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Abstract

This study 1s to investigate the wear behaviors of four types of
ceramics, Alx0s3, TiO,, Cr:0s and ZrO,, coated by plasma thermal spray method
under lubricative environments. The lubricative environments are grease
and bearing oil. The wear testing machine used a pin on disk type. Wear
characteristics, which were friction force, friction coefficient, wear
rate and friction power, according to the lubricative environments were
obtained at the four kinds of load, and the sliding velocity, 0.1lm/s and
0.2m/s. After the wear experiments, the wear surfaces of the each test

specimen were observed by a scanning electronic microscope.

The obtained results are as follows.

1. On dry frictional condition in air, the friction coefficient, the
sliding velocity of 0.1 m/s with low load, was the least in TiO; and the
greatest in ZrOs. In this case, the coefficient ordering is TiOs < Al:05 <
Cro03 < Zr0,, but the coefficient ordering high loads at is TiO; < Cri03 <
Al,03 < ZrO,. At the sliding velocity of 0.2 m/s with low load, the
coefficient ordering 1s Cr:0; < Ti0O, < Al.0s < Zr0O.,, but coefficient
ordering at high load 1s TiO, < Crs03 < Al:03 < ZrQO, Therefore, the

friction coefficient at 0.2 m/s is less than that at 0.1 m/s.

2. On wear behaviour of Aly0; under lubricative environment, The friction
coefficient under grease, the sliding velocity of 0.1m/s with the load of
300N, was in a range of 0.08 ~ 0.17 and 0.09 ~ 0.12 under bearing oil. And
the friction coefficient, the sliding velocity of 0.2 m/s with 900N, was
in a range of 0.08 ~ 1.12 under grease and 0.05 ~ 0.07 under bearing oil.

Therefore, when the sliding velocity 1s faster and the loading gets

_Vi_



heavier, the bearing oil shows more tribology characteristics than that of

grease.

3. On wear behaviour of TiO, under lubrication environment, The friction
coefficient under grease, the sliding velocity of 0.1lm/s with the load
300N, was in a range 0.17 ~ 0.27 and 0.12 ~ 0.21 under bearing oil. And
the friction coefficients at the load 900N were approximately 0.14 and
0.11 under bearing oil. The friction coefficient, the sliding velocity of
0.2m/s with the load of 300N, was in a range of 0.07 ~ 0.18 under grease
and 0.13 ~ 0.18 under bearing oil. And the friction coefficient, the
sliding velocity of 0.2 m/s with 900N, was in the range of 0.12 ~ 0.14

under grease and 0.07 ~ 0.09 under bearing oil.

4. On wear behaviour of Cr:0; under lubricative environment, The friction
coefficient the velocity of 0.1 m/s with the load 300N, was in a range of
0.17 ~ 0.26 and under grease 0.13 ~ 0.17 under bearing oil. And the
coefficient at the load 900N was in a range of 0.11 ~ 0.12 under grease
and 0.11 ~ 0.13 under bearing oil. At the sliding velocity of 0.2m/s at
the load of 300N, the friction coefficient was in a range of 0.06 ~ 0.14
under grease and 0.12 ~ 0.16 under bearing oil. At load 900N, the value
was in a range of 0.09 ~ 0.11 under grease and 0.13 ~ 0.15 under bearing
o1l. Therefore, when the sliding velocity is faster, the bearing oil 1s

better tribology characteristics than grease.

5. On wear behaviour of ZrO, under lubricative environment, At the
velocity of 0.1 m/s and the load 300N the friction coefficient was 0.21
under grease and 0.18 under bearing oil. At sliding velocity 0.2m/s and
load 500N, the friction coefficient was in a range of 0.12 ~ 0.16 under

grease and 0.08 under bearing oil. The bearing oil is more suitable than

= Vil -



grease for lubrication.

6. On the wear rate of 4 ceramics, the rates with load 300N in air were
1.290< 107" for Alf0s, 1.72x10° for Ti0s,, 3.97< 107 for Cry0; and 1.993%
10° for ZrO., respectively. The rates with 900N in grease were 2.16x< 10
for Al,0;, 1.00<10 for Ti0s, 3.90><107 for Cry0; and 6.91x10° for Zr0.
And, the rates with 900N in bearing oil were 5.22 <107 for Al,0s;, 1.40%
107 for Ti0; , 1.00x< 107 for Cr:0s and 9.11X 10 for Zr0,;, respectively.
Therefore, the wear rate under grease is the least for TiO, and the
greatest for ZrO, and the rate under bearing oil is the least for Cry0s and

the greatest for ZrOs.

7. Frictional power of Al:0; is 9.42Nm/s when load is 100N in the dry
friction and 18.27Nm/s when load is 200N. If load is increased,
frictional power shapely go up. In the case of TiO, although load is
increased, frictional power is not increased because of adhesive effect.
In case of Cr:03, friction power in the air is 13.20Nm/s with 100N,
21.27Nm/s with 200N, and 22.8I1Nm/s with 300N. The friction power of
ZrOy is mild adhesive wear in low load and slowly increased because of

low fracture toughness.
8. The wear mechanisms were abrasive wear for Al.Os, adhesive wear for

Ti0., adhesive wear for Cr20; and delamination wear and mild abrasive

wear for Zr0Q,

- viii -
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Fig. 1 Shapes and dimension of specimens(unit : mm)
Table 1 The chemical composition of substrates(w.t %)
C Si Mn P S Ni Cr Cu
Disk 0.464 | 0.246 | 0.770 | 0.0154 | 0.00693
(SMZL}C) . g ~ ~ R 0.02| 0.13 | 0.01
X 0.470 | 0.251 | 0.774 | 0.0162 | 0.00835
. 0.95 0.15 1.30
Pin
(SU 1) ~ ~ 0.5 0.025 0.25 0.25 ~ 0.25
1.10 0.35 1.60




Table 2 The mechanical properties of substrates

Yield ) ) Specific | Young'
. th Stress Strain | Poisson's 4 il
streng . gravity | modulus
(MPa) (%) ratio
(MPa) a ’ g/c GPa
Disk
390 670 25 - - -
(SM45C)
Pin
- 1568 ~ 1960 - 0.3 7.77 208
(SuJ 1)
Table 3 Blasting conditions
Material Powder size Air pressure Distance
composition (tm) (kg/cm') (mm)
White alumina 15 ~ 53 505 50 ~ 100
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Table 4 Mechanical properties of specimens

. . Thermal . .
Properties |Vickers . . Bending . Elastic
expansion |density Poisson's
hardness o | strength . modules
Spec . coefficient| (g/cm) (Pa) ratio (Pa)
pecimens g/mm [10°C ] a a
Substrate| SM45C 240 12.0
Al1205-40% 2.9X
1900 7.0 3.9 " 0.25 343
Ti0, 10
T10, 1200 8.4 3.3 0.26 167
Disk
Cra0s 1050 4.0 5
21r0s=24% 1.3X
760 9.0 6.05 g
MgO 10
Pin SUJ I 788 12.3 7.86 = 0.28 190

Table 5 Chemical composition and production of coating powder

Coating powder Component (wt%) Powder type

Al12,05-40%T 10, 60%A1505, 40%T10, Spheroidal
Ti0. 99%T 10, Angular/Blocky
Crs03 98%Crs0s, 2%T10, Angular/Blocky

Z1r05—24%Mg0 76%7r0,, 24%Mg0 Spheroidal

Table 6. Grain size of coating powder
Coating powder Grain size(yum) Trade name
A1505-40%T 10, —45+5um Metco 131VF
T10, -88+7.8um Metco 102
Cro03 -125+11pm Metco 106
Zr0,—24%Mg0 -90+11m Metco 200NS-1
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Fig. 4 SEM photograph of TiO2 coating powder
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Fig. 6 SEM photograph of ZrO:-24%MgO coating powder
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Fig. 7 Sectional shape of AlsO3-40%TiOs coating specimen
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Fig. 9 Schematic diagram for calibration of friction coefficient
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Table 7 Test condition

Condition Sliding . . .
] ) Load[N] Lubrication oils
Specimen velocity[ms]
100, 200, 300, 500 [Dry
0.1 300, 500, 700, 900 |Grease
300, 500, 700, 900 |Bearing
AlOs 100, 200, 300, 500 Dry
0.2 300, 500, 700, 900 |Grease oil
300, 500, 700, 900 |Bearing oil
100, 200, 300, 500 |Dry
0.1 300, 500, 700, 900 |Grease oil
. 300, 500, 700, 900 |Bearing oil
Ti0, 100, 200, 300, 500 |Dry
0.2 300, 500, 700, 900 |Grease oil
300, 500, 700, 900 |Bearing oil
100, 200, 300, 500 |Dry
0.1 300, 500, 700, 900 |Grease
300, 500, 700, 900 |Bearing
Cr203 100, 200, 300, 500 |Dry
0.2 300, 500, 700, 900 |Grease oil
300, 500, 700, 900 |Bearing oil lubrication
100, 200, 300 Dry
0.1 300, 500, 700, 900 |Grease oil
300, 500, 700, 900 |Bearing oil
210 100, 200, 300 Dry
0.2 300, 500, 700, 900 |Grease oil
300, 500, 700, 900 |Bearing oil
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Table 8 Physical qualities of lubrication oils

Grease Bearing oil

Density (@15/47C) - 0.872
Kinematic | @407T - 150

Viscosity | @100C - 15.37
Viscosity index = 104
(()FpleanS ht;)poe1 né ) | 276

Pour point (TC) - -12.5
Thickener Li ~ Ca 3
Workec(i@ggzlce;ration 965 ~ 295 L
Dropping point (C) 180 -
Range of using 91 + 130 N

temperature (C)
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Fig. 12 AlO3 specimen(Grease, V=0.1"%)
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Fig. 14 ALOs specimen(Bearing oil, V=0.1"%)
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Fig. 15 ALOs3 specimen(Bearing oil, V=0.2"5)
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(d) (V=0.2mp, in air, load=300N)
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(h) (V=0.2ms, in bearing oil, load=300N)

Fig. 16 SEM micrograph of the worn Al:O3 surface
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_34_



1 —— 300N T
320—_ —— 500N/ ]

Friction force(N)

0 300 600 900 1200 1500 1800 2100
Sliding distance(m)

(a) Friction force

1-0 T T T T T T T T ) T y T - T N
. ———300N] 1
0.9 1 —— 500N|]

0.8 i
0.7 i
0.6 §
0.5 " i
0.4

0.3 ]
0.2 d
0.1 ]
o0+
0 300 600 900 1200 1500 1800 2100

Sliding distance(m)

Friction coefficient

(b) Friction coefficient
Fig. 18 TiO; specimen(Air, V=0.2"%)

_35_



2.2 a2loja g&olA stEn £rof wWE of2AS

Fig. 19 o]z &&oA mnyEe V=0.1ms9 o, 7}skso] 300N
900No. = F3hgk - Wiy Aee] wE wpEE ) npAAFE vug ol
(a)9] mpze e 7}gkals 300NY W 55N ~ 9ONO| gholA|wk 7F¢habs 900Nol A &=
nhEE 110N ~ 135N¢] Q). (b)) whaAlfE 7kstshs 300Nd o 0.17 ~

27011, 7}ekatE 900NOl A= oF 0.140]t). 1]l §&olA 9] wpEAGE

< 7FSketgol A o Wt #.
Fig. 202 8ol f&oA vIIHEE V=0.2m/s¥ u, 7}¢kslE 300N}
900NO. 2 Falgk 9o oA mIirg A wE iRy wl@dAFE v
Aok, (a)9] whEEL 719talE 300NelA A wlzmH Ag kel 30N ~ 50N
o7 Fdsitt. 7igtetE 900Nl A wml1r#E Ae FrelA 100 ~ 150N & X
Z& BT, (b)Y mEAIFE 7Htsks 300Nl A 0.07 ~ 0.18°19, 7t43at%
o] 900Nl A= 0.12 ~ 0.142 A 719 H]S=&}t}.

118 &% V=0.1m/se} V=0.2m/sol| A ¢ wbE A4S v]wsE, 7143kE 300N,
V=0.1n/soll A 2] wk2ASFE 0.17 ~ 0.270]9, V=0.2n/sQ w= 0.07 ~ 0.182A
mnEEETt wad wpgAgee] gro]l Atk 7iStets 900N W V=0.1m/sol A
o] mpEAFE <F 0.140]19, V=0.2m/sol A= 0.12 ~ 0.1424 A9 Zt},

r:lo

_36_



Friction force(N)

Friction coefficient

180

160
140
120
100
80
60
40
20

T T T T T T T T T T
— 300N |1
—— 900N 7

200 400 600 800 1000 1200
Sliding distance(m)

(a) Friction force

T H T ' T y T T T T
—— 300N | 1
—— 900N

200 400 600 800 1000 1200
Sliding distance(m)

(b) Friction coefficient
Fig. 19 TiO, specimen(Grease, V=0.1"%)
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(b) (V=0.2"%, in air, load=500N)
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(d) (V=0.1", in grease, load=700N)
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Ll ~ R ﬁ"‘ '-

(e) (V=0.2"s, in grease, load=300N)

(f) (V=0.1", in bearing oil, load=300N)

Fig. 23 SEM micrograph of the worn TiO: surface
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3.1 37| B0l stEa £of| g otEAS

Fig. 24+ 37] A v E%E V=0.1n/s¥ =, 7}4sk5S 100N 500N2
2 Ree 4% vlndeel he vhEEs o dASE e el ()
A el

o] 500NY wje] wpEe e Z7ulRE uj9- FS w11 A °F 40m
oA H&sS skl oF 300N°] a1, T o]fof= WAL 340m -7kl M=
°F 150N = &ttste zlojd o] vehtar vk, Z7|mtRAldl = A2ke] w3
7b Ay 2 olFele FAvER A ® 7kskekse] 100NY we] mpEE
oF 9ONo| A wlE7} AlZbElo] mlzIR A= 7 oF 150mell Al °F 125N= ZF53tlaL
tefo] Hat Adsetda] AAAQl w2 #vh. (b)elA 7hstst
Zo] 100N v wpZAIGFE oF 0.7201M AlHste] oF 1.057b4] A3t 11 o]
T whEA s P A olal wAdEltE. hdslEe] 500N A 9] whE A= 0.31
~ 0.587A19] R ZS 74X 1 o]Bo= 0.35 ~ 0.412 H ).

Fig. 25% &7 oA vnHEE V=0.2n/s¥ ), 7F¢talZo] 100N2F 500N
2 Fopgt Ag vngAgd mE vz Ea mpz@AFE vlag Aotk (a)d
A 7hsbslkse] 100N wje] mbEe 2 mmgl AR 7 oF 110me] T3l A H74%
S & I o]F ol oF 120N2 Ak, istslEol 500N w wmizy A= s o
400mell A o] wpzre & 160N ~ 220NO.& Hw | 1 o]F 2= FAddttl. (h)oA 7}
eFslEo] 100NY wje] mpRAGE 0.45 ~ 0.420]9W, 7}kat% 500N9] mp-A|4=
= 0.27 ~ 0.430°|t}.

7] TollA w1EEE V=0.1m/s9} V=0.2m/s2] W3lol] u}2 viEEe 71gks
o] 100Nd o V=0.1m/s®] Z-Fof whzE2> °F 100Ne]™, V=0.2m/so]H °of
130No. 2 w11 &e7E wE V=0.2m/sQ w7} F7skik. ey 7htelE ol
500N wje] mpaEe S m1gl&Er whE V=0.2n/sd W7t 238 Al
11945 V=0.1n/s%} V=0.2m/s®] WslolA wE wp&A|¢= 7Fkstzo]l 100N
ol ] V=0.1m/so]® °F 0.790]3L, V=0.2m/so]¥ ¢} 0.42%2 727} =k, 71

-

H
2L
i
rir
a,
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I
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dF=0] 500N wf V=0.1m/sZ 0.35 ~ 0.41°]9 o}, V=0.2m/so|™H ok 0.28%

A%tk mEpA shwol il vInH SRV WA vpE A e Aadt,

Friction force(N)

Friction coefficient

—— 100N | 1

200 400 600 800 1000 1200
Sliding distance(m)

(a) Friction force

— 100N| 1
— 500N ]

200 400 600 800 1000 1200
Sliding distance(m)

(b) Friction coefficient
Fig. 24 Cr:0s specimen(Air, V=0.1"%)
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Friction force(N)

Friction coefficient

1 ——100N]-
320 4 —— 500N

0 300 600 900 1200 1500 1800 2100
Sliding distance(m)

(a) Friction force

: ——100N| ]
1.35 4 —— 500N

0 300 600 900 1200 1500 1800 2100
Sliding distance(m)

(b) Friction coefficient
Fig. 25 Crs03 specimen(Air, V=0.2"%)
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3.2 J2|o|& &M StE1 o WE ol2AHS

o

Fig. 262 Zgol~z §&3ste] nnaEwr}t v=0.1n/sY W, 7}¢8kE 300N
I} 900NO. = H-abgk A9 mIigl A wE whEEI npRAFE vlagk 3o
ok (a)ell Aol w2 7hdskgol 300Ne]™ 60N ~ 9ONO. &= A# 2l np s
S Btk ZFtEtEo] 900Ne A o] w2 100N ~ 110N= Wstsrgict.  (b)
Aol mpAAGE 7itskEo] 300NY wl 0.17 ~ 0.260.2 W3}e] Zo] A3 Bt
A3t fEAES Holn, 7FdslEo] 900N wl 0.11 ~ 0.1224 # A3 nlA

Fig. 27& ado]l2z §FoA nIIyeE% V=0.2n/s< o, 7}t3lES 300N
I 900N = Hakgh A wlmHAAg e wE wpEEa wp@AASE Blag Aol
Tk (a)oll Al 7FtstE 300NY o] mbge] 2 20N ~ 40NO. 2 Wsle] o] HgE]
3 ettt ey ZhsketEol 900N W WlZLE A E 7F oF 600mE = A A el A
ke & wR % 7)o 70N ~ 130NO. = A<53shal, o] $ wpaEe 2 90N ~ 110Ne.=
Z aEAETS BAn. oA 7ItElE 900Ne] A w11y E %= V=0.2m/s7} W
27] wjFo] vehts dAowA, 900N wl Mild3h ¢afehEo]ar 300N M=
Mildgh &2mkae] gejeltt. (b)ollA mbEAS= 7hdsts 900Nd = 0.09 ~
0.110]32, 7}Ststs 300N @ 0.06 ~ 0.14%2 7}telso] w24-¢ vhaA 49
W3le] Zo|l 33, WIHES V=0.1n/sE T} V=0.2n/s¥ o] L3t

1 g o] Wl wE vlEASE ¥ wshE 7FbskE 300Nl A V=0.1m/s
d w mpEAFE 0.17 ~ 0.26, V=0.2m/s< 2 AE=7E 0.06 ~ 0.142 &%
7h wE W v Al s g T o 7ReEsks 900Nol ™ V=0.1m/sY W whzEHA|e
7} 0.11 ~ 0.12, V=0.2m/s¥ wj w}2A=7F 0.09 ~ 0,112 £X7b w=d npz

A% Fraw.
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180 r T . T " T " T r T "
. — 300N] 1
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140 - _
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0 ] |
S 80+ -
S 60 i
= ] ]
40 .
20 .
0 N 1 N 1 N 1 N 1 s 1 N
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Sliding distance(m)
(a) Friction force
050 T T T T T T T T T T T
1 —— 300N
0.45—_ —o00N| 1
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0 200 400 600 800 1000 1200
Sliding distance(m)

(b) Friction coefficient
Fig. 26 Cr:0O3 specimen(Grease, V=0.1"%)
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: ——300N]| 1
160'_ —— 900N

Friction force(N)

0 300 600 900 1200 1500 1800 2100
Sliding distance(m)

(a) Friction force

p.5ge=s WY U\GEEINENS/\ 8 . &
0.45 = AR
0.40- :
0.35 ]
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0.15- ]
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Friction coefficient

0-00 ] T T T T T T T T T T T T T T T
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Sliding distance(m)

(b) Friction coefficient
Fig. 27 Cr:0O3 specimen(Grease, V=0.2"%)
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3.3 HiolH 7 &M 5t5a £Eof WE of2AHS

Fig. 282 Wloj&f FollA wi1d%% V=0.1n/s¥ wl, 7}H8kE 300NZF 900N
o Hatg Ag vudAee wE wpEEa mp@AsE vlagok. (a)olA
npzE o 71etslE 300NY wliE 50N ~ 60No.2 W3lstm  719bslE 900N )
90N ~ 110No] #Hdth. (b)Y wtEASFE 74¢tsls 300NY o) 0.16 ~ 0.18% 4
L FRAE 0.12 ~ 0.160]th. 7FHeE 900N wl= X7]ell= 0.12 ~ 0.142
ZB A= 0.10 ~ 0.128 Ho] #d3 RIS BT},

Fig. 29% #lol¥ 9 &@olA mnEE=7F V=0.2n/s¥ o], 7}35 300N
I 90N Fahgk A9 wnmylrge wE mpEE s np@AsE vugo.
()l A mbzEe 7etslso] 300NY wf wpzhe] 40N ~ 50NojH FE A=
30N ~ 40No.= A% ntRFHE Hlvh. 7Fbsts 900Nol A w11 A7 oF
750mE] o] °oF 95Ne| Al Az} Z7bsle] oF 125N¢] a1 oF 100No.& 3lREte] o
Fo] nlEPEE 4% rfRASS BT (b)olA mtEAISTE 7HEE 300N
d of 0.12 ~ 0.18%2 Ho] FFEASE 0.10 ~ 0.16°] =Hlar, 7F¢sks 900NY

ek Zhbskwel S5 vhRAleTE A L4 vEEHE HolwW, I

A& 57t F7hehe P davh
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Friction coefficient

Friction force(N)
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(a) Friction force
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—300N| |
0.36 —— 900N|]
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(b) Friction coefficient

' 1000 1200

Fig. 28 Cr:03 specimen(Bearing oil, V=0.1"%)
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(a) Friction force
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(b) Friction coefficient
Fig. 29 Cr:03 specimen(Bearing oil, V=0.2"%)
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3.4 oj2Ho| SEM &

Fig. 302 &7 5, Z2glolx %, Hod# oA B2 A3 59 &
HE AFYT. (a)v Cr0sE &7 FolA mlIIfEE7F V= 0

AFoltk. wiE W2 7lEs Esle B FHATS Held. o

AL wpRAA FHFE(Surface crack)e] AT Aoz o

o3
=
th. ()= &7 oA vnndEx V=0.2mn/sd u, 7}etsl= 500Ne] 7 9-olt).

w#de] AFoR A wol Aol olEFo A Hevln
b omAstel b el FuE etk 00l SRR A PRl Ee)
g4e o5, mnarde, My 5, AREde A7 2 REY, 89
f 5 we xdl W A9 Hu(1s, 19] QA D BRA wAF
gol WAste] ol W WMnPEEsL 2 2ANA AetA FRGee] vhw
#ol itk

(0)e aglo]zolM vnmyH4 =7k V=0.1n/s, 7}¥43t% 300N = F-&438 3%
ol , (d)& V=0.2m/sZ 7}¢tslso] 300No. 2 Halsl 499 #Hs A3 A
ojt}. mtE W& wjZg FHlo] FHEAY "ol yrike mndntErt =HE
A &2t R (Adhesive wear)$} ¥rE]vl X (Delamination wear) 3 B2 YERAT

(e)= WOl FR S nIHEE V=0.1n/s, 7}¢435 300N 2 33
B9, (OHe "y &% V=0.2n/s, 7}¥3ts 900No= Felgt 3499 ZHS
AZT otk o] 52 SRR JEFow winy Wo| FZFo] HWA wiR
ko] ZF(AAH F Az Ao A)o] AR HoHFo EYPoE AU&EH
go] % 7F&3t HAT

Cro039] wlE7| 24 AAdWY, 44934, 2o sk 2% (Spalling), 3%
Wiy, EZ o]l (Material transfer) o] TH[20, 21]. 2ol W] &
o] oA aZA AR A FAANA oA U2 mtEYAER A 39
A=A o2 Al HA FdE dd Aolo] o] Folzl YAhALel A &
F’F(Rolling)o] AL, o]3l0] wpAAFE LAY HESE + AV

.‘__—|'-__
dhEEe € W A FHEsta vk HAEHolA ] AH ELe 9



(a) (V=0.1ms, in air, load=100N)

(b) (V=0.2mpk, in air, load=500N)

_56_



(¢) (V=0.1ms, in grease, load=300N)

(d) (V=0.2mjs, in grease, load=300N)
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(e) (V=0.2mp, in bearing oil, load=900N)

Fig. 30 SEM micrograph of the worn Cr:0Os surface
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4.1 37| BolAM stz Hrof W otEZAHS
Fig. 312 &7] Fold wmudAEE7F v=0.1n/sd ©, 7}$HetS 100N 200N2.
T B3e A9 upAAele w2 npRa s nfRA LSS v wet Aotk (a)d] A
7btets 100N w) whae e mlang AR sh oF 200m7bA] Z7]e oF 45NejlA] A}
ko] oF 160NO.& 3 ThA] dh7ale] oF 115No] Hi= Holg o] vhelwkt}.
53] 7hskelsol 200N weo] mpE 2 37he] Mol el gtk Al HolgdH
mpzkE o] oF 100me]l FollA ¢k 180NO. & Ab=ski oF 120NO.® shE we T+
Zrolv, A2 HolddL upF2 o] oF 450m¥|i= A HolA oF 160NOZ A53ta
o 130N s we] 3holar, A3 FolFH2 oF 930mel A AelA wiEH
= °oF 8Ne B Assitrt shdshe Fatelth. 1 FE vhRE 2 of gNe2 A
gutEzb Hodk. Holgd ko] @e A2 A whE AEHeA stz
FE9 Ao, mtEdo] A, 7A4 4d, IdFAHE S P =AE] =
#etA zHg-st7] miE ol
(b)ell A 7kstats 100N wf whaAlF= wlmgd A el oF 230m7 el A oF 1.49
oA oF 0.92% stz HoldHol yEhaL 11 o] fell= A9 Fdsit. ®
7batE 200N ) Wi AR ZE oF 3omTEA A mEEAFE oF 0.92HER A
Sotm, 1 o] 5] wpEAAFE 0.41~ 0.622 YERS
Fig. 32 ¥7] TolA mIigd& =7k Vv=0.20/sY ], 7}9tst% 100NZF 200N2
2 et A9 mpEEs) wpEARE vad slejvh. (a)ellA 7hekskE 100N
2 oF 120802 dnt. 7hehshael 200N o mhhE oF 450m
o] PRkl A oF 145N¥]ar 1 o] F w1z A7} oF 1050me] PRkl A= <k 90N
w=7F w2 V=0.2m/sol A o] mREE o] V=0.1m/sH Tt w2 Fh
o] vebdtl. (b)ellA 7als 100Nd of mI1l& % V=0.1m/s®] 7Z-F wp2A
0.9 ~ 1.3°]1 7}9kslks 2008 Wl 0.35 ~ 0.57=2 7}F8kE 100N2] 7%
7} 200N9] 73Rk F7FeSi
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Friction force(N)

Friction coefficient

240
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—— 200N |
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(a) Friction force
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(b) Friction coefficient

" 1000

Fig. 31 ZrOs specimen(Air, V=0.1")
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. —— 100N 1
210 —— 200N

180 .
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Sliding distance(m)

(a) Friction force

—— 100N |
—— 200N/ ]

Friction coefficient
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Sliding distance(m)

(b) Friction coefficient
Fig. 32 ZrOs specimen(Air, V=0.2"s)
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4.2 Oe2|o|A &M 5tEa HEof e of2AHS
Fig. 33& 1gol~ H&ollA mundEE V=0.1n/s¥ w, 7}stzo] 300N
500No. =2 HF-stgk 49 miigAgel wE vz wpzAleE vlag slojn
% 300N wj mpEH LS 65N ~ 7ENO R Ho] 7petelEo] &
= ppgE e g, 7hgEtE el 500NY W whEE S 80N ~ 100NS.2 Qb4 wha
A% Bk (b)olA 7FdetE 300N wol maA4= 0.19 ~ 0.230]aL, 7}
oFslE 500N W) mpRASE 0.17 ~ 0,182 71¢ketso] AW m@AASFE= 2},
Fig. 34 g0l S&oA muHE%7F V=0.2n/sQ o, 7}stslEo] 300N
I 500Ne.= H-akgh ¢ wIig el mE wiEEI v ASEE Hugk Ao
ot (a)ollAl 7FtstE 300N ufeo] whzhed & 55N ~ 65NO= # U3 BE5S
t}. 7FEts 500NY wf wpRE e mpR Z 7)o 60N ~ 75No.® A A E o] w11 A
g7t 7 AXITE. o] w wpEkEo] 95N ~ 106No|3laL o] FH-H = 3stitst
of 70N ~ 85Ne. = Fmeth. (b)ollA m1rdLEE V=0.2n/solA 7}¢kslE 300N
] mlFAFE 0.15 ~ 0.240]9 7}tslE 500N @) mpRAISE 0.13 ~ 0.189]

So) sk V=0.1n/s® S V=0.2n/s%
P ohaAgs gad

ru“'
rr
2
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71000 1200

Fig. 33 ZrO, specimen(Grease, V=0.1"%)



Friction force(N)

Friction coefficient
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(a) Friction force

1 —— 300N -
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(b) Friction coefficient
Fig. 34 ZrO, specimen(Grease, V=0.2"%)
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4.3 HiolH 7 &M 5t51 HEof WE of2AHS

Fig. 352 Hlo¥f+ &&= vInHEE=7E V=0.1n/s¥ i, 7IStsks 300N}
500Ne. & H-atgk A5 winH A g npEEa mp@dAeE vlagk Aol

(a)ollA 7}kals 300N ] mpz3 & 55N ~ 70Ne.= wW3tele | 7hetstE
500N wji= 80N ~ 90No| o &gt viRAJEE Bk, (b)ddlA 7hskstzol
300NY wjo] mpaASE 0.18 ~ 0.25% =L, 7F¢etE 500N o 0.14 ~ 0.17
2 Ho] U nRgHE BA), ol W HfdME FAEE FHIT H
7] ool 23],

Fig. 362 Wloldf &ZolM vmHEE7F V=0.2m/sY ], 7143k 300N
500No. 2 F-3tgt 49 vy Ad mE vpEEs) wpEAsE vlag Aol

(@)l A 7Fdslks 300NQ1 759 mbaE2 45N ~ 50Ne.= =i, 7Fgsls
500NY of mpzaE o 60N ~ 75NO. 2 A dAsIt). (h)olA mEALFE 71es
S 300NY uwi °F 0.200 % w3t FejE Kol 7lStstEo] 500NY o mhzHA
= ¢k 0.08°] HYr}.

HlolFf 9 vnglE&x=e] Wstel] wE w@AFE vl R V=0.1n/s
A 7hstetE 300Ne] mERALE 0.18 ~ 0.25, 7FEtE 500NY W mpE A=
0.14 ~ 0.17°]t}. V=0.2m/sol A 7}stsls 300N o mbEAl5= <F 0.20, 74t
sl 500N ® ¢F 0.18o|t}. webA wpEAFE= V=0.2n/s® AW =& 7}
8l 500N wioll ZHadich, s, &3 AA Y wiHE ] Wgle wE
2 A 5E BwEE V=0.1m/sZ 7}EE 300N Wl 1@lo]ls §3o]m oF
0.21, wWolgf &gl ¢k 0.18% HYOom™, V=0.2m/s= 7}¢H3tE 500N o
nZ2A e 2ol F&od 0.12 ~ 0.16, HlojHFe folw oF 0.0824
7r0:9] mtRAFANA wEAF ae WoHR fo] 953 Ao By

.

—
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Friction coefficient
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Fig. 35 ZrO, specimen(Bearing oil, V=0.1"5)
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Friction coefficient
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Fig. 36 ZrO, specimen(Bearing oil, V=0.2"5)
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4.4 of2Ho| SEM #HEH
Fig. 37 27] %, aelolx %, Wojd§ Fo= Add Fo We wEd
Aot} (a)& F7] FolAM V=0.1n/sZ 7}F43ts 10089 A5, (e 7Fdsks

& 200N0E F STt =W Fo mE WelA: dFeEd AvsEel
Zg Byol A ol2eu Hud Ed@dol Vepdth ol £0.E 799
F ghzul g4 29 P& W) 56 Al-Nio] REay

7 =
Hay 28 ZrOAbelo] A7) Apol= Qdste] FAWAN SHATH o

Az
8o o

etz ol 100N Wi A7y WA o] 2k FEl = w27 ojg s oot 7ietst
T= 200N W= wREQiRRe] @ejwA o]l & AER ojgEoH. mEYAS
o] APH= FA ol"o]
= Toll Mildgt 2wl (Abrasive wear)EFal & 4= Qlth[24].

()9 (D)= &7 SollA V=0.2m/s, 7133t 100NY we] Z-$-olth. o] v

1
NAEE V=0.1n/so A& wtREASIH= FHI 2fo]l& HRlvh., 1A FH] I

i
)

= 2~ = =
Ao AdElEz B 4 dn dzehRs S

AAEHAY] ¥HS Fom AUzt Z(Groove)o] ®ol FEHI Q3 v IIHEE

7} w2 A o] AlHjo] AAtulR (Severe abrasive wear)7} AT
()9} () g o2z &83te] vnHEE7F V=0.1m/sollA 7F43tE 300N
I 500N9] BFolty. F T BT AAHoR A3 FHE viEARESo] A
A G mRIREo] Zal ekl gEto] Hal itk oA miE
Zr0:0 A== wojll= AAtutRoln. Zr0:

g Z9F AN PR F4 DGR JHon EAS FolF: o)

()= Hlod# &&= V=0.1n/s, 7Fdatzo] 700N 25, (b= HoJ= 72
2= V=0.2n/s, 7FstE 500N 7-F-oltt. o] 5olA wiEAAEo] AEHH S
2 oAxAS doluls AHolal weba "ol HE AN oR uAHAFHRT
SIAAIFEHER] 7r0, I8 FolA AHAl Lottt wetA Z(cone) B4 & E
&

SH(Asperity) 2450 Ax} W37} AlS4E 3 R HOZRE o|gdHt),
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100N)

0.1%s, in air, load

(a) (V

200N)

0.1Ms, in air, load

(b) (V
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&

(d) (V=0.2"%, in air, load=200N)
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300N)

0.1%s, grease, load=

(e) (V

500N)

0.2"s, grease, load=

) (v
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il . Y 'f _‘ . "
(h) (V=0.2"%, in bearing oil, load=500N)

Fig. 37 SEM micrograph of the worn ZrO. surface
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5. M2jal mE =9o| ojz g1} njE==

5.1 OI2 &
Ay 259 rtEEAS YUEE do2A utEES AFEST, rtRES

Ot o] Aojs= vhEE K2 gAlsklth[24].

e DAL SAT vEF(g), LS o2 Z&H= 7Iststs)
SmE vnnAALE Yekick. Table 99l w18 EE7 V=0.1m/sQ) 3%
Al:03, TiOz, Crq:03 2 Zr0,9 =
SE8H Y 35 Wl wE nRE&S YERAT.

Fig. 382 Table 99 vlE&of tiste] Algtu]e] Ffeol W& 7Htstsd v
&9 BAE =AE Aok, (a)olA Zr0,¢] mEE&S 100NY @ 1.35%1077g’/Nm
ol 4 300NY W& 5.33x10°%¢°/Nn&E 2 Zo & Z71gct. 3 ALOE 7HekE
100NY @ m}R&o] 4.0x107g’/Nme] 3 7kl 300N wji= 3.25x107°g*/Nmo.
2 Zxsta Jrk. Al AlOs, Ti0y, Cri0:9 mlR&e] WH3l:s 10°5¢9 or
(Order) = vi-%- 23ktt. (b)v AABZAFHES 37 TolA V=0.1n/sE AF3 A
olt}. ZrO,= aLAF A FHo] 100N A 200N 2 300No. & F7}ald mrgo] & Z
o2 Z7FEATE. Cra0s2 100No Al 200Ne.&2 WHalAl HW ntEg% a-7}ste]
300N w= A shsldith. ALO:9F Ti0, &= 200Ne.2 W3 wj= Aagdlon
300N = Wi Eo] Wty glich.

Fig. 39% Table 99149 m11fl& % V=0.1n/sZ 18|0]~ T vlEE&S =
A& Ao R () Zr0e st59] Wt wet & Fow 7. Crlse 7Y
% 300NQ Wl °F 9.0x10°g*/Nmo]A| Wk 7}gbslE 90ONO.®  F hEW of
4.5%10°%° /Nme. 2 ZHagch. 2elvh AL Ti0= 7FstalZ 300Nel A 500N.©.
= = 7= vl SUHE ezl Zksteks 700N 900Nel A= FHAE St

_73_



A S7HE A

F/Hoﬂj‘i A1203, TiOz, Cl”203 E‘l ZI”Ozoﬂ EH

)g—

o =
+&

2 o] f-2
o] w= wprgo U

Fig. 40

el mpEERAM Zr0,

AN

3
7}7F k. AL0s¢F TiO.

1
s
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Table 9 Wear rate of ceramics(unit

: ¢®/Nm, V=0.1 m/s)

. Pin & Normal .
Environment ) Al20s T10 Cr20s 710y
Disk load
100N [1.75X107" |1.183x10773.067x107" 4.592x107"
Pin | 200N |1.092x107" |8.54x10® [1.658<107" |6.117x10"
300N [1.247X107" |1.072x107" |1.697x10" |7.485%107"
In air 7 8 -8 -7
100N |1.35%10 1.58%x107% |1.92x10 3.033%10
Disk | 200N |7.083x107° |4x107® 2.13x10°%  16.542x1077
300N 15.333%x10°® |3.25%x107® |1.75%x107® |8.031x1077
300N [3.611x107° 16.9x107Y |9.2x107Y  [6.58%107®
500N  |7.5x107%  |1.12x107° |5.8x107Y  [1.717x1077
Disk
700N 6.071x107 |8.6x107° |4.6x107°  [8.642x1077
900N  |6.093x107? [8.1x107  [4.5x107  |1.285x%107°
Grease 5 % 3 "
300N |5.278%107% [1.1x10 2.33x107° 16.58%10
500N |1.317x107% [3.8x107° [8.2x107Y |5.217x1077
Pin -
700N 2.081x107% 12.9x107% 11.24x107° |1.246x107°
900N  |2.278x107% [8.7x107° [1.46x10°% |1.936x107°
300N [1.194x107% 16.9x107% |2.5x107Y  [2.15%x107®
500N 18.33x107Y |5.5%107Y |7.3x107Y  |4.5x107®
Disk -
700N 16.786x107Y |5.4x107Y |7.7x107Y  |1x1077
Bearing 900N |5.778%107 |4.93x107° [8.21x10™
0il 300N  [1.667x107Y |1.1x1071° |8x107'° 1.25%107®
500N |1.167x107Y |7x1071° 1x107Y 1.3x1077
Pin
700N [3.095x107Y [1x107° 2.68x107° ]1.883x1077
900N  |3.895x107Y |1.781%107Y|3.096%x107
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1.0x10°

1|ALO —=—
5 || TiO—e—
8.0x10" c.-203 /v
E 1 Zr203—v—
Z 6.0x107 1 v
) ]
i)
S 4.0x107
| S
©
@ 7
= 2.0x107 -
mo LRI A
0.0 - - R B
100 200 300
Normal load(N)
(a) Disk
1.2x10° ; : ;
1 |ALO—=—
E 1.0x10°+ | TiO,—*—
Z ] Cr203
"28.0x1074 |Z0 7~
3 ] v
E 7 /
o 6.0x107 1 /V
| .
= ]
L sox107{ ¥
2.0x107 ’
\
. ———p ¢
100 200 300

Normal load(N)

(b) Pin

Fig. 38 Wear rate(Air, V=0.1m/s)
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1.5x10°| 207" -
=1.2x10° |cr o, v
g 9.0x10 7_ ZrOz—v— v/ _-
D 6.0x107 -
] 7
® 3.0x10" - .
- 1l w—— 1
o ] ® ]
= 9.0x10°1 //-\. ®

6.0x10° .// W, W m ]

3.0x10°1 H® .

300 400 500 600 700 800 900
Normal load(N)
(a) disk
3.0X10-(s T T T T T T T T
]|ALO —=—

[ R TiO,—e—
£ 2.0x10° | 2 v
Z Cr,0,
m;’ _ Zrzos—v— v/ J
@ 1.0x10°° / .
£ v
E 1 '/ 1
S L w p>
= 3.0x107°-

2.0x10° /--/" i

5] [ ]
1.0x10° . __—— ®
0] B=———9 o— |
O T v T v T v T v T v T
300 400 500 600 700 800 900

Normal load(N)

(b) Pin

Fig. 39 Wear rate(Grease, V=0.1m/s)
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Wear rate(gsle)

Wear rate(gSINm)

2.0x107

{|AL,L0—n—
1.5x107 {|TiO,—*— -
] CrZO3
1.0x107 {|2=0%" v 7
5 0x10° 4 / —
s 1 '/ 1
1.5x10°7 T
! m ]
1.0x10° \n ]
4 . \\
50x10°{ & __— @ §—————p -
0.0- . . . . . . i
300 400 500 600 700 800 900
Normal load(N)
(a) Disk
3.0X10-7 T T T T T T T T T T T
] ALLO —=—||
2.0x107 TiO—e— 1
1 /v Crzos 4
1.0x107 / ) Zr,0;—v—|
:.: V /- :.:
3.0x10° [ .
2.0x10°1 / o
_9: .\" / :
1.0x10 e——o
00] @e— b
1.0x10° +— '

300 400 500 600 700 800 900
Normal load(N)

(b) Pin
Fig. 40 Wear rate(Bearing oil, V=0.1m/s)
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Table 1091 WIS E7F V=0.2m/s91 4% Al0s, Ti0s, Cr:0; 2 Zr0,9] =
2 FHAEAT G52 ngA A diste] &R A T stFo RS wE
&S UERATH Fig. 418 Table 109 mp&o] thato] Algty el F7Fol ut
g 7tets s mtRE #AE A Blolth. (a)olA mPEES 100Nd =)
1.46 < 10° mn’/Nm, 300N¥ w+&= 1.99 x10° mn’/Nm= )¢ sopxith. waha
stzol T7kstd wiEE = F7kstal vk, ol A Zr0,9 E&TE7F Zr0; + 24%
MgO=A] Abstut1ul%e] A
Qb iR o] & Fo8 FUFEAL.

Alx059] PFRE-S 100Nl A 5.91 < 10° mm’/N-m, 300N wj= 1.29 X107 mm®/
NnZ Z7F Sk, 3, Ti0e] mhE&e 7hhslzge] 100NY o 1.57 x 107
m’/NmZ2A] o] AL Ti07} 2AdWEe o S 2tnlx (Adhesive wear)W]Eo 2
HEE BHEV|FEo] A A3Es /M o npEE o= A & ZHe 57

%917} ol A wiA et

of A% Addol 7] wjEel mEAYS A= §

A

(b)E ZAANIH mrs&S YeEliY. 37] ToA ZrO.s 359 7ol w
g 1.55 X 10°mm® /Nmoll A 1.89 x<10° mm’/Nmo.z Z7}ett). o] RS <o) A

Al A Ag-ek ALl vtk 7hskels 100NY W S A1 EE QD Ti09]
PRE2 1.07 X107 mn’/Nme] T, 7hgkatEo] 200N, 300N w] A A|FH] nf
B8-S Cra0s3 ALOsSH Tl 4 A9 22 fte= 71 Wske] Fo] ofF %
=3

Fig. 42 glo]22 &8 F9| vR&S Yed Blolth. (a)v a8olx &
g T A g wE &S yErd Aotk 7r0.9 MRS AT #
< #AE Tistelsol = 1 gko]l F7FE Y. ALOso] wPEES JhgelE
o] 300Nell A 1.36 > 10° mm’/Nm, 900NolA 7.05 x 107 mn’/NmeZ ZHA},

o

Cra059] WFRE-S 300Nel A 5.50< 107 mm’/Nm, 900Nl A 3.10<107 mm’/Nm=z &
Al 8. Tioe 7Fksks 300N o) whe&o] 3.50 < 107 mm’/Nm$laL,
900N ol 1.72 x10° mm’/NmZA w5 Zeh. wab Cr0s, TiRe] A= 35
o] T77F & 5 nmfrgo] At

(b)ell A zejo]~ &8 Fo nAPAgA wet vpR&S YeRd Aoltth. Zr0,
o] A% 7}etelEo] 300NY W 1.88 X< 107 mm’/Nmo]i 7FeFatEo] 900NY wj
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6.91 x10° mn’/Nmolt}. 7Fgtetso] oW vl g&s F7hE AT, o3
7} Algtule] Elo]a® &S w Algtel 7r0,9] whEIF A HAL] v
Zrd Ex A7) wEolth. 3, ALY mAAIYHAS] wlE&e Jgtslsoe
300Nl A 500N7FA1 &= 5.51< 1077 mm’/Nmoll A 5.22X 107 mm’/Nme. 2 F7F 7H43
oF. 2t 700NY wf o] whRg-o] 9,94 10 mm’/Nm, 900NY o 2.16><10 *mm’/N-n
o2 AA FT7H. o] AL Al0:9] 7% Table 404 Yebd npe}l o] 7889]
a3 AARA ALY AEE 190002 ALrt e uAgAF AL nprgo] w9t
YA Al A3l i, o] dFFFd A T00NoFe A mEE o] oAl Q)
7] W&ol T AutE (Low wear)ol A FEvlE (High wear)®E mlREHo|E do

71E 9ol N maFAAe ALOS Fh nAFR] JFL W)

Bl
N

_—

b

F7H4 ARG, 05k Ti0e] PhEES JheetFe] Fotel wet ofF wAs

Fig. 43 wlojgfo] &olAe] FANAAN nAANFAE vlng
A Aol (a)sh (olA Mol folAe] mtrge 1zjojae] A9} vl
P, agol~2 &2 uis} o] uFAFHAC] 7hEe] S00NlA Hes

%
Zo0] 700N2 w] 3.11X0° mm’/Nm7} E 32 =2 3 900No| A e] vl go] 1 ZHS A
A=

)
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Table 10 Wear rate of ceramics(unit

© ¢®/Nm, V=0.2m/s)

Envi ronment P;linslf‘ Nf:z ALO; Ti0, Cra0s 760,
100N | 2.130407 | 3.96X0° | 2.826X0" | 1.55140°
Pin | 200N | 2.15X07 | 7.48X0° | 2.143X0" | 1.707X0°
. 300N | 2.160X07 | 8.07X0° | 1.594X07 | 1.892X07°
fmair 100N | 5.913X0° | 1.5740° | 3.48X0° | 1.461407°
Disk | 200N | 6.522X307° | 7.8X07 4.230° 1.83140°
300N 1.29007 | 1.72>0° | 3.9740° | 1.993X07°
300N | 1.36X07° | 3.50407 | 5.50X0° | 4.67X07°
i 500N | 9.57X07 | 2.90X07 | 5.70407 | 6.15X07
. 700N | 7.45X07° | 2.40407 | 4.00407 | 9.03X07
900N | 7.05X07° | 2.20407 | 3.1040°7 | 1.49X0°
rease 300N | 5.51X0° | 1.30230° | 8.10407° | 1.88X07
. 500N | 5.22X0° | 1.00207 | 5.20X07° | 1.76X07°
& 700N | 9.94X07 | 9.00307 | 4.802307 | 4.75X0°
900N | 2.16x0° | 1.00307 | 3.90407 | 6.91X07°
300N | 8.70x07° | 1.00407 | 1.70407 | 2.50X07°
. 500N | 6.09X0°7 | 1.90X07 | 1.30407 | 4.58X0°
visk 700N | 5.65X07 | 1.50x307 | 1.00407 | 5.92X0°
Bearing 900N | 5.22X07 | 1.40>07 | 1.00X07 | 9.1140"
0il 300N | 1.45X07 | 4.00407 | 1.20407 | 2.42X0°
. 500N | 1.74X07 | 6.00407" | 1.70307 | 2.85X07
b 700N | 3.11X07 | 6.0040" | 1.40407 | 5.50407"
900N | 3.04x07 | 6.00x30" | 1.3020"

_81_



2.5x10°

A\

Normal load(N)

(b) Pin
Fig. 41 Wear rate(Air, V=0.2m/s)
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Fig. 42 Wear rate(Grease, V=0.2m/s)
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Fig. 43 Wear rate(Bearing oil, V=0.2m/s)
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5.2 o2 g9 stEol&EN

Fig. 4% WIIREE V=0.2n/s, &Z8AAA 71tz wE 457 A
2] AlOs, TiOs, Crs0s, Zr0.2] vFE&(Wear rate)S YERA Holth. (a)= 37]
FolA e mrge 7pgtalEol 200N w) AlOs;, Ti0, % Cro0:E 10 °mr/Nm QT
2 HA L Qo ZrOE oF 2.1x 10 ‘mi/Nmolth. &7 FolAe mlrge
Ti0, 3 7AFA] 71g A ATt

ALOs9] PIRE&L 7itslkEo] 245 Srlekalth. Asts Aol mRgS
S7bekE Fol i askE JoolAE T Fo] Ak, T, vnHE L uE
RS M IIHAEETE A& A AstFolAls A Mdta astFelAE
wASHA 7Tk, Ti0} Cra0s9] A5, 7Hdetzel S718 stol& 1 niEg
< A gAsith. oA wtEYAEC] AN wiEo|rh[27, 28].

Zr0:9] mtEE&L vnHAEEe} Ttgstso] A FdgA STk AstE<d
100NY o sk F5otgo]l #g¥o] AwE7|9 7t LAst wiREo]
w43 S7isly mwolA e murt WAEd. o] mlEAlel o’ Axbz
S U7 dojub] g HFerE o R Q] ArEEo] AlgHA w7
-] T},

7 At
Algba o] miRg TRstels 9 wImH S El e
EnlR(High wear)9] vlEFo] o9
oz Eghri[29].

AT AgelAe] mEAFE wIiigEee ofs] FwkR(Low wear)et ¥
wnti (High wear)® Woldj7b= d 9ol dom, murrAFo] 2Fsh= F(H
EupR)o] yepdth, aEla mpRIge ol AgtEe] RWE7IZE gyE
T, AEA B4 2Ee ksl a84oR AgsHA =W MI1yEErt A
A FEF npro] o)s)] vty s dojupAl "F[30].
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Fig. 44 Wear rate(V=0.2m/s)
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Fig. 462 Ti0:9] 7Fdetzol wE s s Yetiln. 7] SolA kst
o] 100N = whzHs = o] 14.85 Nm/solal 7Fgslzo] 200Nd o npzsee
15.47 Nm/so.2 7}stslso] Z7lstole wpasel e Ao o, oA Ti07h

=
7= Tz oA witoltt. 53], 7Ftels 300NY w whEbEEe 23.04 Nm/so

o
o

131, z2glo]l2e] B9+ 16.78 Nm/solvt. 738tz o]l S715 std mEEd =
S 7Fak3lt.

Fig. 472 Cr:0:9] 7Fststzol we vpzed e ettt 57] oA 7ists
% 100NY o] m&FE= S 13.20 Nm/s, 7FgstE 200N ) mpzEelo] 21.27 N
m/s 2 7}etslE 300NY W) 22.81 Nm/sE, 7}gslEo] F7istd nmi@A=d e &
As] Z7ksit}. o] AL FEulR (High wear)o] o3t dAAMzrg oz Tz}
dojupr] wiiEoltt. Zistslksel 300N¢] A5, wWol"H o] wiEsEe 6.27 N
m/s, 213 o]2~E 6.79 Nm/so|t}. T 7}etalso] 500N A9, wlo=H-{7F 9.73
Nm/s, ZZg]o]27} 8.80 Nm/se|t}. 7Fetstw 700N9] 4% o
2 12.67 Nm/solaL, Zig]lo]AE 14.39 Nm/soltt. 7MtetsS U= S7HAA
900No] =™ wWoj¥ o] wpREH o] 13.12 Nm/s@L L#]o]27}F 15.60 Nm/sS
=

Cro0:9] vhR & goll A 74kt o] 300N ~ 500Nl A& ZvkR (Low wear)< & <]
SZmpr - 7ketalEo] 500N ~ 700N A= #EvbR (High wear)@ S o2 A2bn}
X, 700N o]AelE uire] Autela AFE ¥l Archard[33] 53 Welsh[34]

= ¥ &2 el Ame viEEEHTL ste, Fk 2da vy Al ukel

o
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AR (mild wear)2} ZArFE (severe wear) = EE S H I3},

Fig. 482 Zr(:9] 71tatgol we vizds= s Yepd Aolth. F7] FollA 7}
ks 100N wjo] mpaE 2 16.62Nm/s, 200NY W= 17.72Nm/solt}. A,
ol zol A 7hetElE 300NY w) wmhE-EEo] 8.8INm/s, 7FYEHE 700N W
14.91Nm/so|t}. wWlolH oAl 71ketE 300Ne] A mpEE2 S 9.19Nm/s, 7}
oFslE 900Ne] 7 mbEEee 18.51Nm/solth. Zr0,9] A tE A=
g I ol Asty] witol &7 FellA 200N0]sf, && Fell A= 700No] sk
A0S stk o] A9, wWoHfe SFAE g Mgdsta FUg viR
AEE BAT. @A Zr0e AdtgolA 3 vt dss 7HAH, rtd=
g AR AsS UERTEH

Table 11 The friction coefficients

Sliding Friction
Specimen | Environment - Load[N]
velocity[ms] coefficient
0.1 200N 0.643
Aj : 300N 0.527
1 o4 200N 0.547
’ 300N 0.492
0.1 300N 0.124
T
0.2 900N 0.093
0.1 300N 0.068
Bearing oil ' 900N 0.105
0.2 300N 0.161
) 900N 0.056
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Sliding

Friction

Specimen | Environment . Load[N]
velocity[ms] coefficient
0.1 300N 0.348
Aj ) 500N 0.298
1r 0.9 300N 0.512
) 500N 0.265
0.1 300N 0.209
Ti02 Grease 900N 0.126
0.2 300N 0.136
) 900N 0.127
0.1 300N 0.168
Bearing oil ' 900N 0.112
0.2 300N 0.133
) 900N 0.062
Sliding Friction
Specimen | Environment i Load[N]
velocity[ms] coefficient
0.1 100N 0.839
Aj . 500N 0.348
y 0.9 100N 0.429
' 500N 0.286
0.1 300N 0.216
’ 900N 0.112
Cr203 Grease <t 300N 0.093
’ 900N 0.118
0.1 300N 0.139
Bearing oil ' PEN Q128
0.2 300N 0.121
> 900N 0.110
' ' Sliding Friction
Specimen | Environment . Load[N]
velocity[ms] coefficient
0.1 100N 1.119
Aj ’ 200N 0.551
= . 100N 1.123
: 200N 0.432
0.1 300N 0.195
7rO, Grease o00N 0.170
0.2 300N 0.188
’ 500N 0.153
0.1 300N 0.207
Bearing oil o00N 0.159
0.2 300N 0.203
’ 500N 0.082
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