform with the slurry, whereby preliminary molded 
material A is produced. 
0069. In the same manner, there are produced preliminary 
molded material B by using slurry B comprising the SiC 
coarse particles (60 to 40% by weight) and the SiC fine 
particles (40 to 60% by weight), and preliminary molded 
material C by using Slurry C comprising the SiC coarse 
particles (60 to 80% by weight) and the SiC fine particles (40 
to 20% by weight). 
0070. In the slurries A to C of the preliminary molded 
materials A to C, the total amount of SiC particles (the SiC 
coarse particles and the SiC fine particles) is constant. 
Therefore, when the proportion (weight%) of the SiC coarse 
particles is high, the proportion (weight 9%) of the SiC fine 
particles is low; and when the proportion (weight %) of the 
SiC coarse particles is low, the proportion (weight%) of the 
SiC fine particles is high. 
0071 Next, a molded material is produced using these 
preliminary molded materials. In that case, it is necessary 
that a preliminary molded material comprising the SiC 
coarse particles in the highest proportion (weight %) is 
disposed So as to form the Surface layer of the molded 
material and that the innermost layer of the molded material 
is formed with a preliminary molded material comprising 
the SiC coarse particles in a proportion (weight %) Smaller 
than that in the Surface layer and the SiC fine particles in a 
proportion (weight %) larger than that in the Surface layer. 
Preferably, the innermost layer of the molded material is 
formed So that in a position closer to the center of the molded 
material, the proportion (weight 9%) of the SiC coarse 
particles is smaller and the proportion (weight%) of the SiC 
fine particles is larger. 
0072 For example, the preliminary molded materials are 
disposed So as to form a Sandwich Structure of “preliminary 
molded material A-preliminary molded material B-prelimi 
nary molded material A' or “preliminary molded material 
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A-preliminary molded material C-preliminary molded mate 
rial A' or “preliminary molded material A-preliminary 
molded material B-preliminary molded material C-prelimi 
nary molded material B-preliminary molded material A'; 
then, preSS molding is conducted to produce a molded 
material. 

0073. In melt-infiltrating Si into the molded material 
produced by any of the above two processes, Since the 
molded material is produced So that the innermost layer has 
a smaller porosity (Si is later infiltrated into the pores) than 
the Surface layer has, the concentration of Si infiltrated can 
be made Smaller from the Surface layer towards the inner 
most layer, that is, the Si concentration can have a gradient. 
The ratio of the Si concentration of the innermost layer and 
the Si concentration of the Surface layer can be allowed to 
be in a range of innermost layer/surface layer=0/100 to 
90/100. 

0.074 The molded material produced as above is kept, 
together with Si, in a firing furnace at a temperature range 
of 1,100 to 1,400° C. at a pressure of 0.1 to 10 hPa for at least 
one hour with an inert gas being flown in an amount of 0.1 
NL (normal liter) (corresponding to 5,065 liters of 1,200 C. 
and 0.1 hPa), whereby a molded material to be impregnated 
with Si is produced. 
0075) Next, the molded material to be impregnated with 
Si is heated to a temperature of 1,500 to 2,500 C., prefer 
ably 1,700 to 1,800° C. to melt-infiltrate Si thereinto, to 
produce a SiC fiber-reinforced Si-SiC composite material 
of Si concentration gradient-type according to the present 
invention wherein a SiC fiber and a Si-SiC sintered mate 
rial have been made into a composite material. 
0.076. In the present process for production of SiC fiber 
reinforced Si-SiC composite material of Si concentration 
gradient type, it is desirable that the molded material and Si 
are kept in a firing furnace at a temperature of 1,100 to 
1,400° C. at a pressure of 0.1 to 10 hPa for at least one hour 
with an inert gas being flown in an amount of 0.1 NL or 
more, preferably 1 NL or more, more preferably 10 NL or 
more per kg of the total of the molded material and Si. 
0.077 Thus, by conducting the firing stage (a stage prior 
to Si melting and infiltration) in an inert gas current, the gas 
(e.g. CO) generated in conversion of inorganic polymer or 
inorganic Substance into ceramic is removed from the firing 
atmosphere and, moreover, the pollution of the firing atmo 
sphere with external factor (e.g. O in air) is prevented; as a 
result, the SiC fiber-reinforced Si-SiC composite material 
of Si concentration-gradient type obtained by Subsequent 
melt-infiltration of Si into molded material can have Sub 
Stantially Zero porosity. 

0078. In melt-infiltration of Si into the fired molded 
material, the atmosphere temperature is increased to 1,500 to 
2,500° C., preferably 1,700 to 1,800° C. In this case, the 
pressure inside the firing furnace is preferably 0.1 to 10 hPa. 

0079. As described above, the SiC fiber-reinforced 
Si-SiC composite material of Si concentration-gradient 
type according to the present invention is Substantially free 
from pores which are present in conventional ceramic matrix 
materials (CMC) (e.g. SiC fiber-reinforced Si-SiC com 
posite materials) produced by CVD or inorganic fiber infil 
tration; therefore, the present composite material, as com 
pared with conventional ceramic matrix materials (CMC), is 

Oct. 4, 2001 

dense and moreover retains excellent features of Si-SiC 
Sintered material, Such as Oxidation resistance, creeping 
resistance, Strength from ordinary temperature to high tem 
peratures and toughness. Further, in obtaining a bonded 
ceramic material from a plurality of non-oxide ceramic 
members (e.g. Si-based ceramics) containing an excessive 
amount of an element participating in bonding, by allowing 
a metal to be present between said members to be bonded 
and heating them in a non-oxidizing atmosphere to form a 
compound of (1) said element participating in bonding and 
(2) said metal at the portion where said bonding is to be 
made, according to a procedure as described in Japanese 
Patent Application Kokai (Laid-Open) No. 128046/1994, 
the SiC fiber-reinforced Si-SiC composite material of Si 
concentration-gradient type of the present invention, Since 
having a Si-rich layer at the Surface, can enable ceramic 
to-ceramic bonding easily. 
0080 Furthermore, the present composite material can be 
used in an article Such as crucible for chemical liquid, or the 
like. In that case, the Surface of the present composite 
material is used as the inside of the crucible which comes in 
contact with the liquid, and the innermost layer of the 
present composite material is used as the outside of the 
crucible which makes no contact with the liquid. 
0081. The present invention is described in more detail 
below by way of Examples. However, the present invention 
is not restricted to these Examples. 
0082 The properties of the materials and composite 
materials obtained in Examples were measured according to 
the following methods. 
0.083 (Porosity) 
0084 Was measured by the Archimedes method. 

Porosity (%)=(W-W)/(W-W)x100 
0085 W is a dry weight obtained by drying a sample in 
an oven of 100° C. for 1 hour, followed by weighing. 
0086 W is an in-water weight obtained by boiling a 
Sample in water to infiltrate water completely into the pores, 
followed by weighing in water. 
0087 W is a water-saturated weight obtained by infil 
trating water completely into the pores of a Sample, followed 
by weighing in air. 

0088 (Oxidation Resistance) 
0089. A test piece of 60 mmx60 mmx5 mm (thickness) 
was prepared by cutting; it was allowed to Stand in a furnace 
of 1,150 C. in an O gas current containing Saturated Steam 
of 90° C., to give rise to the oxidation of the test piece; and 
the per-hour weight increase of the test piece by oxidation 
was measured. 

0090 (Bending Strength) 
0091 A test sample was subjected to a four-point bending 
Strength test at ordinary temperature according to JISR 1601 
“Test Method for Bending Strength of Fine Ceramics', using 
the plane of the test sample at the half thickness (the plane 
is the central plane of the test sample) as a tensile plane. 
0092 (Si Concentration) 
0093. From a test sample having a thickness of 10 mm 
were cut out a Surface layer having a thickness of 0.5 mm 
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and an innermost layer having a thickness of 0.5 mm. The 
two layers were measured for Si content by fluorescent 
X-ray analysis. 

EXAMPLES 1 TO 3 

0094) There were mixed 70% by weight of SiC coarse 
particles having an average particle diameter of 100 um, 
30% by weight of SiC fine particles having an average 
particle diameter of 5 um and 10% by weight, based on 
100% by weight of the total Sic particles, of a C powder 
having an average particle diameter of 2 um. To 100% by 
weight of the resulting mixture were added 2% by weight of 
an organic binder and 10% by weight of water to obtain a 
Slurry mixture (material A). 
0.095 There were mixed 50% by weight of SiC coarse 
particles having an average particle diameter of 100 um, 
50% by weight of SiC fine particles having an average 
particle diameter of 5 um and 5% by weight, based on 100% 
by weight of the total SiC particles, of a C powder having 
an average particle diameter of 2 um. To 100% by weight of 
the resulting mixture were added 1.5% by weight of an 
organic binder and 14% by weight of water to obtain a slurry 
mixture (material B). 
0096) Material A obtained above was cast into a gypsum 
mold of 100 mmx100 mmx30 mm (height) at a thickness of 
5 mm; thereon was cast material B at a thickness of 5 mm; 
thereon was cast material A at a thickness of 5 mm to 

produce a molded material (molded material 1) of 100 
mmx100 mmx15 mm. 

0097 Molded material 1 was vertically placed in a car 
bon crucible filled with a Sipowder having a purity of 99.8% 
and an average particle diameter of 1 mm. The carbon 
crucible was transferred into a firing furnace. 

0098. The temperature inside the firing furnace was kept 
at 1,100 to 1,400 C. and the crucible contents were sub 
jected to a firing treatment under the conditions of inert gas 
flow rate, in-furnace preSSure and treatment time, shown in 
Table 1. Then, while the in-furnace pressure was kept at the 
Same level, the in-furnace temperature was increased to the 
maximum temperature shown in Table 1 to infiltrate Si into 
molded material 1, whereby a Si-SiC material of Sicon 
centration-gradient type was produced. 

0099] The porosity and Si concentration of the Si-SiC 
material are shown in Table 1. 

EXAMPLES 4 TO 9 

0100. There were mixed 70% by weight of SiC coarse 
particles having an average particle diameter of 100 um, 
30% by weight of SiC fine particles having an average 
particle diameter of 5 um and 10% by weight, based on 
100% by weight of the total SiC particles, of a C powder 
having an average particle diameter of 2 um. To 100% by 
weight of the resulting mixture were added 5% by weight of 
an organic binder and an appropriate amount of water to 
obtain a slurry mixture. This slurry mixture was Subjected to 
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granulation by the use of a Spray dryer to produce granulated 
particles having an average particle diameter of 120 um 
(material C). 

0101 There were mixed 50% by weight of SiC coarse 
particles having an average particle diameter of 100 um, 
50% by weight of SiC fine particles having an average 
particle diameter of 5um and 5% by weight, based on 100% 
by weight of the total SiC particles, of a C powder having 
an average particle diameter of 2 um. To 100% by weight of 
the resulting mixture were added 5% by weight of an organic 
binder and an appropriate amount of water to obtain a slurry 
mixture. This slurry mixture was Subjected to granulation by 
the use of a spray dryer to produce granulated particles 
having an average particle diameter of 120 um (material D). 

0102) Material C was placed in a mold of 100 mmx100 
mm. Thereon was placed a SiC fiber cloth. Thereon was 
placed material C (the SiC fiber cloth was between the two 
material C layers). The resulting material was Subjected to 
press molding at a pressure of 500 kgf/cm to obtain a 
molded material (preliminary molded material C) of 100 
mmx100 mmx5 mm. 

0103). Using material D, a molded material (preliminary 
molded material D) of 100 mmx100 mmx5 mm was pro 
duced in the same manner as above. 

0104. The above two kinds of molded materials were 
piled in the order of “preliminary molded material C-pre 
liminary molded material D-preliminary molded material 
C'. The resulting material was Subjected to preSS molding to 
obtain a molded material (molded material 2) of 100 
mmx100 mmx15 mm. 

0105 Incidentally, as the SiC fiber cloth was used Nica 
lon (a product of Nippon Carbon Co., Ltd.) or Hinicalon 
(also a product of Nippon Carbon Co., Ltd.). Molded 
material 2 using Nicalon was named as molded material 2-1, 
and molded material 2 using Hinicalon was named as 
molded material 2-2. 

0106 Molded material 2-1 or 2-2 was vertically placed in 
a carbon crucible filled with a Sipowder having a purity of 
99.8% and an average particle diameter of 1 mm. The carbon 
crucible was transferred into a firing furnace. 

0107 The temperature inside the firing furnace was kept 
at 1,100 to 1,400 C. and the crucible contents were sub 
jected to a firing treatment under the conditions of inert gas 
flow rate, in-furnace pressure and treatment time, shown in 
Table 1. Then, while the in-furnace pressure was kept at the 
Same level, the in-furnace temperature was increased to the 
maximum temperature shown in Table 1 to infiltrate Si into 
molded material 2-1 or 2-2, whereby a SiC fiber-reinforced 
Si-SiC composite material of Si concentration-gradient 
type was produced. 

0108. The porosity and Si concentration of the composite 
material are shown in Table 1. 
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TABLE 1. 

Flow rate Kind of Maximum 
Temperature 1100-1400 C. of Ar molded temperature 

Pressure (hPa) Time (Hr) (NL/min) material ( C.) 
Example 1 O1 5 O.1 1. 18OO 
Example 2 1O.O 8 1.O 1. 1700 
Example 3 1.O 1O 1.O.O 1. 1750 
Example 4 O1 5 O.1 2-1 18OO 
Example 5 O1 5 O.1 2-2 18OO 
Example 6 1O.O 8 1.O 2-1 1700 
Example 7 1O.O 8 1.O 2-2 1700 
Example 8 1.O 1O 1.O.O 2-1 1750 
Example 9 1.O 1O 1.O.O 2-2 1750 

0109 As shown in Table 1, there was a general tendency 
that at a temperature range of 1,100 to 1,400 C., the 
porosities of the present materials decreased with the 
gradual increase of Ar (inert gas) flow rate, in-furnace 
preSSure and firing time. Pores, even when present, were 
very fine and about 10 um or leSS in diameter. 

0110 For reducing pores, the interaction of in-furnace 
preSSure with firing time and Ar flow rate was a very 
important factor. 

EXAMPLES 1 O TO 11 AND COMPARATIVE 
EXAMPLES 1 TO 2 

0111 Oxidation resistance was measured on the SiC 
fiber-reinforced Si-SiC composite materials of Examples 
10 and 11, obtained in Examples 8 and 9; a Si-SiC sintered 
material NEWSIC (trade name), a product of NGK Insu 
lators, Ltd. of Comparative Example 1; and a Si-SiC 
sintered material (a product of CESIWID Co., Germany) of 
Comparative Example 2. The results are shown in Table 2. 

TABLE 2 

Oxidation resistance 

Weight increase (% 

After 100 hours After 500 hours 

Example 10 O.O1 O.O2 
Example 11 O.OO8 O.O15 
Comparative O.O1 O.O2 
Example 1 
Comparative O.O1 O.34 
Example 2 

EXAMPLE 12 AND COMPARATIVE 
EXAMPLES 3 TO 4 

0112 Porosity and bending strength were measured on 
four kinds (sample Nos. 1 to 4) of SiC fiber-reinforced 
Si-SiC composite materials of Examples 12, obtained in 
Examples 6 to 9; four kinds of Si-SiC sintered materials 
NEWSIC (trade name), products of NGK Insulators, Ltd. 
of Comparative Example 3; and four kinds of Si-SiC 
sintered materials (products of CESIWID Co., Germany) of 
Comparative Example 4. 
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Time Porosity 

(Hr) (%) 
O.15 
O.10 
O.OS 
O.90 
O.SO 
O.60 
O.30 
O.10 
O.OS 

0113. The results are shown in Tables 3 and 4. 

TABLE 3 

Porosity (% 

Samples 

No. 1 No. 2 No. 3 No. 4 

Example 12 O.1 O1 O.2 O.2 
Comparative O.1 O1 O.2 O.2 
Example 3 
Comparative O.8 O.9 O.9 1.O 
Example 4 

0114 

TABLE 4 

Bending strength (MPa) at ordinary temperature 

Samples 

No. 1 No. 2 No. 3 No. 4 

Example 12 32O 325 315 327 
Comparative 265 268 273 275 
Example 3 
Comparative 189 210 218 224 
Example 4 

0115. As shown in Tables 2 to 4, the SiC fiber-reinforced 
Si-SiC composite materials of Si concentration-gradient 
type according to the present invention (Examples 10 to 12) 
can have a porosity of 0.2% or less and, as compared with 
commercial Si-SiC sintered materials of Comparative 
Examples 1 (3 2) to 4, have about the same oxidation 
resistance and bending Strength and can have higher fracture 
toughens. 

0116. The SiC fiber-reinforced Si-SiC composite mate 
rial of Si concentration-gradient type of the present inven 
tion, obtained by using Nicalon a SiC fiber cloth (a fiber 
preform) made of a Si-C-O type silicon carbide fiber has 
improved Strength at high temperatures and is significantly 
improved in fragility inherently possessed by ceramics. 

0117 The SiC fiber-reinforced Si-SiC composite mate 
rial of Si concentration-gradient type of the present inven 
tion, obtained by using Hinicalona SiC fiber cloth (a fiber 
preform) made of a Si-C-O type silicon carbide fiber), as 
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compared with the above composite material obtained using 
Nicalon, had higher oxidation resistance and creeping resis 
tance. 

0118 Incidentally, Nicalon and Hinicalon are produced 
as follows. 

0119) Nicalon, which is a Si-C-O type silicon carbide 
fiber having a B-SiC Structure, is produced by melt-spinning 
an organic silicic acid polymer (a polycarbosilane) to obtain 
a continuous fiber, heating the fiber in air to give rise to 
crosslinking of Si-O-Si and infusibilization, and firing 
the resulting material in an inert gas atmosphere at 1,200 to 
1,500° C. 
0120 Hinicalon, which is a Si-C-O type silicon car 
bide fiber of very low oxygen content (oxygen content=0.5 
mass % or less), is produced by melt-spinning a silicon 
carbide fiber organic silicic acid polymer (a polycarbosilane) 
to obtain a continuous fiber, irradiating the fiber with an 
electron beam in a non-oxygen atmosphere to give rise to 
Self-crosslinking and infusibilization of polycarbosilane in 
the absence of oxygen, and firing the resulting material in an 
inert gas atmosphere at a temperature of 1,000 C. or higher. 

EXAMPLES 13 TO 18 AND COMPARATIVE 
EXAMPLES 5 TO 6 

0121 Ten test pieces (3 mmx4mmx40 mm) as described 
in JIS R 1601 were cut out from each of the Si-SiC 
materials of Si concentration-gradient type of Examples 13 
to 15 obtained in Examples 1 to 3, the SiC fiber-reinforced 
Si-SiC composite materials of Si concentration-gradient 
type of Examples 16 to 18 obtained in Examples 7 to 9, a 
Si-SiC sintered material NEWSIC (trade name), a product 
of NGK Insulators, Ltd. of Comparative Example 5, and a 
Si-SiC sintered material (a product of CESIWID Co., 
Germany) of Comparative Example 6. Microcracks were 
forcibly formed in each test piece by microindentation. Five 
of the test pieces with microcracks were measured for 
bending Strength as they were. The remaining five test 
samples were kept in air at 1,300° C. for 500 hours for 
Surface healing, and then measured for bending Strength. 
0122) The bending strengths before and after surface 
healing, of test pieces are shown in Table 5. 

Table 5 

0123 Ordinary-temperature bending strengths (MPa) 
before and after healing, of test pieces with microcracks 
forcibly formed by microindentation 

Ordinary-temperature bending strength (MPa 

Before healing After healing Improvement (%) 

Example 13 118 150 27 
Example 14 135 178 32 
Example 15 133 162 22 
Example 16 153 190 2O 
Example 17 138 186 35 
Example 18 145 181 25 
Comparative 124 146 18 
Example 5 
Comparative 102 121 19 
Example 6 
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0.124. As shown in Table 5, the Si-SiC materials of Si 
concentration-gradient type of Examples 13 to 15 and SiC 
fiber-reinforced Si-SiC composite materials of Si concen 
tration-gradient type of Examples 16 to 18, all according to 
the present invention are Superior in healability of microc 
racks, as compared with conventional Si-SiC Sintered 
materials. 

0.125 The reason is as follows. In the materials of the 
present invention, the Si concentration in the Surface layer is 
relatively higher than the Si concentration in the innermost 
layer; therefore, the formed microcracks are oxidized by 
heating and Simultaneously healed; as a result, the sizes of 
defects in material become Smaller and the properties of 
material are retained. 

0.126 In the SiC fiber-reinforced Si-SiC composite 
materials of Si concentration-gradient-type of Examples 16 
to 18, a Smaller amount of the microcracks formed by 
microindentation gives a higher healability in Strength, 
toughness and fragility of ceramic. 

0127 Confirmation and Evaluation of Si Concentration 
Gradient 
0128 Si concentrations in Surface layer and innermost 
layer were measured for the Si-SiC materials of Sicon 
centration-gradient type obtained in Examples 1 to 3, the 
SiC fiber-reinforced Si-SiC composite materials of SiC 
concentration-gradient type obtained in Examples 4, 8 and 9, 
the commercial Si-SiC sintered material NEWSIC (trade 
name), a product of NGK Insulators, Ltd. of Comparative 
Example 1, and the commercial Si-SiC sintered material (a 
product of CESIWID Co, Germany) of Comparative 
Example 2. 

0129. The results are shown in Table 6. 

TABLE 6 

Si concentration (wt.% 

Surface layer Innermost layer Ratio 
(a) (b) (b)f(a) 

Example 1 27 13.5 50/100 
Example 2 32 11.0 34/100 
Example 3 2O 14.O 70/100 
Example 4 22.0 19.5 89/100 
Example 8 35 0.5 1/100 
Example 9 25 5.5 22/100 
Comparative 18.5 18.5 100/100 
Example 1 
Comparative 21.0 20.5 98/100 
Example 2 

0.130 AS is clear from Table 6, in the Si-SiC materials 
of Si concentration-gradient type and the SiC fiber-rein 
forced Si-SiC composite materials of SiC concentration 
gradient type all according to the present invention, the Si 
concentration is higher in the Surface layer and lower in the 
innermost layer and has a gradient. Meanwhile, in the 
commercial products, the Si concentration is almost the 
Same in the Surface layer and the innermost layer. 

0131 AS described above, the Si-SiC material of Si 
concentration-gradient type and SiC fiber-reinforced 
Si-SiC composite material of Si concentration-gradient 
type produced by the present processes are Superior in 
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corrosion resistance in highly oxidative and corrosive envi 
ronment as well as in Strength, and is Significantly improved 
in healability of defects of Surface layer and innermost layer. 
0132) Further, the SiC fiber-reinforced Si-SiC compos 

ite material of Si concentration-gradient type according to 
the present invention is Substantially free from pores which 
are present in conventional ceramic matrix materials (CMC) 
(e.g. SiC fiber-reinforced Si-SiC composite materials) pro 
duced by CVD or inorganic polymer infiltration; therefore, 
the present composite material, as compared with conven 
tional ceramic matrix composites (CMC), is dense and 
moreover retains excellent features of Si-SiC sintered 
material, Such as oxidation resistance, creeping resistance, 
Strength from ordinary temperature to high temperatures and 
toughness. 
What is claimed is: 

1. A Si-SiC material of Si concentration-gradient type 
obtained by melt-infiltrating Si into a molded material 
comprising SiC particles, which Si-SiC material has a 
porosity of 1.0% or less and in which Si-SiC material the 
Si concentration decreases gradually from the Surface layer 
towards the innermost layer. 

2. A Si-SiC material of Si concentration-gradient type 
according to claim 1, wherein the ratio of the Si concentra 
tion of the surface layer and the Si concentration of the 
innermost layer is in a range of innermost layer/Surface layer 
=0/100 to 90/100. 

3. A process for producing a Si-SiC material of Si 
concentration-gradient type by melt-infiltrating Si into a 
molded material comprising SiC particles, which process 
comprises preparing at least two kinds of mixtures each 
comprising SiC particles having a different tap density, 
laminating the mixtures to form a molded material, keeping 
the molded material and Si at a temperature of 1,100 to 
1,400 C. in an inert gas atmosphere, and then increasing the 
temperature to 1,500 to 2,500 C. to melt-infiltrate Si into 
the molded material. 

4. A process according to claim 3, wherein the molded 
material and Si are kept at a temperature of 1,100 to 1,400 
C. at a pressure of 0.1 to 10 hPa for at least one hour with 
an inert gas being flown in an amount of 0.1 NL or more per 
kg of the total of the molded material and Si, and then the 
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temperature is increased to 1,500 to 2,500 C. to melt 
infiltrate Si into the molded material. 

5. A SiC fiber-reinforced Si-SiC composite material of 
Si concentration-gradient type obtained by melt-infiltrating 
Si into a molded material comprising a SiC fiber and SiC 
particles, which composite material has a porosity of 1.0% 
or less and in which composite material the Si concentration 
decreases gradually from the Surface layer towards the 
innermost layer. 

6. A SiC fiber-reinforced Si-SiC composite material of 
Si concentration-gradient type according to claim 5, wherein 
the ratio of the Si concentration of the surface layer and the 
Si concentration of the innermost layer is in a range of 
innermost layer/surface layer=0/100 to 90/100. 

7. A SiC fiber-reinforced Si-SiC composite material of 
Si concentration-gradient type according to claim 5, wherein 
the oxygen content in the SiC fiber used in the composite 
material is 0.5 mass % or less. 

8. A SiC fiber-reinforced Si-SiC composite material of 
Si concentration-gradient type according to claim 6, wherein 
the oxygen content in the SiC fiber used in the composite 
material is 0.5 mass % or less. 

9. A process for producing a SiC fiber-reinforced Si-SiC 
composite material of Si concentration-gradient type 
obtained by melt-infiltrating Si into a molded material 
comprising a SiC fiber and SiC particles, which process 
comprises preparing at least two kinds of mixtures each 
comprising SiC particles having a different tap density, 
mixing a SiC fiber into each mixture, laminating the result 
ing mixtures to form a molded material, keeping the molded 
material and Si at a temperature of 1,100 to 1,400° C. in an 
inert gas atmosphere, and then increasing the temperature to 
1,500 to 2,500 C. to melt-infiltrate Si into the molded 
material. 

10. A process according to claim 9, wherein the molded 
material and Si are kept at a temperature of 1,100 to 1,400 
C. at a pressure of 0.1 to 10 hPa for at least one hour with 
an inert gas being flown in an amount of 0.1 NL or more per 
kg of the total of the molded material and Si, and then the 
temperature is increased to 1,500 to 2,500 C. to melt 
infiltrate Si into the molded material. 


