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Fig. 2.1 Bonding configurations of carbon sp3, sp2, sp1 structure.

Table 2.1 Comparison of major properties for DLC film, diamond and graphite(3)

Properties DLC film Diamond Graphite

Density (g/cm3) 1.0 3.0 3.51 2.25

Resistance ( cm) 109 ~ 1011 1016 10-7

Thermal conductivity

(W/m K)
0.2 6 20 0.4 2.1

Lattice parameter (nm) a=0.3567
a=0.2456

c=0,6708

Young s modulus (GPa) 200 800 1150

Vickers hardness (kgf/mm2) 1000 4000 10000

Fig. 2.2 Ternary diagram of bonding in amorphous carbon-hydrogen alloys(24).

a-C:H
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2. 3 DLC

DLC Aisenberg Charbot(25)

100eV

sp3 CVD

sp3 DLC 100eV

2. 3. 1 (26)

Kaufman

2. 3. 2 (27)

(MSIB)

1 ~ 10 V

5 ~ 40 kV

e/m

10-8 torr ta-C
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0.001Å/s

2. 3. 3 (28)
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dc, rf Ar

sp3
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2. 4 DLC
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2. 4. 1 (32)
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2. 4. 4

DLC (37)

VTR DLC

2. 4. 5

DLC PET

(38) DLC

DLC

2. 4. 6

DLC

2.3 DLC
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Table 2.2 DLC films applications for machining tools.

Machining Work materials Applications

Bending aluminum, solder plating,

phosphor bronze

lead frame, terminal

Spinning aluminum aluminum can, spray can

Drawing aluminum, cupper photo conductive drum,

radiator pipe

Deep drawing aluminum aluminum case

Shearing aluminum, phosphor bronze,

silver-cupper-nickel alloy

stencil, parts, contact

materials

Powder metallurgy alumina, ferrite, super hard

alloy

ceramics throwaway chips

Molding glass, plastics aspheric lens CD DVD

Fig 2.3 DLC films application map
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2. 5 DLC (39)

DLC DLC

VDI2840 (40) NEDO DLC

DLC

(1) X XRR: X-ray reflection

(2) ERDA: Elastic Recoil Detection Analysis

(3) sp3/sp2 X XPS: X-ray Photoelectron Spectroscopy

X NEXAFS: Near Edge X-ray Absorption Fine

Structure

(4) EPMA: Electron Probe Micro Analyzer

X EDX: Energy Dispersive X-ray spectrometry

GDOES: Glow Discharge Optical Emission

Spectroscopy

Raman spectrometry

(5)

(6)

(7)

(8)

(9)

(10)

(11)

2.3 2012 sp3/sp2

DLC Type IV
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Table 2.3 Classification of DLC films into five categories

Type Name sp3/(sp2+ sp3) % Hydrogen content

(atom, %)

Remarks

I ta-C 50 =< sp3 =< 90 H =< 5 A type of DLC

II ta-C:H 50 =< sp3 =< 100 5 < H < 50 A type of DLC

III a-C
20 < sp3 < 50

H =< 5 A type of DLC

IV a-C:H 5 < H < 50 A type of DLC

V 0 =< sp3 =< 20 ( 0 =< H =< 5) Other film I

Graphite-like

VI ( 50 =< H =< 70) Other film II

5 =< H @ sp3<20

Polymer-like
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2. 6 DLC

2. 6. 1 DLC

2. 6. 1. 1 DLC

DLC (C6H6) PCVD

rf-PCVD(radio frequency

plasma chemical vapor deposition) 2.4

(MAV-R2) RF

2.5 2.4 PCVD

(WC-9 wt.% Co JIS V30 ) 10

XPS 1 2

DLC

2.6

3 10-3 Pa

0.05 Pa RF 13.56 MHz RF 0.25 kW

5

C-Si HMDSO hexamethyldisiloxane C6H18OSi2

0.3 Pa RF 0.5 kW 2

(C6H6)

15 sccm (standard[25 , 1 atm] cc/minute) RF 0.5 kW

50 60
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Table 2.4 Equipment configurations of rf-PCVD.

Equipment RF generator Power source Vacuum system Turbo molecular

pump

Manufacture Machining

Network

JEOL KASHIYAMA Osaka vacuum

Model EH-MN03A JRF-3000 KRS-1301 TG800FVWP

Fig. 2.4 Apparatus of rf-PCVD prepared for DLC films

Fig. 2.5 Schematic diagram of the rf-PCVD deposition equipment
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Fig. 2.6 Inside of rf-PCVD chamber (left side) and the specimens mounted on the work

holder (right side)

2. 6. 1. 2 DLC

DLC NDLC 15 sccm

(C6H6) 99.99 % 0.3 Pa RF

0.5 kW 50 60 HMDSO

DLC DLC

N2/(C6H6 + N2) 0.66( 30sccm) 0.8( 60sccm) 0.87( 100sccm)

3 DLC
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2. 6. 2

2. 6. 2. 1 DLC

DLC EPMA (Electron Probe Micro Analyzer

X JXA-8100) EDS (Energy

Dispersive X-ray Spectrometry X ) EDS

X Li Si

EDS

EPMA X

EDS

2.5

Table 2.5 Measurement conditions of EPMA and EDS

Detector Model Voltage Current

EPMA JXA-8100 10 kV 50 nA

EDS JEOL EX-2300 15 kV 2.6 nA
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2. 6. 2. 2 DLC

X DLC ( RITN-UltimaIII)

40 kV/40 mA 0.2

mm 2 2 10 ~ 90 0.052

400 ~ 4000 cm-1

1584 cm-1

G (defect) D

1350 cm-1 1333 cm-1

(41)

Reinshaw inVia Reflex

532 nm D G

D G D G

Lorentzian (42) D G

sp3,

sp2, 2.7 100 sccm

DLC

Fig. 2.7 Raman spectrum of NDLC film (nitrogen: 100 sccm) from 100 cm-1 to 4000 cm-1

D band peak G band peak

C N bond peak

Raman shift/cm-1
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XPS (X-ray Photoelectron Spectroscopy, EOL JPS-9010TR) X

(

) X h

EB

XPS

nm

10-8 Pa

90 Cu 2P3/2

( 932.67 eV Au 4f7/2 ( 83.98 eV) C1s

C1s N1s 1 eV

2.8 0 1100 eV

C1s 285 eV N1s 400 eV

0.1 eV 282 ~ 289 eV 395 ~ 403 eV

Fig. 2.8 XPS wide scan data for NDLC film (nitrogen: 100 sccm)

0

2000

4000

6000

8000

10000

12000

14000

0 200 400 600 800 1000

Binding Energy, eV

C 1s

N 1s



32

2. 6. 2. 3 DLC

DLC DLC

(SM-09010, JEOL) FE-SEM(Field Emission Scanning Electron

Microscope, JSM7001F, JEOL)

5 kV, 120 A

DLC

DLC DLC AFM

SII Nanocute

1200 m 8 m 40 N/m 459 kHz 5 m

2.9 100 sccm DLC

AFM

Fig. 2.9 Typical AFM image of NDLC surface prepared from C6H6 and nitrogen 100 sccm

1/10

(43) m

0.1 m

2.10

(44) 2.11

2.10 hc



33

(2.1)

hs hs unload

S

N 0.75

As

f0(hc) (2.1) (2.2) (2.3)

h

Fig. 2.10 Schematic of the cross section of the indenter penetration
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Fig. 2.11 Schematic of the normal force versus indenter penetration depth

S

Ef
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5 mN
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gn 9.8 m/s2

HV h

(2.8)

2. 6. 2. 4 DLC

DLC DLC

Hiresta-UP MCP-MT450 URS

+ 6mm, - 11mm DLC

DLC 10
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2. 6. 3

2. 6. 3. 1 DLC

2.6 DLC DLC EPMA

30, 60, 100 sccm DLC

5.4, 7.3 10.7 mass%

DLC 5.4, 7.3 10.7

mass% DLC

N5.4DLC, N7.3DLC, N10.7DLC

Table 2.6 Carbon and nitrogen contents in the DLC and NDLC films measured by

EPMA

N2 sccm N2/(C6H6 + N2) C mass% N mass%

0 0 100 ND

30 0.66 94.7 5.4

60 0.8 91.0 7.3

100 0.87 87.7 10.7

2. 6. 3. 2 DLC

X 2 (002) 26.4°

(111) 43° X DLC

DLC DLC

1350 cm-1 D 1584 cm-1 G

Lorentz 2.12 (a) d)

2.7 D G Id/Ig G

Id/Ig DLC

Id/Ig

G

Table 2.7 Id/Ig ratios and G band peaks of DLC and NDLC films measured by Raman

spectroscopy

DLC DLC N5.4DLC N7.3DLC N10.7DLC

Id/Ig 0.90 1.32 1.54 1.91

G peak cm-1 1550 1556 1560 1562
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Fig. 2.12 (a) Raman spectrum of DLC film on silicon substrate

Fig. 2.12 (b) Raman spectrum of N5.4DLC film on silicon substrate
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Fig. 2.12 (c) Raman spectrum of N7.3DLC film on silicon substrate

Fig. 2.12 (d) Raman spectrum of N10.7DLC film on silicon substrate
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2.13 DLC C1s XPS DLC

DLC XPS (45) Gelius sp3

sp2 285.3 eV 284.5 eV (46)(47)

Ronning (48) sp3 1 (sp3-N)

285.6 eV, 2 (sp3=N) 286.8 eV

2.13 Gelius Voigt (49)

DLC Gelius Ronning sp3 sp2 sp3-

N sp3=N Voigt 4

2.14 (a) (b) N7.3DLC N10.7DLC

2.15 C1s DLC N7.3DLC N10.7DLC

C1s

2.8 sp3 sp2

DLC sp2 sp3 sp3-N sp3=N 4

DLC sp3 sp3 sp3-N sp3=N

sp3/sp2 4.5 2.3

Table 2.8 sp3/sp2 ratios of DLC and NDLC films

XPS DLC N5.4DLC N7.3DLC N10.7DLC

sp3/sp2 4.5 -* 3.1 2.3

*

2.16 DLC DLC N1s

DLC N1s DLC

1s DLC N1s

397.3 eV 1s (50)

7.3 mass % 10.7 mass % DLC

399.3eV 399.4eV N1s

N-sp3 C (399.7 eV) N-sp2 C (400.5 eV)(51) Cyanides C N

398.9 eV(52) C-N
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Fig. 2.13 Fitting curves of the sp2 structure and sp3 structure at C1s: DLC film

Fig. 2.14 (a) Fitting curves of sp3, sp2, sp3-N and sp2=N peaks N7.3DLC film.
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Fig. 2.14 (b) Fitting curves of sp3, sp2, sp3-N and sp2=N peaks N10.7DLC film

Fig. 2.15 XPS spectra narrow scan data at C1s DLC, N7.3DLC and N10.7DLC films
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Fig. 2.16 XPS spectra of N1s of DLC and NDLC films on silicon substrates
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2. 6. 3. 3 DLC

DLC

SEM DLC

2.9

DLC DLC

2.17 DLC 2.18 DLC AFM

2.10 AFM

DLC DLC (Ra)

DLC 0.13 nm DLC 0.12 nm

0.14 nm

2.11 DLC DLC

10 GPa

10% DLC DLC

Table 2.9 Film thickness of each DLC film obtained by back scattering method

of FE-SEM

DLC DLC N5.4DLC N7.3DLC N10.7DLC

Thickness ( m) 0.487 0.588 0.903 1.06

Table 2.10 Average surface roughness of each DLC film obtained by AFM measurement

AFM Si

(nm)

DLC

(nm)

N5.4DLC

(nm)

N7.3DLC

(nm)

N10.7DLC

(nm)

Roughness

(Ra)

0.08 0.13 0.14 0.12 0.14
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Silicon substrate DLC

Fig. 2.17 AFM images of the silicon substrate and surfaces of DLC film on silicon

substrate

N5.4DLC N7.3DLC N10.7DLC

Fig. 2.18 AFM images of the surfaces of NDLC films on silicon substrates

Table 2.11 Hardness and Young s modulus of DLC and NDLC films obtained by nano-

indenter

DLC NH

(GPa)

Standard

Deviation

(GPa)

Vickers

Hardness

(kgf/mm2)

Young s

Modulus

(GPa)

DLC 29.2 3.30 2710 263

N5.4DLC 24.7 2.32 2290 221

N7.3DLC 22.5 1.22 2090 193

N10.7DLC 20.1 2.60 1870 173
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2. 6. 3. 4 DLC

(sp3) (sp2)

DLC 2.19

DLC 1010 m

7.3 mass 106 m 4

Fig. 2.19 Electrical resistivity of NDLC films as a function of nitrogen content
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2. 7

3 ( ) sp3

sp2 sp1

DLC X

sp1 sp3

sp2 XPS

DLC 2.6

100 sccm 0.87 10.7 mass% (3)

(C6H6) DLC

0.95 15 mass%

1584 cm-1

G (defect) D 1350 cm-1

1333 cm-1 DLC

DLC 1500cm-1 G D

DLC

G D

sp2 sp3 sp2

sp2 sp3

50 ~ 30 G (53)

G D 2.7

D G Id/Ig

G 1600 cm-1

Ferrari Robertson(54) DLC 2 nm

DLC 3 Id/Ig G

Id/Ig G

sp2

X DLC DLC

XPS DLC DLC sp3

sp3/sp2

sp3/sp2

2.20 sp3/sp2
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sp3

Kaufman Metin(41) RF C5H10

DLC FT-IR

sp3 sp2

Ferrari Robertson(54) (CH4 C6H6 C4H10)

a-C:H (DLC) sp3

Id/Ig G sp3

sp3 EELS

Id/Ig 2.21 DLC

Id/Ig

Id/Ig Id/Ig sp3/sp2

XPS DLC sp3 - sp2

sp3

sp2

400 eV XPS

2.22 DLC DLC

:10.7 mass% DLC 2200 cm-1

2200 cm-1 C N (55)

DLC

Silva Aamratung(56) FT-IR DLC

XPS

DLC

sp3 sp2
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Fig. 2.20 Relationship between sp3/sp2 ratio of the NDLC films and the hardness

Fig 2.21 Dependence of the Id/Ig of the NDLC films on the hardness
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Fig. 2.22 Raman spectra of DLC and N10.7DLC films around 2200 cm-1

DLC DLC 1010 m

7.3 mass% 106 m 4

sp3 sp2

sp3

Amir Kalish(57) DC C6H6

a-C:H:N 10 mass%

1 mass% 5

2 1
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DLC

XPS 2
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Ferrari Robertoson (54)
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sp3

DLC sp3
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DLC sp3 DLC sp3/sp2

DLC sp3-sp2-H
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Fig. 2.23 DLC structure transformation due to nitrogen content
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2. 8

DLC DLC

DLC DLC sp3/sp2

XPS,

1) C6H6 CVD DLC

Id/Ig

G peak XPS

sp3/sp2 DLC sp3 - sp2

sp3

sp2

2) DLC

DLC C=N C N sp3/sp2

3) 7.3 mass%

1010 106 4

sp3 sp2

DLC

DLC
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Fig. 3.4 Change in the wear coefficient with time (15)

Fig. 3.5 Abrasive wear resistance of metallic materials is proportional to the hardness (7)
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Fig 3.7 Fretting cycle loop (30)
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Fig. 3.10 Friction coefficient sliding distance chart by the ball-on-disk method
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Fig. 3.11 Extended friction coefficient sliding distance chart
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Fig. 3.12 Raw data outputted from tribo-meter
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Fig. 3.13 Friction coefficient behavior of alumina ball against DLC film

V (3.29) T E

h

(3.30)

(3.40) (3.41)

< 0 > 0

(3.43)



78

3. 4

DLC 2

DLC DLC 4.8 mm

SUJ2 SUJ2 , SUS440C

SUS440C

SUJ2 DLC SUJ2 DLC SUS440C DLC SUS440C DLC

DLC DLC

3 3 50

30

20 ~ 25 10 ~ 20 %

1 ~ 20 N 25, 50, 75, 100 mm/sec 1000 m

3.3.3

3. 4. 1

3.1 (SUJ2, SUS440C) (10),(11)

SUJ2

SUS440C 200

3.2

100 g 10 SUJ2

SUS440C MIL

GPa



79

Table 3.1 Elemental composites of SUJ2, SUS440C and alumina balls

Ball Material Crystal

Structure

Fe

(%)

C

(%)

Cr

(%)

Ni

(%)

Si

(%)

Al

(%)

O

(%)

SUJ2 Carbon

steel

BCC 98 1 1 - 0.25

SUS440C Stainless

steel

BCC 82 1 17 - 0.25

Al2O3 Almina Trigonal crystal - - - - - 54 48

Table 3.2 Vickers hardnesses of SUJ2, SUS440C and alumina balls

Ball Vickers Hardness

(kgf/mm2)

Hardness

(GPa)

SUJ2 846 8.3

SUS440C 867 8.5

alumina 1450 14.2
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Fig. 3.14 Wear track profile of DLC film measured by the laser microscope after ball-on-

disk test: load 19.6 N, Sliding length 200 m

3. 4. 3

3.15

Fig. 3.15 Wear scar on steel ball by (a) optical, (b) depth profile by the laser microscope



81

3.16

r = s =

Fig. 3.16 Geometric relationship between the ball shape and the scar diameter
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Fig. 3.17 Friction coefficient-sliding distance data of SUJ2 (carbon steel), SUS440C

(stainless steel) and alumina balls against DLC films

Fig. 3.18 Optical images of the wear scars of SUJ2 (carbon steel), SUS440C (stainless

steel) and alumina balls against DLC films
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Fig. 4.1 Schematic side view of a radical in crack of a coating film and substrate

configuration.
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SEM

SEM
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N7.3DLC SEM
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Table 4.1 Surface energy of DLC and nitrogenated DLC films

Film Young s modulus

(GPa)

gradient

(J/m2)

Si (substrate) 180

DLC 263 5.66 x 10-5 548

N5.4DLC 221 1.02 x 10-5 821

N7.3DLC 193 4.69 x 10-5 2470

N10.7DLC 173 5.66 x 10-5 749
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Si DLC N5.3DLC N7.4DLC N10.7DLC

Fig. 4.2 (a) SEM images of cracks generated from edges of indentation mark on Si and

DLCs films: Load 500g

Si DLC N5.3DLC N7.4DLC N10.7DLC

Fig. 4.2 (b) SEM images of cracks generated from edges of indentation mark on Si and

DLCs films: Load 300g

Si DLC N5.3DLC N7.4DLC N10.7DLC

Fig. 4.2 (c) SEM images of cracks generated from edges of indentation mark on Si and

DLCs films: Load 200g

Si DLC N5.3DLC N7.4DLC N10.7DLC

Fig. 4.2 (d) SEM images of cracks generated from edges of indentation mark on Si and

DLCs films: Load 100g
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Fig. 4.3 Gradient obtained by crack length data from DLC films on Si

b) DLC DLC

4.4 (a) N5.4DLC

4.4 (b)

SEM

10 10

(a) SEM image of wear particles on

N5.4DLC film

(b) Image analysis of initial wear

particles

Fig. 4.4 Image analyses of wear particles on N5.4DLC film generated by tribo-test
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4.5 (a)~(d) DLC, N5.4DLC N7.3DLC N10.7DLC

1

10 nm 10 nm 1 m 10 nm

DLC 10 nm

10 nm 1

/

4.2 DLC DLC
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Fig. 4.5 (a) Wear particle size distribution of DLC film against alumina ball.

Fig. 4.5 (b) Wear particle size distribution of N5.4DLC film against alumina ball.
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Fig. 4.5 (c) Wear particle size distribution of N7.3DLC film against alumina ball.

Fig. 4.5 (d) Wear particle size distribution of N10.7DLC film against alumina ball.

Table 4.2 Volume/surface area ratio of wear particles obtained from wear particle size

distributions for DLC and nitrogenated DLC films

Specimen Volume ( m3) Surface area ( m2) Surface area/volume

DLC 4.71 73.2 15.5

N5.4DLC 6.61 170 25.7

N7.3DLC 8.49 147 17.3

N10.7DLC 6.05 105 17.3
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c) DLC DLC

/

(Wear particle creation energy: WPCE) 4.3 ~ 4.6

DLC, N5.4DLC, N7.3DLC, N10.7DLC

DLC

µm m

DLC DLC

ppm

DLC

Table 4.3 Wear energy of DLC film obtained by a product of the estimated wear particle

surface area and measured surface energy in terms of input energy generated

in each tribo-test

Input

energy

(J)

Wear volume Surface area Wear

Particle

creation

energy (J)

Wear/Input

ratio3) (m3) 2) (m2)

84 2.45I104 2.45I10-14 3.80I105 3.80I10-7 1.04I10-4 1.24×10-6

126 7.52I104 7.52I10-14 1.17I106 1.17I10-6 3.21I10-4 2.54×10-6

177 1.16I105 1.16I10-13 1.80I106 1.80I10-6 4.96I10-4 2.80×10-6

235 2.24I105 2.24I10-12 3.47I106 3.47I10-5 9.56I10-4 4.07×10-6
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Table 4.4 Wear energy of N5.4DLC film obtained by a product of the estimated wear

particle surface area and measured surface energy in terms of input energy

generated in each tribo-test

Input

energy

(J)

Wear volume Surface area Wear

particle

creation

energy (J)

Wear/Input

ratio3) (m3) 2) (m2)

292 2.74I105 2.74I10-13 7.04I106 7.04I10-6 2.89I10-3 9.90×10-6

530 4.00I105 4.00I10-13 1.03I107 1.03I0-5 4.22I10-3 7.96×10-6

865 6.97I105 6.97I10-13 1.79I107 1.79I10-5 7.35I10-3 8.50×10-6

1463 9.67I105 9.67I10-13 2.49I107 2.49I10-5 1.02I10-2 6.97×10-6

Table 4.5 Wear energy of N7.3DLC film obtained by a product of the estimated wear

particle surface area and measured surface energy in terms of input energy

generated in each tribo-test

Input

energy

(J)

Wear volume Surface area Wear

particle

creation

energy (J)

Wear/Input

ratio3) (m3) 2) (m2)

137 1.76I105 1.80I10-13 3.04I106 3.04I10-6 3.76I10-3 3.74×10-5

559 5.07I105 5.10I10-13 8.77I106 8.77I10-6 1.08I10-2 1.94×10-5

1141 8.84I105 8.80I10-13 1.53I107 1.53I10-5 1.89I10-2 1.66×10-5

1440 9.97I105 9.80I10-13 1.72I107 1.72I10-5 2.13I10-2 1.48×10-5

Table 4.6 Wear energy of N10.7DLC film obtained by a product of the estimated wear

particle surface area and measured surface energy in terms of input energy

generated in each tribo-test

Input

energy

(J)

Wear volume Surface area Wear

particle

creation

energy (J)

Wear/Input

ratio3) (m3) 2) (m2)

332 4.94I105 4.94I10-13 8.60I106 8.6I10-6 3.22I10-3 9.70×10-6

720 9.19I105 9.19I10-13 1.60I106 1.60I10-5 5.99I10-3 8.32×10-6

923 1.28I106 1.28I10-12 2.23I107 2.23I10-5 8.34I10-3 9.04×10-6

1238 1.55I106 1.55I10-12 2.70I106 2.70I10-5 1.01I10-2 8.16×10-6
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4. 2. 2. 2 SUJ2 SUS440C

SUJ2 SUS440C DLC

DLC DLC

/

20 J/m2 (10)

a) SUJ2 SUS440C

FE-SEM 1 10 Winroof

4.6 (a) FE-SEM

DLC SUJ2 4.6 (b)

4.7 (a) (b) SUS440C FE-SEM DLC

SUJ2 SUS440C

4.8 (a) (b) DLC

4.7
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(a) SEM image of wear particles of

SUJ2

(b) Image analysis of wear particles of

SUJ2

Fig. 4.6 Image analysis of wear particles of SUJ2 generated by tribo-test

(a) SEM image of wear particles of

SUS440C

(b) Image analysis of wear particles of

SUS440C

Fig. 4.7 Image analysis of wear particles of SUS440C generated by tribo-test
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Fig. 4.8 (a) Wear particle size distribution of SUJ2 against alumina ball.

Fig. 4.8 (b) Wear particle size distribution of SUS440C against alumina ball.

Table 4.7 Volume/surface area ratio of wear particles obtained from wear particle size

distributions for SUJ2 and SUS440C

Ball material Particles

volume ( m3)

Particles surface

area ( m2)

Surface/volume

ratio

SUJ2 0.231 13.6 59.0

SUS440C 0.319 13.4 42.1
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b SUJ2 SUS440C

4.8 SUJ2 4.9 SUS440C

DLC

DLC

µm m

SUJ2 SUS440C ppm

Table 4.8 Wear energy of SUJ2 obtained by a product of the estimated wear particle

surface area and the surface energy in terms of energy input generated in each

tribo-test

Input

energy

(J)

Wear volume Surface area Wear

particle

creation

Energy (J)

Wear/Input

ratio( m3) (m3) ( m2) (m2)

8 1.81I104 1.81I10-14 1.07I106 1.07I10-6 2.14I10-5 2.67 ×10-6

50 3.82I104 3.82I10-14 2.25I106 2.25I10-6 4.51I10-5 9.02 ×10-7

395 5.40I104 5.40I10-14 3.19I106 3.19I10-6 6.37I10-5 1.61×10-7

972 7.96I104 7.96I10-14 4.70I106 4.70I10-6 9.39I10-5 9.66×10-8

1749 1.05I105 1.05I10-13 6.20I106 6.20I10-6 1.24I10-4 7.08×10-8

2961 1.22I105 1.22I10-13 7.20I106 7.20I10-6 1.44I10-4 4.86 ×10-8

Table 4.9 Wear energy of SUS440C obtained by a product of the estimated wear particle

surface area and the surface energy in terms of input energy generated in each

tribo-test

Input

energy

(J)

Wear volume Surface area Wear

particle

creation

energy (J)

Wear/Input

ratio( m3) (m3) ( m2) (m2)

4.6 3.29I103 3.29I10-15 1.39I105 1.39I10-7 2.77I10-6 6.02×10-7

139 3.33I104 3.33I10-14 1.40I106 1.40I10-6 2.80I10-5 2.02×10-7

445 4.59I104 4.59I10-14 1.93I106 1.93I10-6 3.86I10-5 8.68×10-8

539 5.66I104 5.66I10-14 2.38I106 2.38I10-6 4.77I10-5 8.84×10-8

1171 7.54I104 7.54I10-14 3.17I106 3.17I10-6 6.35I10-5 5.42×10-8
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4. 2. 3

4. 2. 3. 1 DLC DLC

Jahanmir(11)

Rosenfield(12)

1 mm3 100

22 mm3 10000

104 mm3 5

DLC 10 mJ

10 nm 10 nm

600 1

joule

4. 2. 3. 2

DLC N5.4DLC N10.7DLC N7.3DLC

N7.3DLC DLC

N7.3DLC

G = 2 + Wp

Wp

DLC DLC

/ 4.9
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(13) 4.10 DLC

DLC 10

/ ( )

/ N7.3DLC

7.3 mass% DLC

Wp G

DLC C-N Takai (14)

Shield Arc Ion Plating (SAIP) 0V 500V CNx

[N]/[C] CNx

300V (15) Lee

Takai(16) SAIP CNx CNx

CNx

/ Martron (17) IBD (Ion

Beam Deposition), DC magnetron sputtering, ECR (Electron Cyclotron Resonance) 3

DLC C-N XPS, RBS (Rutherford

Backscattering Spectrometry), AES (Auger Electron Spectroscopy)

[N]/[C] C-N C C5 C4N2 CN

C-N / 7.3 mass % DLC
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Fig 4.9 Plastic and elastic regions of penetration work of nano-indentation

Fig 4.10 Plastic energy / total work energy ratio of DLC and nitrogenated DLC films
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4. 2. 3. 3 SUJ2 SUS440C

4.11 SUJ2 SUS440C

SUJ2

SUS440C SUS440C SUJ2 1

4.12 SUJ2 SUS440C DLC

/ SUJ2 SUS440C

/

DLC /
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Fig 4.11 Relationship between input energy and wear particle creation energy of

SUJ2 and SUS440C

Fig 4.12 Wear particle creation energy/input energy ratios of DLC film,

SUJ2 and SUS440C as a function of input energy



110

4. 2. 4

1) DLC

DLC DLC N5.3DLC N7.4DLC

N10.7DLC 548, 821, 2466, 749 J/m2

N7.4DLC

2) Winroof DLC DLC

ppm

3) DLC SUJ2 , SUS440C

ppm /

DLC

SUJ2 SUS440C
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4. 3

1881 Hertz

(18) 1971 Johnson, Kendall, Roberts

Hertz (JKR ) (19) JKR

Hertz

( ) (20)

JKR Hertz

4. 3. 1

1881 H.R. Hertz(18)

4. 3. 1. 1

4.13 O

a

a O r p

k

Fig. 4.13 Diagram of contacting balls
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4.13 a 2 a3/3

(2/3) a3k P

Fig. 4.14 Displacement of semi-infinite plate

J.V.Boussinesq(20) P

4.14 C P s

z

R2=r2+z2, r2=x2+y2 R2 z2

z

s

D

C

P=ps ds d
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4.15 D P = pds sd

(4.13) C r O a

p C

Fig. 4.15 Displacement of contact surface

4.15 mn

O mn h h

mn 2 oh rsin mh

mh h s O r

r (4.10) p(r )

a

r

s

ds

n

m

o

h
r'

D

C
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0

Fig. 4.16 Deformation in the adjacent of the contact point

4.16 O E1, E2,

1, 2

1 2 = 1 + 2 O r

S1, S2 S1 1 = z1 + 1 , S2 2 = z2 +

2

(4.19)
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z1

r R2

O(x4) 0 (4.23) (4.22)

(4.20), (4.21), (4.24), (4.25) (4.26)

r r2 0
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a

(4.29)

(4.28), (4.30)

p0 (4.10)

4. 3. 1. 2

R1 = R0 R2

p0

p0

øìòíí÷
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p0

4. 3. 1. 3

4.17

Fig. 4.17 Stress evaluation region in the adjacent contact point

O

O P z Hertz

J.V.Boussinesq(20)

4.18
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O

Fig. 4.18 Stress in the adjacent of the contact point

O'
r

a

O

øìòíì÷

øìòíë÷
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O a p (4.34)

(4.35) (4.34)

z

O (4.34) r (4.36)

a

z z x)r = 0, y)r = 0 z)r = 0

z z 45

p

1 1

øìòíé÷
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= 0.3 z=0.637a 1)max= 0.33p

1)z= 0 = (1-2 )p/4 0.1p

p (4.10) (4.38)

= 0.3 z = 0.47a 1)max= 0.31p

0.31p

0.47a

4. 3. 1. 4

E1 210 GPa DLC E2 263 GPa 1 = 2

= 0.3 9.8 N 4.19 (4.33)

9.8 N 50 m

Fig. 4.19 Dependence of the radius of contact area on load based on the equation (4.33)
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4. 3. 2

4. 3. 2. 1

(4.33)

9.8 N, 19.6 N, 29.4 N = /2r

(4.43) 4.10

Table 4.10 Elastic energy dependent on load in the steel ball

Load

(N)

Displacement ( m) Strain Elastic energy

(mJ)

9.8 0.9 1.9 I 10-4 0.2

19.6 0.14 3 I 10-4 0.5

29.4 0.18 4 I 10-4 0.9

1 mJ

4. 3. 2. 2

4.20

Fig. 4.20 Schematic of the steel ball and ball holder
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4.21 t t F

S =F/S

= / t

=G

U 1/2 F

U

S S= (r2-(r-t)2)= (2rt-t2)

Fig. 4.21 Schematic of the minute portion applied frictional force in the ball
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E=210 GPa, =0.3 G 80.8 GPa

h h=1.0 mm ,

b

0.3

4.11 Integral value (4.46)

Table 4.11 Shear strain energy in steel ball during tribo-test: =0.3

Load (N) Contact position (mm

b

Integral

value

Shear strain energy

( J)

9.8 0.062 256 4.36

19.6 0.098 157 17.4

29.4 0.129 97 39.3

10 J

4. 3. 3

1)

29.4 N 0.9 mJ

40 J

2)

9.8N 50 m
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4. 4

4.22 (MPa: N/m2) (m3)

(Nm)

4.22

I

I

SUJ2, SUS440C I

I 4.12 SUJ2 SUS440C

(21)(22) SUJ2 4.13 SUS440C 4.14

ppm

0.2%

Figure 4.22 Plastic deformation energy derived from stress - strain curve
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Table 4.12 Mechanical properties of SUJ2 and SUS440C

Steels Yield point

(MPa)

Tensile strength

(MPa)

Fracture strain

(%)

SUJ2 1370 1570 ~ 1960 0.5

SUS440C 1893 1961 2

Table 4.13 Plastic deformation energy in wear particles in SUJ2

: Tensile strength 1960 MPa, strain at fracture point 0.5 %

Input energy

( J)

Wear volume

(m3)

Plastic deformation

energy (J)

Plastic deformation

energy /frictional energy

8 1.81 I 10-14 1.8 I 10-7 2.3 I 10-8

50 3.82 I 10-14 3.7 I 10-7 7.4 I 10-9

395 5.40 I 10-14 5.3 I 10-7 1.3 I 10-9

972 7.96 I 10-14 7.8 I 10-7 8.0 I 10-10

1749 1.05 I 10-14 1.0 I 10-6 5.7 I 10-10

2961 1.22 I 10-14 1.2 I 10-6 4.1 I 10-10

Table 4.14 Plastic deformation energy in wear particles in SUS440C

: Tensile strength 1960 MPa, strain at fracture point 2 %

Input energy

( J)

Wear volume

(m3)

Plastic deformation

energy (J)

Plastic deformation

energy /frictional energy

4.6 3.29 I 10-15 1.3 I 10-7 2.8 I 10-8

139 3.33 I 10-14 1.3 I 10-6 9.4 I 10-9

445 4.59 I 10-14 1.8 I 10-6 4.0 I 10-9

539 5.66 I 10-14 2.2 I 10-6 4.1 I 10-9

1171 7.54 I 10-14 3.0 I 10-6 2.6 I 10-9
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4. 5

4Fe + 3O2 Fe2O3 + 412 kJ/mol (4.48)

1 mol 56g

Bowden, Tabor(23) Fe2O3

4.15 SUJ2 Fe2O3

1J 1%

Table 4.15 Exothermic energy generated from the oxidization of the SUJ2 wear particles

Input energy

(J)

Wear volume

(m3)

Exothermic energy

(J)

Exothermic/input

energy

8 0.02 x10-12 0.06 8 x10-3

50 0.04 x10-12 0.13 3 x10-3

395 0.05 x10-12 0.16 0.4 x10-3

972 0.08 x10-12 0.26 0.3 x10-3

1749 0.1 x10-12 0.32 0.2 x10-3

2961 0.12 x10-12 0.39 0.1 x10-3
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4. 6

4.16

4.23

Table 4.16 Energy consumption ratio in each mode to the frictional energy

Consumption energy Consumption ratio to the frictional energy

Wear Particle creation energy several ppm

Strain energy several ppm

Plastic deformation energy below ppm

Chemical reaction energy below 1%. Excluded due to exothemic reaction

Fig 4.23 Input energy consumption rate
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4. 7

ANSYS

4. 7. 1 Archard

2

2

2 2

1930 2

Blok(3)(4) Blok Flash Temperature

Blok

Peclet

Peclet

Jaeger(5)

Peclet

Archard(6) Blok Jaeger

2 1/2

Komanduri Hou(24)

2 Bansal Streator(7)

Peclet

Archard Archard

ª B

C B C

C B m

QB B a
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kB B

C C

QC C kC C

Peclet Lp

Lp

k/ c: c

Lp < 0.1 (4.50) Lp > 5 (4.52) 0.1

< Lp < 5 Archard m

Q

Archard

N (g), G (980 cm/sec) ª (cm/sec)

J (4.18 × 107 ergs/cal)

3 MKS (W) (3.36) Blok

Q=µN|ªB ªC| |ªB ªC| B C
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(W)

Archard (Lp < 0.1)

QB = QC =1/2Q (Lp > 100) C

QC = Q B, C B, C

Jaeger(5)

4. 7. 2

(25) (23)(26)

(27)~(33) (31) Bowden Tabor(23)

Shiozaki Harada(26)

Shore (28) Herbert(29)

Bowden(30) pin-on-disk

Furey(31) Dayson(32)

Archard Furey, Dayson 4.17
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Table 4.17 Comparison of theoretical and experimental values of temperature rise on

contact surface (32)

Load (gm) Speed (rpm) Archard theory Furey data Dayson data

30 60 1 -12 -13

240 47 -2 -2

480 233 9 15

960 428 46 42

60 60 27 -4 -9

240 91 5 4

480 317 34 31

960 560 56 55

250 60 7 -3 -8

240 81 31 10

480 177 53 36

960 367 72 66

Furey Dayson

Archard Dayson

Uetz Sommer(33)

C45

C45

800

600

Furey(31) 0.26 mm

28

6
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4. 7. 3

ANSYS

4. 7. 3. 1

3 2 ~ 3

1)

Knn

q

2)

dQ dA Ts

Tf
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h 1 ~ 30 W/m2

3)

S-B h A F

4. 7. 3. 2 (34)

Energy in Energy out = 0 (4.61)

U U W W

Q Q

[K] {Q}
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4. 7. 3. 3

(Newton-Raphson Iteration)

[KiT] i} ={Ti+1} {Ti} {Qa}

{Qinr}

[KiT]

{Qa} 0.001

Fig 4.24 Newton-Raphson iteration method

( 4.24)

[KiT]

[KiT] {Qa} Ti

{Qinr}

{Qa} {Qinr}
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4. 7. 4

4. 7. 4. 1

SUJ2 SUS440C 0.3 mm 0.3 mm

80 m

4.25 5

mm

(GL-200L) 100 msec

9.8, 19.6, 29.4 N, 100 mm/sec

WC-9%Co DLC

Fig. 4.25 Schematic of frictional heat measurement apparatus using thermo-couple
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4. 7. 4. 2 ANSYS

a)

4.26 3D

4.8 mm 60, 90, 120, 300

m 4 4.26 0.01mm,

0.09 mm 4 0.1 mm 6 0.01

mm 5

4870 1209

Fig. 4.26 Steel ball model for heat distribution simulation



137

b

SUJ2, SUS440C 4.18, 4.19 4.20

ppm 100 %

(W) joule 4.27

SUS440C-DLC 9.8N, 100 mm/sec

0.18 W SUJ2

0.4 W 2

Fig. 4.27 Generated watt on the contact area obtained by friction-sliding distance chart
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Table 4.18 Initial conditions for heat distribution simulation of SUJ2

Thermal

conductivity

(W/mm )

Heat transfer

coefficient

(W/mm2 )

Initial temperature Watt (W)

4.6 x 10-2 4.65 x 10-6 22 Layer 1

22 Layer 2

22 Layer 3

22 Layer 4

22 Layer 5

22 Layer 6

22 Body

0.2 (at 4.9N test)

0.4 (at 9.8N test)

0.8 (at 19.6N test)

1.2 (at 29.4N test)

Table 4.19 Initial conditions for heat distribution simulation of SUS440C

Thermal

conductivity

(W/mm )

Heat transfer

coefficient

(W/mm2 )

Initial temperature Watt (W)

2.43 x 10-2 4.65 x 10-6 22 Layer 1

22 Layer 2

22 Layer 3

22 Layer 4

22 Layer 5

22 Layer 6

22 Body

0.09 (at 4.9N test)

0.18 (at 9.8N test)

0.27 (at 19.6N test)

0.36 (at 29.4N test)

Table 4.20 Initial conditions for heat distribution simulation of alumina

Thermal

conductivity

(W/mm )

Heat transfer

coefficient

(W/mm2 )

Initial temperature Watt (W)

3.0 x 10-2 4.65 x 10-6 22 Layer 1

22 Layer 2

22 Layer 3

22 Layer 4

22 Layer 5

22 Layer 6

22 Body

0.05 (at 4.9N test)

0.10 (at 9.8N test)

0.15 (at 19.6N test)

0.20 (at 29.4N test)
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4. 7. 5

4. 7. 5. 1

4.28, 29 DLC SUJ2, SUS440C 29.4 N

100 mm/sec

0.3 mm

6~8

Fig. 4.28 Temperature rise at 0.3mm upward from contact area on SUJ2 during tribo-

test against DLC film

Fig. 4.29 Temperature rise at 0.3mm upward from contact area on SUS440C during

tribo-test against DLC film
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4. 7. 5. 2 ANSYS

4

4.30 ~ 33

4.30 (a), (b) SUJ2 60 1.2 W
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Fig. 4.30 (a) Temperature distribution around contact area of SUJ2:

contact diameter: 60 m, input watt: 1.2 W: Top view

Fig. 4.30 (b) Temperature distribution around contact area of SUJ2: contact diameter:

60 m, input watt: 1.2 W: Cross section
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4.31 (a), (b) SUS440C 60 0.27W

Fig.4.31 (a) Temperature distribution around contact area of SUS440C:

contact diameter: 60 m, input watt: 0.27 W :Top view

Fig. 4.31 (b) Temperature distribution around contact area of SUS440C:

contact diameter: 60 m, input watt: 0.27 W: Cross section
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4.32 (a), (b) SUJ2 60 1.2 W

Fig. 4.32 (a) Temperature distribution around contact area of SUJ2: top layer Fe2O3,

contact diameter: 60 m, input watt: 1.2 W: Top view

Fig. 4.32 (b) Temperature distribution around contact area of SUJ2: top layer Fe2O3,

contact diameter: 60 m, input watt: 1.2 W: Cross section
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4.33 (a), (b) SUS440C 60 0.27W

Fig. 4.33 (a) Temperature distribution around contact area of SUJ2: top layer Fe2O3,

contact diameter: 60 m, input watt: 1.2 W: Top view

Fig. 4.33 (b) Temperature distribution around contact area of SUJ2: top layer: Fe2O3,

contact diameter: 60 m, input watt: 1.2 W: Cross section
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4.34(a), (b) 60 0.20W

Fig. 4.34 (a) Temperature distribution around contact area of alumina:

contact diameter: 60 m, input watt: 0.2 W: Top view

Fig. 4.34 (b) Temperature distribution around contact area of alumina:

contact diameter: 60 m, input watt: 0.2 W: Cross section
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0.5mm

22

22 ( 9.8 N

100 mm/sec) 22

4.35 SUJ2-DLC 0.2, 0.4, 0.8, 1.2 W

60, 90, 120, 300 m

60 m 1.2 W 260

Archard

4.36 SUS440C-DLC SUJ2

SUJ2

SUS440C 60 , 0.36 W 160

4.37 4.38 SUJ2 SUS440C 10 µm

SUJ2 60 m 1.2 W 580

SUS440C 60 0.36 W 220

Jaeger



147

Fig. 4.35 Relationship between the input energy and maximum temperature

of SUJ2 ball against DLC film

Fig. 4.36 Relationship between the input energy and maximum temperature

of SUS440C ball against DLC film
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Fig.4.37 Relationship between the input energy and maximum temperature

of SUJ2 ball against DLC film: Top surface Fe2O3

Fig. 4.38 Relationship between the input energy and maximum temperature

of SUS440C ball against DLC film: Top surface Fe2O3
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60 m DLC

4.39

0.2 W 10

Fig. 4.39 Relationship between energy input area and maximum temperature of

alumina ball against DLC film
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4. 7. 6

1/2 4.40

(W) 1 Joule

2 B B

C B C 50 % 50 %

SUJ2 SUS440C

4.41 400 m

400 m

0.3 mm

DLC

Peclet SUJ2 SUS440C

Peclet (4.51) Peclet

4.21 Peclet Lp SUJ2 0.79 SUS440C

1.82
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Table 4.21 Peclet numbers of SUJ2 and SUS440C under condition of the present

tribo-test

Material Thermal

conductivity

(W/m K)

Density

(Kg/m3)

Specific heat

c

(J/kg K)

(m2/s)

Peclet

Lp

SUJ2 46 7900 461 1.26 × 10-5 0.79

SUS440C 20 7900 461 5.49 × 10-6 1.82

Fig. 4.40 Energy balance between input energy and dissipated energy

Wear scar on SUJ2 Wear scar on SUS440C

Fig. 4.41 Wear scars on SUJ2 and SUS440C after friction temperature

measurement test
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B C B DLC /WC-9%Co

a-C:H DLC 1 W/m K

B DLC /WC-9%Co 2

DCL WC-9%Co 2 4.42

2

Fig. 4.42 Thermal conductivity of the composite materials of DLC film and WC-9%Co

configuration

M1 M2 M1 M1, M2

total, 1, 2 M1, M2 1, 2

M1, M2 M1, M2

d1, d2 DLC 1 m WC-9%Co

10mm 0.5 mm

M2 d2 0.5 mm DLC

0.35 W/mK (35) WC-9%Co 67 W/m K (4.66)

2 48 W/m K SUJ2

Bansal Streator(7) Peclet C

B
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4.43 Peclet 0.8 1.8

52% 62%

SUJ2-DLC/WC-9%Co SUS440C - DLC/WC-

9%Co , 400 m 0.3 mm ANSYS

0.3 mm 4.44, 4.45

4.44 SUJ2 100 - 52 = 48 % SUJ2

SUJ2

DLC/WC-9%Co

50 % SUS440C

100 62 = 38 % SUS440C

Peclet

SUS440C Peclet SUJ2 SUS440C

SUJ2

Fig. 4.43 Variation in percentage heat partition with Peclet number (7)
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Fig. 4.44 Temperature difference between ANSYS and Experiment: SUJ2

Fig. 4.45 Temperature difference between ANSYS and Experiment: SUS440C



155

4. 7. 7

1) ANSYS

2

2)

SUJ2 DLC SUS440C DLC SUJ2 DLC

/WC-9%Co

SUJ2 50% 48

Peclet SUS440C

SUJ2 Peclet SUS440C

38%
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4. 8

1) 1. 2. 3.

ppm
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5. 1

DLC DLC SUJ2

0.1

0.3 ~ 0.4

DLC 400

(1)~(5) 4

500

DLC 3

4

DLC

2 SUJ2 SUS440C

)

SEM-EDS

4
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5. 2

25, 50, 75, 100 mm/sec 4

3

4

5. 3

5. 3. 1

5.1 9.8 N 100 mm/sec, 500 m DLC

SUJ2 SUS440C

SUJ2-DLC SUS440C-DLC

Fig. 5.1 Friction coefficient sliding distance graphs of SUJ2-DLC film and

SUS440C -DLC film obtained by ball-on-disk

5. 3. 2 DLC

DLC 3 DLC

5.2 SUS440C 9.8 N 500 m

DLC DLC

DLC

SUJ2 SUJ2

SUS440C
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Fig. 5.2 DLC film wear track against SUS440C: Load 9.8 N, Sliding distance 500 m

5. 3. 3

5.3 SUJ2,

SUS440C 25, 50, 75, 100 mm/sec

SUJ2 SUS440C

Fig. 5.3 Relationship between the ball wear volume and input energy: Load 9.8 N,

Sliding distance 500 m
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5.3

5.3 SUJ2-DLC SUS440C-DLC

5.1 1 joule

Table 5.1 Each fitting line slope obtained by Fig. 5.3

Wear pair SUJ2 - DLC SUS440C - DLC

3/joule 62.9 76.5

5. 3. 4

SEM-EDS

5.4 9.8 N 75 mm/sec

SEM

3

5.5 SEM
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SUJ2- DLC film SUS440C- DLC film

Fig. 5.4 SEM images of wear scars on SUJ2 and SUS440C balls against DLC films

: Load 9.8N, Sliding distance 500m

Fig. 5.5 SEM image of the discoloration area of wear scar on SUJ2 ball

after the tribo-test

Discoloration

Contact area

Discoloration

Contact area
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5. 3. 5

DLC SUJ2, SUS440C EDS 5.6 5.7

5.2 5.3 DLC SUJ2, SUS440C

EDS

4~5%

SUJ2 SUS440C

Table 5.2 EDS analysis of the wear scar area on SUJ2 tribo-tested against DLC films

Region Fe (%) Cr (%) O (%) C (%)

Wear 98.4 1.6 - -

Discolor 46.8 1.0 47.9 4.4

Particle 51.3 0.9 25.6 22.2

Table 5.3 EDS analysis of the wear scar area on SUS440C tribo-tested against DLC films

Region Fe (%) Cr (%) O (%) C (%)

Wear 73.6 18.6 3.9 3.9

Discolor 44.6 8.8 40.0 4.3

Particle 36.2 7.6 17.0 36.9
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Fig. 5.6 (a) EDS mapping result of the wear scar on SUJ2 tribo-tested against DLC films

Fig. 5.6 (b) EDS line analysis of the wear scar on SUJ2 tribo-tested against DLC films

Fig. 5.6 (c) EDS spectrum analysis data of the wear scar on SUJ2 tribo-tested against

DLC films

IMG1100 µm

0.00 0.40 mm

Fe
O
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Fig. 5.7 (a) EDS mapping result of the wear scar on SUS440C tribo-tested against DLC

films

Fig. 5.7 (b) EDS line analysis of the wear scar on SUS440C tribo-tested against DLC

films

Fig. 5.7 (c) EDS spectrum analysis data of the wear scar on SUS440C tribo-tested against

DLC films

IMG1100 µm

0.00 0.40 mm

Fe
O
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5. 4

5. 4. 1

5.1 500 m DLC

SUJ2-DLC 0.1 ~ 0.2

100 m 0.3 ~ 0.4

SUS440C-DLC

0.1

5.8 SUJ2 SUJ2

SUS440C SUJ2

0.3 ~ 0.4

Fig. 5.8 Schematic of wear behavior of SUJ2 against DLC film

5.9 DLC SUJ2
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Fig.5.9 Damaged discoloration area of the wear scar on SUJ2:

Load 9.8 N, Line speed 25 mm/s

5. 4. 2

DLC

DLC SUJ2 SUS440C

9.8 N 100 mm/sec 5 m

5.10

SUJ2 0.7 ~ 0.8

0.5 m 0.15

~ 0.2 SUS440C

SUJ2 0.3

1 m 0.1 ~ 0.15 5.11, 5.12 SUJ2

SUS440C 0.5, 1, 3 m SUJ2 0.5 m

100 m

SUS440C SUJ2

SUJ2, SUS440C 1 m

SUJ2 1/10 SUS440C 1/25 3

(3.37)

SUJ2

0.9 0.2 4.5 SUS440C 0.5

4

499 m 0.2 ~ 0.3

4 ~ 4.5 1/10 1/25
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Fig. 5.10 Friction coefficient sliding distance chart within 5 m sliding

0.5m 1m 3m 5m

Fig. 5.11 Optical images of wear scars on SUJ2 tribo-tested in 0.5, 1.0, 3.0, 5.0 m against

DLC films, respectively

0.5m 1m 3m 5m

Fig. 5.12 Optical images of wear scars on SUS440C tribo-tested in 0.5, 1.0, 3.0, 5.0 m

against DLC films, respectively.
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3

SUJ2 1.7 joule SUS440C 2 joule 4

1000 m mJ

5.13 /

SUJ2 SUS440C /

10-5

10-7

1 2

4 3

9.8 N 50 m

5.14

5.11 12 100 m

Hokkirigawa(6)
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Fig. 5.13 Wear particle creation energy/input energy ratio as a function of input energy

Fig. 5.14 Hertzian contact of steel balls with DLC film /WC-9% Co substrate
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5. 4. 3 SUJ2 SUS440C

5.15 DLC SUJ2 SUS440C

SUJ2 SUS440C 3

SUJ2 SUS440C 3

5.16 5.17 DLC SUJ2 SUS440C

5.18, 5.19 DLC SUJ2 SUS440C

Fig.5.15 Input energy dependence on the sliding distance: SUJ2 and SUS440C against

DLC films: Load 9.8N, Slide speed 100 mm/sec
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Fig. 5.16 Relationship between the wear volume of the carbon steel ball and the sliding

distance: SUJ2-DLC films: Load 9.8N, Slide speed 100 mm/sec

Fig. 5.17 Relationship between the wear volume of the stainless steel ball and the

sliding distance: SUS440C-DLC films: Load 9.8N, Slide speed 100 mm/sec
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Fig. 5.18 Dependency of the wear volume of the carbon steel ball on the input energy:

SUJ2-DLC films: Load 9.8N, Slide speed 100 mm/sec

Fig. 5.19 Dependency of the wear volume of the stainless steel ball on the input energy:

SUS440C-DLC films: Load 9.8N, Slide speed 100 mm/sec
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5.20, 5.21 DLC SUJ2 SUS440C

(3.27) SUJ2

U SUS440C

5.22 5.23 DLC SUJ2 SUS440C 1 joule

1 joule

1 joule

y=ax-b

b SUS440C y=ax-b a b
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Fig. 5.20 Relationship between the average friction coefficient and the sliding distance:

SUS440C-DLC films: Load 9.8N, Slide speed 100 mm/sec

Fig. 5.21 Relationship between the average friction coefficient and the sliding distance:

SUS440C-DLC films: Load 9.8N, Slide speed 100 mm/sec
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Fig. 5.22 Dependency of the wear volume of the carbon steel ball per joule on the sliding

distance: SUJ2-DLC films: Load 9.8N, Slide speed 100 mm/sec

Fig. 5.23 Dependency of the wear volume of the stainless ball per joule on the sliding

distance: SUS440C-DLC films: Load 9.8N, Slide speed 100 mm/sec
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5. 4. 4

3 Holm-Archard (3.20)

(3.22)

(3.20) DLC SUJ2, SUS440C Holm-Archard

k 5.16, 5.17 DLC SUJ2, SUS440C

k 5.18, 5.19 (3.22) k

5.18, 5.19

Pa

5.4

Table 5.4 The wear coefficient k and k for SUJ2 and SUS440C against DLC films,

respectively

Steel k k/k

SUJ2 1.2 I 10-7 3.3 I 10-7 0.36

SUS440C 6.7 I 10-8 7.6 I 10-7 0.09

Holm-Archard

SUJ2, SUS440C Holm-Archard

4 SUJ2, SUS440C

10-7~10-8 5.4
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5. 4. 5 EDS

DLC SUJ2 SUS440C EDS 5.2 5.3

SUS440C 37 SUJ2 22

DLC

2

4 3

(7)

(8)(9)

5.24

DLC

DLC

Fig.5.24 The schematic of wear model between steel ball and the counter material

Rotation Direction

Center
Plastic flow

Particles

Steel Ball

Substrate
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5. 4. 6

4

DLC

No.13(130 ) No.26(260 ) No.33(330

) No.46(460 )

5.25 No.26 29.4 N,

100 mm/sec SUJ2 DLC

Thermal paint on SUJ2 ball Thermal paint on DLC

Fig. 5.25 Temperature measurements on the contact area of SUJ2 and DLC films by

temperature indicator paint

0.35 W

SUJ2 48 0.18 W

260

No.33

260 330

4 DLC SUJ2 SUS440C

2

1/10 ~ 1/10,000 DLC

1/10 1/100 1/1000
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5.5

1/1000

5.26

300 m 1/1000

DLC SUJ2 SUS440C

(W)

SUJ2 SUS440C

SUJ2 SUS440C 2

1 2 SUS440C

SUJ2 EDS

SUS440C

1 2

5.27 SUS440C(9) SUJ2(10)

SUS440C Hv600 SUJ2 Hv700

SUJ2 SUS440C

3 (3.43)

5.26 100 mm/sec SUS440C

50 SUJ2 200 SUJ2 SUS440C

SUJ2
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Table 5.5 Temperature rise on contact area of steel as a function of the real contact ratio

Steel Sliding

Speed

(mm/sec)

Heat

Power (W)

Temperature rise at real contact

ratio

1/10 1/100 1/1000

SUJ2 25 0.036 13 19 24

SUJ2 50 0.078 26 50 83

SUJ2 75 0.129 43 92 172

SUJ2 100 0.152 54 120 236

SUS440C 25 0.011 7 9 8

SUS440C 50 0.022 13 21 23

SUS440C 75 0.035 19 36 47

SUS440C 100 0.047 24 48 67

SUJ2 25 0.016 7 7 7

SUJ2 50 0.034 17 19 24

SUJ2 75 0.059 25 39 56

SUJ2 100 0.088 34 60 108

SUS440C 25 0.008 5 6 5

SUS440C 50 0.022 14 22 23

SUS440C 75 0.029 19 31 37

SUS440C 100 0.055 36 65 93

Fig. 5.26 Temperature rise estimation by the thermal simulation on the contact area as

a function of the sliding speed measured on the tribo-tests
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Fig. 5.27 Temperature dependence of the hardness for SUJ2(10) and SUS440C(11)

SUS440C SUJ2

(12)(13)

SUJ2
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5. 5

DLC

1) DLC SUJ2 , SUS440C

SUJ2 DLC

SUJ2 DLC

SUJ2 SUS440C

2) Holm-Archard k

k k/k Holm-Archard

k= k Holm-Archard

3) k 10-7

4 /



186

5

(1) R. Wachter and A. Cordery, Effects of post-deposition annealing on different DLC

films, Diamond and Related Materials, Vol.8, (1999), pp.504-509

(2) Z.J. Zhang, K. Narumi and H. Naramoto: J. Phys: Condens, Matter, 2001, 13, L475-

L481

(3) H. Li, T. Xu, C. Wang, J. Chen, H. Zhou and H. Liu, Annealing effect on the structure,

mechanical and tribological properties of hydrogenated diamond-like carbon films,

Thin Solid Films, Vol.515, (2006), pp.2153-2160

(4) S. Takabayashi, K. Okamoto, H. Sakaue, T. Takahagi, K. Shimada and T. Nakatani,

Annealing effect on the chemical structure of diamond-like carbon, Journal of Applied

Physics, Vol.104, (2008), pp.043512

(5) L. Wang, X. Nie and X. Hu, Effect of Thermal Annealing on Tribological and Corrosion

Properties of DLC Coatings, J. Mater. Eng. Perform., 2013, 22, 3093-3100

(6) K.Hokkirigawa, K.Kato, An experimental and theoretical investigation of ploughing,

cutting and wedge formation during abrasive wear, Tribology International, Vol. 21,

(1988), pp.51-57

(7) K.L.Johnson: Proc.U.S. Nat.Congr. Appl. Mech. 971(1963)

(8) J.E.Merwin, K.L.Johnson: Proc. ImechE., 177, 676(1963)

(9) A.F.Bower, K.L. Johnson, The influence of strain hardening on cumulative plastic

deformation in rolling and sliding line contact, J.Mech. Phys. Solids, Vol.37, (1989),

pp.471-493

(10) IV (1981) pp 157

(11) (1995) pp 504

(12) C.Leygraf, G.Hultquist, Lateral lattice spacings of Fe Cr(100) and Fe Cr(110)

surfaces, Surface Science, Vol.61, (1976), pp.60-68

(13) S.Suzuki, Surface Segregation of Chromium in Fe-20 mass%Cr Single Crystal

Accompanied with Trace of Nitrogen, Material Transactions. JIM, Vol.31, (1990),

pp.1085-1091



187

6

DLC

DLC



188

6. 1

5 DLC

SUJ2

200

5 DLC

DLC

DLC

DLC DLC DLC

DLC CNx (1)~(6)

DLC a-C:H DLC

5.4 mass% DLC N5.4DLC

2 DLC sp3/sp2

C-N sp3

DLC sp3/sp2

(7) Charitidis(8) DLC

sp3/sp2

DLC DLC Wang

DLC 400

(9) 4 600

DLC

DLC

DLC

4

DLC

DLC



189

6. 2

6. 2. 1 DLC

DLC 2 DLC

DLC N5.4DLC 5.4 mass% , N7.3DLC

7.3 mass% , N10.7DLC 10.7 mass%

2 2.6.1

6. 2. 2

DLC

DLC

3 4 100 mm/sec

19.6 N 1000 m
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6. 3 DLC

6. 3. 1

6. 3. 1. 1

6.1 DLC DLC 12

N DLC 0.05 DLC

0.14 ~ 0.16 0.1

Fig. 6.1 Relationship between friction coefficient and load of DLC and NDLC films againt

alumina ball
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6. 3. 1. 2

6.2 DLC DLC

DLC 0.15 3 (3.36)

19.6 N 100 mm/sec 50 %

DLC 0.14 W 1/1000

300 m DLC 370

Fig. 6.2 Estimation of the friction heat on the contact area between NDLC films and

alumina ball
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6. 3. 1. 3

a)

DLC N5.4DLC, N7.3DLC, N10.7DLC

100 mm/sec 9.8 N

200 m 1000 m 6.3

DLC

5.4 mass% 7. 3 mass% 10.7 mass%

DLC Holm-Archard

6.4 DLC

DLC

DLC

b)

200 m

6.5 DLC

N5.4DLC N7.4DLC N10.7DLC

DLC

N5.4DLC

, N7.4DLC 7 N N10.7DLC 6 N

DLC 0

2 ~ 3 N

6.6 6.5

DLC

DLC N5.4DLC , N7.4DLC

160 joule N10.7DLC 180 joule
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Fig. 6.3 Dependency of wear volume on sliding distance for DLC, N5.4DLC, N7.3DLC and

N10.7DLC films: Load 9.8 , Sliding speed: 100mm/s

Fig. 6.4 Dependency of wear volume on input energy for DLC, N5.4DLC, N7.3DLC and

N10.7DLC films: Load 9.8 , Sliding speed: 100mm/s
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Fig. 6.5 Dependency of wear volume on load for DLC, N5.4DLC, N7.3DLC and N10.7DLC

films: Sliding distance: 200 m, Sliding speed: 100mm/s

Fig. 6.6 Dependency of wear volume on input energy for DLC, N5.4DLC, N7.3DLC and

N10.7DLC films: Sliding distance: 200 m, Sliding speed: 100mm/s
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Load: 8N Load: 12N Load: 20N

(a) DLC films

Load: 7N Load: 8N Load: 10N

(b) N7.3DLC films

Load: 5N Load: 6N Load: 7N

(c) N10.7DLC films

Fig. 6.7 Contact surfaces of alumina balls against the DLC and NDLC films on WC-Co

substrates in each load of ball-on-disk test: (a) DLC films, (b) N7.3DLC films (c)

N10.7DLC films

200 m 200 m200 m

200 m 200 m 200 m

200 m 200 m200 m
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Fig. 6.8 (a) EDS mapping result of the wear scar on alumina against DLC films

Fig. 6.8 (b) EDS line analysis of the wear scar on alumina against DLC films

Fig. 6.8 (c) EDS spectrum chart of the wear scar on alumina against DLC films
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0.00 0.24 mm
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Al
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6. 3. 1. 5 DLC

DLC 6.9

100 mm/sec 200 m 9.8 N (a) DLC ,

(b) N10.7DLC 9.8 N DLC

N10.7DLC

6.10 N10.7DLC (a) 5.9 N (b) 6.9 N 200 m

5.9 N

6.9 N SEM

(b)

Fig.6.9 Wear tracks of (a) DLC film and (b) N10.7DLC film: Load 9.8N

Fig. 6.10 Wear tracks of N10.7DLC films applied the load (a) 5.9N and (b) 9.8N
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Track width

(a) (b)

Track width Track width
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6. 3. 2. 2

in h DLC k

/ 6.11

4 1 DLC

6.1 /

/ 5

Fig. 6.11 Wear volume of NDLC films as a function of input energy/hardness ratio

Table 6.1 Friction coefficients and wear coefficients of DLC, N5.4DLC, N7.3DLC and

N10.7DLC films

Coefficient DLC N5.4DLC N7.3DLC N10.7DLC

Wear consumption energy

/Input energy ratio

0.3 x 10-5 1 x 10-5 2 x 10-5 1 x 10-5

Wear coefficient 2 x 10-5 2 x 10-5 3 x 10-5 2 x 10-5
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Fig. 6.12 Nitrogenated DLC film structure with nitrogen gradient content
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Table 6.2 Hardness and Young s modulus of the DLC, NDLCs and nitrogen graduated

DLC films evaluated by nano-indenter

DLC film NH

(GPa)

Vickers

hardness

(kgf/mm2)

Young s

Modulus

(GPa)

DLC 38.3 3550 321

N0/N5.4/ N10.7DLC 36.2 3350 292

N5.4DLC 24.7 2290 221

N10.7DLC 20.1 1870 173

Fig. 6.13 The relationship between friction coefficient and load for DLC and nitrogen

graduated DLC films against alumina ball
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Fig. 6.14 The relationship between wear volume and load for DLC and nitrogen

graduated DLC films against alumina ball, Sliding distance: 200 m

Fig 6.15 Wear track of nitrogen graduated DLC film: Load 19.6N Line speed 100mm/s

Sliding distance 200 m
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6.15 19.6 N DLC

DLC

6.16 DLC DLC DLC

DLC

DLC DLC

Fig. 6.16 The relationship between wear volume and input energy for DLC, NDLCs and

nitrogen graduated DLC films against alumina ball
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Fig. 6.17 Wear volume per input energy as a function of input energy for NDLCs and

nitrogen graduated DLC films against alumina ball
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Fig. 6.18 Comparison of the energy consumption (joule) per meter (sliding distance) for

DLC, NDLCs and nitrogen graduated DLC films

Fig. 6.19 Comparison of the wear volume ( m3) per joule (energy input) for DLC, NDLCs

and nitrogen graduated DLC films
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Fig. 6. 20 Gradient thermal expansion structure of the nitrogenated DLC film on WC

substrate.
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