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a Tetrahedron of SiC b c-surface created by the tetrahedron a Tetrahedron of SiC b c-surface created by the tetrahedron 

Fig. 1-1 (a) Tetrahedron of SiC and (b) c-surface created by the tetrahedron5). 
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Fig. 1-2 Balance of surface energy and grain boundary energy at triple junction of grain boundary. 

GB GB

SV 
SV 

SV 
SV

a b

pore pore

grain

grain

grain grain

grain

grain

GB GB

SV 
SV 

SV 
SV

a b

pore pore

grain

grain

grain grain

grain

grain



 

 7

Fig. 1-3 Microstructures of SiC added Al2O3
10). 
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Fig. 1-4 (a) Microstructure development of SiC sintered with Al2O3 additive, and (b) dependence 

of KIC on the aspect ratio of SiC grain shape24). 

(a) 

(b)
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Table 1-1 Mechanical properties of liquid-phase sintered SiC26)-32). 

Starting Powders Sintering additives
K1C

(MPa m0.5)
f

(MPa)
Sintering
methods Authors

 -SiC + -SiC  AlN-Y2O3-CaO (12.5mol%) 7 721 / 1034* HP+anneal  Kim et al. 26)

 -SiC  AlN-Y2O3 (10vol%) 4.3 / 6.1 436 / 1047* GPS  Rixecher et al.27

 -SiC (0.27 m)  Al-B-C (5.6mass%) 5.6 691 HP  Zhang et al.28)

 -SiC (0.3 m)  Al4C3-B4C-C (4.2mass%) 4.1 SPS  Zhang et al.28)

 -SiC (0.3 m)  Al2O3-Y2O3 (4.4mass%) 4.6 SPS  Zhou et al.29)

 -SiC (0.3 m)  Al2O3-Yb2O3 (5vol%) 3.4 652 HP  Zhou et al.30)

 -SiC + -SiC  AlN-Y2O3 (13.5mass%) 5.5 650 HP  Kim et al.31)

 -SiC (0.8 m/30nm)  Al2O3-Y2O3 (2.4vol%) 6 812 HP  Hirota et al.32)

HP: Hot-press sintering, SPS: Spark plasma sintering, GPS: Gas Pressure Sintering, * After healing in air 
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Fig. 1-5 Photographs of SiC tray 
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Fig. 1-6 Structures of (a) fullerene, (b) graphene, (c) single wall carbon nanotube and (d) multi

walled carbon nanotube37). 
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SiC SiC

Table 1-2 Fracture toughness (KIC) and bending strength ( f) of the CNTs/SiC composites69)-73). 

CNTs Powedrs Sintering
additives

Relative
density(%) K1C (MPa m0.5) f (MPa) Sintering

methods Authors

10% SiC (80nm)    B4C 94.7 3.8   10% 321 10%   HP Ma et al.69)

10vol% Si-C    B >96   5.5   a little 720 29%   PECPS Hirota al.70)

5vol% SiC (30nm)   B4C >95 7.1   78%   PECS Morisada et al.71)

5wt% SiC   Al2O3-Y2O3 98 5.7  24% 700   HP Shimoda et al.72)

0.25mass% SiC   Al2O3-Y2O3 96.7 8.7  30% 642    HP Jiang et al.73)

HP: Hot Press sintering,  PECPS: Pulesd Electric Current Pressure Sintering
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Fig. 2-1 Process of gel-casting 
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Table 2-1 Slurryies measured zeta potential  
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Fig. 2-2 Viscosity of 3wt -CNFs slurry having (a) different content of dispersant and (b)

different pH. 
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Fig. 2-3 Zeta potential of ( ) CNFs, ( ) SiC and ( ) CNFs/SiC powder mixture slurries at 

different pH. 
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Fig. 2-4 Viscosity of ( ) 1wt , ( ) 2wt , ( ) 3wt  and ( ) 5wt -CNFs/SiC slurries 

having different content of dispersant
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Fig. 2-5 Viscosity of ( ) monolithic SiC, ( ) 1wt , ( ) 2wt , ( ) 3wt  and ( ) 5wt

-CNFs/SiC slurries having different solid concentration
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Fig. 2-6 Viscosity of ( ) monolithic SiC, ( ) 1wt , ( ) 2wt , ( ) 3wt  and ( ) 5wt

CNFs/SiC slurries having solid concentration of (a) 65wt  and (b) 75wt .
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Fig. 2-7 Viscosity of ( ) 3wt -CNFs/SiC and ( ) NaClO3-treated CNFs/SiC slurries vs shear 

rate. (Their solid concentrations are 75wt .)
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(a) (b)

Fig. 2-8 Packing ratios of ( ) 1wt , ( ) 2wt , ( ) 3wt  and ( ) 5wt -CNFs/SiC green

compacts prepared using slurries having different content of dispersant. 

Fig. 2-9 SEM images of 3wt -CNFs/SiC green compacts prepared suing CNFs/SiC slurries having 

(a) dispersant of 10wt  and (b) no dispersant. 
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Fig. 2-10 Packing ratios of ( ) monolithic SiC, ( ) 1wt , ( ) 2wt , ( ) 3wt  and

( ) 5wt -CNFs/SiC green compacts prepared using slurries having different solid

concentration. 
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(a) (b)

(c) (d)

(a) (b)

(c) (d)

(b)(a)

Fig. 2-11 SEM images of fracture surfaces of 3wt -CNFs/SiC green compacts prepared using

slurries having solid concentration of (a) 60wt , (b) 65wt , (c) 70wt  and (d) 75wt .

Fig. 2-12 SEM images of fracture surfaces of (a) 3wt -CNFs/SiC and (b) 3wt -NaClO3-treated

CNFs/SiC green compacts prepared using slurries having solid concentration of 75wt .
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(a)

(c)

(b)

Fig. 3-1 Relative densities of ( ) monolithic SiC, ( ) 1wt , ( ) 2wt , ( ) 3wt  and ( )

5wt -CNFs/SiC composites. 

Fig. 3-2 XRD patterns of (a) CNFs treated in NaClO3 solution and CNFs treated in NaClO3

solution and then heated at (b) 2100  and (c) 2150
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Fig. 3-3 XRD patterns of 3wt -CNFs/SiC composite sintered at (a) 600 , (b) 2050 , (c)

2100  and (d) 2150 .
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Fig. 3-4 SEM images of polished surfaces of (a) monolithic SiC and (b) 1wt , (c) 2wt  and (d)

3wt -CNFs/SiC composites sintered at 2150 .
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Fig. 3-5 (a) Secondary and (b) reflection electron images of polished surface of 2wt -CNFs/SiC

composite sintered at 2150 .
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SiC

CNF

5nm

Fig. 3-6 (a) STEM and (b) Z-contrast images of 2wt -CNFs/SiC composite sintered at 2150 .

Fig. 3-7 STEM image of interface between CNF and SiC grain in 3wt -CNFs/SiC composite

sintered at 2150 .
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Fig. 3-8 SEM images of fracture surfaces of (a) 3wt -CNFs/SiC green compact and the

composite sintered at (b) 2050 , (c) 2100 , (d), (e) and (f) 2150 .
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0 - 2150 98.8 3.3±0.2 397±15 425.8 22.7
1 Yes 2150 98.4 4.2±0.6 456±05 415.1 23.1
2 Yes 2150 97.9 4.3±0.3 421±42 401.3 22.9
3 Yes 2150 98.1 5.0±0.9 420±42 387.0 25.0
5 No 2200 96.6 4.9±1.1 426±35 369.0 21.7

CNFs
contents
(wt%)

 NaClO3

treatment
Sintering

tempreture
( )

Relative
density

(%)

Frecture
toughness
(MPam0.5)

Bending
strength
(MPa)

Young's
modulus
(GPa)

Vickers
hardness

(GPa)

 

 

Table 3-1 Mechanical properties of frabricated monolithic SiC and 1 5wt -CNFs/SiC

composites. 
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Fig. 3-9 SEM images of Vickers cracks on the surfaces of (a) monolithic SiC, and (b), (c) and (d) 

3wt -CNFs/SiC composite sintered at 2150 .
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Fig. 3-10 Illustration of a reaction process generated in the interface between CNFs and SiC. 
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Fig. 3-11 (a) Overview of machining monolithic SiC, microphotographs of machining surfaces of

(b) monolithic SiC and (c) 1 wt , (d) 2 wt  and (e) 3wt -CNFs/SiC composites sintered at 

2150 .
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Fig. 4-1 Schematic illustration of setting of starting materials. 
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Fig. 4-2 XRD patterns of the CNFs heated with (a) SiO2, (b) Si/SiO2 and (c) SiO powders at

1400-1800ºC. 
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Fig. 4-3 XRD peak intensity ratios, SiC (1 0 2) / (CNFs (0 0 2) SiC (1 0 2)), for CNFs

heated with (a) SiO2, (b) Si/SiO2 and (c) SiO powder at 1400-1800ºC. 

(a) 

(b) 

(c) 
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Fig. 4-4 SEM images of the CNFs heated with (a) SiO2, (b) Si/SiO2 and (c) SiO powders at

1600ºC, and heated with (d) SiO2, (e) Si/SiO2 and (f) SiO powders at 1800ºC. 
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(a) (a)

(b) (c)

Fig.4-5 (a) SEM images (20kV) of CNFs heated with SiO2 powder at 1800  and EDS spectra of

(b) around of CNFs and (c) formed large particle.  
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Fig. 4-6 SEM image of CNFs heated with SiO2 powder at 1800ºC. 

Fig. 4-7 STEM image of CNFs heated with Si/SiO2 powder at 1600ºC. 
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Fig.4-8 TEM images of CNFs heated with Si/SiO2 powder at 1600ºC. 
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Fig. 4-9 TEM images of CNFs heated with (a) SiO2, (b) Si/SiO2 and (c) SiO powder at 1600ºC and

X-ray maps of C, Si and O elements. 
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Fig. 4-10 SEM images of CNFs heated with (a) SiO2, (b) Si/SiO2 and (c) SiO powders at 1800ºC.

Fig. 4-11 TEM images of CNFs heated with (a) SiO2 and (b) Si/SiO2 powders at 1600 . 
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Fig. 4-12 Raman spectra of (a) as-received CNFs, CNFs reated with NaClO3 at 90ºC and CNTs

heated with SiO2 at 1400-1800ºC, and (b) CNTs heated with SiO2, Si/SiO2 and SiO at 1600ºC.
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Fig. 4-13 Dispersibility of (a) as-received CNFs, (b) CNFs treated with NaClO3 at 90ºC, and

CNFs heated with (c) SiO2, (d) Si/SiO2 and (e) SiO powders at 1600ºC. 

  



 

 83



 

 84



 

 85



 

 86

1) Y. Morisada, M. Maeda, T. Shibayanagi and Y. Miyamoto, J. Am. Ceram. Soc., 87, 804-808 

(2004). 

2) Y. Morisada, Y. Miyamoto, H. Moriguchi, K. Tsuduki and A. Ikegaya, J. Am. Ceram. Soc., 87, 

809-813 (2004). 

3) Y. Morisada and Y. Miyamoto, Mat. Sci. Eng. A, 381, 57-61 (2004). 

4) M. Luo, Y. Li, S. Jin, S. Sang and L. Zhao, Ceram. Int., 37, 3055-3062 (2011). 

5) M. Luo, Y. Li, S. Jin, S. Sang and L. Zhao, J. Mater. Sci. Technol., 28, 599-605 (2012). 

6) Y.-W. Li, M. Luo, S.-L. Jin, S.-B. Sang and L. Zhao, Ceram. Int., 38, 4105-4110 (2012). 

7) R.-B. Wu, G.-Y. Yang, Y. Pan and J.-J. Chen, J. Mater. Sci., 42, 3800-3804 (2007). 

8) C.-C. Tang, S.-S. Fan, H.-Y. Dang, J.-H. Zhao, C. Zhang, P. Li and Q. Gu, J. Cryst. Growth, 210, 

595-599 (2000). 

9) Y. Morisada, Y. Miyamoto, Y. Takaura, K. Hirota and N. Tamari, Int. J. Refract. Met. H., 25, 

322-327 (2007). 

10)  H. Suzuki, T. Iseki and H. Tanaka, “Advanced Silicon Carbide Ceramics”, Uchida Rokakuho, 

Tokyo, Japan 104-116 (2001). 

11)  M. Kusunoki, T. Suzuki, K. Kaneko and M. Ito, Philos. Mag. Lett., 79, 153-161 (1999). 

12)  T. Maruyama, W. Norimatsu and M. Kusunoki, Physica E, 42, 767-770 (2010). 

13)  M. Kusunoki, M. Rokkaku and T. Suzuki, Appl. Phys. Lett., 71, 2620-2622 (1997). 

14)  W. Norimatsu, J. Takada and M. Kusunoki, Phys. Rev. B, 84, 035424 (2011). 

15)  M. H. Rümmeli, A. Bachmatiuk, F. Börrnert, F. Schäffel and I. Ibrahim, Nanoscale Res. Lett., 

6, 303-312 (2011). 

16)  T. Yamauchi, K. Nagamatsu, Y. Karayama, M. Naitoh, S. Nishigaki and H. Okado, Appl. Surf. 

Sci., 256, 930-933 (2009). 



 

 87

17)  Z. Wang, Q. Fu, X.-J. Xu, H.-B. Zhang, W.-L. Li, M. Gao, D.-L. Tan and X.-H. Bao, Chem. 

Phys. Lett., 503, 247-251 (2011). 

18)  S.-C. Zhang, W. G. Fahrenholtz, G. E. Hilmas and E. J. Yadlowsky, J. Eur. Ceram. Soc., 30, 

1373-1380 (2010).  

19)  Q. Huang and L. Gao, J. Mater. Chem., 14, 2536–2541 (2004). 

20)  R. Poyato, A. L. Vasiliev, N. P. Padture, H. Tanaka and T. Nishimura, Nanotechnology, 17, 

1770-1777 (2006). 

21)  W. Li, P. Chen, M.-Y. Gu and Y.-P. Jin, J. Eur. Ceram. Soc., 24, 3679-3684 (2004). 

22)  F. Li, H.-Y. Chen, R.-Z. Wu and B.-D. Sun, Mat. Sci. Eng., A, 368, 255-259 (2004). 

23)  D.-L. Jiang, J. Ceram. Soc. Japan, 116, 694-699 (2008). 

24)  N. Garmendia, I. Santacruz, R. Morenob and I. Obieta, J. Eur. Ceram. Soc., 29, 1939-1945 

(2009). 

 



 

 88



 

 89



 

 90



 

 91



 

 92

75

80

85

90

95

100

2000 2050 2100 2150 2200

Sintering temperature ( )

R
el

at
iv

e 
 d

en
si

ty
 (%

)

Fig. 5-1 Relative densities of ( ) non-coated CNFs/SiC, ( ) 1400-coated, ( ) 1600-coated 

and ( ) 1800-coated CNFs/SiC composites sintered at 2050-2150ºC. 
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Fig. 5-3 Average SiC grain sizes of non-coated CNFs/SiC composite and 1400-coated,

1600-coated and 1800-coated CNFs/SiC composites sintered at 2150ºC. 

Fig. 5-2 SEM images of polished surfaces of (a) non-coated CNFs/SiC, (b) 1400-coated, 

(c) 1600-coated and (d) 1800-coated CNFs/SiC composites sintered at 2150ºC. 
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Fig. 5-4 TEM image of interface between CNF and SiC grain in 1600-coated CNFs/SiC

composite sintered at 2150ºC. 
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Fig. 5-5 SEM images of fracture surfaces of non-coated CNFs/SiC composites sintered at (a)

2050ºC, (b) 2100ºC and (c) 2150ºC and 1800-coated CNFs/SiC composites sintered at (d)

2050ºC, (e) 2100ºC and (f) 2150ºC. 
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Specimen
CNF
content
(wt%)

  Relative
density

(%)

Vickers
hardness

(GPa)

Young
modulus
(GPa)

Fracture
toughness

(MPa m0.5)

Bending
strength
(MPa)

Size of
fracture origin

( m)
Monolithic SiC ceramic 0 98.8 22.7 425.8 3.3±0.2 397±15 44
Non-coated CNFs/SiC composite 3 98.1 25.0 387.0 5.0±1.3 420±42 90.4
1400-coated CNFs/SiC composite 3 97.7 19.8 387.9 4.5±0.5 426±19 71.1
1600-coated CNFs/SiC composite 3 98.0 19.2 385.2 5.0±0.2 476±36 70.3
1800-coated CNFs/SiC composite 3 98.6 21.3 398.1 4.5±0.3 554±41 42.0

Fig. 5-6 SEM images of Vickers crack on the surface of 1800-coated CNFs/SiC composite

sintered at 2150°C, (a) low magnification and (b) high magnification. 

Table 5-1 Mechanical properties and calculated sizes (2c) of fracture origins for monolithic SiC, 

non-coated CNFs/SiC composite and SiC-coated CNFs/SiC composites sintered at 2150°C. 
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f c
CK

Test piece No. 1 2 3 4 5 Ave.
Bending strength (MPa) 440.7 364.6 409.3 454.3 430.0 419.8
Size of fracture origin ( m) 82.0 119.8 95.1 77.2 86.1 90.4

Table 5-2 Calculated sizes (2c) of fracture origins for individual test pieces of non-coated

CNFs/SiC composite measured bending strength.
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Test piece No. 6 7 8 9 10 Ave.
Bending strength (MPa) 568.7 575.3 569.5 573.9 482.1 553.9
Size of fracture origin ( m) 39.9 39.0 39.8 39.2 55.5 42.0

Table 5-3 Calculated sizes (2c) of fracture origins for individual test pieces of 1800-coated

CNFs/SiC composite measured bending strength. 
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Fig. 5-6 SEM images of fracture surfaces of (a) and (b) test piece No.2 and (c) and (d) test

piece No.4 which had minimum bending strength (364.6 MPa) and maximum bending strength

(454.3 MPa) of the non-coated CNFs/SiC composite, respectively.
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Fig. 5-7 SEM images of fracture surfaces of (a) and (b) test piece No.10 and (c) and (d) test

piece No.7 which had minimum bending strength (482.1 MPa) and maximum bending strength

(575.3 MPa) of the 1800-coated CNFs/SiC composite, respectively. 
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