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Table2.1 Manufacturing conditions of sintered rollers

0.7% Mn, 1.0% Cr
Powder type 0.2% Mo, Balance Fe
Particle diameter 127mmto 175mm
. 0.3% Graphite
Mixing 0.8% Zinc Searate

Compacting pressure 64kN/cn?

Green density 6.9g/cn?
Sintering 1403K x 0.5hr, in N, gas
Machining Tuning
Temperature 1223K
Plasma case- Heating time 2.7hr
hardening :
Atmospheric . —a.
pressure 533Pa, H,:CH,=3:2
Finishing Grinding
10
\) 10
&[5 & CE=
P _l alaja|  Z_l,alg

Test roller Mating roller

(@) Testroller pair with 30mm in diameter

10 o 10 10
&[5 & P4 2 Saamgle”
NgH
@7 @7
8| 3| 8 IR 8|8
Al —Jg ] =] - Al ] = A
Testroller 1 Test roller 2 Mating roller

(b) Testroller pair with 60mm in diameter

Fig. 2.1 Shapes and dimensions of test roller pair

-13-




2.1(a) 60mm 2.1(b) 1

60mm 2.1(b) 1 2
35mm 30mm
65mm 60mm
30mm
P3 60mm P6
2.1
3
1D
2.1(b) 1
2.1(b) 2
1 S1 2 S2
2.1(b) S1 60.4mm
JS SCM420 CO2 1.2vol% C.P[Carbon potential] 0.6wt%, 1203Kx5h
1103Kx0.5h
427K x1h
S1
2.1(b) 2
JS SCM420 S1
S2

-14-



Circumferential surface Circumferential surface

Side face | Case-hardened layer | Side face
Inner surface 0 Inner surface ®
(a) Steel roller S1 (b) Steel roller S2
Fig. 2.2 Cross section of steel roller
Testroller Test gear Testroller Test gear
(a) Axial section (b) Transverse section
Fig. 2.3 Cross section of test roller and test gear
2.2 (b) S1 2
91
2.3(a)
2.3(b)
S1
2.2(a)
7] 2.2(b)
22(a (b) s1
P3 P6
JIS SCM415 JS SCM420
2.1(a) 2.1(b)

-15-



Table2.2 Manufacturing conditions of sintered gears

0.7% Mn, 1.0% Cr

Powder type 0.2% Mo, Balance Fe
Particle diameter 127mmto 175mm
Miirg 089% Zire Gemrcte
Compacting pressure 64kN/cn?
Green density 6.9g/cn?
Sintering 1403K x 0.5hr, in N, gas
Machining Hobbing, Turning
Temperature 1223K
Plasma case- Hesting time 2.7hr
e At&gjhgic 533Pa, H,:CH.=3:2
Finishing Grinding
2.2.2
3 2
PG SG 2.2 PG
PG 127 175mm
6.9g/cm3 1403K 100mm
3 SG
2.3(@) (b)
2.4(a)
Gear
2.3(a) 2.2
S1
PG
Pinion JS:SCM415



Table 2.3 Specifications of test gear pair

() Sintered gear pair

Pinion Gear
Modue mm 5
Pressure angle deg. 20
Number of teeth 15 16
Addendurm modifcation 0571 | 0560
Tip circle diameter mm| 90.71 94.60
Center distance mm 82.55
Facewidth 18 6
Contact ratio 1.246
Accuracy* Class4 | Class4
Tooth surface finishing Grinding
*JS B 1702 -1976
(b) Steel gear pair
Pinion Gear
Modue mm 5
Pressure angle deg. 20
Number of teeth 20 21
Addendcl(;rer;ff ir(r;i(é'd:tficzstion 0.00 -0.19
Tip circle diameter mm| 1109 114.0
Center distance mm 102
Facewidth mm 5 22
Contact ratio 1.655
Accurecy* Class2 | Class2
Hest trestment Case-hardening
Tooth surface finishing Grinding

*JIS B 1702 -1976

-17 -



Test pinion

(b) Steel gear pair

Mating gear

Fig. 2.4 Shapes and dimensions of test gear pair
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10 6| QL 18 |&
&
C}%“/ L
EEEEE R B NEELE
-y | v -y | -
Test gear Mating pinion
() Sintered gear pair
30
30 <& &> N
18 _|5 & o a_ 2 | &>
o © 15 A\
\ [ — N Gy
$ Q 8| o & Q 3| o
= SR Rl b A= A




Side face

10mm Tooth tip
| Case-hardened layer |
Tooth root

Transverse section

Tooth tip
e

/BOSS

E|
£
S
=

> Inner surface

Axial section

Fig. 2.5 Cross section of steel gear

2.3(a)
5mm 20°
18mm 82.55mm 1.246
IAE
2.4(a)
Pinion
JIS:SCM415 2.3(b)
20° 20/21
102mm 1.655 SG
2.4(b)
S1
SG
25 SG
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2.3

2.3.1
2.6
2.7
24
520 620HV
60m/s
P3 P6 Sl S2
1
V60
H
30m/s
P6
NP
90m/s

(12)

10rpm
360mm

30 60 90m/s
200 400sec

0.2 0.6 0.8mm

0.6mm 620HV

V60
V60
60m/s

24 \% D

520HV

0.2mm 200sec

P6-V30H
24

0.2mm
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0.5mm

Side view of impeller Front view of impeller

Center of impeller

Fig. 2.6 Schematic of airless peening unit

Stedl shotswith adiameter of 0.2mm Stedl shotswith adiameter of 0.6mm
and a hardness of 620HV and a hardness of 520HV

Steel shots with adiameter of 0.6mm Stedl shotswith a diameter of 0.8mm
and a hardness of 620HV and a hardness of 620HV

Fig. 2.7 Observation of steel shots

-21-



Table 2.4 Shot peening conditions of rollers and gears

Sintered roller P3 P3-NP P3-V30 | P3-V60
Sintered roller P6 P6-NP | P6-V30H P6-V60
Sintered gear PG PG-NP PG-V60
Stedl roller S1 S1-NP S1-V30 | S1-V60 | S1-V90
Sted roller 2 S2-NP S2-V30 | S2-V60 | S2-V90
Steel gear SG SG-NP SG-V30 | SG-V60 | SG-V90
Shot velocity ms|  --- 30 60 90
Shot diameter mm 0.2 0.6
Shot hardness HV 520 620
Peening time sec 200
Projection amount  kg/min 100
Arc height mmA 0.085 0.280 0.520 0.800
Coverage of roller % 1000 460 600 700
Coverage of gear % --- 400 550 600
Sintered roller P3 P3-T400
Sintered roller P6 P6-D0.2 P6-H520
Sintered gear PG PG-D0.2 | PG-D0.8 | PG-H520
Stedl roller S1 S1-D0.2 | S1-D0.8 | S1-H520 S1-M
Sted roller 2 S2-D0.2 | S2-D0.8 | S2-H520 S2-M
Stedl gear SG SG-D0.2 | SG-D0.8 SG-M
Shot velocity nvs 60 90
Shot diameter mm| 0.2 0.8 0.6 0.2
Shot hardness HV 620 520 620
Peening time Sec 200 400 200
Projection anount  kg/min 100
Arc height mmA| 0.190 0.640 0.360 0.560 0.250
Coverage of raller %| 2000 400 480 1200 2400
Coverage of gear %| 1800 360 420 --- 2200

-22-



24 1

1943 J.O.Almen (13)
1
N A cC 3
3 24
127 131mm A A
0.085 0.800mm mmA
14
2.3.2
28@ (b P3 P6 z
0.98N 100gf 30sec
z 5
0.4mm 0.025mm 0.050mm 0.4mm
1.0mm 0.2mm 1.0mm 3.0mm 0.5mm
Z 0.5mm
P3-NP P6-NP
P3 P6
P3-V60 P6-V60
P6-V 60 P3-V60
P3-V60 P6-V60
P3-V60 P6-V60
P6-V 60 P3-V60
P3-V60 P6-
V60 P3-V60
550HV P3 08 09mm
P6 11 1.2mm P3
840HV 550HV 1.0mm P6
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800HV 550HV
29 PG z
P6 PG 29
z
z 5
0.4mm 0.025mm 0.050mm
0.2mm 1.0mm 3.0mm 0.5mm
PG-NP
PG
PG
550HV PG 09 1.1mm
2108 (b) S1 S2
S1 S2
S1-D0.8 S2-D0.8
S2
S1 S2
550HV S1 15 1.7mm
S1 S2 1.0mm
211 SG z
PG 211
SG-V60
SG
SG-V90 SG-D0.8
SG-V60
821HV 550HV
SG 1.0mm
2.12 SG z

212

-24 -

1.0mm
P3
0.4mm 1.0mm
PG-D0.8
800HV
0.8mm
Z
S1-V90 S2-V90
S1
S1 S2
990HV
S2 1.2mm

2.9

SG-V90 SG-D0.8
S1 S2

SG-V90 SG-DO0.8
SG

SG 0.8 1.0mm



Vickers hardness HV

900
800
700
600
500
400
300
200

100

Vickers hardness HV

850
800
::\ B
- 750
- \\\
— N N \
i N 700 XN
- \ - P3NP
. W o
 — Pp3v30
-——P3-V60
[ —--—P3-T400
| oo P3-NP
1 | 1 | 1
1 2

Depth below surface z mm

() Sinteredroller P3

Vickers hardness HV

900

850

800

700

600
500
400
300
200
100

- —-—-P6-H520
-——P6-V60

e P6-NP
1 | 1 | 1

1 2
Depth below surface z mm

(b) Sintered roller P6

Fig. 2.8 Hardness distributions of sintered rollers

Working pitch point

.
/

—_—
/ s0000 \
|

I
P Z s0000 |
\ I
cee e |

Depth below tooth surface z mm

\
N ndéntati on’

Transverse section

Fig. 2.9 Hardnessdistributions of sintered gears

-25-

3



Vickers hardness HV

Vickers hardness HV

1000
900
800
700
600
500
400
300 i
200

0

Depth below surface z mm

2 3 0

(@) Stedl roller S1

1000
900

1000

800} "

700
600
500

400

300

—S2-V30

| —— S2-V60
| —-—-S2-V90

200 |- S2-NP

3

Depth below surface z mm

1000
900

700

05 600

500
400

200

0

Depth below surface z mm

1

8001

300+

2 3 0

(b) Steel roller S2

Depth below surface z mm

Fig. 2.10 Hardness distributions of steel rollers

Circumferential surface

\

A

/ L X X XX 2

:Z X
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Circumferential surface
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Vickers hardness HV

Vickers hardness HV

900 900 o _
Working pitch point

800 800 —
700 700
600 600
500 500 T
400- ____sG-v3o 400 qv —

- %—V 60 \\\ 0&; * 0- ///
300F —-—--SG-VV90 300 . Indentation~

L SCNP Transverse sect
2 1 | 1 | 1 1 | 1 | 1 ransverse 10N

0 1 2 3 2000 1 2 3
Depth below tooth surface z mm
Fig. 2.11 Hardness distributions below tooth surface of steel gears
700 700
600 600}
500 500
400 400 T
300 300 ( Z| eesee |
200 200 Indentation,
1 | 1 | 1 1 | 1 | 1

0 1 2 3 0 1 2 3 Transversesection
Depth below root surface z mm

Fig. 2.12 Hardness distributions below root surface of steel gears
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Incident X-ray

Diffracting
|attice planes

Lattice distance

Diffracting crystal grain

Fig. 2.13 Principle of X-ray stress measurement

2.3.3
X X
2q _ Sinzy (15) X (15) X
213 X
2.13 @]
X z z y OP
eyx X y 0 X qyx X S X
S, = = ﬂ_(ey;) -._F >cotq, (ZCEX) =K M
1+n 'ﬂ(sm y ) 2(1+n) flsn‘y (2.1)
1 E
K=-= xcot
2(1+n) o (22)
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Ip . Peak intensity excluding background

c
2 P
3 — AC/IQR
= QM =MR
S —MB=+
z T PM =MB=+1,
X M
5 -1 Q
2
g 1
= B

/A%

A Background

2q,,
Diffraction angle 2q

Fig. 2.14 Half value breadth method

Table2.5 X-ray stress measurement conditions

Characteridtic X-ray CrKa
Diffraction plane a-Fe (211)
Tube voltage kv 30
Tube current mA 8
Irradiate area m?| 4x2
Scanning speed of detector  deg./min 4
v < )
=——
fisin“y
E n Q,x OP
Qo
X Yo Yo
2, sn’
K
K =-318MPa/deg.
45° X
2qyx

(16)

-29-

Fig. 2.15 Coordinate axes of roller

5,(), 5,0, 5,(1)

s,(0), s(b), s (b)

Removed layer

Fig. 2.16 Residual stressin hollow cylinder

(2.3)
X
qux S.nzy 2qyx
21 M
Fe
(5 x y, 0° 15 30°

214



z

ZLX 1/4
25 X X CrKka CrKb
z 180° 2
1500mL 262.6
20V 10mA
1 2.15 X
1"
2.16 2b 2a
S,(r) s, (r) s,(r)
r
2b r
s{(r) s{(r) si(r)
s,(r) s ,(r)
Lame s,(r)
\b r
$,(N=sHr)-2qQ z__zsNdr (2.4)
_ r’+a®> o r
s, (r)=s¥r)- 7 0,z azsgt(r)dr (2.5)
_r*-a*p or
Sz(r)_- r2 Q rz_ azsg(r)dr (26)
2 s {(r)
s §(r) (2.4 (2.5 (2.6)
2
2.17 P3 P6
P3-NP  P6-NP
s, (r) s,(r)
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Residual stress s (r) MPa

O 0
—200 I —200 s, (r) : Axid ~—— P6-V30H
= - —=== P6-D0.2
—400 — —400¢ —-—-- P6-H520
= i — P6-V60
600 5 600k P6-NP
i }ﬁ )
O < Of
______________ 'D
200/ N | & _200f
i S(r) : Circumferential y s,(r) : Circumferential
—400 - —400+
1 | 1 | 1 1 | 1 | 1
0 1 2 3 0 1 2 3
Depth below surface z mm Depth below surface z mm
() Sinteredroller P3 (b) Sintered roller P6
Fig. 2.17 Residual stress distributions of sintered rollers
Z  05mm s, (r) s, (r) -200MPa
0 P3 P6
-200MPa z 2.17
P3
P6 P3
2.8(a) (b) P3 P6
26 X PG 2.7 PG
2q-sny 1 2.18
X y S ,(r)
s, (r) 2.7 PG-DO0.2
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Table2.6 X-ray stress measurement conditions

Characterigtic X-ray CrKa
Diffraction plane a-Fe (211)
Tube voltage kv 40
Tube current mA 30
Irradiate area m?| 3x2
Scanning speed of detector  deg./min 3

Fig. 2.18 Coordinate axes of gear

Table2.7 Surface Residual stresses of sintered gears

-32-

Specimen Test gear Mating pinion
PG-NP | PG-D0.2 | PG-H520 | PG-V60 | PG-D0.8 PG-M
s () MPa| -304 -403 -387 -244 -331 -368
S y(r) MPa| -338 -378 -363 -265 -302 -415
(18) PG
P6
PG
2.19(3) (b) S 2
P3 P6 2.19(a)
(b) S1-NP  S2-NP
S1 2 s ()
s,(r)
z  05mm s,(r)
S, (r) 2.19(a) -500M Pa -400M Pa
2.19(b)  -300MPa 200 OMPa
Sl 2 -500M Pa -300M Pa
z 2.19() (b) Ss1
S2
2.19(a) (b)
Sl 2
211 S1-D0.2  S2-D0.2 Z=0.0mm



0 0
s —400~" —400F7
= 800 ~800
% —1200 —1200
17 0 0
3
% —400 —400} /.
@ -800 -800
/
—1200[¥" s (r) : Circumferential | —1200 s,(r) : Circumferential
L. | 1 | 1 | 1 | 1 [ | 1 | 1 | 1 | 1
0 02 04 06 08 10 0O 02 04 06 08 10
Depth below surface z mm Depth below surface z mm
(@) Steed roller S1
0
£ J
= T .
=~ _500 e s,(r) : Axid
(%)] | 1 1
g 0_ O‘/SZ(r) . Radia
'Us Y A
s d ——S2.V30 ----S2-D0.2
B - ——S2V60 - —__S2Veo
i
-------- S2-NP - S2-NP
L s(r) : Circumferential L sy(r) : Circumferential
_ I | I _ 1 | 1
1000 0 1 2 10000 1 >
Depth below surface z mm Depth below surface z mm
(b) Steel roller S2
Fig. 219 Residua stressdistributions of steel rollers
Table2.8 Surface Residual stresses of steel gears
. Test pinion Mating gear
Specimen
SG-NP | SG-V30 | SG-V60 | SG-V90 | SG-D0.2 | SG-D0.8 SG-M
s(r) MPa| -299 -696 -779 -755 -716 -703 -789
s(r) MPa| -454 -749 -728 -643 -780 -706 -591
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Table2.9 Surface properties of sintered rollers

Specimen P3-NP | P3-V30 | P3-V60 | P3-T400| P3-M

Surface roughness R mm| 0.76 15.12 22.03 36.71 0.95

Surface hardness HV| 720 835 850 750 840

Surface residud stress s (r) MPa| -88 -254 -265 -181 -636
Specimen P6-NP | P6-V30H | P6-D0.2 | P6-H520| P6-V60 | P6-M
Surface roughness R mm| 0.84 7.88 7.46 10.09 | 12.69 137
Surface hardness HvV| 735 810 822 820 850 800
Surface residual stress s (r) MPa|  -95 -320 -370 -181 -201 -358

2.3.4
2.20 P3 P6
P3-NP  P6-NP
P3-V60
P3 P3-V60 P3-T400 P6 P6-H520 P6-V60
2.9 P3 P6
RZ
s,(r)
0.4mm 0.025mm 0.050mm
Z2=0.0mm
R, 4
R,
2.21 P3 P6 R,
P3-V60 P6-V60 P6-V60
P3-V60 R, R,
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Table2.10 Surface properties of sintered gears

Specimen PG-NP |PG-D0.2 | PG-H520| PG-V60 | PG-D0.8| PG-M
Sufaceroughness R nm| 323 | 541 | 750 | 1121 | 1411 | 362
Suface hardness~~ HV/| 710 750 800 827 850 800

151 _
£ o6tso P60 gPG-D08
2 b \ o -
P6-D02 N -
. -~ P —V
g 10 P6-\V/ 30H - G-Ve0
c -~
< L @ -
2 |PGNP =~ PG-H520
S R,=1.54x10'A+3.23
:3: P6-NP | |
0 0.2 0.4 0.6 0.8
Arc height A, mmA

Fig. 2.23 Relationship between surface roughness and arc height
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Table2.11 Surface properties of steel rollers

Specimen S1-NP | S1-V30| S1-V60 | S1-V90| S1-D0.2| S1-D0.8| S1-H520| S1-M
Surface roughness R mm| 130 | 239 352 3.72 224 | 454 2.34 2.18
Surface hardness HV| 773 926 937 928 931 978 902 990
Surface residud siress s (1) MPa| -526 | -813 | -615 | -510 | -710 | -518 | -418 -601
Specimen S2-NP | S2-V30| S2-V60 | S2-V90 | S2-D0.2| S2-D0.8| S2-H520| S2-M
Surface roughness R nm| 200 2.56 325 | 348 203 | 355 1.85 2.18
Surface hardness Hv| 849 905 922 945 907 942 910 990
Surface residud sress s (1) MPa| -203 | -352 | -212 | -308 | -417 | -306 | -142 -601
- P6-V 60
E 15 P6-H520 .
e L P6-D0.2 7 Sintered roller P6
. _ —1
4 10 | P6_v30H ,<—R,=2.56x10'A,+8.40x10
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8 5 S2—-NP ’/' S2-V30 RZ=1.88Ah+2.OO
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@ R4 _m-0O---
8 H<4—-g-T-a7" " Sipog  S2-V0
; P6_|NP | 1 S|2_H§20 | 1 | 1
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Fig. 2.28 Relationship between surface roughness and arc height
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Table2.12 Surface properties of steel gears

Specimen SG-NP | SG-V30 | SG-V60 | SG-V90 | SG-D0.2| SG-D0.8| SG-M
Surface roughness R mm| 3.76 5.99 6.62 7.25 4.33 8.32 411
Surface hardness HV| 766 781 840 829 786 820 821
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Table 2.13 Measurement results of pores below sintered roller surface

() Sinteredroller P3

) P3-NP P3-V30 P3-V60 P3-T400
Specimen
Subsurface | Case-core | Subsurface | Case-core | Subsurface | Case-core | Subsurface | Case-core
Total number of pores  1/nmn? 139 148 154 131 112 132 118 130
Area m? 92 82 59 72 83 68 89 116
Heywood diameter mm 10.8 10.2 8.6 9.6 10.3 9.3 10.7 12.1
Roundness 1.75 1.84 1.63 1.95 1.74 1.81 173 1.90
Area ratio 0.128 0.121 0.091 0.094 0.093 0.089 0.105 0.151
(b) Sintered roller P6
) P6-NP P6-V30H P6-D0.2 P6-H520 P6-V60
Specimen
Subsurface | Case-core | Subsurface | Case-core | Subsurface | Case-core | Subsurface | Case-core | Subsurface | Case-core
Total number of pores  1/mn? 131 136 150 143 128 133 140 146 129 134
Area m? 109 108 97 100 105 122 78 105 90 121
Heywood diameter mm 11.8 11.7 111 11.3 11.6 12.4 9.9 116 10.7 12.4
Roundness 1.83 1.97 1.76 1.84 1.82 1.82 1.60 1.86 1.63 1.81
Area ratio 0.142 0.147 0.145 0.143 0.135 0.161 0.109 0.153 0.117 0.162
2.13 2mm
P3-NP  P6-NP
P3-V30 P6-V30H
P3-T400 P6-V60 2mm
60mm 30mm
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Table3.1 Fatigue test conditions of sintered roller and steel roller

Test roller Sintered roller | Steel roller
Testing machine type f 30 f 60 f 60
Rotationa speed of dower roller n_ rpm 2864 1432 1423
Circumferential velocity of dower roller v, /s 4.50 4.47
Rotationa speed of faster roller n, rpm{ 3600 1800 1800
Circumferential velocity of faster roller v, /s 5.65 5.65
Specific dliding of dower roller s, % -25.7 -26.4
Specific dliding of faster roller s, % +20.4 +20.9
Sliding velocity Vg, mis 1.15 1.18
5.5kwW
n
pmax (8) pmax
1 1
4+
= LB R R
™ 4lp b1-n? 1-n)?
+
1 EZ
R b R E
1 2
2
R
1 1 1
_ =4 —
R R R
(3.2 30mm R 7.5mm
R 15mm 30mm 60mm
60mm

31

- 56 -
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Table 3.2 Property of lubricating oil

Specific gravity ~ 288/277K | 0.9022
Flash point K| 477
Pour point K| 260.5

Kinematic viscosty 313K | 190.9
x10® /s 373K | 17.47

Viscosity index 98
Total acid number mgKOH/g| 2.26
Viscosity-pressure 313K | 23.18
coefficient 373K | 16.07
1GPa 423K | 12.09
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Fig. 4.22 Relationship between surface durability and surface hardness
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