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32)

Table 1.1 Properties of TiC at room temperature.30)

Electrical conductivity (×106 S/cm) 30

Thermal expansion (×10-6/K) 7.6

Thermal conductivity (10-3W/K m) 17-29

Density (g cm-3) 4.91

Vickers hardness (GPa) 28-35
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/
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Fig. 1.1 Schematic variation of Tig and Tc during milling.
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Fig. 1.2 Schematic illustrations of Spark plasma sintering.
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Vickers hardness (Hv) 153
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Fig. 2-1 Ti  < 45μm 0.299 mass%

C  5 μm

25 mol% Ti–C
6) TiC:Ti = 8:2 Ar

10 mm 25

80 ml

Fritsch  P-6 500 rpm 0 36 ks

Fig. 2.1 SEM images of the (a) Ti powder and (b) C powder.

36 90 μm 20 

mm BN

DR. SINTER SPS-3.20MK-4 1273 K 300 s

1.68 K/s 35 MPa
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SEM SU-

5000 40 kV 40 mA Cu- α X

XRD Ultima 

Williamson-Hall 7) XRD

                     (1)

β XRD θ λ X (m) D

(m) ε XRD

TiC Nelson-Riley 8)

θ = π/2

200 ml/min Ar 20 K/min DSC

DSC6300

Ti–C

Fig. 2-2 Ti–C XRD

XRD Ti C

3.6 ks C Ti

Ti

TiC

Ti–C C 50 mol% Ti/C

Ti/C ≈ 1 Mechanically-

induced Self-propagating Reaction: MSR 9)

25 mol% Ti/C Ti/C = 3 MSR
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Fig. 2.2 XRD patterns of the powders milled for (a) 0 ks, (b) 3.6 ks, and (c) 36 ks.

Fig. 2-3 SEM

Fig. 2-3 (a) 3.6 ks Ti C

Ti C C

XRD C C

Ti 10.8 ks

Fig. 2-3 (b)

36 ks Fig. 2-3 (c) Ti
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Fig. 2.3 Cross-sectional backscattered electron micrographs of the powders milled for (a) 3.6 ks, 

(b) 10.8 ks, and (c) 36 ks.
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Fig. 2-4 Ti

3.6 ks 0.027 % 0.28 %

36 ks 0.4 % Ti

3.6 ks 57 nm 40 nm

Fig. 2.4 Analyzed lattice strain and crystallite sizes of the powders milled for different times.

DSC Fig. 2-5

3.6 ks 36 ks

3.6 ks 1100 K 36 ks

700 K DSC

XRD TiC

TiC
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Fig. 2.5 DSC curves of the powders milled for (a) 0 ks, (b) 3.6 ks, and (c) 36 ks.

Fig. 2-6 XRD

XRD Ti TiC C

C

XRD Ti TiC

Fig. 2-7 TiC

TiC 0.430 nm

TiC 10) TiCx

a0 C/Ti  (x) 0.430 nm (x = 0.5)  0.433 nm (x = 1) 

TiC 0.430 nm C/Ti  (x) 0.5
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Fig. 2.6 XRD patterns of the sintered compacts derived from the powders milled for (a) 0 ks, (b) 

3.6 ks, and (c) 36 ks.

Fig. 2.7 Graph depicting the relationship between milling time and the lattice parameter of the 

sintered compacts.
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Fig. 2-8 SEM

EDS C Ti

TiC Fig. 2-9

TiC

50% TiC 3.6 ks 21.6 ks

TiC 67% 80%

Fig, 2-8 (a) Ti  μm TiC

C TiC 3.6 ks Fig. 2-8 (b)

TiC C Ti

C XRD Fig. 2-

6 21.6 ks Fig. 2-8 (c) 36 ks Fig. 2-8 (d)

TiC 2μm Fig. 2-8 

(e) 1 μm Fig. 2-8 (f) TiC

Ti C
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Fig. 2.8 Cross-sectional backscattered electron micrographs of the sintered compacts derived 

from the powders milled for (a) 0 ks, (b) 3.6 ks, (c) 21.6 ks, (d) 36 ks. High-magnification views 

of the samples milled for (e) 21.6 ks and (f) 36 ks.
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 Fig. 2.9 Relationship the volume ratio of the TiC phase in the sintered compacts and milling time.

3.6 ks

Fig. 2-10 (a)

Ti C Ti

α-Ti C 600 K 10-16 m2/s 11)

β Ti C 1160 K 10-10 m2/s12)

Ti C TiC β

DSC TiC

3.6 ks DSC β

1100 K Ti C C Ti

Ti TiC C TiC

Ti/TiC C Ti TiC

Ti C TiC Ti

TiC C Ti 3.6 

ks TiC
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TiC

21.6 ks 36 ks

Fig. 2-10 (b) Bhattacharya 13)

       (2)

Dl Dc  (m2/s) Ql Qc

 (J/mol) b ρ

 β  (2)

14)

        (3)

Deff  (m2/s) F

Db  (m2/s) Db Dl

Deff Fig. 2-4

Fig. 2-3 (c)

Ti C
15) Ti

Ti

C C Ti

C Ti TiC Fig. 

2-5 DSC 36 ks 700 K TiC
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Fig. 2.10 Schematic of the microstructure evolution during the sintering of the powders milled 

for (a) short time (3.6 ks) and (b) long times (21.6 and 36 ks).
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22 25 28 32 mol% TiC

Ti–C 4-6) C

TiC:Ti = 9:1  7:3 Ar

10 mm 25

80 ml

Fritsch  P-6 500 rpm X

C 28 32 mol% MSR 10.8 

ks

36 90 μm 20 

mm BN

DR. SINTER SPS-3.20MK-4 1273 K 300 s

1.68 K/s 35 MPa
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5000 40 kV 40 mA Cu- α X

XRD Ultima 
7) TiC Ti
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Ti (101) TiC Fm3m
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DSC6300

Ti–C

Fig. 3-1 XRD C C

Ti TiC 20 mol%C 25 mol%C

TiC

Fig. 3.1 XRD patterns of the milled powders prepared using (a) 20, (b) 25, (c) 28 and 32 mol% 

C.

Fig. 3-2 SEM 20 mol%C 25 

mol%C 28 mol%C

32 mol%C Fig. 3-1

20 mol%C Ti

20 mol%C 25 mol%C

XRD EDS Fig. 3-2 (a) Ti

Ti C XRD Ti
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C

Ti C

C

Ti C Ti

Ti C Ti (C)

Fig. 3-1 Ti C Ti

Ti (C) TiC 8) 28 mol%C 32 

mol%C Fig. 3-1 TiC

Fig. 3-2 

(b) Fig. 3-3 TiC

20 mol%C 25 mol%C 36 ks

TiC 28 mol%C 32 mol%C 7.2 

ks 10.8 ks TiC 28 mol%C 32 mol%C

Mechanically-induced Self-

propagating Reaction: MSR 9) 20 mol%C 28 mol%C

DSC Fig. 3-4 20 mol%C

DSC 700 K DSC 973 K

XRD TiC

28 mol%C TiC
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Fig. 3.2 Cross-sectional SEM images of the milled powders prepared using (a) 20 and (b) 28mol% 

C.
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Fig. 3.3 Volume ratio of the TiC phase in the milled powders.

Fig. 3.4 DSC curves of the milled powders prepared using (a) 20 and (b) 28 mol% C.
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Fig. 3-5 20 mol%C 400 K 1100 

K

50 100 K 10)

500 K Fig. 3-4 20 mol%C

500 K DSC

TiC 28 mol%C

TiC 700 K

1200 K

Fig. 3.5 Shrinkage upon spark plasma sintering of the milled powders prepared using (a) 20 and 

(b) 28 mol% C.

Fig. 3-6 20 mol%C 25 mol%C 96% 95%

28 mol%C 32 mol%C 94% 93% C

Ti TiC TiC

Fig. 3-9 Ti C
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Fig. 3.6 Relative density of the sintered compacts as a function of the C content.

XRD Fig. 3-7 Ti TiC

Fig. 3.7 XRD patterns of the sintered compacts prepared using (a) 20, (b) 25, (c) 28 and (d) 32 

mol% C.
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Fig. 3-8 SEM

Ti TiC 20 mol%C 25 

mol%C

28 mol%C 32 mol%C

Fig. 3-8 (a) 20 mol%C
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Fig. 3.8 Cross-sectional backscattered electron micrographs of sintered compacts prepared using 

(a) 20 and (b) 28 mol% C. High-magnification views of the samples prepared using (c) 28 mol%C.
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Fig. 3-9 TiC C

TiC C 20 mol% 56% 32 mol%

94%

Fig. 3.9 Relationship between the volume ratio of the TiC phase of the sintered compacts and the 

C content.
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36 90 μm 20 

mm 25 8 mm

BN

DR. SINTER SPS-3.20MK-4 1273 K 300 s

1.68 K/s 35 MPa
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SEM SU-5000
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Fig. 4-1 25mol%C
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690 Hv 21.6 36 

ks

21.6 ks 800 GPa

Fig. 4.1 Relationship between Vickers hardness and milling time.

Fig. 4-2 10.8 ks TiC Ti C

C

28 mol% 850 Hv

C 28 mol% 790 GPa
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Fig. 4.2 Relation of Vickers hardness and transverse rupture strength with the C content.

3 25 28 32 mol%C 10.8 ks

TiC Ti Fig. 4-3 32 

mol%C 25 mol%C 0.4 %

28 mol%C 0.7 %

32 mol%C 25 mol%C 28 mol%C
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Fig. 4-3 Bending stress-strain curve of (a) 25 mol% C, (b) 28 mol% C and (c) 32 mol% C.

25 28 32 mol%C 10.8 ks TiC Ti SEM

Fig. 4-4 25 mol%C Fig. 4-4 (a)

32 mol%C Fig. 4-4 (c) 28 mol%C

Fig. 4-4 (b)

Ti μm

25 mol%C 0 10.8 ks 20 25 mol%C

10.8 ks TiC TiC

25 mol%C 10.8 ks

Fig. 4-5 20 50 μm

TiC Ti Ti

TiC Ti

TiC 25 mol%C 36 ks

32 mol%C 10.8 ks TiC

TiC Ti

25 mol%C 21.6 ks 28 mol%C 10.8 ks

Ti Ti
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Fig. 4.4 SEM images of the indentation of (a) 25 mol% C, (b) 28 mol% C and (c) 32 mol% C.
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Fig. 4.5 SEM images of the indentation of 25 mol% C.

Gurland
3-4)

Gurland

Orowan

(2)

E

W C 1/2

TiC C 25 mol% 0

10.8 ks C 20 mol% 10.8 ks Ti TiC

32 mol%C 10.8 ks

TiC Ti

3 C 25 mol% 21.6 36 ks 28 mol%C

10.8 ks Fig. 4-6
5)

(3)
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f Ti d TiC

=0.2~0.5 C 25 mol%

21.6 ks C 28 mol% 10.8 ks

TiC

>0.5 0.5

TiC C 25mol%C 21.6 ks 28 mol%C 10.8 ks

TiC–Ti TiC-Ni
6-7)

Fig. 4.6 Relationship between mean free path and transverse rupture strength of (a) 25 mol%C, 
21.6 ks, (b) 25 mol%C, 36 ks and (c) 28 mol%C, 10.8 ks.
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62

Fig. 5.1 Cross-sectional SEM images and corresponding elemental maps of the sample (a) 

oxidized at 1073 K for 300 s and (b) carburized at 1073 K for 2400 s.
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Fig. 5.2 Relationship between the square of the mass gain and time.

Fig. 5.3 Arrhenius plot of the parabolic rate constant (kp2) for the oxidation of TiC–Ti composites.
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Fig. 5.4 Relationship between the square of the thickness of the TiC coating layer and time of the 

carburization treatment.

Fig. 5.5 Arrhenius plot of the parabolic rate constant (k) for the TiC growth in TiC–Ti composites.
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Fig. 5.6 SEM images of the surface after buffing the (a) oxidized sample held at 1073 K for 300 

s and (b) carburized sample held at 1073 K for 2400 s.
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Fig. 5.7 XRD patterns of the (a) unmodified, (b) oxidized, and (c) carburized samples.

Fig. 5-8

Fig. 5.8 Hardness of the sample surface.
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Fig. 5-9

Fig. 5.9 Variations in the coefficients of friction as a function of the sliding distance of the samples.
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Fig. 5-10 SEM EDS

Table 5-1 EDS

Fig. 5-10 (a) Table 5-1

Fe Fig. 5-10 (b) Table 1

Fig. 5-10 (c) Table 1 Fe Fig. 5-11

Fig. 5-11 (a)

2 μm Fig. 5-11 (b)

2 μm Fig. 5-11 (c)



72



73



74

Fig. 5.10 SEM images and corresponding elemental maps of the disk wear tracks:

(a) unmodified, (b) oxidized, and (c) carburized samples.
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Table 5.1 Average compositions of the wear tracks of the disks, sliding surfaces of the pin, and 

debris analyzed by EDS.
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Fig. 5.11 Wear depth profiles of the wear track of the (a) unmodified, (b) oxidized, and (c) 

carburized samples.
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Fig. 5.12 SEM images of the sliding surfaces of the stainless-steel pin for the (a) unmodified, (b) 

oxidized, and (c) carburized samples.
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Fig. 5.13 Weight loss of the stainless-steel pin after the wear test.

TiC–Ti
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Fig. 5.14 Schematic of the wear mechanism of the TiC–Ti composite and surface-modified 

composites.

TiC–Ti
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Fig. 5.15 SEM image of the cracks formed in the oxide film near the wear tracks.
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