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Continuous SiC fiber-reinforced SiC matrix composites (SiC¢/SiC) have been considered to be a key material as structural
components for aerospace and energy fields. This paper reviews novel fabrication process of continuous SiC;/SiC composites
with high performance based on interfacial and microstructure control and our approach to improvement of mechanical and
thermal properties of SiC;/SiC composite based on modeling and analysis. The simple fabrication process of two-dimensional
SiC/SiC composite using sheet stacking and hot-pressing based on interfacial and microstructure control was developed, and
dense SiCy/SiC composite with excellent mechanical and thermal properties was successfully obtained. Furthermore, novel fab-
rication process of SiCy/SiC composite using EPD process was proposed and it was demonstrated that EPD process is expected
to be an effective way to control the fiber/matrix interface and the microstructure of SiC;/SiC composite with high perfor-
mance. Interfacial properties of SiC¢/SiC composite were quantitatively evaluated by push-in test using nanoindenter, and
these quantitative results well agreed with the results on their mechanical properties, and these results lead to the material
design of the SiC;/SiC composite with high mechanical properties and the optimization of its fabrication process. Simple model
of thermal conductivity of SiC;/SiC composite based on series model of multilayered structure was suggested by our experi-
mental data, and higher thermal conductivity of SiC¢/SiC composite was successfully achieved by microstructure control.
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1. Introduction

Silicon carbide (SiC) is one of the promising materials for
structural applications at high temperatures because it shows
high thermal and chemical stability, high stiffness, high hardness,
high thermal conductivity, excellent oxidation, corrosion and
wear resistance, high mechanical strength at high temperature,
low thermal expansion, and good resistance to high-energy neu-
tron irradiation.”* However, monolithic SiC shows low reliabil-
ity due to its brittleness and catastrophic fracture behavior, and
the applications of monolithic SiC as high temperature structural
parts have been limited. In order to improve its reliability, SiC
matrix reinforced with continuous SiC fibers with high elastic
modulus and strength, i.e. continuous SiC fiber-reinforced SiC
matrix composites (SiC:/SiC), which show pseudo-ductile frac-
ture behavior and high fracture energy, have been paid attention
as the ceramic materials with high reliability. Continuous SiCy/
SiC composites are expected to be applied as components for
high temperature gas turbine, spacecrafts and future fusion reac-
tors,”” and they have been considered as a key material for
these applications. During fracture of fiber-reinforced ceramic
matrix composite, complicated processes with interfacial
debonding, fiber bridging, fiber fracture and fiber pullout
occur.® 'V As a result, energy for fracture in fiber-reinforced
ceramic matrix composite increases significantly. It is important
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for unique fracture behavior in fiber-reinforced ceramic matrix
composite to design the optimum fiber/matrix interface and
microstructure. The optimum interface plays an important role
for the promotion of fiber pullout and interfacial debonding, and
for the inhibition of reaction between fiber and the matrix.'?-'¥
Currently, carbon or boron nitride (BN) coating is formed on SiC
fibers by chemical vapor deposition (CVD) to obtain the opti-
mum fiber/matrix interface in SiC¢/SiC composite. ¥
Continuous SiCy/SiC composites are mainly fabricated by
chemical vapor infiltration (CVI) method, polymer infiltration
and pyrolysis (PIP) method and reaction sintering process.'®!"
CVI and PIP processes have some advantages such as SiC matrix
with high purity, minimizing damage to fibers, and making near-
net shape parts. On the other hand, these processes require longer
manufacturing times and complicated apparatus, resulting in
high cost. In addition, the SiC;/SiC composites fabricated by
these processes usually contain large amount of voids and pores,
resulting in low mechanical and thermal properties. Reaction sin-
tering process offers dense SiC matrix in SiCy/SiC composite
without shrinkage during sintering. However, molten silicon has
high reactivity and it leads to damage of fibers and bonding
between fiber and matrix. Moreover, free silicon in SiC matrix
deteriorates the mechanical properties of SiC¢/SiC composite at
high temperature because melting point of silicon is around
1410°C. For the practical use of continuous SiC;/SiC composites
as structural parts, establishment of the fabrication process of
continuous SiC¢/SiC composites with high performance that is
simple compared with conventional methods and leads to dense
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composite has been strongly requested.

This paper reviews novel fabrication process of continuous
SiC¢/SiC composites with high performance based on interfacial
and microstructure control and our approach to improvement of
mechanical and thermal properties of SiC;/SiC composite based
on modeling and analysis.

2. Fabrication process of SiC:/SiC composites
based on interfacial and microstructure control

2.1 Fabrication of SiC:/SiC composites using
sheet stacking and hot-pressing

Hot-pressing is a simple process compared with CVI, PIP and
reaction sintering, and it offers the ability to fabricate dense SiCy/
SiC composite. However, hot-pressing usually requires higher
temperature for sintering than these processes, and it had been
avoided for the fabrication of SiC;/SiC composite due to the ther-
mal degradation of fiber during sintering. Basically, sintering of
SiC ceramics needs sintering additives due to the covalent nature
of Si~C bonding and low self-diffusion coefficient,?” and sinter-
ing additives that enable low-temperature sintering must be
selected for the fabrication of SiCi/SiC composite in order to
inhibit the thermal degradation of fiber. To satisfy this require-

SiC green sheet
(SiC + sintering additives)

ment, Al,O3-Y,03;-CaO system that can promote the densi-
fication of SiC ceramics via liquid phase sintering at lower
temperature by hot-pressing?" was selected for the fabrication of
SiC¢/SiC composite. In addition, present authors reported that
the degradation of fiber strength was accelerated by the diffusion
of sintering additives from the matrix,”® and strong bonding
between fiber and the matrix was formed, and then fiber pullout
was inhibited.” In order to inhibit the degradation of fibers and
the reaction between fiber and the matrix, optimum interfacial
and microstructure design must be considered for the fabrication
of SiC¢/SiC composite. Based on interfacial and microstructure
control, present authors proposed the simple fabrication process
of two-dimensional SiC;/SiC composites with high performance
by sheet stacking and hot-pressing. Schematic illustration of the
fabrication process of SiC;/SiC composites using sheet stacking
and hot-pressing is shown in Fig. 1.>Y SiC green sheet was pre-
pared by laboratory-scale tape casting apparatus using the slurry
containing submicron-sized 3-SiC powder, sintering additives of
a-AlL,O3 (14 mass%), Y203 (4 mass%) and CaO (2 mass%), and
some organics.”> Two dimensionally plain-woven Hi-Nicalon
(Nippon Carbon Co., Ltd.) fiber cloths with BN coating (thick-
ness; 0.4 um) were used as the reinforcement. Polycarbosilane

I

Heat-treatment | |

Hot-pressing |

* Forming

Two-dimensional SiC¢/SiC composite

* Burning out of organics

Fig. 1. Schematic illustration of the fabrication process of SiC;/SiC composite using sheet stacking and hot-pressing.

(a)-1

Fig. 2.  SEM micrographs of the microstructure of SiC¢/SiC composites fabricated by (a) CVI process, (b) PIP process and (c) hot-pressing.

(a)—(c)-1: Low magnification, (a)—(c)-2: High magnification.
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(PCS), precursor for SiC,%9% was dissolved in toluene, and then
impregnated into Hi-Nicalon fiber cloth. SiC green sheets and
PCS-impregnated fiber cloths were stacked alternately, and then
heat-treated at 300°C in air under a uniaxial pressure of 20 kPa.
The stacked green compact was hot-pressed at 1650-1750°C for
1 h in argon flow under a uniaxial pressure of 40 MPa. Fiber vol-
ume fraction (Vi) of the SiC¢/SiC composite was 52%. It was
expected that this fabrication process had the following advan-
tages; SiC sheet between each fiber cloth layer would promote
the densification of SiC¢/SiC composite, and the impregnation of
PCS would contribute to the formation of SiC matrix between
each fiber filament, protection of the diffusion of sintering addi-
tives into fibers and the promotion of fiber pullout by the inhibi-
tion of the reactions between fiber and the matrix.

Figure 2 shows the microstructure of SiC/SiC composites
fabricated by CVI, PIP processes and hot-pressing.'®?¥ Large
voids and pores were observed in the SiC;/SiC composites fab-
ricated by CVI and PIP processes. On the other hand, the SiC¢/
SiC composite fabricated by hot-pressing was dense (relative
density: 93-94%) and it did not contain voids and pores, and suf-
ficient formation of SiC matrix between each fiber filaments was
achieved.

Figures 3 and 4 exhibit typical load-displacement curves of
SiC¢/SiC composites fabricated by hot-pressing at 1650°C—
1750°C in three-point bending test at room temperature and at
high temperatures up to 1400°C.>-* SEM micrograph of frac-
ture surface of the SiC;/SiC composite hot-pressed at 1700°C
after bending test at room temperature are shown in Fig. 5.2 The
SiC¢/SiC composites fabricated by hot-pressing showed pseudo-
ductile fracture behavior. Bending strength was calculated from
the maximum load for fracture in a load-displacement curve, and
the SiC¢/SiC composite hot-pressed at 1700°C showed higher
bending strength (240 MPa) than the composites hot-pressed at
1650°C or 1750°C. The load-displacement curves at 1000°C
were similar to that at room temperature. The differences in the
slope at elastic deformation region in bending test at room tem-
perature and 1000°C between each SiC;/SiC composite were
attributed to the difference in the thickness of each composite. At
test temperatures above 1200°C, the load-displacement curves
were different from that at room temperature and 1000°C. At
1200°C (Fig. 4(b)), the load decreased slowly after reaching the
maximum load, and then the load-displacement curves spread
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Fig. 3. Typical load-displacement curves of SiC;/SiC composites fab-
ricated by hot-pressing at 1650°C—1750°C in three-point bending test at
room temperature.
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more widely rather than that at room temperature and 1000°C.
In the case of the SiC;/SiC composite hot-pressed at 1650°C, the
bending strength decreased and the flat region caused by sliding
between matrix and fiber cloth layer, i.e. shear fracture, was
observed. At 1400°C (Fig. 4(c)), the bending strength decreased
significantly, and the reduction in load was small after the max-
imum load and load-displacement curves were almost flat. These
curves indicated that the SiCy/SiC composites fractured in shear
fracture mode at 1400°C. The elastic deformation region in
bending test became small as test temperature increased above
1200°C. Bending strength of the SiC;/SiC composite hot-pressed
at 1700°C did not decrease up to a test temperature of 1200°C.
Fracture energy of the SiC¢/SiC composite hot-pressed at 1700°C

1700°C (a)
1650°C

200 -

100} 1750°C

200; 1750°Cc 1700°C 1

1650°C
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100 17500Cc  1700°C 1
1650°C

Displacement (a.u.) 0.2mm

Fig. 4. Typical load-displacement curves of SiC¢/SiC composites fab-
ricated by hot-pressing at 1650°C—1750°C in three-point bending test at
(a) 1000°C, (b) 1200°C and (c) 1400°C.

Fig. 5. SEM micrograph of fracture surface of the SiC¢/SiC composites
fabricated by hot-pressing at 1700°C after three-point bending test at
room temperature.
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was 4.3 kJ/m? at a test temperature of 1200°C, and this value was
four times higher than that at room temperature. These results
would be attributed to an increase in crack propagation resistance
and promotion of fiber pullout by the softening of the grain
boundary phase in the SiC matrix at high temperatures. Further-
more, it was confirmed that SiC matrix between each filament
derived from PCS impregnation acted as a protect layer and the
diffusion of sintering additives into SiC fibers and reactions
between fiber and the matrix were suppressed.

Thermal conductivity of monolithic SiC with 20 mass% of
Al0O3-Y203-CaO sintering additives hot-pressed at 1750°C and
SiC¢/SiC composite fabricated by hot-pressing measured at room
temperature and high temperatures up to 1000°C was shown in
Fig. 6.223% For comparison, the change in thermal conductivity
of SiC¢/SiC composite fabricated by CVI process (bulk density;
2.2 g/em?®, Vy; 30%) with test temperature was also shown in Fig.
6.V Thermal conductivity of monolithic SiC was about 28 W/m-K
at room temperature. It decreased to 20 W/m-K with increasing
test temperature up to 1000°C. Thermal conductivity of SiC¢/SiC
composites fabricated by hot-pressing was in the range of 5 to
11 W/m-K at room temperature, and it depended on their bulk
density. Thermal conductivity of SiCi/SiC composite tended to
show a maximum at approximately 500°C or slightly increase
with an increase in test temperature. These values were higher
than that of SiC/SiC composite fabricated by CVI process
reported in ref.31. From these results, dense SiC;/SiC composite
with excellent mechanical and thermal properties was successfully
achieved by simple process using sheet stacking and hot-pressing.

2.2 Novel fabrication process of SiC:/SiC compos-
ites using electrochemical process

Recently, polycrystalline SiC fiber (Tyranno SA, Ube Indus-
tries. Ltd.) with high strength and excellent heat resistance at
high temperatures has been developed.*” Tyranno SA fiber has
higher thermal conductivity of 64 W/m-K at room temperature,*”
and this value is much higher than that of Hi-Nicalon fiber
(7.8 W/m-K at room temperature®”). These excellent properties
of Tyranno SA fiber are attractive for improving mechanical and
thermal properties of SiCi/SiC composite, and TyrannoSA fiber
has been expected to be used as the reinforcement of SiC;/SiC
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Fig. 6. Thermal conductivity of monolithic SiC and SiC¢/SiC compos-
ite fabricated by hot-pressing measured at room temperature and high
temperatures up to 1000°C. For comparison, thermal conductivity of

SiC;/SiC composite fabricated by CVI process®" was also shown in this

figure. Open and solid squares; hot-pressed at 1650°C, open and solid
circles; hot-pressed at 1700°C, open and solid triangles; hot-pressed at
1750°C. Monolithic SiC was hot-pressed at 1750°C.

composite. Tyranno SA fiber shows electric conductivity due to
its high crystallinity, and we have paid attention to its electric
conductivity, and novel fabrication process of SiC/SiC compos-
ite using electrochemical process has been proposed.*>"

Figure 7 shows schematic illustration of electrophoretic depo-
sition (EPD) apparatus for carbon coating on SiC fibers and SiC
matrix formation into SiC fiber cloth. Two dimensionally plain-
woven polycrystalline Tyranno SA cloth was used as the rein-
forcement. The suspension of graphite particles for EPD was
prepared using commercial colloidal graphite aqueous solution.
The graphite particles had a flaky shape, and their average
particle size was 400-500 nm.*® The concentration and pH of
colloidal graphite suspension were adjusted to 0.1 mass% and
10, respectively. The SiC fiber cloth and graphite plate were set-
tled at a distance of 10 mm in the graphite suspension as the
anode and the cathode, respectively. Graphite particles were
coated on SiC fibers in the cloth by EPD using the colloidal
graphite suspension under an applied voltage of 3 V for 10 min,
and then dried at 100°C. SEM micrographs of as-received
Tyranno SA fibers and carbon-coated SiC fibers by EPD were
shown in Fig. 8.°® As-received Tyranno SA fiber is polycrystal-
line, and consists of fine 4-SiC particles.*” After the carbon coat-
ing on SiC fibers by EPD, the surface of SiC fibers was wholly
coated with flaky graphite particles. The thickness of carbon
coating on SiC fibers was ranged from several tens to hundreds
nanometers.

Submicron-sized S-SiC powder containing sintering additives
consisting of a~AlLOs3 (14 mass%), Y203 (4 mass%) and CaCOs
(2 mass% as CaO) were dispersed in distilled water, and the con-
centration and pH of SiC suspension were adjusted to 10 mass%

L
Carbon plate
SiC fiber cloth

Carbon suspension
or SiC suspension

Fig. 7. Schematic illustration of electrophoretic deposition apparatus
for carbon coating on SiC fiber cloth and infiltration of SiC matrix into
SiC fiber cloth.

£
£
1,5k 9.8mm A7.00K L 180 45KV 10 1mm x7 00k 5Mm

Fig. 8. SEM micrographs of the surface of (a) as-received Tyranno SA
fibers and (b) carbon-coated Tyranno SA fibers by EPD.
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and 10, respectively. The carbon-coated fiber cloth was dipped
into the SiC suspension, and SiC matrix with sintering additives
was infiltrated by EPD under an applied voltage of 5 V for 20 min,
and the cloth was dried at 100°C. SiC;/SiC composite was fab-
ricated by the same process using sheet stacking and hot-pressing
described in section 2.1. Hot-pressing was performed at 1700°C
for 1 h in argon flow under a uniaxial pressure of 40 MPa. The
V; of the SiCy/SiC composite fabricated in this process was 52%,
and its bulk density and open porosity were 2.8 g/cm® and 9.3%,
respectively.

SEM micrographs of the cross section of SiC;/SiC composite
using carbon-coated SiC fibers by EPD are shown in Fig. 9.%”
Thin carbon coating was formed on SiC fibers, and SiC matrix
was formed sufficiently between each fiber filament by EPD.
Figure 10 shows typical load-displacement curves of the SiCy/
SiC composite fabricated by EPD in three-point bending test at
room temperature.*®*” The SiC¢/SiC composite showed pseudo-
ductile fracture behavior with fiber pullout, and average bending
strength of the SiC¢/SiC composite was 117 MPa. In consider-
ation of fracture behavior and fracture surface of the SiC;/SiC
composite, it seemed that the optimum interface between the
fiber and their matrix was obtained by EPD under this condition.

The principle of EPD process for the formation of SiC matrix
and carbon coating would be considered as follows;*® negatively
charged graphite particles were coated well on positively charged
SiC fibers, and carbon coating on SiC fibers was relatively
homogeneous. Furthermore, graphite particles were infiltrated
into fiber bundle by electrical force, and then relatively homoge-
neous carbon coating was formed not only on SiC fibers at the
surface of the bundle but also on fibers at the center of the bun-
dle. Matrix components, 3-SiC, Al,03;, Y203 and CaCOs parti-

F0KV/9 S 7.00K

Fig. 9. SEM micrographs of the cross section of SiC¢/SiC composite
using carbon-coated Tyranno SA fiber cloths by EPD.
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Fig. 10. Typical load-displacement curves of SiC¢/SiC composites fab-
ricated by EPD in three-point bending test at room temperature.
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cles, would be also negatively charged and dispersed under this
suspension condition in consideration of their iso-electric point,
and these matrix components were infiltrated into fiber bundles
by electric force.

We have demonstrated that EPD process is expected to be an
effective way to control the fiber/matrix interface and the micro-
structure of SiC¢/SiC composite with high performance, and it
will become an industrially useful process that leads to pro-
duction of structural parts with large and complicated shape,
reduction of production cost, and better productivity in the
future. Furthermore, it is expected that EPD process can be
applied for not only SiC¢/SiC composite but also other fiber-
reinforced ceramic matrix composites by the optimization of
EPD conditions.

3. Modeling and analysis of mechanical and ther-
mal properties of SiC/SiC composite

3.1 Quantitative analysis of interfacial properties

of SiC¢/SiC composite by push-in test

Mechanical properties of fiber-reinforced ceramic matrix com-
posite strongly depend on their interfacial properties between
fiber and the matrix, and it is important for the material design
of fiber-reinforced ceramic matrix composite with high mechan-
ical properties and the optimization of its fabrication process to
evaluate the interfacial properties quantitatively and to clarify the
relation between interfacial properties and mechanical properties
of the composite.

There are several methods for evaluating interfacial shear
stress including debonding and sliding of fiber-reinforced
ceramic matrix composite such as push-out test*®-* and push-in
test.*?=*3 Push-in test is a method to measure interfacial strength
of fiber-reinforced ceramic matrix composite by pushing the
fiber into the matrix along with fiber axis by indenter. Present
authors performed push-in test using nanoindenter that can con-
trol applied load accurately by milligram order during loading
and measure applied load and displacement of the indenter
continuously for evaluating interfacial properties of SiC/SiC
composite quantitatively and investigated the relation between
their interfacial properties and mechanical properties.

Interfacial properties of the SiCy/SiC composites using Hi-
Nicalon fibers fabricated by CVI process (CVI-composite)'® and
hot-pressing (HP-composite)*® were evaluated by push-in test
using a dynamic ultra-microhardness tester with a triangle
indenter. Maximum load and loading rate were 0.2 N and 5 mN/
sec, respectively. Specimens for push-in test were cut from the
SiC;/SiC composite, and their surface perpendicular to fiber axis
was mirror-polished. True fiber displacement (1) was calculated
by subtracting the penetration depth of indenter (uo) into the fiber
from total displacement of indenter (u;). Figure 11 shows the
schematic illustration of push-in test and appearance of fiber in
SiC¢/SiC composite after push-in test.** Interfacial shear sliding
strength (7;) was determined by the following equation reported
by Marshall;*”

N

o 4n’ur’ Ey )

where F is applied load, u true fiber displacement, rr fiber radius
and Ey elastic modulus of fiber. By plotting the square of load
versus true fiber displacement, 7, was calculated from the slope
of loading region in the square of load-true fiber displacement
curve. Debonding strength (0y) was simply calculated from the
following equation;



Journal of the Ceramic Society of Japan 118 [2] 82-90 2010

JCS-Japan

Berkovich indenter)

PO = ldo IU:
4(Debonded interface]
AUndebonded interfacej

u : Displacement of fiber surface (u = u¢—Uuo)
u; : Displacement of indenter
Uo: Penetration depth of indenter

Fig. 11. Schematic illustration of push-in test and appearance of fiber after push-in test.
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Fig. 12. Typical square of load-true fiber displacement curves of SiC;/SiC composites fabricated by (a) CVI process
and (b) hot-pressing in push-in test.

Table 1. Interfacial Shear Sliding Strength (7), Debonding Strength (oq), Fiber Pullout Length (/,), Energy of a Single
Fiber Pullout (3;), Three-Point Bending Strength (03,) and Fracture Energy (/) of the SiC;/SiC Composites Measured at
Room Temperature

Specimen 7. (MPa) 04 (Mpa) o3p (MPa) T (J/m?) Ip (um) % )
CVI-composite 45+23 215+120 390 6600 245 £221 1.1x10*
HP-composite (1650°C*) 53+46 185+ 145 180 2250 518 £345 45x 107
HP-composite (1700°C*) 62150 145 £ 140 250 1120 218 £ 167 1.0x 107
HP-composite (1750°C*) 80 £ 46 165 £ 145 180 470 52+ 46 8.4x107°
*Sintering temperature
cq4= % 2) CVI-composite mainly showed a linear loading curve, which
f

where Fq is the debonding load. The work done by pullout of a
single fiber ();) was calculated by the following equation;
I
Yp = 27rrfrgjop lrdl = ﬁrffslpz 3)
where [; is fiber length and [, fiber pullout length. Fiber pullout
length (I,) in SiC¢/SiC composite after bending test was mea-
sured by SEM observation.

Figure 12 shows typical square of load-true fiber displace-
ment curves of CVI- and HP-composites in push-in test.'” The

would suggest constant 7. In contrast, the HP-composite showed
a non-linear curve in many fibers. This result would indicate that
7, changed along the fiber due to the residual stress caused by
shrinkage of SiC matrix during hot-pressing, and the formation
of rough interface by thermal and chemical effect of polycarbosi-
lane and liquid phase derived from sintering additives.
Interfacial and mechanical properties of CVI- and HP-
composites are listed in Table 1.'” The 7, of the CVI-composite
was 45 = 23 MPa. In consideration of the results reported by
Licciulli et al.*” and Lowden et al.,*» our results obtained in the
CVI-composite would be appropriate values. The HP-composites
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showed higher 7 than that of the CVI- composite. The mean 7,
of the HP-composite increased with increasing hot-pressing tem-
perature. The oy of the CVI-composite was slightly higher than
that of the HP-composite, and the HP-composite at 1700°C
showed the lowest ou. However, the difference in o4 was small
among them in consideration of the scatter of data.

Bending strength and fracture energy of the CVI-composite
was higher than those of the HP-composites due to lower inter-
facial shear sliding strength and higher fiber strength. It was
reported that the original tensile strength of Hi-Nicalon fiber
after thermal exposure in argon atmosphere is maintained up to
1400°C, and it decreases gradually above 1400°C.*> The pro-
cessing temperature of CVI was lower than that of hot-pressing,
resulting in higher fiber strength in the SiC¢/SiC composite fab-
ricated by CVI process. The HP-composite at 1750°C had a
higher 7, and lower fiber strength. High 7, causes an increase in
sliding resistance at the interface, which induces the difficulty in
fiber pullout, and a fiber with lower strength fractures easily,
resulting in low bending strength and fracture energy. In fact, [,
was so short and 7, was so small compared with the CVI-
composites or HP-composites at 1650°C and 1700°C. The HP-
composite at 1650°C showed a lower bending strength and
higher fracture energy in spite of a lower 7, higher fiber strength,
larger [, and %, In this case, strengthening of SiC matrix is not
enough due to the lower sintering temperature, and then delam-
ination between fiber cloth layers and SiC matrix occurs easily.
The quantitative results on interfacial properties of the SiC;/SiC
composites well agreed with the results on their mechanical
properties. Base on these results, material design of the SiC;/SiC
composite with high mechanical properties and optimization of
its fabrication process was achieved.

3.2 Modeling and material design for improve-
ment of the thermal conductivity of SiC¢/SiC
composite

For some applications such as structural parts in fusion reac-

tors and high-temperature gas turbine, higher thermal conduc-
tivity of the SiCy/SiC composite is needed in addition to its
higher mechanical strength and fracture toughness. Thermal con-
ductivity of the SiC;/SiC composite would depend on not only
the thermal conductivity of each component such as SiC matrix
and SiC fibers but also microstructure of the composite. Present
authors have improved the thermal conductivity of SiC matrix by
the microstructure control using coarse SiC grains.*® It is exper-
imentally well-known that the thermal conductivity of polycrys-
talline ceramics increases with an increase in their grain size and
it increases in proportion to the square root of the average grain
size.*” Fiber-reinforced composite has a complicated structure,
and its analytical thermal conductivity model becomes very
sophisticated because the effects of not only fibers and matrix but
also interfaces and pores on the thermal conductivity of the com-
posite must be considered. Up to now, some analytical thermal
conductivity models of fiber-reinforced composites taking into
account the effects of interfacial layers and fibers on their ther-
mal conductivity have been reported.*®->” The porosity of the
SiC¢/SiC composite obtained by our process was very small
(open porosity; 1.0-1.5%) compared with that of conventional
composite fabricated by CVI and PIP processes. As for fiber
cloth layers in the composite, it was considered that the effect of
the SiC matrix formed in fiber cloths was probably more domi-
nant than that of interfaces between fiber and the matrix. There-
fore, the present SiC¢/SiC composites were assumed to be a sim-
ple multilayered structure consisting of fiber cloth layers with
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SiC matrix and SiC matrix layers derived from SiC sheets with-
out any consideration of the effects of pores and interfaces on
their thermal conductivity. Based on our experimental data, it
was demonstrated that the thermal conductivity of the SiC;/SiC
composite fabricated by sheet stacking and hot-pressing could be
simply approximated by series model of multilayered struc-
ture.*® From this approximation, we focused on microstructure
control of SiC;/SiC composite using polycrystalline SiC fiber
with high thermal conductivity, and improvement of thermal
conductivity of SiC/SiC composite was investigated.

Green sheet consisting of submicron-sized o~SiC powder con-
taining 20 mass% of micron-sized o~SiC powder and ALO3;—
Y,0;—-CaO system (20 mass% in total) was prepared by laboratory-
scale tape casting equipment. Two-dimensionally plain-woven
Tyranno SA fiber cloth was used as the reinforcement. Carbon
coating on SiC fibers was formed by EPD process.*®*" SiC
matrix between each filament was formed by EPD process using
SiC powder suspension or PCS impregnation. These SiC cloths
and SiC green sheets were stacked alternately, and then heat-
treated at 300°C. The compact was hot-pressed at 1750°C for 1 h
in argon flow under a uniaxial pressure of 40 MPa. The SiC;/SiC
composites using the SiC cloth treated by EPD and PCS were
presented as EPD-composite and PCS-composite, respectively.
For comparison, the SiC¢/SiC composite was fabricated by hot-
pressing using untreated TyrannoSA fiber cloth and SiC green
sheet (this composite was presented as Untreated composite).
Thermal conductivity of the composite was measured perpendic-
ular to the cloth layers at room temperature by laser flash
method.

Monolithic -SiC containing 20 mass% of coarse a-SiC
grains and AlL,O3—Y,03—CaO sintering additives was hot-pressed
under the same condition as the SiC¢/SiC composite, and its ther-
mal conductivity was 54 W/m-K at room temperature.

Table 2 shows fiber volume fraction, bulk density, open poros-
ity and thermal conductivity of the SiC:/SiC composites. The
thermal conductivity of PCS-composite was 18 W/m-K. This
value was higher than that of the composite fabricated in our pre-
vious study,>* but a significant increase in thermal conductiv-
ity was not achieved. On the other hand, the thermal conductivity
of EPD-composite and untreated composite was 45 W/m-K and
56 W/m-K, respectively, and these values were much higher than
that of the SiC;/SiC composite reported in our previous
paper’**? and PCS-composite described above.

Figure 13(a) shows the schematic illustration of a rule of mix-
tures in multilayered structures.*® Thermal conductivity of the
multilayered structures in the directions parallel (kt;, parallel
model) and perpendicular (x:2, series model) to the layer, i.e.
fiber cloth alignment, can be simply given by

Ke1 =KtVi + KnVin (4)

1 i Va
= 5)
Kc2 Kt Km
where ki, and &t are the thermal conductivity of the matrix and
fibers, Vi, and V; volume fraction of matrix and fibers, respec-
tively. Assuming that the &7 of Tyranno SA is 60 W/m-K and the
Km 18 30, 54 and 60 W/m-K (54 W/m-K and 60 W/m-K is corre-
sponding to the values of SiC matrix and Tyranno SA fibers,
respectively), the thermal conductivities of the composite calcu-
lated by Eq. (4) and Eq. (5) as a function of fiber volume fraction
are shown in Fig. 13(b). Untreated composite had a multilayered
structure consisting of polycrystalline SiC fiber cloths and SiC
matrices derived from SiC sheet, and its thermal conductivity
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Table 2. Fiber Volume Fraction, Bulk Density, Open Porosity and Thermal Conductivity of the SiC¢/SiC Composites

Specimen Fiber volume fraction (%) Bulk density (g/cm®) Open porosity (%) Thermal conductivity (W/m-K)
EPD-composite 419 3.12 1.43 44.5
PCS-composite 38.4 2.97 1.06 18.3
Untreated composite 50.9 3.14 1.36 56.1

Kes V. 100 T T T T
Koy Vi Koo\ Ut Tyranno SA fiber
(k, = 60W/m+K)
£ 80t K, = 100W/meK -
> K, = 60W/m-K R
= 60
y . 3
o .-
¢ g4} |
5 | K,y = 30W/meK
g s
5]
% £ 20t 1
(a) 0 . L

Fig. 13.
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Fiber volume fraction

(b)

(a) Schematic illustration of a rule of mixtures in multilayered structures, (b) Relation between fiber volume fraction and

thermal conductivity of the multilayered structure calculated by Eqs. (4)(straight line) and (5) (broken line).

well agreed with the ideal thermal conductivity calculated by
series model using &, (54 W/m-K) in Fig. 13(b). In the case of
PCS-composite, the SiC matrix formed in SiC fiber cloths was
derived from PCS, and this matrix shows lower thermal conduc-
tivity due to its low crystallinity. PCS-impregnated SiC fiber
cloths would act as the layer with low thermal conductivity since
the low thermal conductivity of PCS-derived SiC matrix would
be dominant to that of the cloth layers. As a result, the thermal
conductivity of PCS-composite would be very low. EPD-
composite had a thermal conductivity of 45 W/m-K, and this
value was slightly lower than the value calculated by series
model. This difference in thermal conductivity would be caused
by the interfacial condition between SiC matrix and fibers.
Higher thermal conductivity of SiC;/SiC composite was success-
fully achieved by microstructure control, and the thermal con-
ductivity of the SiC;/SiC composite will approach the value of
untreated composite in maximum by the optimization of the fab-
rication process of SiC¢/SiC composite.

4. Conclusions

This paper reviews novel fabrication process of continuous
SiC¢/SiC composites with high performance based on interfacial
and microstructure control and our approach to improvement of
mechanical and thermal properties of SiC¢/SiC composite based
on modeling and analysis.

The present authors developed the simple fabrication process
of two-dimensional SiC¢/SiC composite using sheet stacking and
hot-pressing based on interfacial and microstructure control, and
dense SiC¢/SiC composite with excellent mechanical and thermal
properties was successfully obtained. Furthermore, novel fabri-
cation process of SiC¢/SiC composite using EPD process was
proposed and it was demonstrated that EPD process is expected
to be an effective way to control the fiber/matrix interface and
the microstructure of SiC;/SiC composite with high perfor-

mance, and it will become an industrially useful process that
leads to production of structural parts with large and complicated
shape, reduction of production cost, and better productivity in the
future. This process is also expected to be applied for not only
SiC¢/SiC composite but also other fiber-reinforced ceramic
matrix composites.

Interfacial properties of SiC¢/SiC composite such as interfacial
shear sliding strength and interfacial debonding strength were
quantitatively evaluated by push-in test using nanoindenter, and
these quantitative results well agreed with the results on their
mechanical properties. From these results, material design of the
SiC/SiC composite with high mechanical properties and optimi-
zation of its fabrication process could be suggested. Simple
model of thermal conductivity of SiCi/SiC composite based on
series model of multilayered structure was suggested by our
experimental data, and improvement of thermal conductivity of
SiC/SiC composite was investigated. As a result, higher thermal
conductivity of SiC¢/SiC composite was successfully achieved
by microstructure control.
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