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Study on Precision Cutting of Single Crystal Silicon Disc
using Radius Nosed Cutting Tool
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(a) Straight nosed cutting edge
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Fig. 1.1 Conceptual figure of cutting process



Rake face

Flank face

(a) Tool with sharp cutting edge

Rake face

Chamfer

Flank face

(b) Tool with chamfer

Fig. 1.2 Shape of cutting tool
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(b) Measurements of cutting forces

Fig. 2.1 Experimental apparatus
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Fig. 2.2 Shape and size of workpiece
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Fig. 2.3 Photograph of new cutting tool
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Table 2.1 Cutting conditions

Material Single crystal Silicon (100)
Workpiece Diameter mm 76.2
Thickness  mm 6
Sintered Cubic Boron
Material
Nitride(CBN)
Nose radius mm 0.4, 0.8
Tool
Rake angle deg. -11
Clearance angle deg. 11
Chamfer mm 0.12 (-26 deg.)
Depthof cut d um 3, 6
Feed rate f um/rev 6 ~ 60
Spindle speed S rpm 500, 1000
Cutting fluid Plant oil
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HOMMZRTHR, FLEEYVBETRELS ok, YiALEE 3um &
L7-86, ok EhEEEE 2 500 rpm & L72BA, 00T i EREE X
YA 8 6 pm C il [5] #5535 £ 1000 rpm D AR TS L o 7.
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Flank face [

50.00 um/div

Fig. 2.5 Photograph of cutting edge after cutting test

(R=0.8mm, f=6 pum/rev,d =6 um, S = 1000 rpm)
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Fig. 3.6 Width of flank wear land plotted against feed rate
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2.3.2 PBEFEIRTE

X 2.7 T TEANENSAIVRICEREL TWD L XOBEREKEEZRD 512
HDOWERTHY, aNT WA, y B3ETFA, R B/ — X, d »
UHAZ &, r DSUTHIE THRICHENTIRICERE L ERE LTS E D
HEDRLE, § WHEOHRIEBE, 6§ PhdmIlcBiF o HEDHKERE (y
76 OFE#E) T Ry, do RENENED & ZTOMINDFEL K OTIA
HETHD. K27 L0558 ST DERELZNLEOMILO -4 R
R TEREND.

R =R—-6+6 (2.1)

F7o, MF DO O, O, PBXU O, 02, P B 7225 =M1 (2.2)
PRFHND .

OP’ =O,P'-00, =R’ ~(R—d)

_ (2.2)
OP =0,P -00, =r2—(r—d+5)

Lo TRQE2DEVERELZMNILEOMIMOELE riz@R3)TEIND.

_ 2Rd +652-2d5

20=0) (2.3)

FIAEICIKI P DR O, A, E, mbH725 = O1AE &, & 02, A, ENnD

2% =M% O2AE 00 5,
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E2:OTA‘Z_(EZ:Riz_(Ri_di)z (2.4)
AE =0,A’~0,E =r?—(r—d, +5,) '

nELH, EXRXDVHLIESICBITHUWIALE dilZQ25)TEIND.

_ S(r+s)

i_mR—5+5i (2.5)

CIZT, ST HNEKRIBES ODEES~0 F TEMAHIZH D SHE TV Tz
ETH2 (n IIMEEOH) . WIIbHrEIITBITHERLIEFNEDOMI
DR B X OEFRE LT NAEDOHINO 2 r 3723 I E £ (2.6),

RTRENS.
x2+{y—(R-d)l* =R’ (2.6)
X2 +{y—(r—d+3)} =r’ (2.7)

B ol ACB TPH - 74y O m AR S11d=(2.6) L v,
=[5 R T e

&720, 5ADB TP - 72 ¥4y O E e S21d(2.7) L v,
S, = j(‘:;(dim\/rz {y—(r+d+5)Pdy (2.9)
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O R7-EFEmEME S I1ENQR10)TEIND.

s=5,-5,=[ 7" JRE-{y-R-d)fay-["" [P -{y—(r+d+o)idy

(d-5)—(di &) (d—6)—(di-6})

(2.10)

Eo, TV EMOERERZ Ve, RITEMOERERZ Ve L35 &,

Ve=["""s az NEESAfEmtz v, jﬁm“”” Sdz = }:s o [—y) (2.11)

Eleh. Lo T, BEREAEREVIX

V=V, 4V, = {s5ma+35wﬂf—@} (2.12)
= n n 2

TRODHZENTE D,

X 2.8 1ZX(2.12) L W kD= /) — X FE 0.4 mm BLN0.8 mm T
il [0] 853 FE 1000 rpm, YA ZE 6 um O A O T EE D &% 9 5 EfE
BHRETHD., /— RPN 0.8 mm THIHA A E 6 um, 8[| & 1000
rpm D5 E ORD - BEAERFEIL, £ T HXY BT/ — X LEEN 0.4mm D
BaLiFE %L TWnik.
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Fig. 2.7 Schematic of cutting tool used to calculate wear volume
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Wear volume V um®
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Fig. 2.8 Wear volume of cutting edge plotted against feed rate
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2.3.3  REIF I EEREME D FEER

W VT T EEAENE X 2.6 ToR L7z K D ICLHEY &I CTUIHI
BEEE XL < 72 2 0%, R HBERENR XA LT 2o Tk, HDH L
HX 0 ECTHIMCELTWD., ZORKEFADL =0, GIEIEMLZ2—
&L CUIHIBEBEZ NS5 EBRZ1T o 72, ULAAL&EIL 6 um, FHbEIES
B (X 1000 rpm O —E & L, THXY &% 20, 40, 60 um/rev @ 3 514
TENENHEIM %2 5 B E L=, X 2.9 1ZUEIA %3 2 KT
BERENE Cd 5. KL 0k mEREREILZ L Z o BEI&HtE T, YK
DI HEVEFTICEIM L TWD 008005, X 2,10 X005 BHEE & %0
BEREOBEBRZ TR L TEY, K 2.9 Txr L 7EUIHEIKER 2 U H) B EE L #
HL7eboThD. ST mBEREREIE 7 7 7 ECcOldl o iz
o TITIFHAI L TRELS o7z, P OEFITR/DZFELH N TK
DRI CTUTORXD L HIcET N TE D,

VB=KL" (2.13)

FHOBIZEDE, KBEXWnZEHKE T 5 & RITHERER VB IX VB = Kt"
ERTZENTE BHENIZT05~1.01CDL0OHRENH DB, 51
t IZUIHIRERE ©, AERICBWTTAERY BIXZ-ETHD0, LIHIK
M &3 5. Lien-> T, K 210 T L7z mEFEE I
QINTHRIT L IIRYTHLIEEZEZOND. £/, 5 n 7% 0.467 ~ 0.489
THHZEND, HHLOHELIZITHTDH. ZnoofERLY, 1
MOHIM ZOHIT 256180 TH, EXREV S22 ERTHEIN
% .

X 2.11 1 X EmER IR E & THIE L7 T HEX Y & 6 um/rev, YA A & 6
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um, E#h AL 3 1000 rpm, / — AL 0.8 mm TOM LHEEIRTH 5.

MLHEBRIZEDRFIZENTHNBR E R o7z, K212 X LE%Y &
(ZRET 2T, K 2,11 2R L2 M L IR o 3 J5 m @ @K 2 D -3
ETHs. MLV FHEETX LEXYEOEIMICES TRHA L, LEE
D EN 20 ~40 um/rev T—E, ML TEBY, 2{LoEMIXX 2.6
TR L2k i EEREHE O L LTV DB DR 0 5. Lz -> T, Al
M1 a Al oMo T mEREEL, MLEBRHGHETE LS
2bbH., 6T, MLEERIEL, BT EHOBEREICL D AEOKRERE §
WCHEEMER T EEZOND. LR - T, Nk#%ERE S I1ZX02.13)%2 %
BLTUTFTORTERTZENTES.

2 2
S=KL" L:{(rz+r)—r2+r} (2.14)

2T r 3 HIM O T r i P L ORBETH 5. X 2.13 X
FEFE L 72 T H OIS CkiF mEEREME VB & HNE®KIEE 6 OBEMFRIZN
(B.A5)THERFTZ LN TE S,

VB =(—l +1n aj5+(1—.cos;/ SLosm ajRe
tan y sin y CoSx

=5.6325+1.442 (1-sina)R > (2.15)

Ty A Ta X7 < WA, RIZTENEOAERTHD. L
Tomo T, R(2.13)DFFE K 13X(2.14)F L 0¥ (2.15) L v,
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K =5.63X’ (2.16)

ERTZENTED. K214 XL EEY & 40 pm/rev, YA & 6 um, F
i [=] . 8 BF 1000 rpm, / — R ¥4 0.8 mm O h1 L R TR (2.14) & v
TIHBMELELZITo MR TH D, X &Il R T IERIE T % 17
STROLHBME LIS —FHLTVWEORSND. E5ICTHMOEETHR

WCHERIE T, 21T » THRE KB LW n 2k, L(2.16)% @ H L Tk

BEFENE OARE K ZEH L7z, X215 (3 T B0 & & k1 m B O
BREKBLIONOEFRERLEZELOTHS. KE DG HET HHERE
B ORI KIZTTEEY BOEIMICHE-> TRES 2D, fHEnITTE—
ELleol-. i, 7 —XFEN04mm OBFEOFEE KX, 0.8mm D
GBAEICH_NTRELS Lo, ZORRITK 28 TRLZLIIZ, —XF
Z08mMmBLO 04 mm OEREBENELW EEBET L L&, BREK
XK HBFEEO 3L HRTIENTE, &/ — R TORTH
FEFENE DR B Kos B L N Ko T FOXTRT Z LN TE 5.

K,s =3/0.4708-K,, (2.17)
216 1T THEY BT I2E S ITOFEHHETHDL. ol m))

T EXD EOMMIIES TRELI - TEY, X 2.150@) TR L7EERT
I EERENR DR E K OZ /oM & EMHICEITWS. BLEORRED,
X (2.13)7 L EFEHE dVB/AL 25 &, ZOMRB K EESD T F, OBRE%
AT U E o 2w,
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ddlf =K, L, K, =Kn (2.18)

50T 7 — RN 0.8 mm D EEFEHE E DR Ko IE

Kios =KogMae (2.19)

TRIND. TIT, nwe I ZTZNZNOUIHISAMT T o KIT HEFEE O
REOYETH D, X 2.17 1FEREHE DRI Kos &0 /1 OEMKT
bV, Kosld T XTOUIHIZRET TEHELS DOBEMICHEAIL TREL 2D
EWVWIFERDGEON, &R TRIEEZHOTUTORBIG LN,

K,os =0.215<10°F, (2.20)

L Eo#EF X v, KT EEREIE VB X, XQ2.18)%/o L, U TFoXT
BT ZENTES.

n

awe

0.215x10°F 2 _ 2
VB = [K,gp Lo idL = 22222 T2 | e yVB, L:”{ o —r2+r1}

(2.21)

2T, VBolEX(2.15) LV 1.442 TH Y, ri T HHIM AN T 4X10° m

2 IIWHIM AR T 36X10°m THhDH. 218 1T LEHEY ELEHHOF
PIEDORBZ R L TR, FEMEEEL L TR/ ZREZH W TEEL
To. R 22 IIHUHIKMHEICH T 28H 0 1k L OWET HEFENRE OfF % *
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EHELOTHY, 2 O & (2.21) 1258 H L Tk B FENE & R H
L72. X219 T B2V i xt3 2 K0 mEFEE O EBRE R L 0 (2.21)
FO/OENTR T HEFEETH D . FHHRICE > TR 72T m BRI,
) = ZERUNA R R, FiEEEEIC L ST, ERE S IFIE L.

WK EEEENE VB 1%, R (2.15) TR L7z X I NEBIBESE I+ 5
ZEEBETDHE, BREERMVIEIRK 3.7 TR LULCEMREERE I 20P & VBZO
FEIZ BT % .

V oc 20P-VB? =2K?2-OP- L*" (2.22)

S B, EEREE dV/dL 13 EXXX Y,

‘;—\Ii oc AnK2OPL2" (2.23)

ERTIENTED., ZNETOMRICED &, IEBEBEENXENTH
LA, RFEEERE S dV/IAL (ZYIEIIEEE 0 o Nic sk L T i
REL D EMESHTEY, XQ20)D X H IR S 5H@0E,

id_V = Bexp(_EJ (2.24)
o, dL 0

2T, ocnl FEERATHY, BEBLXUOCITERTHS. S HIZUIHNRE
EE 6 1%, BIHIWT AL oo Bk A" & L UIEIHRET u O FEIC B 2 @8 [ 2.20
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ELHX)BICHTHESNIOFIETH D, 5013 EOUHEIEMET
b TEEVEOHEMIIMFE>TRELSRoTWVLIORDLND. K221 1%tk
OIHIHEHT L DRI A OB 2 % 7 7 7 EIoR L b DO TH S, b
GIATER T B AT R O IS P> THRIZEHD L TW L0080 5.
L7icid> T, ROFFEICHE T 2 0HEEZURIBmEORFETRS Z &0
Tx, RR2MDFIRQRBYDLEIICEKTILENRTE S,

1dv Cc’
———=Bexp| - 2.25
u dL p( Am] ( )

[ 2.22 13 VR R R T oD AR B & B I I B D B4R T D . T il [ o i
25 1000 rpm D 556, 7S FE EE FE 3 EE O 4R B3 B0 B W i B O BE NS A - TR
XL o TRV, EHEIEREE 2 500 rpm OHFEITH R TRE L otz
oo il AR 13 (2.25) & W CHERIB BB L 2T o o R TH 0, R
EEH I B LTS, DLEORRIY, KFEEFREEIXOIHNEE D

I TRELS RO TWVDEEZLND. LTEN->T, KFEICE
J 5 TEBRIIEEBEEN RN TH Y, OOk mEEELL
B BOWMItEo ThESL< 26T, &5 LHEKY & Tl/MEANETE
THEBEZLND.
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c S=1000 rpm,d =6 pm
3.
m 40 |
>
o
S 30
g
= R f
= 20 - [mm] [um/rev]
E —0—0.8 20
S ol —0—08 40
ES ~A-08 60
= —0—04 40

0 | | | | |

0 1 2 3 4 5 6

Number of machined surface

Fig. 2.9 Width of flank wear land plotted against number of machined

workpieces
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= 10°} R f S =1000 rpm, d =6 um

- [mm] [um/rev] , 1051045

o o 08 20 39810

= o 0.8 40  2.380x107°L%47 /

‘_f A 0.8 60

§ & 04 40

4

3

E O

e

g \

; 1,756 x 1076 |47 1.350%x10°° L*48*

10° e —

10 100 1000

Cutting distance L m

Fig. 2.10 Theoretical relationship and experimental data for width of flank

wear land against cutting distance
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Height um

10

f=6 um/rev, d = 6 um, S = 1000 rpm ¢=0

/ Flatness I

(6}

$=45

10

-40

-30 -20 -10 40

Distance from center r mm

Fig. 2.11 Shape of machined surface
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Flatness pm

10

R d S

[mm] [um] [rpm]

8t —e— 08 6 1000

—— 08 3 1000

—— 08 6 500

6 - —o0— 04 6 1000
4 - O_/é

2 |

O 1 1 1
0 20 40 60

Feed rate f um/rev

Fig. 2.12 Flatness of machined surface plotted against feed rate
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A

VB| I | —Cutting edge

Fig. 2.13 Schematic of worn cutting edge

8.0x10°
f =40 um/rev,d =6 um, S = 1000 rpm
6.0x10° -
5= 2.473><10_7{(r22 — rz)— r,+ r} . 2.473x1077 L°%*
= f
= 4.0x10°F
Koy
[«b]
I
2.0x10° +
0.0}

40 -30 -20 -10 O 10 20 30 40
Distance from center r mm

Fig. 2.14 Shape of machined surface approximated as a nonlinear function

K'L"
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o R d S
= [mm] [um] [rpm]
= ® 08 6 1000
- ;| © 08 3 1000 5
S 2.0x10°F A~ 08 6 500
Z O 04 6 1000 °
= o
— [ )
E 1.0x10° F O
s = 5 o A
=
b= N 2
8 O
O
00 ) ] ) ] ) ]
0 20 40 60 80
Feed rate f um/rev
(a) Coefficient K
1.0
S 08Ff
S A
5 0.6 - ) o
la5} ol
E O 0O e
S
= 04f R d S
O [mm] [um] [rpm]
> ® 08 6 1000
2 02r o 08 3 1000
A 08 6 500
0.0 | O 04 6 1000
0 20 40 60 80

Feed rate f um/rev
(b) Exponent n

Fig. 2.15 Coefficient K and exponent n of function approximating measured

shape of machined surface plotted against feed rate
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Thrust force F N

z

R d S
[mm] [um] [rpm]
—e— 08 6 1000
6r o 08 3 1000
—A— 08 6 500
—o0— 04 6 1000
4 |
2 |
O | | |
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Feed rate f pum/rev
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Fig. 2.16 Average thrust force plotted against feed rate
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2.0x10°

R d S
. [mm] [um] [rpm]
S ® 08 6 1000
X 15x10%F o 08 3 1000
L A 08 6 500
S
= 1.0x10°}
(V.
o
I=
2
o -7
:E 5.0x10"
T}
o
@)

OO L 1 A 1 A
0 2 4 6
Thrust force F, N

Fig. 2.17 Theoretical relationship and experimental data for Kyos =

Ko.shave against average thrust force
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20

R d S
[mm] [um] [rpm]
10 L e (08 6 1000
Z O 0.8 3 1000
L A 08 6 500 172401091
3 o 04 6 1000 ‘)4 6306 "
(@]
‘: o e} 1.08661715“
g
= -~ 1.344¢"%%"
o
1 | | | |

0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10™
Feed rate f um/rev

Fig. 2.18 Theoretical relationship and experimental data for average thrust

force against feed rate

Table 2.2 Cutting parameters

Nose radius | Depth of cut | Spindle speed | Thrust force Index
R [mm] d [um] S [rpm] F; [N] n

0.8 6 1000 1.724g10092 0.543

0.8 3 1000 1.344¢10632f 0.662

0.8 6 500 1.086e171511 0.673

0.4 6 1000 1.6324¢16300f 0.554
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R d S
= [mm] [um] [rpm]
= 40 F v — @ 08 6 1000
Q o - 0 08 3 1000
. 6« A 08 6 500
s 30F \%w © 04 6 1000
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=
£ 20r
©
< 10}
k=
=

O | | |
0 20 40 60 80

Feed rate f um/rev

Fig. 2.19 Theoretical relationship and experimental data for flank wear

land width against feed rate
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Principal force F

R d S
[mm] [um] [rpm]
—e— 08 6 1000
—0— 0.8 3 1000
T 2F—A— 08 6 500
—0— 04 6 1000
1 |
O | | |

0 20 40 60 80
Feed rate f um/rev

Fig. 2.20 Average principle force plotted against feed rate
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100 ¢
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® 08 6 1000
O 0.8 3 1000
A 08 6 500
o 04 6 1000

o

10 ¢

Specific cutting force u GPa

10" 107 10°
Cutting cross sectional area A m’

Fig. 2.21 Relationship between specific cutting force and cutting cross

section area
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3x10™%

R d S 3.231x10 2 exp (—0.171/ A>'#%)
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S ® 08 6 1000
S Z O 08 3 1000
(<5}
c 25| A 08 6 500
> E2A07F o4 6 1000
E 3
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2 O
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o § -25
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O _Dg . 1 . 1 .
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Area of cutting cross section A m’

Fig. 2.22 Theoretical relationship and experimental data for coefficient of

volume wear rate against cutting cross sectional area
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2.4 TR

M 223 IIMTHEHEBEERSIOCEER OO TWRI THBRELLLFEMTH Y,
#il& L CLHEXY & 6 umlrev, BLAZ&E 6 um, Fil[El§8E £ 1000 rpm,
J = R 0.8 mm THIHI L2 B EORRE R LTS [K2.230R) L1,
MTHEIEXEDUHIGHICB W T RMm & o7z, F7z, X 2.23(b)ITR
FTEOWCMIHEIIFTLEXRY BICXHET 28y FOh v ¥ —~v—7 (38
LZINT, MHEREICL > TR S TV, X224 1T TEXY &ITxH
TOHMTLHME THD. BFONNTEHE S TESEEOEWIC L D E
FFEAERLGNT, 05~09um Thoto. ZHIFTXTOYHIEMT
N T EIIMEERE N XA ThH o2l REREBIEN A SN o T
EEBEZBNS.

MMTEERIERTE O 211128 Lz L 512, X TOUHEIGH T
Weilpol=, iz, K212 TR LULEVHEITRIH TR 7= L oI T HE%
D EDOENINZ X9 2 A O R 23 KT T EERENE &Ll T D 2 &R i
TR 2 B FSE B B A HEE L T 72 3K 1 i BE AR IR o0 2 BR AN BRI &
FE—BLTWLZ LG, THERIZL - TRELS RDLEBLLND.
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(a) Photograph

RadCrv —1.53E+003 +10.0000

um

-10.0000
0.54

(b) Detail

Fig. 2.23 Photograph and detail of machined surface

(f=6 um/rev,d =6 um, S =1000 rpm, R = 0.8 mm)
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Surface roughness Ra um
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Fig. 2.24 Surface roughness
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25 s
R ABERT CBN LHEZ MW THMM Y U = RO EE AN T 217

VY, BFEEIHI SR THREBEFEIC KT BT OV CTEBRMICHE L.

BoONTRREZLL IR .

(1) UIHIGHERE CHa, /7 — X8 0.4 mm OEFEREIX, 7 — X F)
0.8 mm ORFEICIZIE —F L7-.

(2) K HEFENE VB & GIHIFRRE L O IEHRIE (VB = KL") & L TR e
LE, TRTOUWHIGZMAEICE O TRE KIZTLEEY &M E-
TREL DD, BENZILEFVEIZIOTIEE—ELRoT.

(3) EEREMRRE 2 B 8 L 7o 81 H EERE T JE DR H Kvos (= Ko.sNave) 13, BIHI
FMICEOTHE S OEIMIfE> THHFICKRELS 2D, 1 >DOHIEH
BT+ &nTEL.

(4) LRROFREBR L, Hm0h & UEIEREDREE L L T R
DEBRAELH N,

(5) BIAIKrmE AR OO K - TOHNRE S BRI 25 & 5 (E &2 K
kS U 2 O EYIEIIN T2k %5 CBN TH O L2 ER-IE, ik
BERETHDL EELE L.
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HF3W Ty 77 RHAXAYEY FLEICK 2 B
fa v U 3 > RO B B E T

31 ¥5

HE L o ) = 03, RAMBREEIR O R A X L TV g JiE AT =R %
ALTWD72D, ARV AOME L LTHEESh TS, — KR
WHEH TG AL RFTERNC LD 7V ARB N RETRE SN TV D,
B U a @ s s mnie EOBB NG Lo X0 BRI EIIN L,
WEMTEZMAEEDEDLZ LICE VTN THEOA. LirLiens,
INETOMIIEIZERE LV XZRBH, FEERESC A Ml OfI R 1
W, LR T, MIRAHESEWEIAN T 28 H L, FEAH
e LTCHLSELZENEETHD. HER T Y a0 @5 HEIm
BT 2RI Z S ME SN TEBY, —BUICHBERY A YEY T
HERHWL G080 U Uy o, 6RO HFIE TIESRI 72 A % F o
TERHWLNTEY, FyEBUrI7REZIRTVWEWVWSENRDD.
EEOM LTI Ty 7 7202 LERHLGND A, ZOTA
IZOWTHRE LIEMFZEIE D e, E =M FIXOIEI&0r & TEEFE, n
T OMBRIZEETHIN, 0L REEANSITORTEIREIT R Y
SR AN

RETIEIRIR L o ZAREICB T 2t BTN T~0@EH xR+ 572
W, Fx 77 RMNFATYTES FLEZHWTHEHES Y 2 RO
HASHEEIHIM LA AT, LH%Y &, YA, YIHIMA 200 T E &
THEREICKFTREC OV THAL.
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3.2 SERIGE M ORI

ﬁ%%um%EI%WH%@mm%%%zwﬁﬁﬁmI%NWWﬂD
AW B3 IS EBREE A T, A ICIE, M 3.2 1TR T ER 76.2
mm, JES 6mm ORI Y 2o Hlke vz, BIEITREIZE, X 3.3
WRT LI RBEFEREIY) a OBlEYWAIMTHE LTHkEA TS
J = XA 2mm THIEITER 2 um, AE 4°OW/NF v 77 RHA
S A YT RANAL N (BT 74 R~7 U T /v upe) = HW=.
EIHIHRHTIZ N A R ARV — T B £ 72 3 By /NI BN EIEY S (A AR
A 7 —(#R)9256A1) EH\, F¥— 7 7 (5019B130) %/ L CHlE
L7z,

BEEIBIZX 3.2 IR T H DI 8 mm UL T & 32 mm KL EDOERSy XAl
MLTTERYBRWTEY, —EOTIHIRER TIEFEE 8 ~ 32 mm DH 4y DI
ZYHIT S Lo L. RILICUHIRMHFOFEMZRT. YIDiALREd=
0.5 1.0, 1.5um& L, THXYET% 05~8.0um/rev & L CTHHIM D
SMAT > & H Iz m T COUIEI 21T > 7. BIHIMAl & L TR (BES k5%
(FR)CUT AM-50) E4TiMZFEMA L, I A b THAA L2, & 3.2 ICUIHH
Al O F 72 MMk 2 R 3. BIAIFEBR <, #EEIB LA 58 10, 15, 20, 25,
30 mm DOALE T, CIRIHERETORIE 21T - 7=,

UIHISEBRAE T8, N L S X EEM B a5 (Zygo New View
5032) #HWCAHY T —var 7Ty bbb DEEEAEY L L, 15°
MR T 8210, 15, 20, 25, 30 mm OALE ZJE Lz, L OIRIE
SR ES (2 I (BK)CV-638) ZHWTA Y = F—v a7
T v ML OEEEA $=0°, 45°, 90°D 3 HFIHIE L7z, THEREITESE
T T BB SEM 2 H W TR LT-.
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(a) Ultra-precision lathe

___ Workpiece

Cutting tocy

Side {.:_

:

Workpiece

Dynamometer

0000 [
EY ? Cutting forces
X
F; : Thrust force
Fy : Principal force
Fx : Feed force
0000 =
> Z
Dynamometer

Fy

Cutting tool

(b) Measurements of cutting forces

Fig. 3.1 Experimental apparatus
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Orienta;ion flat

Machined surface

N

| L L

A
Y

76.2 mm

Fig. 3.2 Shape and size of workpiece
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Fig. 3.3 Photograph of new cutting tool
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Table 3.1 Cutting conditions

Material Single crystal silicon (100)
Workpiece Diameter mm 76.2
Thickness mm 6

Material Single crystal diamond
Nose radius mm 2
Tool Rake angle deg. 0
Clearance angle deg. 4
Chamfer pm 2 (-45 deg.)
Spindle speed rpm 1000
Depthofcut d pm 1.0 0.5,1.0,15
Feedrate f pm/rev 0.5,1.0 05~8.0
Cutting fluid Plant oil Kerosene
Table 3.2 Properties of cutting fluids
Plant oil Kerosene
Density g/cm?® 0.92 0.80
Kinematic viscosity mm?/s 41.80 2.78
Surface tension mN/m 32.82 27.68
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3.3 L HEEEREIZ KT T GUH A o 5 8

3.5, 3.6 IFUIHIEBRME THRO THEUNHNDOEETK 3.4 2R F W
B e A RE PSR SEM THIZE L7-. X 3.5 [ZEIHIhAl & L CHED il
AHERM LTSGR HADOTERERTHY, K35@I&V, THEEXYD &R 05
um/irev OFE, TEONEICTF o IR, TEX) &R
1.0 um/rev A, 35 b)IZART X OICTEED &2 0.5 umirev DY
BICHANTRELS Ty 7 BBE sz, K 3.6 (ZUHIHMAIE LT
MEMEH L7256 COUNHOERET, JMEAEHLELGAICIZTF v
YRR ALTE LT, BT mICHEEBRERS R O, £7, X 3.6(a)
WCRTEIICTEZEDY & =05 um/rev DA, i mEEFEE X5 15 um
HHrOICKL, THXED & f=10pum/rev TIEZX 3.6 ()L VK7 um &5
POy otz ZHE T EEY &2 f=0.5 um/rev D4, f=1.0 um/rev
(ZHAUIHIFEBE S R < 272 TH Y, KT D EERENR XU HI FEEEIC
BILTRE D LHEESND. BT ITERED B NI LA LRV
EZ LD 30 mm O ETOUHEKOEHETH S, X 3.7 (a)
L0, GIEIEHTOHE 53 FI ks 1T LR D &% 0.5, 1.0 pm/rev & & (2 BJH
WAL LM EEH LG a0 R RKREl oz, 3.7 (b)IT=T
IR D E 0 Ty b2 SRR Z N L7261 ks <
o TWDHDONRZN%D. 22T, TAETSVWEHOEHEAZL T 1A
alTH&, BEMALTSIWVWADETHLIAEL- o)ldES N R EE
D FyEAWTREBDDBEBIR Y L.

F
—a=tan*t—= 3.1
= (3.1)
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38T EXLIVEHLEAEPB-a)THD. AEB- o)X LEHXY &IZ
L o9, UIHIMA DD HOBEED T NREL R TWDHDNLEMND.
CZCELREREVEICBITDZTSWAILI-ETHLI B N0,
MM OGEIZAEB- Q)P REL ROTZOITEBEANDRELS ol
DIEZENI T EEBHRT L. LLEOKRELY, GHIMA S LTSN E
R LS AICT v B 7B E U0, YIHIBEMGE % 5 b UIHHKH
JITIMIZH B IR TRELS R oZEZEDOTHLEEZOND. &6, R
3.2 TR L7 & D I EhHE FE 3 KT S e CRE Il 28 K & ) T2 0 I R
MREL Y, #RELTUHIERILb RE< ot B HND.
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Fig. 3.4 Observation direction of cutting edge after cutting test

Rake face

Flank face

(a) f=0.5um/rev

Rake face

(b) f=1.0 um/rev

Fig. 3.5  Photographs of cutting edge after cutting test (Plant Oil)
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(@) f=0.5um/rev

| Rake face | P

Flank face

(b) f=1.0 um/rev

Fig. 3.6 Photographs of cutting edge after cutting test (Kerosene)
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Thrust force F N

I Kerosene r=30mm
- Plant oil

0.5 1.0
Feedrate f pm/rev

(a) Thrust force

N

y

Principal force F

I Kerosene r =30 mm

227 Plant oil

0.5 1.0
Feed rate f um/rev

(b) Principal force

Fig. 3.7 Cutting forces
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Difference between friction angle

and rake angle p- o deg.

90

I Kerosene
777 Plant oil

85

80

75 r

70

0.5 1.0

Feedrate f pm/rev

Fig. 3.8 Difference between friction angle and rake angle (f - «)
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3.4 YIHIEFRIC KIE T UIHEI S o s 2

3.4.1 TS

AELLRE O FEBR RS B %, BIHIMAl & LT E A LG A o uEl %
BICE->THLAELDTHS. [M3.9~ K313 1ZHALEE 1.0 um &
— WL, TE®V &% 0.5~8.0um/rev TUINIINI T L8B4 0N TiHE5
BEBIOEAMAOATWEH CHELEFEMTH S, THED &R 0.5,
1.0 um/rev O %A, ¥ 3.9 B XK 3.10 ([Z/-F X 9120 L 1334 Him ©
bV, WarEEIC L > THAAIK STV, K311 IR d LRE%D &
28 2.0 um/irev OE, I LEIZSE A SO, LEXED RICKHISTHE
FDH v —~— I PRI, —J7, TH%XY BN 4.0, 8.0 um/rev
DOEE, M LTHEIZE R R>TEY, Wy F—~v—7 1 TBEINT,
—ERMETERREE RSB ER Sz, X 3.14, 315X T H% Y B4 2.0 um/rev &
—EIZL, UliAHEEZZNEI 05, 15 um & LEEHBAEDONLEEER
LU TH 5. 3.14 I[Z/RTYHALEN 0.5 um OHA, M
HREER>TEBY, v X —~—IBBEINLSHLODK 3.11 TRL
TeYHARZEN 1.0 um OEEIZH_XTH S, b EN B S
e, ULAAZED 1.5 um O5A I LHEiFYeikm & > T Y, UlhiA
HED 1.0um OGEICHXTHLS o TWDLONR S5, M 3.16 13 L
BEyVEIIHTLIMTEHE S TH LS. DAL ED 1.0 um O5GE, I TH
ST THEHXD 2O PE> TR L, 2.0 um/rev DL ETHIMICHES C
TWh.F7-, THXY M 2.0 um/rev T LM S i35/ & 720 6 nm
Elp otz HUHAZEN 0.5, 1.5 um O%E, M LEMA 01X 1.0 um 12X
TREL Role., ZOXEHIZMTmMAIITLTEZEY &2 2.0 um/rev, Y]
AFEN 1.0 pmirev DA IR /NS R, THXD &, UhiAkha L
BIZZINEIDRELSTHNSLKTHMITEHAIIFTIRELSRDEVIHER
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DB Tz,

X 3.17 [ZYAZEN 1.0 um DOHE DWHIM R ITH T 2HE S I TH
. LHEXYEMN 2.0~8.0umlrev OGE, WO ERICELST —ET
HoHN, LEXY & 0.5, 1.0 um/rev DA ITITHEIF P OER W< IZ
SHIMLTWS. X 318 ICUIHIEEEE O INCK T 28 1ERT. 22
T, UVHIBEEE L, r 2 HEEIM NG, o 2 WEIMAME, A T A% BEL
THELUTOATERIND.

2 2
L:ﬁ{ "2 frl —r2+r1} (3.2)

X318 LV ESNITTEREEY ®&ICL ST UHIEREAK 1.25 km £ TIXIZ
EF—ETHD. LEh-T, UIHIEERED 1.25km LT O5E, YA
BT LEBREOREZTIZEA LN EZE X LN, X 3.19 IXUJHIE
BE2S 1.25 km BL FI2B T 5 LREEY EiICxt 3 2 9HERLOE 5 1k L O
SGNOEEETH L. B NOFHEITLEEY BOHMICE> TH
HICHD LTWb, —JF, ENNOFEHMEITT R O T
ZCOEFEML, 2.0 um/rev LA ETHIA LTS, OliAZ &% 0.5, 1.5 um
ELEGE, W hEESNTI0um DA L, 1T A EENA
bivirinoiz. 3.20 [TUIHNIC R T 5 TERimil o aX T, Ko
ABC CHENT M NUIHIKFH CTH Y, TIIV/EZ hiX 0715 hpax £ T
b+ 5. ) —A¥EEZR LEXVELZf, UiALEZd LT DHLEEK
GIHL Y JE & hmax 38 X OB UIER Y JE & hmean 1330(3.3), (3.4) TEN TN FE
SNnd.
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2d) (dY’

N ==h.. (3.4)

X 3.21 (T FHEE Y E ST HBEEALE T WVADEB- ) TH Y,
¥ 3.19 T/x L7 O9IHIBERE 1.25 km L T OHE S B L O ES T OMEEZ
TREBLDLVRHZ., FEHURYESOEINCKT2HE(B- o)1k
OEMIE, X316 T/RLIEMLEMIS LIFIE—HLTEY, TREEV&E
23 2.0 um/rev Toh 2 FHEIEY JE X 0.03 um OLAICHR /A< 78D
Kiesechoi-. ZZT, BEBAGN —ETHDH LT H L, FHEIH
JEEN0.03um BB FTHEB-a) DREL 2501, TEHELEOR
HIZE S THERT 2T WVARADOHTH~AKREL RoTLTEOTHH EHE
AL, TNETOMIEICLD &, EMHEE— FOHINATRE TH 2 &K
OYIRYES, ¥ 2oblAURYIESIE, TEFIWAR-40°L 0 A
DHM~KEL 2D WP T HERESINTNDM. X512 R M HHE
XAXYEY RLEZHWEEER U 2 o@BREENTIZE T, iR
GIEL Y JE &13490.01 ~0.03 um TH D L WME SN TV 5B AN,
EofER LY, TEED EN 2.0um/rev XV /NSWEE, £720F
AL EZ 1Oum KV /hSWHGICI T I RE< R5001%, TE
HEDOHIHIZE > TERT 2T WVARNSL RO THDHEEZDL
nNa. £7, TEXV&ED 2.0 umlrev L0 KEWEE, 3 U5AR
E210um XV REWHEAICNTEMSNPRELS 2501, IRV IES
NERUBMOES LD b RELS RolldThHIEEZXBND.
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(a) Photograph

2 E+008 nm +2.0000

um

(b) Detail

Fig. 3.9 Photograph and detail of machined surface

(f=0.5 um/rev, d = 1.0 um)
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(a) Photogragh

+2.0000

(b) Detail

Fig. 3.10 Photograph and detail of machined surface
(f=1.0 um/rev, d = 1.0 um)
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(a) Photogragh

1.52E+008 nm +0.2000

um

(b) Detail

Fig. 3.11 Photograph and detail of machined surface

(f=2.0 um/rev, d = 1.0 um)
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(a) Photogragh

24E4+007 nm +2.0000

um

(b) Detail

Fig. 3.12 Photograph and detail of machined surface

(f=4.0 um/rev, d = 1.0 um)
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(a) Photogragh

20E+007 T +2.0000

um

(b) Detail

Fig. 3.13 Photograph and detail of machined surface

(f =8.0 um/rev, d = 1.0 um)
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(a) Photogragh

+2.0000

(b) Detail

Fig. 3.14 Photograph and detail of machined surface

(f=2.0 um/rev, d = 0.5 um)

69



(a) Photogragh

E+007 +2.0000

um

(b) Detail

Fig. 3.15 Photograph and detail of machined surface

(f =2.0 um/rev, d = 1.5 um)
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Surface roughness Ra pm
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Fig. 3.16 Surface roughness
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Thrust force FZ N

d=1.0um f [um/rev]
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Distance from center r mm

Fig. 3.17 Thrust forces plotted against radius of workpiece
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Thrust force FZ N

f[ um/rev] d=1.0um
—O0— 0.5
—— 1.0
al —O0— 2.0
—— 4.0
—v— 8.0
2 -
V%
O 1 1
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Cutting distance L km

Fig. 3.18 Thrust forces plotted against cutting distance

73



Cutting force N

F, F, d[um]
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—O0— —e— 1.0
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L = 1.25km
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A
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Feed rate f um/rev

Fig. 3.19 Average cutting forces plotted against feed rate
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Fig. 3.20 Cutting geometry viewed in direction normal to cutting direction
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Fig. 3.21 Relationship between angle (£ - «) and mean undeformed chip

thickness
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3.4.2 T HPEER$E

LS

¢ 3.22 1 Z L HXY &4 2800 m O EFERT, M 3.6 TRLEER
B BMEE SEM TBIZ LI LENEOFTENGRIE L. KT HE
FEME I T H 250 EOHEIMCEE-> T 2.0 um/rev £ TR IZHA L, £ D%,
LTI LT D [03.23 (X UIHI BB )3 S 8 AR TH D .

RN, 12T EOBERERE THIML TH YK 3.0 um/km TH

o7z, K324 1ZESTTOEHETH Y, M 3.17 TRLEE D O FY
THY, E5JOFEMES FARICEHRE L. 56070/ o HEIx
THXED &ML THA L TRV, X 3.24 TR L7k mEER
DEAL O &L TV 2. (X 3.25 1375 5 S 0 )i & T T EERENE o B
RERLTWD. B iOVEEE, S mEBEEREICIZITH LTV D
EWH T ERDMND.
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Width of flank wear land VB pm
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Fig. 3.22 Width of flank wear land plotted against feed rate
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Fig. 3.23 Relationship between width of flank wear land and cutting distance
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Cutting force N

F Fy d [um]

4L —AN\— —A— (05
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Fig. 3 .24 Average cutting forces plotted against feed rate
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Fig. 3.25 Relationship between average thrust forces and width of flank wear

land
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3.4.3 i fE

] 3.26 [T UIA A28 1.0 pm TLEZE YD &8 0.5 pumirev D 5HE OH1 L
MR THL. MLEIEFOEPESESWEREZ2->TEY, fod)
HIGIFICB O T RBICMBIRIC R 7. Zhid, TEZHHEIH o sl
B> Tiko TWAH T, MM T HEREIC X > THEIR
o lzeBExONS. K327 1T FEETH Y, K 3.26 T/RLIMTI
RO 3 HFOEKREDOFEHHETH L. FmEIT LREEY EOHINIC
EoTHA L TWD. F7-, X 3.24 Tr L7z THEEEFELEZOME R
TW%., M328 1 ZEELIZTLEOHMENTHY, THENEORIBES I
K EEEENE VB 2 VTR @BL)TEREND.

VB

O=—-—7"— (3.5)
coty+tan o

ZITy ERTFATHY, a T VWATH D, X 3.29 (XK1 1 EFEE
CEHEORBAERLTEY, YURLTREND. 72, M oER
(T HEHRBEEFEHERELWNMRELEGAOFHEOHMETH Y,
XE@BAY»HROZ., IV FEHEOHEML, BMmMEEITIET—F%L TV
7. LEORER XY, MLmoFmENRE < 7RdERFRITLEER
ZEkdrbolEEEILLNS.
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Height pm

d=1.0um, f=0.5 um/rev $=0°
— =
I I I I I I ¢= 9I0°
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Distance from the center r mm

Fig. 3.26 Shape of machined surface
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Flatness um
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Fig. 3.27 Flatness of machined surface
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-“| Chamfer
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Fig. 3.28 Conceptual figure of worn cutting edge
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Fig. 3.29 Relationship between flatness and width of flank wear land
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35 M5
Fx¥ 77O RMNEREIYAVTES FNLEZHWTHERES Y 2

MR OB EGTHIN L 217V, U FTORERE L.

(1) GIEIhA & LT e Hnwicga, LERNRICEF vy v 7 nE
CMTmeE flnWi=Gse, FyerZidihoniznosi.

(2) BIHIAI 23T i T T 220 828 2.0 um/rev, YIIAZEA 1.0 um DO
A, MLmIEEEmE o7, L2 LR b, UAAZEN 1.0um BLF,
TEZED EMN 2.0 umirev LLFTH - TH MO S4:THI L i 1324 # ik
Eipolz.

(3) UIHIERAEAS 1.25km LA F TIZEIHIRGTICEA L C, LEEREO P2 4
T HZ N TET.

4) T< VWHEOEBEAZL, T <\WAZa L LGS, (B-a) 1LY
DIEL W JE & 2849 0.03 um TdH 5 L H XY &% 2.0 pm/rev The/ME & 72
> 7.

(5) T mEFEERE (BHALOIHIERESD 720 OFERERE) (T LHRXD &0
ABEICE S PTIFIEFEE TH 3.0 um/km TH - 7-.

(6) 755y /7133 i BEREHE OBk - THEMBMICKRE L 2o Tz,

(7) J0 T O - EE 1T R RS &0 K T EERRAE s S HEE L 72 H Uk
BBELIZIE-EHLT-.
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AT
R SCE, B> U 3 CRORINR L o X0 FE 22 VAN L

WS T HZLZAMEL, Fyo 774 R NEER CBN LEC X5 H

fimn TV a CAROKETANC I T 5 LEERE &I LR EICRIET LE
AR, UIHISR DB Z T, s L~O@HIZ OV THRF L7z, 72,

Fx 7 7 RANFEERLAYE RTREICKDHERY Y 2 HikD

HGHE AN TIC 3T 5, CIHEImA, BIAIZe k7S T B EERE &N TR B I
KT B OWTHA, EEFMLE~o@HAIZ > THREF L. Ki

XZEKTHELUTOEY THD.

FLIFEIMm CTH Y, KX OWH 5, EROVFEIZE T 2 MEA K TR

DB HOWNWTIRRTWND.
2T, RARL  XEUEICB T DRI T~ A & Rt 5 7%

W, Frv 7 7 R AEERE CBN TEZHWTHER YU a2 HIKO KK

FEUHUN L 247V, LHXY &, YhALE, EHhREEE, / — A48

AL EEEFE &N TR T TR OWTHN, LT/ wmE /7.

(1) WIHEISENF CHE, 7 — X8 0.4 mm OBEFAERIT, / — X P&
0.8 mm DEFEITIZFIEF—FH L.

(2) #F i EFENE VB & BIHIFEEE L O FERBIE(VB = KL") & L Tl
LE, TRTOUWHIGZHEICE O TEREE K IZTLEEY &ML -
TREL DN, BHENZILEFVEIZIOTIEE-ELRoT.

(3) EEFREMAE A B8 L 7o kT i BEFE IR E O LR EL Kvos (= Ko.sNave) 1%, BIHI
FHICESTHE SO E> THFAICKELS 2D, 1 DDOHETEH
BCERT D LN TE T,

(4) EREofREBE L, &)L UHIBERE O L LTk R
D FEERA A BT
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(5) BIHIWTE AR DI D X - THUIHNREE D EFH3 5 & v o e & K
HEd v U o2 v o RSB SEIN TIZ81) 5 CBN LH O E= BT, 5
BETOHLLEBLE L.

#3ETIE, FRAML o XI-EICEK T 2 BTN T~ M 2 e
5720, Fxr7 7 RABKHBELAYES FLEZHOTHES S Y
o AR OBREEHN T 247y, THXY &, YhAAE, YIHIHA 2
IMTHRGE & TRERICKIETTREICOWTHMHN, LT ORmz 57z,
(1) GIEImAE LTS E WSS, TEARICETF vy 7R AE

CEnTmazlnwiesa, Fyer73hbonnnoi.

(2) GIHIMAI LTI T T HEE Y &3 2.0 pm/rev, HIHAZEN 1.0 pm O
A, MTHEIXSER E o7z, L LML, ULHAZEN 1.0 um LLF,
THEY &3 2.0 pmirev LLTF T o Tl o> S 4 THN L 1 1324 Mt
Lol

(3) GUHIEEMEAY 1.25km AR TIXEIHIHEHUICEE L T, T REMOZE 2 M
Wb EenTEI.

4) < vwE LEOEBEEAEZR, T WAEta L LIEGA, AEW- ) X
FHYIE Y B S 2349 0.03 um TH H T EE Y =23 2.0 um/rev T /M
Lol

(5) i mEREEE (HAZEIHIERED 72 v O EFENR) 1T HX D &)
ABEIZE B TIFIE—E THK 3.0 um/km TH - 7=

(6) H 57 ST T HERENR O AN > TEMBIZKEL o7z,

(7) 10 L0 o i BE (X T R RS K0 R B RRE s S HEE LT
BIEE L ITIE—FK L.
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