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(a) Chlorinated paraffin usage. (b) Achievement ratio of chlorine-free.

Fig. 1.1 = Statistic scores with regard to chlorinated paraffin for metalworking fluids®; long:
long chain chlorinated paraffin (C;s-30), medium: medium chain chlorinated paraffin
(Ci417), short: short chain chlorinated paraffin (Cyp-13).
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Fig.1.2  Flow of this doctoral thesis.
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Table 2.1  Symbols.

F¢ | Cutting force component parallel to tool face t | Undeformed chip thickness

Fp | Cutting force component in power direction tc | Deformed chip thickness

F Cutting force component in undeformed chip
Q

thickness direction @ | Rake angle

Cutti i
Fy pllalm?g force component parallel to shear B | Friction angle on tool face: tan™ (Fc / No)
Ne Cutting force component perpendicular to B tan(/ o) on shear plane

tool face

Cutting force component perpendicular to

trai
Ng shear plane ¥ | Shear strain
. . Angle between tool face and plane of
it 1
V| Cutting velocity n maximum shear stress
d
Ve | Chip velocity " Ang%e between shear plane and plane of
maximum shear stress
Vs | Shear velocity on shear plane 0 | Clearance angle
b | width of cut M Coefficient of tool-face friction: tanf} = F¢ /
Nc
bc | Deformed chip width O | Mean normal stress on shear plane
[ | Undeformed chip length T | Mean shear stress on shear plane
Ic | Deformed chip length ¢ | Shear angle
. . Angle between force R’ and plane of
r ] Cutting ratio: t/ fc ()]

maximum shear stress
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Fig. 2.1 Schematic of orthogonal steady state cutting operation.

TEZEMOE: 1 EfEE Ll 2ic, YIBICEC 2 BEONZER T 3 MEBD

3.
i,

1 2%, TETCVWHRBWITREIYUEIREZ6NS T R THD, ) 12
FABELEICBWT, TAMEFRICLVUEZHFHTH RRTHS,. AETALICE

WT, YIBP—EDHETLTELEANWIIRNL TS ERELTWSEDT, UEICEH
S HBHIDAEL2TVRBEHDET B, fE5T, KADKD LD,

R=R' @.1)

R BEU REVHIERKOGNZERLTED, ZNo6DTN%E Fig. 22 (IR d, T
BT WETIE, BEN Fc BXOEEN N MERAL, TAWETIE, TAWMN Fv B
FOEEN NsBEAT 2. 7, YHEHROES T B L EDN Fo 2 AT, Fig. 2.2 (b)
CRTERLD, RQD~QHRDILD. foT, BEEHHELES R EBXU FQo



20 B2H BEOHR

EZAWT, $VCEBIOEABEICERT 2 02@IFCE 5,

Fy = F, cos¢— F,sing 2.2)
Ny =F,sing+ F, cosg ‘ (2.3)
F.=F,sina+ FQ cos (2.4)
N.=F, cosor — F, sina 2.5)

Chip

- 8 II
n|[ >
Bl
(a) Free body diagram of chip. (b) Composite cutting force circle

Fig. 2.2 Relationship between cutting forces in orthogonal cutting.
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p=—"=tanf (2.6)
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thl =1 b1 @.7)
l — lC —
= =r (2.8)

& 51T Fig. 24 T 7§ & ) I, BAFHEIRD 5, TIHIE r 13 ABTA % VT, 3(2.9)
DEHITRED, T, TAEANCOVTEL L, RQ.10)BFLNS,

r__:i: A—Bsimp _ sin ¢ ’9

t ABcos(¢—a) cos(q)—oz) (2.9)
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Fig.2.3  Schematic of the production of chip in cutting.

Fig. 2.4  Construction for deriving relation between shear angle ¢ and cutting ratio r.
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Fig. 2.5  Deformation of shear strain in cutting.

Fig. 2.6  Relationship between shear speed Vs, chip speed Ve, and cutting speed V.
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(2) Actual heat sources. (b) Idealized heat sources.

Fig. 2.7 Heat generation in orthognal metal cutting; (i): promary shear zone, (ii): secondary
shear zone along the tool face.
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Fig. 2.8 Idealized diagram of shear plane moving heat sorce.

Rake face

Fig. 2.9 Insulated slider on conducting surface.
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Fig. 2.10  Relation between two-dimentional tool and semi-infinite body.
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(a) Calculated value in lathe cutting. (b) Experimental value in drilling,

Fig. 2.11 Heat transfers to chip, workpiece and tool in cutting; (a): calculated variation of
energy distribution in lathe cutting (after Loewen and Shaw, 1954), (b): variation of
energy distribution determined with the calorimetric apparatus in drilling (after
Schmidt and Roubik, 1949).
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Fig. 2.7 Schematic of a spiral pointed tap.
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Fig. 2.8 Schematic of a tooth of tap.
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Fig. 2.9 Schematic of the vibration cuttings in the three types of direction; (a): cutting
direction, (b): normal direction, (c): feed direction.
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Fig.2.10  Mechanism involving breakdown of the lubricant film at small localized regions;
A: apparent contact area which supports the normal load, o: breakdown ratio of
the oil film, o4: real contact area of metal junctions(m).
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Fig. 2.11  Temperature dependent of friction coefficient obtained with four types of oleic
acids: lauric acid, myristic acid, palmitic acid, and stearic acid"?,
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Fig. 2.12  Schematic of four types of lubricants: paraffin oil, fatty acid, extreme-pressure
(EP) lubricant, and EP lubricant containing fatty acid; 67: transition temperature
of fatty acid, Or: temperature for beginning of the chemical reaction of an EP
additive!"®.
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Fig. 3.1 View of the low-speed tapping apparatus.
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Be% Table 3.1~3.51CiBD 5,

Workpiece Tap Tap holder

Workpiece holder Flexible coupling
Torque transducer\ / /
A

Motor
—
M=l
J- 1l H
Amplifier 4———-&—' : : R
i
- - | I
Digital / N Speed
data recorder - - 7 < ‘ controller

/N

Linear motion guide Slider

Fig.3.2 Schematic of the low-speed tapping apparatus.

Table 3.1  Specification of a torque transducer.

Tokyo Sokki Kenkyujo / LTB-10NA

Torque capacity 10 [Nem]

Rated output 1 [mV/V] (2000 X 10°® strain) + 2 %
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Table 3.2  Specification of a dynamic strain amplifier.
Tokye Sokki Kglll{)’Lljo /DC-97A
£100000-10°° [strain]

Measuring range

Maximum sensitivity 50 % 10°® [strain]

Frequency response 500 [kHz]

Table 3.3  Specification of a speed controlled motor with a gear unit.

Oriental Motor/ US560-501C with SGU25KB

Speed range 3.6 to 56.0 [rpm]
Allowable torque 2.3t09.1 [Nem]
Starting torque 0.37 [Nem]

Table 3.4  Specification of a flexible coupling.

Allowable torque 1.4 [Nem]
Static torsion strength at 20°C 12.5 [Nem / rad]
Material Polyester resin and aluminum

Table 3.5  Specification of a linear motion guide.

Basic load rating 35.5 [kN]
All()'wable moment along the direction of 603 [Nem]
motion

3.22 HBRREIUYVT

StER R OMER $45C & L, TERIZFIRG(ER: 14 mm, K& 40 mm)k L7, BB
ﬁ@*@%ﬂﬁ,Tﬂkhf,M6?V7MI%@E%4&%Dmm@ﬁbﬂ%MIL
f&JET%%?&%Mﬁ&VVMI%@%¢Tﬂ@@4%mmT%D,%ﬂﬁ?@?
RRICBTEY v ZIMTEEL WIMIEGFCSH 5.
&vfm,om3ﬁ%w%ﬂ%9@ﬁuqu%ﬁﬁlﬁﬁw>M6ﬁ%vb&vfé
R L7z, Table3.612¥ v 7OMMKERT.
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Table 3.6  Specification of a spiral pointed tap.

Thread size M6 with a pitch of 1 [mm]

Flutes 3

Thread length 19 [mm]

Chamfar length 5 [mm]

Material HSS with a high proportion of vanadium

323 ¢

a7 4 EEOMRBMOMEE Table 3.7 Iond. BEHELT, RES774V%
FEEL, BMERMALLT, VBN ZUIWTCHBIVORIFLT 74 FEPS)Z
HRALE, X5z, MR EHOBERFET 272012, Table 3.7 IR THEHIC,
AL 4 VEBOA)E 2.5 wt%B KT8 5.0 wi%iRil L7 a2 s L 7. #5imix, ¥y
FINTENC, RBEOTREXOY v 718 05 ml giL7%, WEST 74 VB LR
IF D% Table 3.8~3.11 IZR T,

3.24 =EBFIR

KEBEBIUOYy TREET RO, ~FHVvELUOT7E VR THRBAOTN
BIOY Yy TETIve v I LR, TR TEEEESE 3 BIRDELE. %
D, F—T itk 40°C T 10 HEERSE, ThZh e EREEICHD FT,
KEEOTARB IO vy ZTicfRAmEE 05 mL EFL, vy 72E—F I X HEERS
SRS, ¥y IUEWALE T, FEHORBRAICHEMTE, Fy TMITEER 48 pm
kL,Fw7ﬁﬁib&vEV¢Fw?%ﬁﬂLt.:@9v€vﬁbw7%%%&
LT, BERNFOMEESRIC OV TRE L7z,

Table3.7  Sample oils.

Base oil Liquid paraffin
Fluid A Liquid paraffin + 5.0 wt% tricresyl phosphate (TCP)
Fluid B Liquid paraffin + 5.0 wt% polysulfide (PS)

Fluid AB Liquid paraffin + 2.5 wt% TCP + 2.5 wt% PS
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Table 3.8  Properties of liquid paraffin.
Mean molecular weight 296
Density at 15°C 0.837 [g/cm’]
Kinetic viscosity at 40°C 9.46 [cSt]
Flow point -12[°C]
Flash point 182 [°C]
Table 3.9  Properties of tricresyl phosphate (TCPj.
CHs
Structure 0=P10 '@
3
Molecular weight 368
Density at 20°C 1.18 [g/cm’]
Kinetic viscosity at 25°C 70 [cSt]
Flow point -26 [°C]
Flash point 234 [°C]
Table 3.10 Properties of polysulfide (PS).
Structure H25C12—S85—CizHz2s
Molecular weight 499
Density at 20°C 1.01 [g/em’]
Kinetic viscosity at 40°C 164 [cSt]
Flow point Below -20 [°C]
Flash point 139 [°C]
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Table 3.11 Properties of oleic acid (OA).

H7Cs C7H17COOH
Structure \ 7/
HC=CH
Molecular weight 282.46
Density at 20°C 0.89 [g/em’]
Flow point- 13 [°C]
Flash point 187 [°C]
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Fig. 3.3 Soda’s pendulum-type friction tester.
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Table 3.12  Specification of Soda’s pendulum-type friction tester.

Shinko Engineering / Pendulum-type oiliness friction tester

Steel ball JIS B1501, 4.76 [mm]

Roller pin SUJ2 (JIS G4805), $2 X 30 [mm]
Maximum oscillating angle 0.7 [rad]

Oscillation period 4 [s]

Maximum contact pressure 1.5 [GPa]

Mean contact pressure 1.0 [GPa]

Maximum sliding speed 0.75 [mm/s]

Table 3.13  Sample oils for friction tests.

Base oil Hexadecane

Fluid A Hexadecane + 0.010 wt% tricresyl phosphate (TCP)

Fluid B Hexadecane + 0.010 wt% polysulfide (PS)

Fluid AB Hexadecane + 0.005 wt% TCP + 0.005 wt% PS
Table 3.14 Property of hexadecane.

Mean molecular weight 226.44

Density at 20°C 0.77 [g/cm’]

Flow point 17 [°C]

Flash point 136 [°C]

Purity Over 98%

Table 3.15 Property of molecular sieves.

Walko Pure Chemical Industries / Molecular Sieves SA /i,

Pore diameter 5[A]
Columnar diameter 1.6 [mm]
Columnar Length 2~6 [mm]
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Fig. 3.4 Schematic of the steel-oil-mercury apparatus.
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Table 3.16 Property of mercury.

Mean molecular weight 13.55

Vapor pressure at 20°C 1.73 [Pa]

Flow point -38.88 [°C]

Boiling point 356.7 [°C]

Purity 99.5 [%]
3.4.3 EBEFIR
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Fig. 3.5 Steel-oil-mercury system; (a): physical model, (b): electrical model.
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Fig. 3.6 Variation in signals of the tapping torque according to the distance at which the

full internal threads are fabricated with base oil.
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(a)

Cutting is started.

®

Whole chamfer of tap ;
cuts into ahole. -

L=0

(c)

Threads of tap engage
with infernal threads:
L>0

L: Length of internal threa

Fig. 3.7 Fabrication of the internal thread in tapping.
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a5 Fluid AB a5 Fluid B
QO Nnesn O Nmean
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Fig. 3.8 Effects of the prepared hole diameter on the tapping torque in the four types of
lubricated conditions; open circle: mean tapping torque Npean, solid circle:
maximum tapping torque Nmax, error bar: standard deviation of five
measurements.

3.0
[7 Baseoil
25 b [ Fuidd
— Bl muwd 4B
g E
: Fluid B £
Eﬁ 20 |- = &
£ £
1.8
1.0 k& i ”‘ & : :
48 47 48 4.9 8.0 48 47 48 49 5.0
Prapared hole diameter {rm] Prepared hole diameter {mm]
Fig. 3.9 Effect of extreme-pressure (EP) agents on tapping torques with five types of

prepared hole diameters.

3.5.4 BERMFAOHEENRICRIFT HENLAORE

R FITT A LA VEB(0A)DEES Fig 3.10 IWRT. TAE 46 mm OF v 7
TIZE D, Noan B & O Nuw DEZ B2, RO X 912, OA ZERML %\ > & F, Fluid
AB ICE T B Ny DB, FluidA 7213 BOZN LD /AT, L L, 0A & 2.5 wtk



60 £38 Sy 7NIBIZEEMIHFMADOIER

¥ 7212 5.0 wi%iRINT % & ¥, Fluid AB ICK T % Npew OfEI, Fluid A X7 BOXR
EOBFLLNAI AR, 0A DT &> T, BERMADHEENRIEE
XN LEELOND, —F, Nox PDEA, OA % 2.5 wi%HINT % L&, Fluid AB IK8
\F 2MEIZ FluidA £ BOZNLDHESHITNE L, ZOHAE, OADHFMITX 2T,
BERMBEORENEMBESINTVB EEZ LGNS, LL, 50 wi%D OA ZIRM
¥ %L ¥, Fluid ABIZ¥I} 5fEI3 Fluid A X7:lE B DZN& D HRE, BEFRMAOD
HESEZ{EET 3 & 5 2R EF(CA)DRERENFET 5 LEA 5N 5.

3.5.5 EEFMAS L EERLAORERE

Fig. 3.11 KRT X912, Fluid A ZFAV3 ¥, 0A %25 W%l IT5 I LIC&Y,
FRTCDEMEDET Nypey DEEBANE D, —T, Nux DEIF, OA Z 5.0wWt%IRIIS
BEEICBINERD, Noan & Now PEZBNCT 2 &9 2BEFRMATCP 8 LU PS)
Ll FRIQA)DEREBENR L2 Z L2RL TR D,

2.8 3.0
[] Base il ] Bage ol
24 | Fluid A R8I Fluid A
= B Fluid AB . B Fuid AB
g a6}
o Fluid B . Fluid B
E 2t o B =
= é 24 F
20 b
22 F
1.8 4 : - R0
0 2.8 5.0 0 2.5 50
Concentration of oleic acid [wi%] Concentration of oleie acid [wt%]

Fig. 3.10  Effect of the EP agents with regard to the oiliness agent, oleic acid; prepared hole
diameter: 4.6 mm; error bar; standard deviation of five measurements.

24 - 3.0
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[ 2.5 wi% 0A R8 | B 2.5 wtv% 04
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i g
= £ 24l
2R
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Baseol  FluidA  FluidAB  FludB Baseoff  Fluid4A  FudAB  Flud3B

Fig. 3.11  Effect of the concentration of the oiliness agent, oleic acid on tapping torques;
prepared hole diameter: 4.6 mm; error bar: standard deviation of five
measurements.
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3.5.6 EERNTHRAEOHOFTMAORBESL

Fig. 3.10 iZEDWT, HmMAZMEIESIBI 29 YT MV I D t REZITH
7o, ZDFERZ Table 3.17 IZRT. OA #32.5 wt%D & ¥, Fluid A ICBI} 3 Nye, 13T
ANEED, Fluid A & AB, A & B DRI 5% EOEEECERENA LN, Tk
HbH, 5.0 wt%®D TCP B LT 2.5 wi%D OA DHEEIRELESTHD, BEDUHE
REBICH U CHEBRSE S EEZ 6N %, Z0OM, OA 550 wi%d & %, Fluid B I
BITD Npew FFANERD, Fluid B & AB OIKEEENH . ZOFEHETIE, TCP
& PS DIRAELD D PS BETEALZIE) PBEOYHNREICE T 2 ENRIISE
ZLRAWRLTYS, —F, OAD 2.5 wt%®D & &, Fluid AB I} 2 Nox 3R ERD,
Fluid B & AB DEICEREENDH 3, PSDOAED S TCP & PS ZIEALIZ) 23, BE
ZETHIRERIC LT, EEIRBH2bDLEZI OGNS,

E 51T, Fig 3.11 IZEDWT, BRICtREZ T o 72 #ER% Table 3.18 127, FluidA
ZRVD EE, OA 2325 WBIZEIT D Npew DB ERD, OA DIREDHEEGEDHET
9% EDBEETEREEZENA LN, Thbb, TCP DADHELD D, 0A ZHM
L7215 %3, FEESIRIZHEL, 5.0 wt%®dD TCP B XU 2.5 wt%D OA DAY HIEE =
B&THBILERLTYS, Fluid AB AV B EE, OA 28 2.5 W%ITBIT 3 Npe
DBENEZRD, 25 wt%B XD 5.0 winDRICERZENVH S. Tihbh, 0A ZBEIZH
mdse, EEDRPBATEILEERLTVRE, —H, ZOMD Ny B LT Ny I
BAL T, OAD 0 wt% & 2.5 wt% DR, 720 0wt% & 5.0 wt% D CHERENA 6N, 0A
DREDEME &b ZNZTNOEBHRIEML TWBE I EZ2RL T3,

Table3.17  Statistical difference in Npean and Nnax according to the sample oils; OA: oleic
acid, *: significant, p-value<0.05, blanks: not significant, p-value>0.05.
N 0 wt% 2.5 wt% 5.0 wt% N 0 wt% 2.5 wt% 5.0 wt%
mean OA OA OA max 0A OA 0A
Fluid A Fluid A
Vs. * VS:
Fluid AB Fluid AB
Fluid AB Fluid AB
Vvs. * VS. *
Fluid B Fluid B
Fluid A Fluid A
Vs. * vSs.
Fluid B Fluid B
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Table 3.18 Statistical difference in Njpea and Ny, according to the concentration of oleic acid

OA; **: highly significant, p-value< 0.01, *: significant, p-value<0.05, blanks: not
significant, p-value>0.05.

Nmean Fluid A Fluid AB Fluid B N Fluid A Fluid AB Fluid B
0 wt% 0 wt%
VS. *ok ik Vs, * 3k
2.5 wt% 2.5 wt%
2.5 wt% 2.5 wt%
VS. * % * VS.
5.0 wt% 5.0 wt%
0 wt% 0 wt%
VS. B B Vs. Es * Ed
5.0 wt% 5.0 wt%

E 51T, Fig. 3.10 B U311 IKETOTER L 72, Naan B & U Noo DEERE Z Fig,
3.2 R d, ERETRAEICRTA LA VEE OA DEAHEMEIICRT I 7L
7AA7x—bF TCP LRVHILT7 74 F PS OEALLEDHEFBZRLTwS, £,
HWEOPFEIVEY T IAIINI I L%, BADESEZT vy EL TP LIBK
FWVIERETRLTVS, Npean ZEALOA : TCP: PS)H51 :2 : 0 D E UL, Npw [FEE
H(OA:TCP:PS)?51:1:18XU2:2:0DEECHIERD, INDPRELELEETDH
BIEERLTVDS, DFD, Npe IR TEFTHMREEICIZ, TCP & OA DHEDE,
—H T, Nan BETEEUEIREICIE, OA, TCP, 8L U PS Dffid¥ L OA & TCP
DIEEVEINTH B,

-
o
1
PS PS
(a) Mean tapping torque Nyean (b) Maximum tapping torque Npyax
Fig. 3.12  Contour plots of the mean tapping torque and maximum tapping torque; light part:

smaller tapping torque, dark part: larger tapping torque.
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3.5.7 EEFRIEICRIETRNFAORSHOESE

R R R & TR L 22 BRI R0 S ER R % Fig. 3.13 I d. il &
Rl Fig. 3.12 EABICHAEHEZTRLTWS, I 2T, HOPESEEREINZ W
ZtE, BATFSEAREVILERLTVWS, A4 VBOEAHPEL Z3Io2N
T, BEEREUHEL 22 EmIcH D, BAOA: TCP: PS)P51:2:0DEE, HED
HADRT & IS, RICEEREDELAA TS, /2, EAHOA: TCP:PS)H0:
2:0 DEE, BEREPFICEVWI EBbLb, 2F D, TCP D& TIXERFRHIE
V73, TCP & OA Z#l&¥ 3 Z LT, EEFREOERBICERERS,

358 REBEEZSIVEMEICRIFTRINFAOESLEORE

FEfRIC, #i-H-AKERR I X 2 HEE S OFHIEEE 2 A CEH L 2 ZBREIRE S (ER)
EMEOET R )OS &M% Fig. 3.14 IR, EROEEHIE, BREREIEL
oz, BEPERBEESHEOWESZRL TS, —F, GROMAETE, REEO
PEHTERME WD %, BEFREVEBIEZRL Twa, ERITIHE, BLALTEOA : TCP: PS)
H51:2:0~2:2: 0T, BHEESKIEL, HoBEOHEA&LD 500 nm B EX
W, MAT, AELD, BEHOA : TCP: PS)H30 : 2 : 0 DASHIWMITRD 0 2R L,
BEESEE LW tZ2RLTWwS, 2FD, TCP OA T, REBEIE(, B
LT WA, TCP & OA #flA¥ 22 LT, BEENEB(LL, BFL2< k5,

TCP
1

<o

Fig. 3.13  Contour plots of the friction coefficient; light part: smaller friction coefficient,
dark part: larger friction coefficient.



64 =38 v 7NIicsF3EBMIERMNAOER

TCP TC?

(a) Thickness of oil films. (b) Breakdown ratio of oil films.

Fig. 3.14  Contour plots of the thickness of oil films and the breakdown ratio of oil films;
light part: thicker oil films, dark part: thinner oil films.

3.5.9 MIBECREFEIEBMIHOZE
RUABRRY—C2AVT, §y 7MLLETXTODRAL OTIERBED, JIS 2 i)
BlLETHy, TRBZHEL LAYy 7MLICBWTERNLTEEEZ2EBLZbR W
EERMERL 7. BEY — Y OR% Table 3.19 IZ7RT,

Table 3.19 Specification of a thread plug gauge.

OSG / Limit gauge for metric screw thresds

Thread size M6 X 1

Class JIS 2 (ISO Ho6)

3.5.10 RELREDIEE

Fig. 3.12~3.14 DEEMHICHHET 5 2 L13, OA & TCP DAY IC &> THE{FA
REEEnssElicds. 2h, EBLirIi, TCP L 0A DAY, EHEIEZ
EREL L, EEE L2 PEEGBOBRICEN TH S, BEABPEREREEZ D
HEZ, BETICBUEERECTHT>Twa Rk, Fy 7NTICEWT, HERISE
BB L 2WEFOEBIES LTwaEEZoNS, HIZIWE, §y70%6LE
LA, UIIB & wEE, YERLOEEmSET NS,

—F, Now DESBEIZEWT, TCP, PS, 8L 0A OHEATIIBEWT, BB
ERENTVRS, BRO X HIT, Now BEEZEIHE, 2F DEEME D L) REANIC
BL L WEENREEZRLTWw3 EEZ6N 20T, HHMOBERNRICED Now
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PP LIebDEEZ NS,

[ETEI#DEHE)

7y 7OYHIBEZHET S L, ¥y TRAEOUHABTRTAEVRAAT RS L&
DFyEVZIVI% N[NmlEL, Fy 7IMILEERZ ¥V [mis]eT5E, BARFEY
EDIETBIRLE—W [Is)id, REHERB, 22T, FyEVYI I AZIE, 4
HOTEEDEL 2D LT B,

NV (3.3)
Fy 7MIBEBOWHIC L D IEIZTI 2, ZNFhoATEL 2HIERK 2 ¥H
BLLT, 1 2DYWHIZBWTELTWEdD LT3 L, BARKMSZD ICHEHEN 2
UEDRE EFEYAT K] 227D BBELRAI IV —RBRCHD LI ITET I L
BCTEDH. ZI7T, ¢ [J/ kg KNIVIE DFEHHE(S45C DHEY), p [kg/m3)izEIE D
B, bc[m)iZHI/EME, tcm]IWEESE, 7 ms|EYEBORHERETSH 3.

qc = cpbt V AT (3.4)

7y 7OUHIZT 2N ¥ =03 RCYUEORE LR ICEbLN LT B L,

W= (3.5)
THEDT, REWLD, ATERRGCNDEIICRTILINTE B,
22 = cpbi ¥, AT | (3.6)
¥
1
NV
VAV A P A—
repbt. Y, 3.7

22T 2 RUYIRBERDPR Y 2 LRET S &, RQI0LDVUEBES o [m]id, T4
HHEE ¢ mEACTRGY)D X I ICEHTES, ¥y 7MTICB T 3T AREE RS
v 7H¥Er m]ETR¥EER m]DEL T2, X5 REUBOMMEE 1, [m/s]iz, 2K
EFTWHETNVEID, RQIB)DIHICRTIENTES, JIT, ¢ ZTANA, o
WBEIHT S WEERET,
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.= cos(¢— ) .
¢ sin¢

_cos(¢—o)

—-——;;;5——(h*-R) (3.8)
_ sing

€ cos(p—or) (-13)

fE->T, 3B.5&D,

7=
repbetele

T (r] - R)cpbc (3.9)

E7%%, TCP:PS:OADIMED1:1:1DEED Nyp DIEZ VT, N=2.25 [Nem] &
$5. ZCT

rn=3%10" [m] (M6 ¥ v 73
R=23%10"? [m] (F7CHER)
c=492 [1/kg*K] (S45C)
p= 7800 [kg/m’] (S45C)

THD, YBEIEZY Yy 7THADE vy FRELLRBDT, be=1%x10"[m]&F 3 &, AT=280
Ktk ZOfElE, &y 7HREEMLLTERLZbDTHY, TEPHEHMA
DETZNF —OBEHEZERL Tiawds, REUCXD, BEFMATHS TCP B &
U PS & HEHIMER & DLERIEMRES N, BIBYRE2E T 2ETAWED ) EEek
PSR DITER I BB Z L 2R LT 3,

3.5.11 £BmMIERMAOLS |

Fig. 3.12 IR TEERMICE I &, BEEETENICE T, TCP & 0A DA
BREFTH D, BEAE L LIGERT 2 ZEERYENICBWTE, TCP, PS, XU OA
DEEE L, TCP & OA DHAENERCTH S, MBI, HBNEEIELD RER
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MEmEcH LT, MBRREERATEEZ NS, —F, BEREBENRO(EEE
BRLTwREEZI OGNS, t-T, £BMIHEMAOLS & LT, B
IS ETE DAY, BEHTAICRBREOHBSENENTHEL I &b » s, 6,
&5 W CEAEIGEIET 3 X 9 b & TmEimaEz 053 3 72 9I121%, Fig 3.12 I
T LI BEEB L UCEELUHICHIET 2HE2REL TEEITRETHZD. @
HELOBRELUEICHIET 2Rl RS2 HAaGbE S L Fig 3.15 KRT LI IS,
ALBDO2EEDEEGVENTHS EELLND,

Ordinary cutting & Unusual cutting Fﬁ’i"iﬁ:ﬁ:ﬁ?ﬁﬁs

Fig. 3.15  Formulation of additives in metalworkig fluids.

T, RN IHoBESREEF EHIEAIC2WVWTHEZ S, Fig 311 KT &
312, OA DEME Ebic, BRI v EV 7 A7 L, —HR, OA DMERIRS
BERICEFSELTWS, BRI EVY I PV IBERNLRIYEY I PAVID LR
EERLTWEY, Zhig, UIEDHEZVICKZEIMNAGEMZICERT S EEZ5
N5, 0A OWMEREE, 0k eBEMEBEL 2LATC, VUERLOERP, U
Beyy 7OERMICE VT, @BOBEBEEMEZNE, BAVELZ E220T02TH
LTWwaEEZL6NE, TCP B OA DHAXICBWTY, Fig 3.14 KRR
D, MEESEELLTLR0T, AFOMRICE>T, Ay EX T PV ER
HERTVWBEHDLHEINSG,

—75, WERMFOMED R IGEE, S - BETIKE VT, & AWEDEFE
BEEZEERL, £BOEEEMEZENSY, BEEREDOEIERIRES L AR
ZHEETHEEINTWS, TCP, PS, BLU 0A DflGEs, FyyEry 7Ly
TEHELBRIYEVY ML OBPERLTHEIREOHAADLETHELI LS,
AT B DT T B IEHEAORE I X - T, BERMAITH 2 PS LU TCP DIFMIC
EhiEmEZEEL Tw2 52605070,

it>T, @BMITmEMA QLG & LT, WBMEESEL C AWEEICE A O
HENEE L THRNFAZESGT 2 2 & 9E%), EHUHEIICE B OBz RE L TR
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MEARET2IELNENTHEEELONS. Tz, EEMIMEZ—EEZ LFE
WP CEBISTHEATZDOT, BETHIA LA VEBOBEZHEPLTES L, BR
WEDPWHIMDIEREL 2HREENH 2, o T, A OEHZNRE L THEL L
T, E»OMTHZEREIEL Y MQL MIIKEAIEZ I LPRETH S
LEZ5N%, 727 L, MQL MITHE, I A FBHEBICRKFATEEL TABES[T
ZAREEDD 5 DT, EDBEOE VR YA — VI AT VR EDIX T INRBNE%Z
FERINTED, TFLd TCP L@ETTIRZY, LaL, WEEE mET2251E
BEmMLEDNTVAZERBLDD, IOX)BMITHZERTS ZLIEEMTHS L
EZz2o05,
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36 f& E

IS B LD /IMETHZER 4.6 mm DTREML 7z S45C HOFERH 2 v,
B M6 ¥y 7INIL2TVw, HHIEAT IS 2BERMNFS & CHER X oM
BRREMEALOBERIZOWT, (D~Q)DHRZEL. Eoic, RTFHBIC X 2 BE
REBOFHE L UH-H-KBRIC I 2BEEEZOHAI D, OBIUVODEHZE

75-,
- -

D

@

3)

“4)

)

WEINT 7 4 VICBERMATHZ UV VBN 2L NTCPEE, KUV
774 F@S)ZHML 7T L D Npean B & U Npo DIEIZHA T 3.

TCP 8L U PS ZHMPOMBETHMT 2LD b, SFATEIE) D Nyew B &
O Npax DIEIZNE (2D, HEFRIB SN S,

TCP, PS, B L UMER LATH 24 L A VEEOQA)ZHAT 2BE, Now B &
O Npox DEZ B S EIHRMFOREREDFET S, 72, N BE L Nom
2E/NE T ARMBIDREREIZERD, §iE L, BEAH(OA: TCP:PS)P51:2:0
DEE, Thbb, TCP & OA ZHATAILICkBRNERS, —F, HBER
BEEEED1:1:18KU2:2: 00L&, bbb, TCP, PS, XU 0A DHEA,
F72lt, TCPBIUVOAZHFATAZ LICEhRAL LS,

- OA DIREDIBIE & b ITERREIIEA T 2038, EE&H(OA: TCP: PS)2$1:2:0

DEE, Thbb, TCP L OAZHATEZ LICL D EEFRIZL VS TS,
BEAHI(OA : TCP:PS)PS1:2: 0B X U2:2: 00L&, Thbh, TCP £ OA %
FRTAZ LICXVBEENRIERLT S,
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il

4.1 #

i

SEMTHEREL2A L2201k, SENTHZEARZIIEETH), Zo7 70—
FLLTC, EBMIHFNIFOMEEEZE L2 I LREETHS. £ 3 ETIE, £
BMTHEMEIOREE LEAeYIcEk> T, BEEtRETEZ I LETL L,

ZDO—HT, £ 1 BETBRXNAEESOER7V -—MTHOBEOERZFERT 5720
DHIDOHHRT7? 7 —F b5 0 EZ, 20, MIPATLZDBDICFERMAB I &
& D, EEMIHOFRZEESE 2L WIEZIHTH S, H1ZI1E, MQL (Minimal
Quantity Lubrication)fI L Cl%, MITM%Z I X PRI LT, TEHLICEETS Z LT,
LEOMIMCEEZET I TEIZITI L, 2D, MIVAT L0
D, MEOEEZEIEHL T3,

ZIT, AT, BUHTHE Yy TMITENRELT, MIVATLD56D
7R —FIZ & hEBIMTHAEMAOEREOR LIcOWTHRET 5, ¥ v 7T,
RO TR ICHEEIEI L S, MRICEKZEETEMIC RV IFRLRTL, Y18
LBEEVPTV, Z0L)MEZBRTAMICAT4E LT, BEICX > TRE
Fy TILY AT LBHEREIN, 75 VA& EQHEIMNDOHERADEATH S,
Dk, YATLARZBTEZEENMTHANAOEESRICET2MRAID RS,
HEEMRICKIETTIREOFEBIC OWTHETA I LIZEETHY, EAEICBVTE
FATEZTHEELH B,

AETI, £ 3 BCERLAERS v 7 TRBEICH - RS B L <,
¥y 7 O8N RMRIC X 2 SBEI THMEMA O EAOEEIC DWW THRPE S Lk,
BAENICR, €SEMITHOYENFRANEESN, Yy EV I IV I0BPL, 5
W, EBRIMITHMAENFIONMENBEDRIEEZI NS vy EV T I VI OB LR
IZDWTIIR 3,
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4.2 RBERE

4.2.1 iREY v 7T HERE

EREBEOEKE Fig 42 i d. ERAMICE, PZT 2FIA L MREEL XU
W7EEBATYS, BBAREINREBE LoV ICEEINTRY, RERZ2S Y
THIFEICIIR L2236, 7y Z7IIRICBITI2Y vy EY 7 bV 7 258T 5, AN
BRECIE, =% 2AALLY y 7OREBERELZHITR3, Fy TLE—F OXH
E7LVESTNAy 7Y IR EkoTEBINTED, BEBEAOTRE S v 7S
EOTNERING S, E—FRVZTE—avRPYV YT EORIAL FICEHEI N
TED, 7y 7PRBF IO ADEENICE ST, 274 FVVRAKERE ICKFER
B9 5.

422 YvEDIIDY

BEYy 7TIIICET3EMRROY y ¥y S bV 7 25T 272002, §v 7D
M2 HROEEY vy ¥ ey VIcBERZ ., BEEY vy BV T2 v Ditfk
ZDUTICRT.

Workpiece Tap Tap holder

Workpiece holder \ / : Flexible coupling

| PZT oscillator Motor
Speed
Torque transducer\__ gontroller
' /

"""" ‘"“"“<j>" =zl D

Y|

/

" Function
Amplifier S r\ : genarator
i |
o | 1
Digttal Amplifier
data recorder - - 7 -
Linear motion guide Slider

Fig. 4.1 Schematic of the vibration-assisted tapping apparatus.
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4.2 EB

( Tapping machine
Tap holder
Tap
Workpiece @
Workpiece holder !
Digital data
recorder
I l |
Torque transducer : :
i : »  Amplifier
—— |
Fig. 4.2 Schematic of the tapping apparatus with a commercial tapping machine.

Table 4.9  Specification of a commercial tapping machine.

Brother / Hi-Tap BT 1-215

Allowable size of thread M3~M8

Maximum stroke 45 [mm]
420, 760, 1340 / 500, 900, 1200 [rpm]
(50 /60 Hz)

Spindle speed

75
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4.3 HEBRR&ELVIVT

HEFOME % S45C L L, WIREZHEMER 14 mm, £Z 140 mm)& L7, &
BROWLEICIE, T M3 Zy 7HOTNR(ER 246 mm, BH)ZEMILE, ¥
v 7%, BANFY UL HSS METHBEYF 05 mm D M3 R4V v ¥y TREHL
7=,

Table 4.10 Specification of a tap.

0OSG / EX-POT ‘

Size M3

Pitch of teeth 0.5 [mm)]

Accuracy of dimension 0.025 to 0.040 [mm]

Material HSS with a high proportion of vanadium

Table 4.11  Specification of a preloaded high-voltage PZT.

Physik Instrumente / P-242.20

Open-loop travel ‘ 20 [pum]

Resolution 0.2 [nm]

Push / pull force capacity 12500 /2000 [N]
1 Electrical capacitance 360 [nF]

Resonant frequency (unloaded) 8 [kHz]

Table 4.12  Specification of an amplifier for a high-voltage PZT.

Physik Instrumente / E-470.00

Control input voltage 0to+11,0to-11 [V]

Output voltage -3 t0 -1000 [V]

Table 4.13  Specification of a function generator.

NE / WE1973

Control input voltage 0to+11,0to-11 [V]

Output voltage -3 t0-1000 [V]
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Table 4.14  Specification ofa geared motor.

Oriental motor / US560-501C

Speed range with a gear unit: SGU25KB

3.6 t0 56.0 [rpm]

Allowable torque

2.31t09.1 [N = m]

Starting torque

0.37 [N * m]

Table 4.15 Specification of a flexible coupling.

Miki pury / CHP-26

Allowable torque Below 1.4 [N = m]

Material Polyester

Table 4.16 Specification of a linear motion bearing.

Allowable load 35.5/49.2 [N]

Table 4.17  Specification of a flexible coupling.
Mikipury / CHP-26

Allowable torque

Below 1.4 [N * m]

Material Polyester

Table 4.18 Specification of an eddy current displacement sensor.

Applied Electronics Corporation / PU-05

Measured distance 0 to 2 [mm]
Resolution 0.3 [um]
Temperature range -20 to +120°C
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4.4 HEH

FE L - 3 EO MRS Table 4.19 1R T, HEHE LTT 7 4 VRiEHZ AV,
—fE i A, HiER BE e U COEYEAR 2, BEAINA] & L CHifbmbE % A vz,

Table 4.19 Sample oils.

Base oil Paraffinic mineral oil
Fluid A Base oil added with 5 wt% oiliness agent
Fluid B Base oil added with 5 wt% EP agent

Table 4.20 Property of a base oil.

Paraffinic mineral oil

Density 0.9120 [g/cm’®]
Kinetic viscosity 25 to 35 [cSt] at 40°C
Major compornent 40 to 60 wt% soybean oil

Table 4.21 Property of an oiliness agent.

T R

Density 0.9120 [g/cm’]
Kinetic viscosity 25t0 35 [cSt] at 40°C
Major compornent 40 to 60 wt% soybean oil

Table 4.22 Property of an extreme-pressure agent.

Density 0.9120 [g/cm’]
Kinetic viscosity 25 to 35 [cSt] at 40°C

Major compornent 40 to 60 wt% soybean oil
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4.5 RBRFIR

FZU oI, RBRFELUY Yy 72%EE L., ~AXHUBIUO7X bR TeRBED
TRELVGZy T7ON %27 Iy v I Lt 7T ryROBBEESEL 3 HRDIR
L7, ZD#&, 40°C T 10 JHEEZERIY, 2 Fn2EREBICNAFE. X,
HEE 3~48 rpm TY v 7HLETV, ¥y €y V2 2HE LR, Ik, BE
% 0~800 Hz, IREMRIE 0~5 um OFBGTT, HBRFZIR L%, ¥y EY Sy
ZEELL, @BENTHICRIETIRSGOFEL A,
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Fig. 4.3 Time evolutions of vibration amplitude and tapping torque under dry condition,

and also in the presence of base oil, fluid A, and fluid B; tapping speed: 3 rpm,
vibration frequency: 800 Hz. -
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Change in mean tapping torque by vibration under dry condition, and also in the
presence of base oil, fluid A, and fluid B; open circle: without vibration, solid
circle: with vibration, tapping speed: 3 rpm, vibration frequency: 800 Hz,

vibration amplitude: see Fig. 4.3.
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Fig .4.5 Definition of the relative tapping torque representing the effect of vibration; open
circle: without vibration, solid circle: with vibration.
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Fig.4.6 Effect of vibration amplitude on relative tapping torque under dry conditions, and

in presence of the base oil, fluid A, fluid B; tapping speed: 3 rpm, vibration
frequency: 800 Hz.
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4.6.4 HNYvEYT MLY CIREIRIBOBER
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Fig. 4.7 Effective of vibration frequency (left) and tapping speed (right) on relative
tapping torque in the presence of fluid A; vibration amplitude: 5 pm.
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Fluid B #7154, BEHRIESS 3 um O L FIWERM L7 3B L, A
W7 2B % R L 2 (Fig. 4.4). BERMEANZ, SREEET T, @BREIRIEES LU
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Fig: 4.8 Effect of metalworking fluids without vibration; tapping torque in range 348
rpm: measured with the present system, tapping torque in range 420-1340 rpm:
measured with a commercial tapping machine.
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Fig. 4.9 Schematic of advance of tap per unit time; AM: volume of a workpiece whose
internal threads are fabricated per unit time.
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Fig. 4.10  Length of contact part with an internal thread of workpiece: b.
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Fig. 4.11  Relationship between increase of temperature per unit time and friction area.
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Fig. 5.1 View of the apparatus for indentation, scratch, and friction tests.



96 B5E 25y FREBRIC &3 SEMIHRNA D E 5 ERERFE

5.2 RERE

EEEE OB 2T 52CRT. RBARMEICEESATED, THOBBXA
%—9mlbm¥@ﬁﬁa.~ﬁ,E%uxm%bm@ﬁ?%fzwﬁﬁﬁmﬁﬁb
B, HEKCELZE 24 VIZRBOETAIC L W EEFENEAO60S, 24 VIE
RAIZRA 7O X—F~y FETZOMICMBEL, <4 70X =~y Fickbh, a
A NVERADEM 2 FME L CEEE RS, —H, IANVIERBRTILEv/ 7RV vy
SORICKHEBL, w4 27udyy ¥id, ERCEESNLr— PV EICMELTY
3 wA7uYry¥ickD, a4 VERBOEMEZHSL, EFCESR2RENE
BO— Felic ko THET S, $h, TIicEXEAmcET siiEh (A : 4.6
x10° N/m) ZE2THEY, LV —F—EMitzAwT, REROBRMZMEL, 277
vy F I RED 5.



5.2 ERBRRE 97

Z T—*Y Laser displacement sensor
% Specimen Double-cantilever spring
Motorized X-stage /Lever
|
Bl el
Y
\
Fulerum

(a) Top view

Double-cantilever spring Fulerum

Holder Micrometer head

/
Indenter\ N\ , Coil spring A
Specimen \\\\ ‘ / Lever
01l bath AN /
o= T
Heater g Coil spring B
Manual Y-stage : Microjack
\
= Load cell

/
_ ~ / 7

Y X

Motorized X-stage

\

(b) Side view

Fig. 5.2 Schematic of the apparatus for indentation, scratch, and friction tests.

Table 5.1  Specification of a hot plate.

Size 70X 80 X 13 [mm]

Material SUS304

A couple of heater 25-300 [°C], 100 [V], 200 [W]

Sensor JIS C 1602, Sheath type K thermocouple
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Table 5.2

Specification of a temperature controler.

HAKKO / DG2P, DGC231 0

Range of preset temperature 25-999 [°C]
Precision error of temperature indication +3 [°C]
Control method PID control
Power 100 [V]
Table 5.3  Specification of a manual Y-Stage (X-stage).

SIGMA KOKI! / TSD-1201SH

Stroke +20

Resolution 0.01 [mm]
Resolution 0.003 [mm]
Withstand load 686 [N] (70 [kgf])

Table 5.4

CHUO PRECISION INDUSTRIAL / ALS-510-HIP

Specification of a motorized X-Stage.

Stroke +50 [mm]

Resolition 2 [um] (1 pps)
Maximun speed 16 [mm/s] (8000 pps)
Alloable load 50 [kef]

Thrast 138 [kef]

Table 5.5

Specification of Coil spring.

SAMINI/ Helical compression spring

Material of Coil spring A

SUS304WPB

Material of Coil spring B

SWP-B

Stiffness of Coil spring A

8% 10° [N/m]

Stiffness of Coil spring B

5.1 % 10* [N/m]
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Table 5.6  Specification of Micrometer head.

Mitutoyo / MHN2-25V

Stroke 0-25 [mm)]
Fineness of scale 0.01 [mm]
Instrumental error +2 [um]
Allowable load 39.2 [N]

Table 5.7  Specification of Microjack.

Mitutoyo/ No. 7850

Stroke 15 [mm]
Fineness of scale 0.01 [mm]
Allowable load 400 [kgf]

Table 5.8  Specification of Load cell.

Load capacity 1 [kN]

Rated output 0.75 [mV/V] (2000 X 10°® strain) + 1 %
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Fig. 5.3 View of two types of conical indenters with tip radii of 0.1 mm (left) and 10 mm
(right).

Table 5.12  Property of carbide.

Mitsubishi Materials / HT110

Specification ISO K10

Density 14.9 [g/em’]

Cobalt content 6 [mass%]

Grain size Below 1.0 [um]
Hardness 92.9 [HRA]/ 1700 [HV]
Strength 3.2 [GPa]

Toughness 6.8 [MPasm®’]
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FHEL 72 4 EEOHAMOMERZE Table 5.13 AT, EHE L TRENFI 74 V%
FRAL, miEmEFE LA LA VBROAZ, BERFMALLT, PV ZL¥VT7 3
A7 z—MICPYB LRV YA 7 74 FEO)ZFERA L. £#HEOYEIT Table 3.8~
3.11 2R E N, R, EERE 277 v 78RR, BIUVEERBRIR
T, RERENICETRES L ORERAICEE 100 uL gL %2, —F, EDX ZHT21TH 72
DEER Y 5 v FREBRICBWTIZ, FF20pul L %

Table 5.13  Sample oils.

Base oil Liquid paraffin

Fluid A Liquid paraffin + 5.0 wt% oleic acid (OA)

Fluid B Liquid paraffin + 5.0 wt% tricresyl phosphate (TCP)
Fluid C Liquid paraffin + 5.0 wt% polysulfide (PS)
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H =—— (5.1)

wD”

Fig. 5.6 I & I, EEFIGTEERE 20~120 N ICBWTHEEVICHEML TED,

WD \E—EDfE% & 5. Fig. 5.4 1CAT & )i, MEHEEEIZEESMAS & U 25~200°C
DRMEFMIKEFL T, WEIT T 1.8GPaDEE 2 5.

Fig. 5.4 Top view of the indetation at the normal load of 120 N in the dry condition.
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Relationship between the diameters of indentation and the normal loads in the dry
and four types of lubricated conditions: BO, OA, TCP, and PS; open circle: 25°C,
dotted circle: 100°C, solid circle: 200°C, dashed line: liner approximation of all
the temperatures examined in the dry condition.
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Fig. 5.6 Indentation hardness Hy, in the dry and four lubricated conditions at the normal

load of 20—120 N; white bar: 25°C, grey bar: 100°C, black bar: 200°C, dashed
line: mean value of all the conditions: 1.8 GPa.
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Fig. 5.7 Cross-section profile of scratch groove in the dry condition; distance between two
dashed lines: width of scratch measured, normal load: 100 N, temperature: 25°C.
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circle: 25°C, dotted circle: 100°C, solid circle: 200°C, dashed line: linear
approximation of all the temperatures examined in the dry condition, driving

speed: 2 mm/s.
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Fig. 5.9 Scratch hardness H at the normal loads of 60 and 100 N in the dry condition and
four types of lubricated conditions; white column: 25°C, grey column: 100°C,

solid column: 200°C, dotted line: indentation hardness Hy: 1.8 GPa.
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Fig. 5.10  Signal of drag force under the reciprocating friction: tip radius of indenter: 10 mm,
lubricated condition: Dry, normal load: 20 N, sliding speed: 2 mm/s, temperature:
25°C.
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Fig. 5.11 Stribeck curve; tip radius of indenter: 10 mm, lubricated condition: Base oil,
normal load: 100 N, sliding speed: 2 mm/s, temperature: 25°C.
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Fig. 5.12  Effect of metalworking fluids on the friction coefficient; white column: 25°C, grey
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Fig. 5.13  Effect of extreme-pressure agents on the scratch hardness at the normal loads of
60 and 100 N; cross mark: DRY, delta: base oil BO, open circle: 5 wt% oleic acid
OA, dotted circle: 5 wt% tricresyl phosphate TCP, solid circle: 5 wt% polysulfide
PS.
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Fig. 5.14  Effect of extreme-pressure agents on the scratch hardness at the normal loads of
60 and 100 N; cross mark: DRY, delta: white o0il WO, open circle: 5 wt% oleic
acid OA, dotted circle: 5 wt% tricresyl phosphate TCP, solid circle: 5 wt%
polysulfide PS.
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(Secondary electron image) (Carbon) (Oxygen)
(Iron) (Phosphorus) (Sulfur)

Fig. 5.15  Element distribution of scratch in the dry condition at 200°C.
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(Secondary electron image) (Carbon) (Oxygen)
(Iron) (Phosphorus)

(a)  Scratch mark fabricated without a sample oil and washed by acetone after exposure to
the additive.

(Secondary electron image) (Carbon) (Oxygen)
(Iron) (Phosphorus)

(b)  Scratch mark fabricated with an additive and washed by acetone.

Fig. 5.16  Element distribution of scratch with tricresylphosphate (TCP) at 200°C.
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(Secondary electron image) (Carbon) (Oxygen)

(Iron) (Sulfur)

(a)  Scratch mark fabricated without a sample oil and washed by acetone after exposure to
the additive.

(Secondary electron image) (Carbon) (Oxygen)

(Iron) (Sulfur)

(b)  Scratch mark fabricated with an additive and washed by acetone.

Fig. 5.17  Element distribution of scratch with polysulfide (PS) at 200°C.
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(Secondary electron image) (Carbon) (Oxygen)

(Iron) (Phosphorus) (Sulfur)

Fig. 5.18  Element distribution of scratch in the dry condition at 25°C.
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(Secondary electron image) (Carbon) (Oxygen)

(Iron) (Phosphorus)

(8)  Scratch mark fabricated without a sample oil and washed by acetone after exposure to
the additive.

(Secondary electron image) (Carbon) (Oxygen)

(Iron) (Phosphorus)

(b)  Scratch mark fabricated with an additive and washed by acetone.

Fig. 5.19  Element distribution of scratch with tricresylphosphate (TCP) at 25°C.
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(Secondary electron image) (Carbon) (Oxygen)

(Iron) (Sulfur)

(a)  Scratch mark fabricated without a sample oil and washed by acetone after exposure to
the additive.

(Secondary electron image) (Carbon) (Oxygen)

(Iron) (Sulfur)

(b)  Scratch mark fabricated with an additive and washed by acetone.

Fig. 520  Element distribution of scratch with polysulfide (PS) at 25°C.
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Fig.5.21  Signals of drag force in the dry condition; tip radius of indenter: 0.1 mm, normal
load: 25, 50, 75, and 100 N, drag speed: 2 mm/s, temperature: 25°C.
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Fig. 522  Relationship between drag force and normal load in the dry condition; solid line:
theoretical value; tip radius of indenter: 0.1 mm, normal load: 25, 50, 75, and 100
N, drag speed: 2 mm/s, temperature: 25°C.
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Changes in the drag force upon the injection of three types of sample oils; base

oil, fluid B, and fluid C; dotted line: time of injecting the sample oils, normal
load: 25, 50, 75, and 100 N, drag speed: 2 mm/s, temperature: 25°C.
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Fig. 5.24
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Fig. 525  Changes in the depth of scratch upon the injection of three types of sample oils:
base oil, fluid B, and fluid C; dotted line: time of injecting the sample oils, normal
load: 100 N, drag speed: 2 mm/s, temperature: 25°C.
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Fig. 5.26  Orthogonal abrasive wear model.
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(c) Abrasive wear model in the lubricated condition.

Fig. 5.27 Lubricaﬁon effects in the abrasive wear.
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Fig. 5.28  Calculattion of shear stress in the contact interface at the drag force of 35 N.
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Fig. 529  Change of frictional mode aganst the radius of indenter; (a): ploughing term, (b):
adhesion term.
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(a) Mean tapping torque Nyean (b) Maximum tapping torque Npax

Fig. 3.10  Contour plots of the mean tapping torque and maximum tapping torque; light part:
smaller tapping torque, dark part: larger tapping torque.
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Fig. 4.4 Change in mean tapping torque by vibration in the presence of fluid B containing

an extreme-pressure agent; open circle: without vibration, solid circle: with
vibration, tapping speed: 3 rpm, vibration frequency: 800 Hz, vibration amplitude:
see Fig. 4.3.



140 PE6E E E

6.3 TRMIARMAOBERROIEREE

ERRBRLVEONMHNEER TERIUCEECEER2ZT Y, HBEEHFICX
b, ¥, RV v FEER, HHEELASTH L, BERNAEE GRS
EDH, BiR - BETRBEVLTIEATZ, Zhid, B8R - BETRBLTHEINS
BERMBADMFENERICELZ2bD0THD, BBELLZHMRLBREL L 2BENTH
INns,

HIE Tix, 5.6.13 iR RTYRIETA D LS, TETCCEHDOERFEIK X
D, BBAK X 2HEAHEIVEASL, 20&ES2H) L), HEFEFIEIA
HICBEI T 2ENEZONS, ZOILIDRT Iy FIBBICESIIHEAL, A
77y FTHRERZBLIE TSI EXERNICHHATES, 2L, X775y FEE
LA ORI IR EEIRR S x v T, TET ( WED 0A DEBIRE®
ZHEZ TV L) RBESFHETICH 2 2 LBBELGTH S,

—7%, BETIK, BEOBVCHERICKIGT 2BERMACIERL L TELLNS,
MHREREEZELLEVD, A7 7 vy FEEPEMLTWEI LS, X777 vFiTk
D, MIATHERPREL THBILICEALTWR EFEINZ D TH B,

100N ] e8¢
i 100°C
B 200

Hse [GPa)

TCP

Dry

Fig. 5.9 Scratch hardness Hy. at the normal loads of 100 N in the dry condition and four
types of lubricated conditions; white column: 25°C, grey column: 100°C, solid
column: 200°C, dotted line: indentation hardness Hy: 1.8 GPa.
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