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(a) Tangential (b) Co-axial (c) Orthogonal

Fig. 1-1. Schematic illustrations of turn-milling processes.
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Q- EEWEHICB O THEY T Z & T, ILETICB 52N = X /LXE, [Wm?]
BRODLZENTE, ROXH RIS,

00 +
Ep(T) =f0 Ebad7\=71r—5'al4'T4 =o0-T* (2-2)

T,
o AT T 7y e RV UEH 5.67X10°  [W/(m? K]
R2ADNXIIAT 7 7 v« RV~ U OIEHIE MR, B DR S b 2= L X
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MEHREE D 4 |IZHBIT 2 2 L 2- L TR Y, WATREFHISIEAEICE L TV
SEBDND. LI LRB D, KEROWIKD B ORI =5 R ATRIIC T
&<, TOZRAFOMTEE AR & MRS, 2 OEG=ITHEH M4 JE, H iR,
MR, WERmEOMR - S 72 SIRFET 208, ZRHKRTOREL FHNICEE L
T %2 OMERE O R L LTI H D Z LnZv. m@i R LG %2 v TR
FERIE AAT O 72 DI2iE, T OREHEL IEMRICRD 2 2 & 23 @b 2R B R E S D78
LA, UHIML~#EHT 5%6, UHI LEOBERES TEA~ORE R EOERIZLY
BT R A RS 2 2 ST FE ERARETH . AR THW S 2 Al EFH IS
TRUENRFERICL Y BADZ L 2FA LT, BARDEREOT XD HIRE
ZRET 2D THY, MIEOWEHLRPERICE > TENRWIGS, B l, Wi
DOEBEZ T TITREREEZITO ZENARTHD.

2-3 T 7 A NED BIREHOESER
AR TR T DIRMEFHE, o7 7 A /N, RIMMRHIE T, ZAHERERK ) S FI12
MR ENTWD. 2O, BEFOMERITNET 7 A SONARERE, RIMIRHFE
53 JCREEE RS JL OV SR (R 3% O MR R MR I ARATF 3 5 . AWFZE CIRE IR 4
PH % 200 °C~600 °CFREE & A87E L, Z O EEFEIOBIE (258 L 72 InAs/InSb @ 2 FikH D
ROMRRIEE T2 L7, R 2-112087 7 A A~ 2 IR OIS 27~ 7. &
KGN DRI SN D RIMRE N T 7 A NTZIL, T 7 A SO ORI % F]
MLT, 2 @IREFNORIMMRHRE - MEET 5. RIS 71X InAs & InSb
PREEREIE L 72> T Y, InAs [TELERAM O, InSb X R RM ORI KL X4 2
NENBRET~ERL, BREICL > TERSNEE 2T V4V Aa—77T
ST AREE L o TWS, HIE L2 DOEBEDHE & 52 LT, BIEMRIZ LY
BE~NE T 5 N TED.
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Power supply unit  Digital oscilloscope

O

InAs ’:/\/\>1:|_<
|
|

=L

Optical fiber

]

Object Two-color pyrometer

Measuring area

|
InSh !

Fig. 2-1. Structure of a two-color pyrometer with an optical fiber.

2.4 KT 7AN
2-4-1 T 7 A NDILERE

W77 ANFZ2T EMETNDFLEE 7 Ty REMITNDWET PR, 270
R z2 27 7y FORFTRIV BRELLTDHILICL o THOBELZREE LT
5. T 7 AROAT OFEFRPE R b D& AT v TR, a7 NOEIFrRNIPLE
RRELTRYE—2b0E 7 L—T v RELLIED, KRB TIEAT » 7 WO NSG #
NATFTA RTTAT 7 AN T o720, A7 v TROEEFH 2RI 5.

22ICAT TRNT s A NG AT, a7 L7 Ty FORETRITIENLEH
n>n,>ny(ny=1)E72>TWNAHDT, 27 OFLEINIRE L TAHEE, [P TAH L=
X, a7 e Ty ROBEREIZEWCERAA, PITAH LT, FRE Larks
NHME 222 (). &k REWAMEE, [PICAH LKL, 77y FaHEBLTLE
9 (22 (). &Endk D/ANSWAEEE [PITAFLIGE, 27 &7 Ty ROERET
AP LD B RELS D, a7 N TR 2D IR L7272 HARE S5 (1% 2-2 ().
L7eMo T, EQERRZHMLENZ D, ZDENLT 7 A NOBIFRNORD X HITHE
5.

& = sin‘l(,/nl2 — nzz) = sin"1(NA) (2-3)

Z 2T, NALIZBH 0% (Numerical Aperture) & FEIZILD 7 7 A NOFEEZRITETH 5.
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Refraction index
No

Acceptance angle

2¢n

Fig. 2-2. Structure of a step-index optical fiber.

2-4-2 T 7 ANDEBERE

T 7 A NI EFBE LT VME TTE TUINDD, T _RTOREBETE HR
TIER <, KOERICL > THEBEO LLT INERD. BRI NR2WERORILT 7
ANNNTIRIRG D VITHELL TWD Z L2220, TOERKRE L TRD L H 722 £
EZbhb.

1. 7 7 A NOMBUZE EN L8R, 7L, il EOEE CHRE T L LAz

L DDLU

2. K7 7 A NBERDOEE, JEITRORED X732 S X 2 HOBEL(V A U —HGEL).

3. 77 AOHITIT X 5 HEL
1 L2137 7 A NABEROEERKEVZ, ZORKEZRIT LT LWL, 31377
ANREROED EXICEETDHILT, HOREMYET I ENARETHD.

AW THH L7z NSG A3 FF A RHT AT 7 A N\OIEARN 2R & o i
Rtz 2h g 2-1 L 2-3 (TRF. AWFJETIE 200 °C~600 °CORERIE 2 HE L
TWAH7®, 2um~ 6 um OFEERICHE W TRARFBIEREZ RTART 7 4 NEREL
7. 72k, RAMROZHICI T DK EZ ATREZRIR Y B 7o I, WREEHIE RN IR T
28 lum OFET VI =0 AORFEMK(Y — T R Y ¥ SRR S . LFIP) % [RlsfE ~Hh
VAT, 77 A NO W A A L7 IREE TR L7z,
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Table 2-1 Characteristics of an optical fiber.

Core material Chalcogenide glass

Core diameter d¢ pm 300

Numerical aperture NA 0.4

Acceptance angle ém © 23.58
100 T | T T |

O
o
|

B |
=
|

NSG Chalcogenide glass
Core diameter: 300 um

1 2 3 4 5 6 7
Wavelength A um

Fig. 2-3. Spectral transmittance of chalcogenide glass fiber.

Transmittance F(A1) %/m
=
|

(=]
=

=

2-5 FRORRHRF

FORBRIETIE, ZOBEEMIC L > CRO 3EBEICHESNS

1AM B 2 R OL T h )

2. NERDEEN RO E N, SOE BN

3. BAE ) BT (BAESN R, RS R
FBHIANTE FERO L ORERTH Y, ALV B DBETIBIL S,
FNEEDTRERE LTRY T 0O THD. LB NAIT RIS pn #EE 5 A
F—FThHY, ZOREEITEARIN SIS L ICERARET 2005 FHA LTV
FEBE AL, ASDEIC & 0 BERIFINZT 2 b 0EFH LT 5. BEL A
FAFDEIC XV RIRER B L, ZOf5RAE U2 BRI EEVEE, EEDR
AFRIFIL TS
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ABFFE TR L 7o RN 3R 713, RN A K0 B 24 U 5 EE )
IO InAs F1- &, ARIMROATNT X 0 IEKHUESZAT 5008 ER O InSb 1 2 FH)E
RS L2 2 AR 7 ThH D, 24 KB O btz R~7 . AlmmIcfEE sh
72 InAs F 2 X VI EHK 0.5 um ~ 3.4 um OFRNERE, %I D InSb & 112XV InAs
ol LTc RN 3.4 pm ~ 6.5 pm OFRIMRA R L, O A= LTkt
TOERGEFENNT S, £z, FOMMRHE ATV TF =R L —IAF N
LTHY, Mz hr—ZI2 L0 EQWICEFREZ —60°CIZRDZ & T, SO
REZOFEBEEZTICL, FTFAKROKELZM ELTWD.

InAs detector InSb detector

Relative sensitivity D(1) %

Wavelength 4 um

Fig. 2-4. Relative sensitivity of the two-color detector.
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2-6 ZHLHIEEIE

ARIREFHIIL InSb R IR ERFZ -2 HWTEB Y, ZHIBIEEE IS ITRPTED
A aBRUEE BT 272D D NN, T AEENMELRD. ZONL T AEFEE L
T OV DOFREMCST Y = v 7 B4 HHR-ONPS) % 2 fHESIZ D7/ W THW TR Y,
3 EBE L X 2 L— X (BRASHEE TAT8129)I2 LV 12V ~MREE, REf S+
TInSbHEF~ANLTND.

RO SR T InAs & InSb (F & HITICEEED 1us EIEFITHLS, ZOMrEE 1
INTHETE DEHIEERIE CH DL EREE L. 2L AR L—F & AW
W OBIETIBUNT, BB 2 & O 7oL G O AR IR 100kHz TH Y, AWF5E
DOIREREIZIBNTH oA AL TWnDH Z L 2R L TV 5.

2-7 FERHRREE
TR RO R 72 2 2 FEHO RN LB T2 W7 7 A S 2 R RS
W, IBRETORIEXNSYOIBEREZITOHE, TNULENOR1-NHEDH A,

[Wmﬂk@[wmﬂﬁﬁmiimﬁéhéﬁmﬁm

A= [ B-eAT) - Epy(AT) - F(A) - Dy (A) dA (2-4)
Ay
= [, B-eAT) Epa(A,T) - F(A) - Do(A) dA (2-5)
ZZ T,

p : Fl A OFRRNTRFT DAL
e(A,T)  RE SRR W) DR SR
Ep,(A,T) D BIANDEER SN D =R LF [W/(m?eum)]
F(1) LT 7 A NDLy SRR

Di(A), Dy(A) : BRI D 43 NI e

A~Ag, Az~Ay @ B IR TR 1 OWE ATRE 70 i R&iPH  [um)]

FEHIFHDKE 2L, 2O~ LB LU~ AN RESBRLRWGE, BLe(A,THIX
WRICEDT —EEHRRTIENTED., Z0LE, EHETHLOHIIHATRD &
R END.
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i J32 Epa(AT)-F(2)-D1(1)dA
42 f/{l: Epp(AT)F(4):D2(A)dA

(2-6)

ZDOEIIZ, T 7 AV AIREFHIAER R O R OZEAZ TN &1
720, REFFOFRHEREITAQ-IC L VEHAET L LN TE D, AFZETHER L8
7 7 A N2 A (InAs/InSOIRE R ORI IR OR O S1E, ROEBY TH 5.

1 BETIZE T 2 BEOEHR = X VXE,,ALTE 777 OXQ-DNHRD 5.

2. T 7 A NDNFEBEF D) E X 2-3 2 HRD %

3.InAs F 1 & InSb FE 1D K RID, (V) £ D,(D)Z K 2-4 12 HRD 5.

4. 1~3 OFEREZENT B DOE, BFR T ORE TREREERICE N THES T 5.

ZAUS K015 S T A AR O BRERFE R AR & L L7z

2-8 EEFHDOHIBIE

InAs FF & InSb RF OO NLH5 MO EIREDFEENZ2EREZHRAES 572
DIZ, 2 BIREFHOBRERRZIT 7. K 2-5 & 2-6 [CIREIES AT A LERIET
T2 BHELZNEIURT. EEIL2 AIRER, X7 7 A, X-Y-Z AT =I5k
Ty ANKNVE, R, BEEEFSEDL L—L, MUYR(T LT v 7 RS, FT-
01X)# L OEVERF (AT 7 —, K X NCF600) & iR T =% (R — & A
ff, DT-51000 R STV 5. IRERIEOFIRL, WOEY Thb.

1 IREREX S5 B EAR AT, YR CEEORE~ 2T 5.

2. MBAL 1= BHEEZ/NRUF N LEY HL72t%, T <IZL—Zih> T FEE5.
3. A Y= FNT 7 A NOREER A ER T HERICH OO EEEY, AR

Aa—=FICRVE=F) T 5.

4. BHOBET I3 OFIEEZMED KL, FEBROLEEREMREEHES.
BERIEMICIX, EBEOXY—2 IV U IMIRCHCS a—7 v REEA > — K
(it 7S 4E, A% . NDCW150308TRX, 22— « > 7 M :PRI53S) &M L7-.
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Optical fiber ' WO-color pyronTeteis

\

\

Monitor: for: E‘l ﬁ

!

thermocouple === [ ' [ Tooscilloscope

ﬁ‘» Flber holder

Fig. 2-5. Temperature calibration system for two-color pyrometer.

Temperature calibration object

10 mm

Fig. 2-6. Carriage for temperature calibration.

RERIERICHE LN DN L, ZOBRONET 7 A NOIRERERERE A > —
FBXOBRHE L OMERGRE ZNEIUR 2-7 £ K 2-8 1273 T. X 2-8 O FEHE R
3, 7 AN Y — PREMOBEEHAZ 1 mm & L7ZGEE0OHMEZRLTEY,
BHEHD TIEA Y — FOIEA 3.18 mm 47, 7 7 A /i & OFEEEAEEN D 728
EEREERARE RS, BHE L—VHOERAZHA L, SHAHE 0 CHH%
TEEIEGE, A — MBI OREHDDNT 7 A SO R E I A i 5 R
X228 8.6 ms £/ 24ms LHEITE, ZHUIX2-7 1B T H2K5FTFOHNE
LEFIEL TS Z ERDhotz. A i — M ORERIERIC InSb FF01H D
R LT, U3 —EREZHERIOEEEMD InSb R ITHHUED
AN Z B2 0, " T RABEELOEPEMIN TN 72O THD. Licio
T, InSb FFOHNEED KB L 7 DKM ZFEHEL LT, InAs FF DM ERE % H
ELT-.
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2-9 |[ZHFHAD O O ITEE L BIEMIREORRZ, K 2-10 IZZ 5 O &L
DL L EMIREOBGRZ R T, HAPOFERL, 2-7 HiTRA7IFEIC I > THEEL
72 2 R EEGT O PEERFEXHEE R ThH 2. [M2-9 B LB 2-10 £ v, PEEGME & FHE
MO TEL —HTHZ & bholc. AFETIE, #—2 IV U TRIZELND 2
EIREF OO NEEE, X 2-10 O#E 2 W T LR SERE~HE L.

Calibration temperature | ~——[ |
w515

Fig. 2-7.  Output signals of two-color pyrometer in temperature calibration.

Temperature
measuring area

Falling direction

4

Insert

4 1 Carriage

Fig. 2-8. Relationship between the temperature measuring area of an optical fiber and the

position of the insert and a carriage in temperature calibration.
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800 T T ||||||| T U IIIIIII

- A InAs(Experimental)
A InSb(Experimental)
—: Theoretical

N

=

=
T

400

(]
=
=

I103 — 1'0Jr

O
=
=t L
=

[B¥]

Calibration temperature Tpgris3s °C

Output voltage V mV

Fig. 2-9. Relationship between output voltage from each infrared detector and calibration

temperature.

o0
o=
=

- @ : Experimental
—: Theoretical

o}
o
=

400

-2
<
<

Calibration temperature Tpris3s °C

0 PRI T SR NN ST SR SR AT ST S NN SR TR SR N S ST S S SN S TR T
0 0.5 1.0 1.5 2.0 2.5 3.0
Output voltage ratio InAs/InSh

Fig. 2-10. Relationship between output voltage ratio InAS/InSb and calibration temperature.
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2-9 W&

i)

RETIE, 7 7 A 2 IR FEFF OB & R
-
R LA TR T

FPEICOW TR L, FEEE
HALma—7 v Rl T EZ W 2 @R EoH IR EE2iT- 7=,
1.

FEBR Gl
ARE TR/~
Y7 7 A AH 2 EIREEFHIZIIED DS ORNEE LT 7 A 2N L R
KTExBZ NG, BERT 2 YHE| T B R O/ NE 2 BERIET 5 Z &R
ETHhD.
2. REFHORMRRHE T L LT, HEE IO InAs &1 & HEER O InSb 3% 1
ZRERE L CHlAGDLED Z L2 L Y, HIEXMNRY OFER R DB % 51T 3712 200
~ 600 °COFFH CEAGEIZIREREEZTDHZ ENARETH D
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935 GIHIRE ORI T IE & ARBMIITIC L DA

EIEEOHETE
3-1 ¥ &

=

HIFE  GIHIFE ORI LB IC K 5 RmiEE OHEE

PN

L
78

TEROFEHIRLI Y 7ML L LT, #—2 X U 7T UIHI TR & BEI 3[Ry
(ZIRIHR L7228 BN LT 5728, YIHMRER D D THMEL 72 % . GIHI ST A —X

&

-

—

MENZ L b ZOMLEORETHY, #— ) U7 RICET 28HY
TRPIEH 2 AR BT 256, BHNICEASDERA RN LR, EEEO

UIHIIRAE & TBET DG AN ZNWEEZLND. TDd, REFFETIZ =& CAD %
ERTAHZETHE— I o THEOBEME

AT 2 UIHMRE 2 fF3 L, PamA 22 B HR
WIERZ LT D52 L& - T, K0FEMZR ORI EOMEIIZER Y AT

BIHIIN TSR LT =%t CAD Zi&M L, Blamr7e29lH Y R & OIFIELS: & DA%

A L7261 & LT, B0 ORI & 5 [52][53][541[55][561[571[58][59][60]. &
HOWEIAR—=NVFERITT T AT FI ML AEEEINTICRBW T, SIEI T EA21%%
07 AR AL OERNA FEIT L0 kR 2 128 LT 2 BERUIER Y TRk A2 =Rt CAD (12X D

BELL, UIHIREE ORRRELZ R L TS, £, IS XL V1G5 2 BIHIFTmFE D

IR OGIRFGUT SIS T2 2 & 2R LT, TEALE) b S UIHIErmAE O H.O %
TORBEZ#H TGO 0H] v 27 1S3 25z EZ L

Z ORHlfE & SEH L
IO 2 D TR L7280HI bv 7 23, FERIC LS =82 2 L 2 FRIITRL

TS, ABFETIXIZN S OHIFERRZICH L, #— 2 I U ZHRFOEIHRY AR D ]
BULEAT o 72D T, RETITRYN Z DN FIEICOWTEHPIT 5.
2ETCHRATZ@Y, 2= Y U 7I2BT 5 LENEORERIEICK LT, ik
DEERELIEMI DY —F 77 7 1 E2ENT 52 LIIRETH DS, 2072,
AW TITIT 7 A A2 EIREF 2 Uiz R OFERIC I Y v 7 ikt L T,
RIBEFHZ A L7722 < OB’ HE S TR Y, FEHITIXEID 3 BEORIE HED
AnbinTing. 1 DBEIE, BEE S hZEIERIR ORI AIE I 7 7 A 303
ATEDL 1 mmBEORZEHT, BIHITEM % Bl S & CTHEBIHIRE O THRET iR

2 NET 5 HETHDH[2][63][64]. Z D IFiEIIHEEIAZ [E & L 7= ke TR E N E
TR, BHIMI NS R R EHIT AT TR, I 51 T2 F SR B 4

ETHIENARETH D, 2 DHIL, FRIMREZFZIET 5 7 L I F(ALO) R LG di & A
20
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B35 GIHIRRE ORI L LASEMENTIC X D fesii O HEE

S AT~ CHEZ 1 mm BRED IV REDIF, TORNKT 7 A _EFHAT
% YRR A o — M v & BiFT A S IR & 72 0, OIS S
RS SN DRIMED—ENA o — MANZZBRT D, ZORIMEEZTHA LTI T 7 A
MKV TH LT, EAMTRKEOUHNREZRET 52 ERAETH D
[65][66][67][68][69]. HifEfhZ A YL ROEEIINT 7 A RXREFATHIZD DN %
HIFDHZLEDRRETHLTD, EHR1mm OT 77 DEEICH T 7 A4 N E@RETE
L899I, RVEEIITA Y — FEEE S OIRA T RENTWAH[70][71]. 3 2H
1%, 2AKRDNET 7 A NERHWTEERRSE ) 7128 - T, il ClEH = L X %)
HILE S 2 AR EFMEET 5 HIETH H[1][72][73). £3, 1 DHORPEFIELF T
O IZHBEROEHIAIZ 1 mm BED R E BT, 1 KEDNT 7 A "% Z DI L #HI
MmImER o I B0 AT 72 in B o/ ML~ L, M & & bichliss ¥ 5. —77, 2
REDOHT 7 A4 N%, 1| RE EHLOLA—B LIZRETHOT 0B % &1 CHEIR b
HOMMUCIEE SH, BEFFCHERSNTWD. 2RKONT 7 A NERERETH 5 7=
OWHIM OEFEIC LY ALY D 2 &id7e <, TR TEKF ) HEH Sh 50k
SR EPEHI & —FEICEER L T D I AREONT 7 A 8T L, BELZ2AAD
K7 7 ANRTHZNTDHZ LT, FERENDONAREZ ATREE LTV D,

TV UTINLTIE, EZ3FEEOWUEFESHOLNTWD. 1 2HRIE, EANINZE
5 1o HOREERIE L & RERIS, SHIM OMIEIZE T 7 A NEFHAT 572D O
RaeblTTHEE, Ul TERTE» GRS SN2 RAMEZET 5 HETH D
[741[751[76][771[78][79][80][81]. X U > Z WI LIFHEHIM 23 E ST WS 728, #EHIFS
IR E BT HZ LN TEIUE, HEHESICERERNENARETH L. 2 2HIE, YW
0 TR D BIRMHIM O E DT, IR EZ ST D LN TERWgE, UIHIL
H 228K D R SRR E 2 W E T 2 7L T 5 [82][83][841[851[86].  ZEHARF D A el
2RO E T CHIE L 7o = m FetE (22 R o4 5 TR i B D 22 k) OFi & ¢
I, GIHISAE OB KD ZUIER BT, 22iARE 0> T B ) SR B T UIHI o iR A
fEZFHMICE D 2 ENREINTWD. 3201, EHICEBITS 2 5B E 3 SHOHIE
FEEHABR DT FIETHH87][88]. A v — FEa&HmET v 2712 1 KHD
W7 7 ANEFANT HIOORBHIT TH Y, WEHERIINT 7 A4 NIXOHI TR &
EHICEEET S, 0, vy 7RSI 2 ABOR T A SBRBEESHhTEY,
AR SIREFH~DOHRABEZFREE LTV D, LI LR D, ARIE FIEIIIRIMR
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B35 GIHIRRE ORI L LASEMENTIC X D fesii O HEE

EHEWT DA Y — MMEICROND Z L0, By T 4 U 7 BEBERO TEH LW &0

OMERN D D.

VI LEORIETEZZET S L, EANZEK T % 3 DA OREERDE D 77 2 W Fik
72 BlE, #—r U BT AUEIF O T ERKFERE ZRIET 5 2 Eid—IS Al Ee
ThHoD. LoLann, WidElcd b 2 0RO AN S LTk &NIERFICK
TN L EZBRETDH L, HHMIZH T 7/MLE OIHIF OOl N 23 @3 2 rTREME IR
<720, EmEEFECUNNEOREZRESTHZ LIXFEERRTHD. £DT
D, ABFRTIEZ —2 1Y 71280 2 O TEZEERR o3 T iR E 2 JE L,

FetE 23925 2 & C, GIHI T A —2 N T HEFIREIC KT TR L2 RE L.

— 5T, HEROIV ML LI LT, ¥—2 U 7 ORI Y EARITIER

ICREL RDGEENEL, 2RORLDE 0 S FRERSNDZ LITRD. ZD
728, FEATHIIE & A U & 5 1242 iAo T H R Seii B & FV CUOIHIEL % O IR EE A L A& 5T
i C& 5 DNTEEMNED. £, UHIRHEZFAMNT 2 BT, ERICRERENED
RO, HETHPEOMBLRLETHD LV D, T, RFETIEA Y
— hDZEWRET N EE R, 1 RILHER OBRE SRR LM< 2 & THER 222 m
FRHL, RUEE L ADEIARLEIT) 2L ChEiREZHEET D TFIEEHRE L.

AR TITY — IV RO TERNEREIZOWTEICHELIT 5 2%, GIHNRE
(TOIEI TR & g HIR O fExHEENIC L 0 810 < FREKRTH 7 r A0/ E LTE
CH6DTHY, 2F 0 ZDOEOUANRIZMD Z LI THELWZ D, Ll
RIRG, Z—r Y T OUHEHANET S 2 LIFEEL <, HH OB EEL
L%, £ IT, AR TIIHASHIASBEEFT O THHIMEFHGEBR Y — e 2
AR L, IRERER & 4 < F COHIGG COHHERIORE 2175 Z & T, #—r 3
U 7o &0 FEMR IR R OB H Y fLATZ.
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%3 E DIHIRHEORHM T 15 L ARBMIRNTIC X 2 fermii B O HEE

3-2 ZRFTECAD 2IEALEF—r IV U TOET ) o F LT L
Z— Y T UIAI LR & AR 3 RIRE I [BIES U722 25 DI LA EIT+ 5 51T
bV, TOWEEZ =Rt CAD IZ XV BFEIZHELT L Z LI THEETH L. £D
729, EEOMTRELE RS A0 E&aifEE LT, LLTOMHT FIEZ v
TH =RV ITHEEOET Y T EiTo 7.

1. #EHIM DlEllisk K OUIHI TH O 23ME1E L7REETUIHI TR 2 1 Fli S,

HHIM & OFWER S 2BV BRS 2 & T1 NN OYEIZ BT 5.
2. UHITHOEHLE X0 235 1 L72REE T, #HIM A2 1 NS0 SRS E 5.
3. BIHI R & eI OIEHRAME 1L L72RRE T, 80 JFm~ 1 HH72 0 3Bl T A
HIRD.

4.1~3 OFINAZEEER Y KT

SF Y, GIHITHE &I A RREC B LS DI TAEITT 5 & 2 A%, RIENTC
MR E—EITT 20D X OIZEID i THE R T

ARFEC LV 2T TR AR 3-1 1R L, ORI b 5 #EEm R0 Ik
2 3-2 [T T. AT HIAM SRR LT T O MBI W T2 O — ORI TIT LY,
I IR D BRI < IR D EFIREE TRV IR LT 72, £, £ — 1D
B A X U, FEARMICOIHIZMG . T X TELE T 21T 72, X322k 5
BEREIE Y JARIE, AT CEFIRRBICE LZERIZ, FIE 1 THRDY RO TV Bl LA
EWEHIM OFWRER IS T 5. ZOREZHBT L2 LA TEEL, 1 YD
B2 UIHI LR &R O UK BB 2 5 IS T T2 Z L S AlRE L 72 5.

Insert

Machined surfaces

Workpiece

Fig. 3-1. Analysis of orthogonal turn-milling process by the 3D-CAD system.
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Undeformed chip
Fig. 3-2.  Undeformed chip geometry of the 3D-CAD analysis.

2 mm 2 mm
(a) Analytical surface (b) Actual surface

Fig. 3-3. Typical surface textures by turn-milling.

X 3-3 |2 =TT CAD IZ X 0 fi#HT L7 T & S0 T & o bl oR9. S0 T
ER B OUIEISE, BIEI T AR AY 2000 min!, BEHIA EI#EEELAS 50 minT TH
D, EHSEEEIX 40 722D, Zo%E, 1 IEEREOUIEIEIZE — L R D72, BRI
IZENWRA0ATEOAITEL 720, XV IZ XD AL DUHPRIIKEERDIEFTTHD.
LU s, FMTEICIEE EXY OUEENEBESND. Ziud TIE#H A5
L7z mlsE &N RO REREIZ DT 0 XL nb 5 Z SIZER LT Y, HIFE O I3EE
T & ZWRIE CAD (2 X BN 2 el L C, Z 0 m & 35S LT 5 [32][61][62].
AMFZETIZEIRI T E DXV Hrnaxt L CHEERAVIC AR S 2 UIHBERE & 5200 Tim o b)
HIR & DAEREZFHIIL, TOERMA~ORSEIZ 0 U CTOIHI TR F 72 1 34H I Rl
DIEZ DT NIENEE L& T, MLEREOGOEALEIT 7. iz, =R
CAD |Z X Z2fEHTHEIZIE, FEMTE LD b ORPBESIND. ZHIE=KIT CAD
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DR L, A v —F D/ —XERLEHN DO EHTIMLLIZEHSA, e LT
D EDRBELTWD., LrL, BEEOUNAOSRERITIFEO NI LI T
L7, FEINLHEIZ Z OFITPARICBE S NNV IR D, 20D, i Lo
OB Z ROV EGDET—RELTRSD &, EINTHE LT DI ENbID.
H— ) T A B T A O RS A PRI R L D b RESHREL T
INTEATH 728, MLRZE—H#ITT 5 & LIEEDRIT ¢, ENTwme %952
ERbOroT.

B 3-4 (2K 3-2 OFm K Z RS BEI TEO®EY F ik LHEmEe =0[°]L EXKL,
BlEE 7 % 1E, EORRFmEaE Lz, £, 4% — Mo ANl Ik &
T LIRD UIHIBIARAE A2 ¢ = ¢ [°], DIHIR TAKE L = ¢, [(1E L, AEDAES
EAp = P — Ps [(1EENFIER LT

Fig. 3-4. Definition of cutting tool revolution angle.
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HHEBEDAEP(Ps < P < PIITIIT DA ¥ — b LBGHYIE Y AR & O E B
BRaB 3-5@)IR L, TOEEDA o — k& U K & D@ E s 2 B 3-5(b) IR
7. X 3-5bICBIT D HFEILIBA Y — T Wi E YR R EDOFHmER L
TV, ThbbMAEYIZHIT L UHINIHMEA mmiZER L TWD. 2 O % ¢
MOHG,ETITHIZ LTI AYGDIZBITHUHMREEOZALZ D Z LN TE, £ O
PRz 3-6 (2”3, BIHINrRRE O Z(ITYIHI AR, AREDESIL 1 NY720 D
HIRERIC EnEnchs L, TENGIRE L BEICERT2ETHD. 1 YD
BT 2 I BIHIT HIFE % Agpe [mm?], BIHIRFH Z ¢, [ms] & T 5 &, EERAUT LY
HHT& 5.

[3e ap)a
Agpe = ¢T (3-1)

_ 60 Ad .
tm = 7" 3507 " 1000 (3-2)

I,

ne : UHI TEOEEE  [min']
B4 3-5(b) D UIFIKrmfE & A Y — FE2 KT 52 L2k, £ o= NIRHDOED
o HOTILEAEITT 2002 HEICHIET 22 L b Th Y, UIHIBS A
PET 5 L CAIRIT FEITIER AR FE LR D.

%7

Cross-sectional
cutting area A

Pe

(a) At an arbitrary angle ¢ (b) Overlap in (a)

Fig. 3-5. Calculation of the undeformed cross-sectional cutting area.
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0 ] . | . ] . | . ] . .
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Cutting tool revolution angle ¢ °

T 15
S - :

L n, =2000 min?
~ - n, =49.9 min'!
g 10__ ap =1.5mm |
< - f =1mm/rev
2 e =6mm
§ D,, =51.5 mm
o 05}
C_U ]
g ]
S | b
(& ]
[¢B]
P : C
7
o
o

Fig. 3-6. Relationship between the cutting tool revolution angle and cross-sectional cutting

area by 3D-CAD.

3-3  GIEIRME DR
3-3-1 FERRIEE

AL TIE DMG #RFEtk N8 o Y @it NC f#ig, NL2000Y/500 Zf#H L7-.
T O ZR 3-7T IR T. ¥ —Lby "IV Ta=y hERVfTAHZ LT,
FHA T EIC KV OIHIN L AZIT S 2 & TE 5. £, IRERERTOEANZ L 572 L
% (Rl — D TAEMIRIC L 0 BT & 2720, BRAIM OIRE D 2370 REE TR A 1T 5 =
EDFRETH D

Fig. 3-7. Appearance of the NC lathe NL2000Y/500.
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3-3-2 YIHITR

AEFFE A L7 UE T OB X 21K 3-8, {IHkaR 3-1 IcZhThord. ¥ —
YU UM EA~OBEHAP I N TWA D, BRFmOBENLA P — D
HEZBT L AR} FIVERELE. £, ¥—2 IV VT ORE
BITE 2R TIT H IS 72 0 BIHIBIS 2 Bk U, D3 07 TRAJERE 02 b R
TELL2IE, IBHOZ RINVEHEH L. Ao — MNMld=—7 v N T A
AL, =2—7 ¢ V7 MEICIL PRIS3S #3E L7z, PRI53S =2—7 ¢ ' 738N

HEHIM £ CHEIAWHEEIM ~E A FTEETH 0, Ko TF ¥ VEERMEAE SO ZEMN L%
BHRLI-METH H[89].
—» 40
: 4;\\'__ __________ !! i O‘
©) ] \ Ll 7l

*ﬂlso‘

<&

110

A 4

&

Fig. 3-8. Schematic illustration of the cutting tool.

Table 3-1 Specification of the cutting tool.

Holder

Model number DMC320H (Kyocera)
Diameter D, mm 20

Number of flute Z 1

Axial rake angle A.R. ° 6

Radial rake angle R.R. ° -2

Insert

Model number NDCW150308TRX (Kyocera)
Material Coated carbide (Coating: PR1535)
Chip-breaker Nothing

Rake angle R.A. ° 0

Nose radius T, mm 0.8

28



%3 E DIHIRHEORHM T 15 L ARBMIRNTIC X 2 fermii B O HEE

3-3-3 HIHIRG A—FDEH
3-3-3-1 LEAF7Ev b
B39 LEA Ty he mm]DEFREL Y. LEA Ty MNIUIHILE & HHIEF
OO LE LTER L, UHI LR EHHIM OREEN—Hd 5 FmaEs Lz, i
S & EBEOUNARENRR— L 72 DRRA LEA 72y breny, mm]ETDE, enax
IR LV EHTE 5.
emax = De/2 — 1, (3-3)
ZIZT,
D, : YHITEOEE [mm]
. AV —FD )/ —XHE [mm]
FERCHEA L2 BE TREOERZ 20 mm, A > —hD/ =X 08 mm ThH
720, emaxlL 92 mm 725, epa LV b REALTHA7EY MZT5 &, BERHEIC
% L CEBOULAZEN NS 72D, BNOHEHIMBE~IN L CERNI LItk s,

P

1
1
[}
1
I
1
I
1
1
................ i im i m = o
1
I
1
I
1
1
I
1
1

End face

Cutting tool

Workpiece

Workpiece
(a) View from the end face of workpiece (b) View from the cutting tool axis

Fig. 3-9. Definition of the tool axis offset e.
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3-3-3-2 1 FY 720 oYM R E
X 3-10 12 1 4720 OPHIMEERAES [ClOEFRE ~T. Z—2 ) 7T
ML THDH70, MLEOWEIMIINAEOMIEL 20, NiIZRRIC LV EH T 5.

N=27 2 (3-4)

)l ERPSE '
n, : YIHICHOE#HEL  [min']
ny - BHIM OEEEE [min]
1 FE 72 0 \CHEIM 3 AR 2 A0, NZAWTRRICE W EITE 5.

360° 360°
g =0 =22 .lw (3-5)
N Z Ng

ODIEN /NS WER, FEANZITWEMBIR~INL TE5 Z &2 5.

N polygon
/

Fig. 3-10. Definition of the workpiece revolution angle per tooth 6.

3-3-3-3 SILgE=®R

B 3-11 (24— ) ORI ZR"d. 2 — ) U TIERDNER T E S Y
YL ARG DRI TETH 5720, (ERONNTEEZ (Material Removal Rate,
PIBEMRR [mmP/min] & RH)OHEHXTIEA+0THD. 1 HHE7=DDED %,
[mm/tooth], #ZHIB 7% Y % f, [mm/tooth], #HIM DJF 5K & % f, [mm/tooth] &
THE, ENENONTA—FFRAUTEIVEHTE 5.
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[ . ]
fo=L-2 (3-6)

Dy My _
fw =77 (3-7)

1T
fz=,/ft2+fw2=;'%-\/f2+n2-DW2 (3-8)
czT,
Z UHITEORNK

n, : UIHI TAOEES  [min]
ny, : BEHIBF OFIEEEL  [min ]
f XV &E [mm/rev]
D, : BEHIM OEEE  [mm)]
RO IV U TINLIZEIT DMRR~KGB-) AT DL, ¥—2 IV 7IZBIT5
MRRIZIAUIZ L W EHTX 5.
MRR = (f,"n,"Z) a," f

=ap.f.nw.\/f2+n-2.DW2 (3-9)

I T,
a, :YhiAZ [mm]
A7 TIERG-9IC L WMRREHH LT-.

Fig. 3-11. Schematic illustration of orthogonal turn-milling process.
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3-3-4  GIHIGH

fRIFEH SA5C 1Tk L TH — IV 7 & F i LIBROUIHI 4K 3-2 1IT7R7. H)
HDTHE—= IV RO TRERNEREZNEST DI2E720, o —F~0gy < F
OB L\NEERS 2 0152 HAU T, #EHIBMICIZIRFES S45C 2 L7z, X ToFEBR
IZBWTHHIAZIF 0.75mm & L, VKRBT L A2To7. =2 I 272k
LTI 2, BEHEHNC XV R—0FISEt T 7. £ 3-3 IChEHIStE 2R T

Table 3-2  Cutting conditions for ISO C45 in orthogonal turn-milling.

Workpiece ISO C45 (JIS S45C)

Diameter D,, mm 42.0 - 69.0

Tool revolution speed n, min’! 2000, 2500, 3000, 3500
Tool cutting speed v, m/min 126, 157, 188, 220
Workpiece revolution speed n, min! 8,10, 12, 14, 15, 20, 25, 30, 40
Depth of cut a, mm 0.75

Feed f mm/rev 2,3,4,5

Tool axis offset e mm 0,3,6,9.2

Cutting distance L mm 8,9,20

Workpiece revolution angle per tooth 0 ° 1.44-7.2

Temperature measurement angle ) © 90, 135, 180, 225, 270
Cutting fluid Dry

Table 3-3  Cutting conditions for ISO C45 in turning.

Cutting speed v,  m/min 250
Depth of cut ap mm 0.15
Feed f  mm/rev 0.1

Cutting fluid Dry
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3-3-5 T RAEREORESE
3-3-5-1 FEEAE

AHFZE CHESE U7 T Bk P HEFE & O ERAES K 2 X 3-12 1oRT. U=
=y h~vw TRy NAZ U REHWT 2 AiREHE XY-Z AT =V LTHT 7
ANKRNVELZROAT, 2= IV RIS, oY — N EET 7 A SONLERIRDZE
LI oIz Lz, & 3-13 ICRERERO A v — b &7 7 A N OALiE R %
Y. A= D) = XERPOERF SND R EZ A TEL LI, K77 A
SNOFDE A Y — NERN & OFBETR 0.5 mm & L, Y7 7 A SBEIN I AHE
IRV ES KO X-Y-Z AT =V E AW CRE Lo, & 3-14 (2572 21 0 E A
FEIZ I 1T 2 RIS X 2 7~ 9. ARAFFEIZ I\ COIH L B mfis 4 R & IR E A L &
HICUHI TR DR Fma kgL LTnbs7ed, AUy AL -mke LTEM L.
HF—=r I TIZRBT DA Y — ORI AT D & X2, e 7 A Fmr
B O R E 71T~ Ry NAZ V RERO T A EEZETTH LT, Hix
2R A SIS D IREEIE & St L CREAM L 7z

Milling unit

Magnet stand

Workpiece
\

Fiber holder
X-Y-Z stage
Optical fiber

Two-color pyrometer

Fig. 3-12. Schematic illustration of the experimental setup.
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Insert

Stainless steel pipe
(Protect from chips)

Fig. 3-13. Relationship between the insert and an optical fiber.

Milling unit

Milling unit

(a) ¢ = 180° (b) ¢ =270°

Fig. 3-14. Schematic illustration of the different temperature measurement angle.
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3-3-5-2 2 AIREFOHAEE L BB

2= Y 7O TLERTEIREZRERICHOND 2 ARER L ONEE &
I T TN ORI NE AR 3-15 ([T, MEEY Yy 7 7 v I >
Ja=y h~EEEL, UHIOREE A A a—F 2LV E=2 1) v 7T 57Dk
M L7, REEEBASREOEIEISE2 6, MTREMT [sIiFR=c L v B HTE 5.

MT =260 (3-10)
ny'f

(
(f

L : UIHIEERE  [mm]

n, : BEHIM OEEEE  [min ]

f XV E [mm/rev]
NB-10)L D, MTIZ9s EHEITE, MEEY Y77 v 7OHNNEINLIGRD THD
2 BIREERO MR T LEaO 5 £ TORM L IEFIC K< —F Lz, TR  H
THETED TG BTV D D, BIEI LR 2 HIR 72 533 T B b BIH M Thh 5720 T
H5H.

3-16 ([ 3-15 OFEE) 2K L4 ~7. DA Zt, [ms]& T2
tIERRIC L VA TE S,

1
tp = 7601000 (3-11)

I,

Z YRl TEONK

ne : YIHI CEOEEE  [min]
AG-1D)E D, 1T 30ms LHEHTE, 2 AREFNSHNREONDJEH & FERIT—
B L7z, @kt d 5 5 >0 InAs & InSb D EEV e [MV]E Vs, [mV]ZHIE LT
BIEOERD, X 2-10 OWIEHRE AW TEE~NE L. 20 5 DOEEE
YU %, F2hE L2 OIRISc i) 5 T HIKIT R & Uiz, EEREICHEHAT S
5OOWINE, ML TERIO M I123% 58 LT D 5E80 HI#E L7z,
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Fig. 3-15. Typical output signals from two-color pyrometer and acceleration pick-up.

1

ne =2000 min~', n, =20 min}, a, =0.75mm, f =3 mm/rev, ¢ =0mm, L =9 mm.

Fig. 3-16. Output signals from two-color pyrometer in fig. 3-15 (E).
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3-3-6 HIHIEGIORIEFIE

ABFFETIIEICZ —2> 2V > V0 THEKIFHERE 2 £/ L, TEFSIRE OB
IS BRI ORI 0 $BA 7S, Lo L2edd i, T HFSeiE B oI T 8. & s
OFIFHEBIC &> THEUDIEFUCZ W BRRAEL, TOMBL LTELLBSR LS.
D72, EEICE QYN A NE L, ZRot CAD OETREE & O 7= BT
TEAGREZIREST S Z L NEETHS.

—J5C, MLEHEIE] T E L gl R FRE R 5 2 — 2 2 ) > 7 o gl &
BETH L L, HHORBIEILEL 725 2 DRFEREN T T AR - T,
F 2T, AR TR A I A AR B ERT O THEIPERHli R — & 2 ) 2RI L,
LI & R — O BB TR A EST 2 2 LT, =2 IV DL
72 SRR DRI R D MR AT

3-3-6-1 FEBREE

DIHHEHTOME AT L 72 DMG ZRFEFERA S Mo 5 i g~ =7k v
%, NMV5000DCG DFMEL & #2220 X 3-17 & X 3-18 12/~ 97[90]. K~
=27 U ZITOIEI TR O X-Y-Z $2NZ T, #HIBREHANC B i & C sl 5
SNTEDL, 3-18 ® B #li% 90 FEREA L7 RAEC CHh A S H 25 Z £ IC L - T,
Z—= IV T HITOZENARETHS.

L 3 |

|

Fig. 3-17. Appearance of the 5-axis machining center NMV5000 DCG [90].
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Fig. 3-18.  Structure of the 5-axis machining center NMV5000 DCG [90].

Fig. 3-19. Appearance of the 4-component rotary dynamometer 9170A [91].

Z—2 U T RROURESZ IE T DB L BAT R 7 — Rt/ o 4
iy EIERTCED ) FE, 9170A DAMELA K 3-19 (2~ T7[91]. ARE) ) EHIKGEBER1EHH
SNTEY, GHITE & THEEA ORI A~ 11 5 Z L&D, INTRHIZEIHI T A~
TEMT 23505 D12 HNT L7 ZJET D2 ERARETHS.
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3-3-6-2 EBRFGIE

X 3-20 (2% —2 3 U REOUHIRFLORER R Z RS, T — 7 MZED FiF 7=
BeHIM & B OBER~IN L, B #ia 90°REE S H7REECREFT 2. ZofkiETY)
HITHE g 2 FliR S S 2s 6k 0 & 5- 2, INLRHIZA U 2 DIHIEST 2 [FEECE) /)
HTHEL, Fy—Y7 7 EMNLT/ — Y ar Ttk Lz, BlEEXE R on
— X5y & AT — FZEIIEEM TIEROBEET O, a— KR tinky,
ERE D CHEE N AL D L Vo A AL S 2 &<, UHIEHIOREEZITS Z &
MAEETH H. & 3-21 12 5 @ THEIZ I DHERI O F 2”9, TeRlZuIA| TE 4
WA SAEEL, T NEZEORE~NE L THERSEL 2 ETITH) ZENRTED.
[Fl— DO CHERIRB L ONVY —2 R Y v 7 % HhiT 2 Z LN TE D720, #EIM O
DIRVIREE TUIHIEPLARET 2 Z EWWEETH D, 1272 L, mREHIB EIEE O
BR B, TEAGREREREOFENI&IE L IHHEE 2 b5 2 ENTE RN,
EVHIRT TR E R X5 72 2 SR TR A A1 B 7. R 34 IThEHISRIF 2 T

Workpiece

Fig. 3-20. Experimental setup for measuring cutting forces in orthogonal turn-milling.
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Fig. 3-21. Experimental setup for turning in the 5-axis machining center.

Table 3-4 Turning conditions for measuring cutting forces of ISO C45.

Cutting speed v,  m/min 50
Depth of cut ap mm 0.1
Feed f  mm/rev 0.1
Cutting fluid Dry

Fig. 3-22. Directions of the cutting force.
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A Y — MTHT D UIHERHIOS T M 2K 3-22 (-7, A P — M < WEISK
L CRBBLEAKFESMAEZE [N], BEM%FE, [N], B TREOE ) mAF, [NJ& L.
[FIEAE) ) RO FHABERE 1 2 — 2 NITAFEET 2720, HIERFDFE, & F,DO 5 iEA 4
— hE EBITHREEET 52 L1270, DFE D A o — MK L THEIZHE CHMICHE
T NZ2METLHZENRETHD.

3-3-6-3 HAWEELBAEFE

Z— 2 7 OYIRHRHURAERFIZAG B AL o A2 EEZ K 3-23 12T
R TEBAFREOEIHI S HE(3-10) & D N LRFEMTIX 18s & AR TE, A UIHIHRT
PSHEIN U AR D 2 IE ] 0~ & e RETEIHREFLAN A LoD 2 RFH & FEFIC L —&+ 5 2
EMRDI ol LK T b S UHIRTAG STV 2 DlE, BIEITEZHHIM )6
ERTEELUHIN T D720 Th 5.

1 AY 7=V 2B 25 UIHHE & DI A O 2k 2 X 3-24 1R T. BB X OE I
GIHIE T A b —ERERHEB L TV 5 2 L3 b, ZOEEEKITM 670 Hz Th
D ERNDo T ARECHEA L REERE AR o BA R, T—4%v—hE
KI2kHz L7e>TRY, WERENSERD ZELH OV ENLTOME 2D Z &b
STz — 5T, INLERO FEARYIEE R EITNG-1)OH 5 58 30Hz E R TE, 4]
HID BRI KIEE TOMEIZHDITATA TN D LWVWR D, FBEIUE TIEZ DR
N L0 GIHI O TRER 2SR T E 7202, & 9 W o T2 BIRMN AL LRV,
DORFH 2 HKHE L LT, =%t CAD IZ X 2 UIHIBrmfE D2 b 2 [ L7-. X 3-24 L0,
CIHIEr RS & F, 38 K OF, O K <SHHET 5 2 & nbnolz. 1221, FDHER
DA & 70 % BK 2 AMFFE TITRFE TE R olelcd, ZORITAEHRORETH 5.
T84 71 D e RAE % e KOS E e [N], “EIIME 2 I UIEIEHF,,. [N]& E 5%
L, EOZEBHIGE JOWE TR &2 2t , tp, [ms]& T 5 &, FHUHEHRGUIT
RAUZLVREETED.

[ tt;” F(t)dt

I (3-12)

tF e~ tFy s
Epax B XL OE T ENZ U L TIEATOMENZZE L TV D REEIC BV T, 10 73L&
DENE LT AEZH L.

Fave
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Fig. 3-23. Typical output signals from the rotary dynamometer.
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Fig. 3-24. Relationship between typical output signals of each cutting force and cross-sectional

cutting area by 3D-CAD per tooth.

3-3-6-4 HUHISM & ELEIRIESTIO BEGR
=Rt CAD OfFMTIC X 2 BIHIrERE D2 I, A ¥ — M < WISk L CHEE
AEH T DE MG OB b EERL TS Z &b, £ 2T, HUIHIESZ K
[Nmm?’]& 3% &, FIIRkAUCLVREIHTE 2.

F,=k-A (3-13)
EEDOUIHISAZ T 2 ELOIHIIRUE, X 3-24 DX HITE, CADZEbzRMI L, 14
DFIRY & I KB F T OHPH Tl ZRIEIC L o TR 2. K 3-25 (ZAHAFSE T FE i
L 7= SIS 31T 2 BN EI M fE & FE O O BAMR 27k 3. S48 M W i A
OHINE &bz, FEIEEKPIIED 25 2 b Tz. 2RO R o8
AN &0 GIHREEEHEM L, #RAIM 2381632 Z L ITER L TW5 & &2 b H[92].
SR UIHIWT E AR & EOIHIRBLORICIE, BB XL FOBMR KA L.

k =3010 — 1530 A,y (3-14)
—¥Jt CAD (T & 0 FHUIHIWrmAE 2 R UL, X(3-13) & 3-14) DR & R
S45C #— X U VWEDE, I e FRiCE T 5 Z LA ARETH H. Ll
WD, TOMOBHIMITK L TRG-1HBHALT D LIRS R0, ZO/RIFS 5
ORI THS.
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O: n; =2000 min-, n,, =20 min-, f =3 mm/rev
e=0,3,6,92mm,L=9mm, D, =65.0mm

A: n, = 2000, 2500, 3000, 3500 min-!
n,, =8, 10, 12, 14 min, n,/n,, = 250
f =5mm/rev, e =6 mm, L =9 mm, D,, =56.2 mm

L 4000 1 O: n, = 2500 mint, n,, = 10, 15, 20, 25 min-.

= | f=3mm/rev,e =6 mm, L =9 mm, D,, =56.9 mm |
> | O nye = 2500 mint, n, =15 min, £ =2, 3,4, 5 mm/rev ||
o [ e=6mm,L=9mm, D, =56.8mm

% 3000 . .
bt i &

= &

> < ) o

- i o O o3 1
= 2000+ .
(&) | ]
9 i

= Workpiece: 1ISO C45, a,, = 0.75 mm, Dry

2

v 1000

0 0.1 02 03 04 05 06 07
Average cross-sectional cutting area A, mMm?

Fig. 3-25. Relationship between average cross-sectional cutting area and specific cutting

force in each cutting condition.

3-3-7 BEED A T2 X HUHMREBO R

AL TIE=RIL CAD IZ L 54— 2 U U 7 ORPMRIZINZ T, EEOUIHMREE
EREEEN A TRt TF v 7 4 A—2F 7 ) v ¥— MEMRECAM QIv)IZ XV #%
U, UIHIBLROFEM 2R iR MG R & DR PEA R L7z,

EEE D A T EAWEEAICB T4 — 02 ) U7 OEBEEX AR 3-26 12, E
BroOFERE AR 3-27 IZENEhRT. UIHILEORKRY FFrllxt LTA > h— k3
180°[H1Hi L 72 B0 < Wi &2 TEE S M2 BiRE T 272012, 2 >DOIFR2 MV TEdR
FET A T ZWHIMNCHRT L C EFICRRE Lic. BT D A 7 O & &b CRERE
bEMTDHZ LK, WADOT—#E2WET D2 LTV FHEMRUIANRRE DT 2
ReE L7z, F7z, UIHITE L HHIMAICLEEZ 2 SHWS Z & T, ROl s
Z R L7z,
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Connector with PC
High-speed camera

Two-color pyrometer

Workpiece ¥ Optical fiber

Fiber holder

Fig. 3-27. Experimental setup for photographing by high-speed camera.
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3-4 %ﬁﬁ@%y#~%®%%%%

AR OB Y, 22— IV 728V CUIEIT E 72 (XU HIE% O LB R el B 4 I E
THZ IO THEETH D, ZD7, AMFIETITUIAI L E2ZHARF O 8T HiRE %
KT 7 A ASE D EIREFHC LV HE L, TG ERM L. L Lens, 4
— 2V 7 OUENREIZEET 2 EATHIE 22V IRRE T, 2585IF o0 TR RSl IZ &K
S THIHIBRREZMRFT D ENTE00, AT Z EIEARAETHD. £72, 1)
HIRHE 2 RT3 5 £ C, EERICHREIREN EOREZROD, HEET D FIEOMRE LY
WThHEWRDH, £IT, KFETIEA Y —FOERET VEE X, 1 IRTLIEE
HOMMAEHRALMES Z 22Xy, HamRZnX e R Lz, o= e EZil
WEDEDOEIALZAITH T & T, miREEZHEET D FELHE LD T, KTl
ZDZEHET IV EFREICOWTHAT 5.

3-4-1 A ¥ — FNEHET NV

H—r ) IR W T L EMNIFYIENC X AN L 228512 L 5 Z2m i v i S
L, Lo E & BICREIREITHEML TN Z &2, UL, Kl
(IREE SN Uit DR TldZe <, BERRUIIR O JRARASE HARABICE L7221, AR
(IR EE YA 7 NV Z#R D IRTEDEERZbND. ZOHREITBIT 5 LA
HNEDEMREEE X D L &I, NEOBIIEIZ 4 DOBETHEA L TV ZERFE
oD,

1. A P — < Wil B2 58 AKE [~ D BYRE.

2. A — bW RICBIT 5 U N E S [~ DO ERE.

3. A v — FEATH~DOERL.

4. A Y — FRED O OXFREGE

LIZBL T, Ml SRR RIVE AW ERID LRI W T, A~
Y— NI H OIREG Z FHACHIE L TR0,/ — R & il A A o 5
BN THOTNICRENREL 2D I 2R LTNAH[74]. LovL, ZTOREEIT
KR TH30CRETH Y, IREARDOBAEND 1 ODRBIININEDLEEZLND.
2L T, UIHIRE O F il EA o — b3 < Wil B RS54 LIEIOE 7 T
FHAS LD 2 & DB BTV H[93][94][951[96]. AL & B g & DR 22T UIHI Sk
TR LY B2 5720 —UTITWV R 20, 3 < Wil LI N2 b FEE ST [ O E 4
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BRI E RS B2 HN51-0, 2 ORBLFEMBIIZEL20NL D ELE
oD, UEOZ L E2EBETDHE, 34— NEAFH~OBMREL LN 4.1
Yr— FRE DD OXRBMBIED 2 DO L - T, RO T EITHAIS
TV EBZDHZENTES.

ZIZT, AR TIIR 328 DL ) oA Y — FERET N EZEZD. T WHEIE
FHx =0[m]& L, UIHIERZIZA o — FREIZERIEIZR S TND EEZLNHTD
JEAH TN U CHEBABREEARZ AL TS EEXSH. L, 1 YD
OUHIRFITFERFRI Ch 5700, BEEOALNEIRIZR D EEZX B, 41— ME
HWNTERIZNR T HEEZ DL ENTE D, FFHNEIIRER T 525, FEERICUIHIE
B DA o — NER I OWE A & A LTRSS, BEANTERICIORT 2 Z &%
e L7z, £ LT, ZEmifoEme & i, SIniiEA v — NELN~OEYRE
ERMMMODEYRFEIZ LV EBHEIND T LITRD. AR TIIZOZERET VIZED
fEMT 2D TV, A U — FOMMHEAERS I ONREZIZ IO T—ETH DL LK
EL, =EQ0 OB HEZMM L.

T, Insert: p¢, ¢t Ap

Cooling|[% Thermal conduction

Temperature T

_x
h- AT S (Ts=Tw) e T+T,
TOO ____________ Jialel T S
05 >

Thickness direction x
Fig. 3-28. Cooling model of the insert.
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3-4-2 ZBEREFIZBIT AU FHDOEHE]
I AN OIEIZ 8T L CZEm i Blia T 2 &2t = 0 [s]& 35 &, 3-28 (2”9
A W — NEZRNOIBELGAAT (x, t Ik LT, RO 37-5[97][98][99][100].

oT _  9°T
B_tc =a 2 (3-15)

+ Initial condition

T(x,0) = (T, —Tyw) e 1"+ Ty (3-16)

* Boundary condition

h- (T, —T) =—2; Z—Z o (3-17)

ZIT,

T o #HEE  [K]

te : ZEWWERD [s]

x A= RENODESL  [m]

a cBPEECR [m¥s] a=2./(p: ct)

Ty, : GIHIE®Z DA P — FEREEE  [K]

T @ EiE [K]

n o PIRREE A A RET HEE [m]

h o BMRiER [W/(m?K)]

Ao P BMEEAER [W/(mK)]
pe B [keg/m’]
¢ HEC [Ji(kgK)]
KGB-15) Dl % EHt, T7 77 AEMT 5 &

2T

s
0x? a

QD

T=-= {(Ts —T,) - exp (— %) + Too} (3-18)

RG- 18D F R EE XD L, ZO—iflIx > 0o TERLERD NS, GGETE
b e N s

T=C;-exp (—\/g - x) (3-19)
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70, CGLCEERE LTRBEEZUTOX S IZES.
= x
T =C, exp (— ;) + Cs (3-20)

K(3-20)% K (3-18) ~MUA L TR IC L v C, L Cs ok D &, #IEMS Jifeo—
Wefiix, wiBh RO —if & Rk DR &L 72D Z LD

T =Cs;exp (—\/é - x) - TS___T? - exp (— %) +% (3-21)

172

wiz, RG-1OEHZEHt, T 77 AL L, RGE2D)D KRz R 5 &,

=G ity

STh2 a At

+ 5T exp (— %) +5 (3-22)

RGB-2)2WT7 T T AEMTDHE, 4oV — NELRNORESAT(x, t )2 RDDHZ L
N T X 5H[101].

a-t
T(x,t.) — To <h+1) exp( nzc) 1 ( x) ; ( x a-tc)
- S = = . . rex ——|-erfc —
2 Aﬁ P\ et 7
t

Ts_Too /1t n l
7
1 X X Jate
tw1exp (;) erfc (2 ,_a.t+—17 )}
At M
£ 2
M, L h_) (x L )
W1 exp(/lt x+/_lt2 a-t.)-erfc 27-t+)1t a-t,
12 m?
+exp (— g) - exp (O;ZC) (3-23)

I,
erfe(x) = = [ exp(—¢?)d¢
=1—-erf(x)
=1-% [, exp(~§2)dg
erfQOIIH T ADBRERETH 5. KAWL TIINLIERE 2 B m M5 H/EL TV D
2, A = EEK = 0OZERREIRAUCIVEHTE 5.
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h 1
T(,t,) — Ty -t h 1 -t 1, n Ja-t
L:exp(a zc)_<_+_>- exp(a ZC). 2/1t _ zn .erf< C)
7; —Te n )lt n n .Zl__ — _1_ .Zl__ — _1_ n
Atz nZ /1t2 nZ
h 2
A_t h h . -
— h—zz—% exp( 2 ac t) {1 —erf (A_t Ja tc)}] (3-24)
A5 M

Uboz &b, K@% WD Z LTIt AR 5 T H AL ORE L
EHAHZENARETHD. RG240 ZHAE T H7-0ITIEA v — N OWMHEN LI L
250, BMRHCRa, B, BIEp IFEBRTHEM LA o — b2 HWTEAIL, B
REFEALIA, = app e DRSO HEH LU THEH L. £, BVrERMI EHLO
e R 22 L, h=100 [W/(m? K)| D% H L7-[97]. EEEIZh =10~200
[W/(m?-K)|D#IPH CHAEEZIT o720, UBRORRICEEL B2\ L 2R L.

K@29) DAL E LT, BAANCUIE TEBERE S A > — N DO 2SR % 5
H L, BARRZRMEZ RN L COHIES DS 02 m i 2 i< . 2oL xic, Yl
DA Y — NREREET, & IR 40 2 R E T 2 B En I MEEOEEZRAT I X
VY. RIS EE IR & F2) U 72 BR D 225 518 2 =Ykt CAD (Z & 2 ST i S & F

THEL, ZoRMICBIT2XE2)DEEZFE T 5. Kkic, BamZeam i & EHHE
IZR L CTy bna B8l Ui/ h R iEZEH L, o7 0 v 7 0 72179
T E0EBELNDt, = 0DIREEDS, BIHIEZ DA o — MREEEOHEEM & 72 5.

3-4-3 A Y — MpHEORIE
3-4-3-1 PHLHsR

BILBCEROWEZ, TNy 78T @7 R 28T sRllatido TC-9000H
ERNTL—HFT7 T v 2Bl L 0iTo72. B 329 ICV—H 7 T v ¥ = EOMIKX
g, Tx7x2 mm?® OFUEHE JIEREE AT A, BB R & —FR 7R = R L 5y
H%EETHNIATTZAL—=FOr OV 2NERFT L. L—¥hiTEBEE TR s
WA EA L, BVAEIC X0 ROdm e 5. SOt O EEZ IR L FH
KV THE SN TRY, RERED 12 123#ET 5 E TICE LR, [s|ER
BHEEd [m]2r 5, BEHCRalZRAUZ L0 FHETE 5[102].

dZ
@ =0.1388 x (3-25)

ti/2
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Specimen
7X7X2mm?d

0

Infrared thermometer

Thermocouple

Fig. 3-29. Schematic illustration of laser flash method.

1 mm 1 mm

(a) Front side (b) Reverse side

Fig. 3-30. Specimen for measuring thermal diffusivity.

BYEBCROBE A L2k 2 B 3-30 (RT. EBRTHM LA v — bbb
B0 L KRE S OBMR E, BBHE 7x3.5x2mm’ % 2 SEE LI2IREETHEA L=, &
BER T L — P ORIR OIS L OEHE 2 EREOE~ZET S HHT, BHA
i TEAREARDO KT A « 7774 N T 4NV AAT L—2 A LT,

X 3-31 ICBEECRORERE R 287, 20 )ClTBT DA ¥ — b OBEECRIT, 24
mm?/s THDHI ERbhoTz. LR n, L—%7T7 v oz H0HEEOIA
725 LT, RERNHWETHL Z ENETOND. ZORICBWTARORENT
20 LT L TWS 720, EMZRIIER R TH L LTV vy, X(3-24)%
O TEIEIE S O mRE 2T T 2880 TE, FORBETHLE VRS,
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at 20 °C |

a mm?2/s
(¥
=
e
|

Thermal diffusivity
=)

Coated insert
(PR1535)

Fig. 3-31. Measurement result of thermal diffusivity.

3-4-3-2  HhE

LEEAO R E 1L, NETZSCH #1840 DSC 3500 Sirius % 1 T H T DSC(Differential
Scanning Calorimetry)i%iZ & ¥ 17 7=. [X 3-32 (22K 8 DSC ORI X % 75 37[103].
b — & B LA R O FITEEAER BN 7 7 A 7)) LHIEREL 2 AR, T O
F—DEEE LD LIt —=FEHVTED S, 20 & EHREBORBITRL D
7o, E—F THIDBEIGEVNAEL, ZOZLZRAEFITLVRET S, HER
B X OMFEHERURE~ I 2 ALY 72 OBE 2 2N E g, ¢s [Is]1ET DL, K
XTI VEHTES.

. daT
qe = Mg " Ce - (3-26)
. dT
s = Mg " Cg E (3-27)

m, : AEREIOERE  [keg]

ce : PIEREIOLE  [J/(kg K)]

mg 77 AT OEE  [ke]

cs VT ATOREN [J(kg K)]
BB OMRMEZEITF — L 22 LD IZHE L TWaH 2o, K(3-26) & (3-27)DREEN G
HEEL D B (TR UT LV EFR TE 5.

=M, 4,

= (3-28)
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B OWPE I L7232 R 3-33 12, TOREMEER 3-34 1277, #BHIIX
EBRCTHH L2 —T v Nl A > — b O 26 Lz, BV IS X 0 EH
LTV, RIFETIHREICLIOT —ETHDLEREL TNDH0H, =i
(20 °ONZ VT DA 254 T/(kg - K) 2 H L 7-.

Standard specimen (Sapphire) Specimen
\ /

Heater

N

/\ /\

Thermocouple

Fig. 3-32.  Schematic illustration of DSC method.

1 mm

Fig. 3-33.  Specimen for measuring specific heat (40 mg).

300 —— —

280 .

260

254 J/(kg-K) at 20 °C
240

220

Specific heat ¢; J/(kg+K)

0 20 40 60 80 100
Temperature T °C

200

Fig. 3-34. Measurement result of specific heat.
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3-4-3-3 HBE

BEOWEZ, BILBEROWPEDT-OIZ8 Y H LB A OEE L 3 100K S &l
LT, BEROWEIHER Lo KB ERIOMEICHERA Lo~ A 7 12—
B EZENTEUR 3-35 LK 3-36 (/R T[104][105]. 38T KON AN IR A AL B i B A
R AUX220 2 L, ARZEEICHHE STV 2 NI & 2 i T skae 2
THIE L7z, ARIEEIC L D80 IR UAERRZZL 0.1 mg BREE LIEHIT/hE <, @iEE
WERBEOWENARETH DH. ~ A 7 v A= IS4 Y b 3o CPM15-25MX
ZHEHAL, FHOFOMIETIUORBIEIZZNZERIE L.

B 3-37 (2 E ORIER R E2 77, BIEIFE 0 H UK 7x3.5%x2 mm® @ 6 2D DO#ER
FIZX LT T2 72, BHLIEEEDIX S DX ITRKT30kgm® L/hS <, 700
THEMTATWVD EWNWZ D, BEOEE LT, 6 DORIERMFZ L L7 14200
kg/m3 2l L7z,

Fig. 3-35. Analytical balance for measuring mass [104].

Fig. 3-36. Micrometer for measuring length [105].
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15000
Number of specimen: 6
Measuring geometry: 7 X 3.5 X 2 mm?
‘& 14500 s
Es
Y4
< 14000} §
2
%)
S
A 13500} s
ol
1 2 3 4 5 6
Specimen number
Fig. 3-37. Measurement result of density.
3-5 /& B

AREETIE, ZKIT CAD Z2{FH L7z4 —> 2 U v 7B UKD AT L ik L,
HERUIE 0 AR ORHNT HIEIC W T Lz, £/, ¥ —r 2 U 72k D UIHIEE
PEDFA 7 1EARBVIENT I & 2 YIHIIE AL D e il B2 OHEE T HEIC DWW TR L, H#EE
\ZWEL2 A Y — NPEEORNE HEB LR RZ TN EIR Lo, AR TR
piR> S N e

1. =Wt CAD \[Z L AT & EMTEmiE L < l, ¥ —r U v VRO
B IREFRT 52 LT, 1 470 OYIEI AR OEALCHIEIRER 72 & 2 fZ4T
THZENARETHD.

2. X=XV 7RI D ZEREFO T BRI mii g 20 E 3 2 HEEEE L. N

THHZ 2 BIREH LT 7 A NRE IV vV a=my e —flc@mhmndTZ icky,
HWAZE U A v — MR AN EORERE Z fie & L7z,
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3. ZBHERFICRBIT DA v — FDOEBETNVERL, | IRTCIHEEFHBGE R E A
V= NEL I OWIERE S A BE L T Z 2ok v, HigasA o —
REIE D AP 5= W N D el

4. 4 Y — MINAH ORI R ZEZN XA FHET D7D ERBILHEL L —V
77wy alh, WEEBRA DSC &, BEAZERLERESOWEIZLY ThE
FUsReD, 20 °CIZEIT D HERRITENZEI 24 mm?/s, 254 J/(kg+K), 14200 kg/m®
Thol.
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FAE BUHINT A =2 PUIHIREC R

B
A

2

=]

FAE FUHIRT A —Z BUIHIRHEIC RIS TRE
4-1 %

S =XV TIFYRINT A= ZRLWINTIETH D L WA D05, AUFFETITHRFIZ
THEHAT7 Y b EMTRERICEBRT HUIHI T A —Z T OWTEEANCHAE LT,
THEAZEY MZELTL, #F—2 IV T OUHIREICER 2 725 B % RT3 Z &

MHESNTWD., NS, Z—r XU 7 TIERRED BOIHIEMAC L0 &L,
BIHI TR O£

THEAZ7EY N, A —bOREFRUNNEIICEVIESN
5311, LEAZ7tEy MEHX7R0WGAE

RRIE D ITA P — b ORETT RN
&Y, A7y FEREILTNITE, BEREVIIHML TN Z &Itk 5.

wIz, L EFmErEROBEN S, TEA 7y MIGXATNREWVWEEZ NS,
H— Y TR OBEIM T R oM BT S &

A LI EATIRSE G, K&
HA 7%y hOFRBEHRMEETEHMEIZ2H52 N TEIEHRESRLTVD
[22][24]. L22L, UAN=HfIA = F2HWL5EE, I TEF 7y Mo b
RIRWI D RIFRFER L7205 Z L IITFEENRLETH L. £, TEF 7By MK
TWVMIE, @mIEVIC X o BT mEEIROELZIHIT 5 2 & 3 ATRE T o S [22][23][24]
TEA 7%y & TEHEMEDOEGRE

WE L ITETIE, A7y FEEXR
WA LI LT, 52758 CIT LEFEMMPERRKTH 2.5 8N4 5 2 & amss

KUKV EHTE D L @A ST 5[18][22][24][28].

STV H[22][24][27][28]. SEATHFFEICI W THRIE R TEA 7% v begy [mm]iE, &
€opt = Ry —Ly

(4-1)
ZZT,
R, : UHILEOEE  [mm]
Ly

A — FOFEFAUINAMNES  [mm]
THFMPEMT 2K & LT, iz LEA 7 &y M CIRiidl LA & #HIE o BIH|
BEINERERY, YHISHBIES ABINHTHOTHhHEBZEx b TS, Ll

TR D, ARWFZECHEA L7ZWIE T RIS L CR@-D a2 @I 5 & 0475 mm EHEHT

&, TEAT7Ey M52 RWEE EIEFITHVIREEE 0D, 202D, X(4-1)Di
WAZEH CTERWEERGFIETHEEX O, ZIVUXITENEREOB NG ¥ —
V2 U 7 OIS

P ST RN 2 &R0, EHELRUIHDIRIE 2 SR I BT 5
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TODFEPELEIN TRV EREELTWDL EEX LN,

F7o, IMLREE L OHNRE I IERERBER SV, SieR b UANRE O KiE 78
MEBIERZFTZEIChD. 20D, 42— IV 7 Tho THIEEREE DR
X, TEHFMOZE LR T ~DRNDZ LI/ d. w2, MTAERE THNLEE
OEMRZHRET 5 Z LI THEHETH Y, I OMITBWTAMFTE CHESE L - T
BIRERWICERNE D, —HT, =V 7B HZERREDERZAMICT
U, EREEICEVOIEI AT A= N THRNEREICRIET R ELRETE 5

RRMERD Y, LVMRICEEREEZAET I ENAREE RS, T, KUIH
INT A= B NZE I BT TR A, BRSO RNER S D

Dz e, RETEXY—2 IV 7B 5 TRRFmBEZER L, 2
XEANTIREIRELZHET 52 & T, FUHI T A—2 N TEALREICKITTE
BEAME LT, Fio, SFUHIRT A —& L2 & OBREFEMICREIL, ¥ —v
RV TR BITLEMBEOER AR L. =612, TERNEIREOARZHES
5D TR <, =it CAD I X 2 EHT-CUIHIEETORIER R & BEA T2 Z &2 &
v, FUHIRT X —2 L GIEIRE & OBIFROMEBIZER Y fLATZ.

4-2 PRAIMEDORE

PERDFERICI V) o ZINT LB LT, ¥ —2 2 U > 7 T B2 G R
W RIET LIRS, K34 1280 500 BROGREM AR 4-1 1277, K
FRCR LT3 DISHIB O B ICFE Y L, BRHIM RO R & ST X0 fi= A2 e
HT LD, DD, YHIGENRE L TH-ThH 1 HY7= 0 oY » KFECUIH|
Wrim A2 R L, ZUCx S L CLENGRE AT 2 2 RN TRINS.

Workpiece periphery

Fig. 4-1. Eftect of workpiece diameter on undeformed chip (Right side view of Fig. 3-4).
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X 4-2 (ZHEHIAT RS 2 25 (L SBT3 A B 1 D HEEIA A8 & TR m iR EE o BIR
Zond . THRRT IR ILE Y Fmicst U CHIEI TR2% 90°[Rl#s L 7L & C, Z2Hisiy
DO AFAREZFER L7 ETH . HHIMER L OBHIM EESoEmE &bz, LA
WEFTER TGS 5 Z L v o7z, BEHIBSEE 40~60 mm OFiPH THHIA RIEENS
B 53, BRHIAR & TR EiRE T2 Bk & 72 0, BEHIMARAY 10mm K&
722 &, LERTHEIREIZR 40 CHIINT 2 Z L3 bhroTe. X 4-2 OHEHIFFE 50
mm DA T HBHEUIHR Y TR 2 T L 7ot R 2 X 4-3 (2R3, gAIM a3
Bbobd, UHIBGE IO TAEIZTZENLENN—T8°LK—200TH o7z, TXTD
OIHIE T AEERFE CTh D720, UIHIORK T2 LIRERIE £ TOZEMRRIL, B
[Fl— & 72 5. FORUIHIIET RS I R4 EIEE 5L 10 min™' T 0.4 mm? {25 L C 40 min™'
TN 1.2 mm? & 720, BEHIM B ORI & & b I BIHIWTm AR I AR LT
WS ZENbhol., EDd, SINAIZINb LB G HINL, 4-2 O & 5 ITHHI
BRI L C LR mRE ML B2 bh 5.

4 4-4 (ZHHIA BIERE 20 min™' (2381) 2 BEHIFAEE 42.0 mm & 60.0 mm O B ERTIEL Y
ToIR Z it L 7o SR 2R L, 2 OB ROIHIBmEEICB T 54 % — b & BERYIER Y JB
ROBIRZB 4-5 (2R, R RUIHIWTHEFR I ZHIA S 42.0 mm TH) 0.63 mm* (ZxF L
T 60.0 mm THJ 0.85 mm* ETHINL TEY, 1 HY72Y OUIEIRH & &t THN
THZENbrolc. —HT, 45128 W THAIMRIZ X 5 OJHIW S OIS
HER ORI T 5 Z & TELTREY, /— X ERED O FERIE42 < £k
LTWeWZ Lbnote. ©F 0, TEIEEEZAEL TWD / — X EEOEE
IIHIMRIZ L > T E A EBL L TV RN D, X 42 OFHEIM2RIC 3 LT RS
TR 2SN S8 & LT, DIHIBrEmEOEINmE WS Lo e LA 1 NHD
OUIHIRFHIOEIN FER TH DL B2 b5,

F—8IHIZ&REChH->TH, ¥—2 IV 7 TIEIHEIMEOEWNZ LY, THKTm
BER L OYIHISH AT 5 Z 212D, 20w, KEILIKEO EER TIEFE 44k
THAR 2 BILL EOIRERIE Z FEf L, £ 6 OFEIHHIMELR —L T2 L1cko
T, BUHINT A= 3 TERF IR KT T iA L.
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500 LN L L L L L I L L L L DL B L L
- O:n, =10 min!, A:n, =15 min!

4501 o n, =20 mint, v:n,, =30 mint | n, =2000 mint
g00L ©1mw =40mint a, =0.75mm

i f =3 mm/rev
350k / e =9.2mm
| L =8mm
300} / ¢ =90°
250 / i
200 T T T RS S ST S S RS T
40 45 50 55 60 65

Workpiece diameter D,, mm

Tool flank temperature T °C

Fig. 4-2. Variation of tool flank temperature with workpiece diameter in each workpiece

revolution speed.

1.5 T T T T T T T T T T T
n, =2003 mint O:n,, =10 min!
a, = 0.75 mm Ain, =15 min-!
| f =3mmirev 0:n, =20 mint
1.0 Vv
O
%

<
Ln

Cross-sectional cutting area A mm?

.

-80 -70 -60 -50 -40 -30 20
Cutting tool revolution angle ¢ °

Fig. 4-3. Relationship between cutting tool revolution angle and cross-sectional cutting area

in each workpiece revolution speed.
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Fig. 4-4. Comparison of cross-sectional cutting area in different workpiece diameter.

Rake face Un&aformed chip

(a) Workpiece diameter: 42.0 mm (b) Workpiece diameter: 60.0 mm
Fig. 4-5. Variation of the undeformed chip geometry with workpiece diameter in the maximum
cross-sectional cutting area.

ny =2003 min', n,, =20mm, a, =0.75mm, f =3 mm/rev, e =9.2mm, L =8 mm.
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9 End face
—

Machined
surfaces by.
preceding cut

Tool axis

Undeformed Insert
chip

3 mm 3mm 3mm 3 mm
(a) e =0mm (b) e =3 mm (c) e =6 mm (d) e =9.2 mm
Fig. 4-6. Surface texture of machined surfaces and corresponding undeformed chip shape in
each tool axis offset.

ne =2003 min"', n, =20mm, a, =0.75mm, f =3 mm/rev, L =9 mm, D, =65.0 mm.
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Fig.4-7. Variation of the cross-sectional cutting area with cutting tool revolution angle in each

tool axis offset.
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Fig. 4-8. Variation of the tool flank temperature with the cooling time in each tool axis offset.
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Fig. 4-9. Relationship between tool axis offset and the estimated maximum tool flank temperature.
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Fig. 4-10. Variation of average cutting forces and cross-sectional cutting area with tool axis offset.
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Fig. 4-11. Relationship between tool axis offset and heating value per tooth.
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S 2N

\§
A
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‘ Secondary cutting area
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(a) e =0mm (b) e =3 mm (c) e =6 mm (d) e =9.2 mm
Fig. 4-12. Surface texture of machined surfaces and corresponding undeformed chip shape in

each tool axis offset.

ne =2003min"', n, =20mm, a, =0.75mm, f =3 mm/rev, L =20mm, D,, =65.0 mm.
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Fig. 4-13. Relationship between cutting tool revolution angle and the cross-sectional cutting

area in each tool axis offset.
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Fig. 4-14. Typical output signals of two-color pyrometer and acceleration pickup with
corresponding undeformed chip shape analyzed by 3D-CAD.  n, = 2000 min!, n,, =20

min !, a, =0.75mm, f =3 mm/rev, e =0mm, L =20mm, ¢ =90°, D, =67.0 mm.
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Fig. 4-15. Variation of the tool flank temperature with time.
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.4-16. Comparison of the tool flank temperature before and during secondary cut.
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Fig. 4-17. Variation of the tool flank temperature and the cross-sectional cutting area with

time in each tool axis offset.
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Fig. 4-18. Comparison of cooling characteristics in different cutting distance.
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Fig. 4-19. Comparison of the cutting state before and during secondary cut.

ne =2000 min~', n,, =20 min

, ap =0.75mm, f =3 mm/rev, e =0mm, L =20 mm,
¢ =180°, D, =51.5mm

Frame rate: 4000 fps, Shutter speed: Open, Resolution: 640x480.
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Fig. 4-20. Cutting state during secondary cut.

n, =2000 min~!, n,, =20 min!

, ap =0.75mm, f =3 mm/rev, e =3 mm, L =20 mm,
¢ =180°, D, =558 mm

Frame rate: 4000 fps, Shutter speed: Open, Resolution: 640x480.
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Fig. 4-21. Variation of each cutting force and the cross-sectional cutting area with time in

secondary cutting area.
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Fig. 4-22. Variation of tool flank temperature with cooling time in each relative cutting speed.
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Fig. 4-23. Relationship between relative cutting speed and the estimated maximum tool flank

temperature in tool axis offset 6 mm.
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Fig. 4-24. Relationship between relative cutting speed and 7 in tool axis offset 6 mm.
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Fig. 4-25. Relationship between relative cutting speed and each maximum cutting force.
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Fig. 4-26. Variation of the tool flank temperature with the insert thickness.
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Fig. 4-27. Relationship between relative cutting speed and the estimated maximum tool

flank temperature in tool axis offset 3 mm.
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Fig. 4-28. Relationship between relative cutting speed and 7 in tool axis offset 3 mm.
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Fig. 4-29. Relationship between cutting tool revolution angle and the cross-sectional cutting

area in each workpiece revolution speed.
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Fig. 4-30. Relationship between workpiece revolution speed and each maximum cutting force.
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Fig. 4-31. Variation of the tool flank temperature with cooling time in each workpiece

revolution speed.
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Fig. 4-32. Relationship between workpiece revolution speed and the estimated maximum tool

flank temperature.
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Fig. 4-33. Relationship between workpiece revolution speed and undeformed chip geometry
in maximum cross-sectional cutting area.
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Fig. 4-34. Relationship between workpiece revolution speed and 7.
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Fig. 4-35. Difterence of the tool flank temperature in each temperature measurement angle.
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Fig. 4-37. Variation of each average cutting force and the cross-sectional cutting area with feed.
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Fig. 4-38. Variation of the tool flank temperature with cooling time in each feed.
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Fig. 4-39. Relationship between feed and the estimated maximum tool flank temperature.
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Fig. 4-41. Difference of the tool flank temperature in each temperature measurement angle.
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Table 5-1 Cutting conditions for Ti-6Al-4V in orthogonal turn-milling.

Workpiece Ti-6Al-4V (Annealing)
Diameter D,, mm 51.2-57.2
Tool revolution speed n, min’! 1500

Tool cutting speed v, m/min 94
Workpiece revolution speed n, min! 6

Depth of cut a, mm 0.75

Feed f  mm/rev 5

Tool axis offset e mm 6

Cutting distance L mm 9
Workpiece revolution angle per tooth 0 ° 1.44
Temperature measurement angle ) ° 90, 135, 180
Cutting fluid Dry

Table 5-2  Cutting conditions for Ti-6Al-4V in turning.

Cutting speed v,  m/min 35
Depth of cut ap mm 0.15
Feed f  mm/rev 0.1
Cutting fluid Oil
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5. Fio, U AOWRERERIT/N S 2B ZRE L TWDH DIk L, 810 <F3az
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NG, SN FNOIREZAEST HERIZIE, T CICEIROUY < FIE3E7 7 A4 NOREE
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Fig. 5-1. Typical output signals from two-color pyrometer in turn-milling of Ti-6Al-4V.

ny =1500min', n,, =6min"', a, =0.75mm, f =5mm/rev, e =6 mm, L =9 mm.

1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Fig. 5-2.  Output signals from two-color pyrometer in Fig. 5-1 (E).
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Fig. 5-3. Images of high speed camera corresponding to Fig. 5-2 No.1~25.
Frame rate: 2000 fps, Shutter speed: Open, Resolution: 640x480.

Fig. 5-4. Typical output signals of chip from tow-color-pyrometer.
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Fig. 5-5. Typical output signals of cutting edge from tow-color-pyrometer.

600""I'"'I""I""I""I""
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- Ti-6Al-4V
V. v =93 m/min

5004
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0 5 10 15 20 25 30
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Fig. 5-6. Comparison of cooling characteristics between Ti-6Al-4V and ISO C45.
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- @ AN:Ti-6Al-4V OAL: 1SO C45
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Relative cutting speed v,.. m/min
Fig. 5-7. Comparison of each maximum cutting force between Ti-6Al-4V and ISO C45.
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5-3 GIHINTG A —Z2 BN TREMRITTHE
5-3-1 ZEBRIGIE

B 5-8 I THAFMBABR OB 4 ~7. 2K 100 mm O M 40 mm ZF ¥ > 7 L,
1 /X2 10 mm OYIAIZ T 272912, #HIMIZITEGE 2> 5 10.5 mm [EFE T | mm OB
ATz, K58 IX LEF 7ty NORELZFHELLLLE TH LN, LEHEMART
(T 1A 7 NVEBICEM LG OUIEIRGE2ZEE T2 2 LT, LG ORENE— L
RHEDITL, FTEMKBRBBREERBCEIFEAIM BN E —L 25 Ko L.
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WTHENS XA T REflE Lzsa, T <WEAS 0.02mm OiF & 785, B 5-10 12
BERELToA Y — b & ) — XERORT M OB LB 2R~ A o —
SWEHND OEFENEZ VB e [um] & T 5 &, RUFIEIZ BT D 5 Kk T BRI
VBax [um]iE, WALV HH L.

VBax = VB' g — 0.02 (5-1)

End face
_ 105 , 105 | 105

Chuck

Fig. 5-8. Schematic illustration of tool life experiment.

© 200 pm

Fig. 5-9. Each face of the brand-new insert.
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Fig. 5-10. Measurement method of flank wear width.
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FEIE O BIMR 2 . MRHR B pp [mm 1T, WAL EH LT

Veotal = Zizy - {(”;)2 - (@)2} L (5-2)

(Y
(Y

N, : RS2

D, : #—2 VY U THIOHEIME  [mm]

a, :YhiAZ [mm]

L : G0HIBEAE  [mm]

5-11 Xv, TEAZ7Ey b 0mm OA i KET HEFERIIA 60um TH Y, Ll
NAOTEF 7%y ME 1232 BIZK 120~150 um OT EEEFENEITL, ZHLIRET
NI A A2 R Z Enbhotz. K512 ~ K 5-15 (I THEFEMABREZ O
FLEA 7ty MBI 28 LEmOBIEm B4 /RT. TEA 7y F0mm OLE
BEFEIE ) — XD D RTINS T RRICEERED AT L TR Y, EFICKRE 2T
BESEZHWTIIAM Tl TS Z Enbhote. —FHT, THAZ7EY 13,6, 92
mm (% /) — R THEFENCERENET L TRBY, TEL 72y FRRELRBICO
NTENOHEHESNED T2 Z ERbhotz. K 5-16(a) ~ (d)IZ T HFHF MR
A=) = ZEEEZ T WEMI BB LcEBR 2R, T ORESRE, [F
BERICBT DO NTTR AN N & IERN 2 gL LTV TW S X 5-16 KD,
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TEA7Ey BRRELIRDIZONT ) =R PRICBIT D HEOBBENSKE L
D, TEAZ7Ey ;92 mm TIL—ERAT T FRZERITHERLTWDLZ RPN
oo INHOBIEMERENS, TEA 7y F0mm & 3,6, 92 mm ORI, Bk
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=
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= i
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Material removal volume V;,q; X 103 mm3

Fig. 5-11. Relationship between material removal volume and maximum flank wear width

in orthogonal turn-milling of Ti-6Al-4V.

Fig. 5-12.  Each face of the insert in tool axis offset 0 mm after tool life experiment.
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Fig. 5-13. Each face of the insert in tool axis offset 3 mm after tool life experiment.

Fig. 5-15. Each face of the insert in tool axis offset 9.2 mm after tool life experiment.
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(a) Tool axis offset: 0 mm (b) Tool axis offset: 3 mm
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(c) Tool axis offset: 6 mm (d) Tool axis offset: 9.2 mm

Fig. 5-16. Comparison of rake face in each tool axis offset after tool life experiment.
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Fig. 4-17. Variation of the cross-sectional cutting area with cutting tool revolution angle in

each tool axis offset.
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Fig. 5-18. Variation of each average cutting force and the cross-sectional cutting area with

tool axis offset.

TEF7Ey MBS EHGE TR 2 UIHI LB B B & BIE| W s o Btk
B 5-17 (R d. LEAT7Ey FaREL T2 & UHILBEHSA LA~ A T 24~
BATL, 1 RY72 0 OUIHIRERI AN 2L, REHCI T 5K 47 LEKETH
5. 518 IC LEA 71y b & & LEEHEIEHTI L OSSR ORI g OBtk 4 =7
F, & EEIOEIRIERI T L < xR L TR Y, TEA 7 &y MIKT 2% 7R o2l
HRFHNCBIT L 4-10 LB LE—-HLTWDH. TEAZ7Ey b 0mm TILFEHY)
TR LSk L CE, 285 2 LA T, EHAOM AR SIZBME L TE b
LTV &EEZBNDTD, FFEHUHIEIOAS NITTL LARKERD Z &b oTz.

Ti-6Al-4V G #— 2 I U o Z7RFOUIHNMREEZ @A A 712 X0 Bl Lo mifg
2B 5-19 (2R3, GIHI T HE & gREIAM ORI XHEENC L 0 810 < PR S (K 5-19. 1
—2), —RENZHIHI%A Y — R B AEEL TR T <. L Lanis, F4 v
BEITA VY — N EOBFPERIEFICE T, G10 < FIEA P — MBS LIk
RECUIHI T H & & bICmllisd 5 (1 5-19.3—5). @il D A 7 RERHICIKIEENE &
DETIT>TWAEN, THEMRRIHC T 7 A RV FIIAFE LW, FEARIC
A = h G < FRERE LTORECIROEIHNIBRE S LD . 2 DEROUIRITIC X
D, G0 < FIFA Y — ool S, T 5L & bITkDOEID < FRAERX 5-
19.6—7), BEA U — MRS L CUHITRE & HIZEERT 2 LD o1 7 L A

101



FSE FHLUERIIBT LI =Y 7 OUIHIERE

VIR Z L1272 5(X 5-19. 8). EEREDSHEIT T 2 LkeE L7zl < RO GIAIREZ 5y
HEL 220 a b b, BEEPER ST S FRBEINL L) ICRoTz. 20D
e, FEUAREOUD < FIENRVREIZA P — b ~EBEE L TWDLZ ENERD
5. UboZ Lint, Ti-6Al4V Gar ¥ —r ) U IRROERERREIL, REOR

BRCOREREFETHDLEBZZDHIENTE L. 2 LT, UHIBOESREN TEA >
Ty MR VET D70, LERFEERECENECT-LEEZLND.

Cutting tool

Fig. 5-19. Variation of cutting state in orthogonal turn-milling of Ti-6Al-4V.
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Fig. 5-20. Variation of the cutting position in tool axis offset 0 mm.
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¢ = —56° Rake face

Cross-sectional cutting area

Fig. 5-21. Variation of the cutting position in tool axis offset 3 mm.

Rake face

—62°
Cross-sectional cutting area

Fig. 5-22. Variation of the cutting position in tool axis offset 6 mm.
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¢ = —83° Rake face

Cross-sectional cutting area

Fig. 5-23. Variation of the cutting position in tool axis offset 9.2 mm.

Cutting tool
Feed

(c) Tool axis offset: 6 mm (d) Tool axis offset: 9.2 mm

Fig. 4-24. Comparison of the adhesion state between different tool axis offset.
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(a) Tool axis offset: 3 mm (b) Tool axis offset: 9.2 mm

Fig. 5-25. Flank face of the nose radius after the initial machining in tool life experiment.
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Fig. 5-26. Relationship between material removal volume and maximum flank wear width

in orthogonal turn-milling of ISO C45.

200 pum

Maximum flank wear area

Fig. 5-27. Each face of the insert in tool axis offset 0 mm after tool life experiment.

107



Maximum flank wear are

Fig. 5-28. Each face of the insert in tool axis offset 6 mm after tool life experiment.

250 — T
a, =0.75mm, f =5 mm/rev
*Ti-6Al-4V (L = 10— 120 mm)
200} n; = 1000 min-, n,, =4 min-! 1

D,, = 60.5 mm(Average)
O:e=0mm, A: e =3 mm
O:e=6mm, Gle =9.2mm 1
*1SO C45 (L = 40— 1800 mm)
n, = 3000 mint, n, =12 min-!
D,, = 54.8 mm(Average) N
V:e=0mm, ©:e =6 mm

150

100

Lh
o

60

Maximum flank wear width VB,,,,, um

Material removal volume V;ppq; X 108 mm3

Fig. 5-29. Comparison of maximum flank wear width between Ti-6Al-4V and ISO C45.
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Fig. 5-30. Machined surface state after orthogonal turn-milling of ISO C45.
ne = 3000 min', n, =12 min!, ap, =0.75 mm, f =5 mm/rev, e =0 mm, L =40 mm,

D,, =68.8 mm.
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Table 5-3 Relationship between number of pass and recutting or damage of machined surfaces.

N;: Number of pass,

Tool axis offset: 0 mm

X: Recutting or damage of machined surfaces

N |1 | 2|3 | 4| s |6 | 7 |8 |9 10|11 |12]13]14]15
D, | 68.9 | 66.9 | 64.9 | 62.9 | 60.9 | 58.9 | 56.9 | 54.9 | 52.9 | 50.9 | 48.9 | 46.9 | 44.9 | 42.9 | 40.9
X

N, | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30

D, | 68.8 | 66.8 | 64.8 | 62.8 | 60.8 | 58.8 | 56.8 | 54.8 | 52.8 | 50.8 | 48.8 | 46.8 | 44.8 | 42.8 | 40.8
XXX XXX | X|X]|X X X

Ny | 31 | 32| 33 | 34 | 35|36 | 37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45

D, | 68.9 | 66.9 | 64.9 | 62.9 | 60.9 | 58.9 | 56.9 | 54.9 | 52.9 | 50.9 | 48.9 | 46.9 | 44.9 | 42.9 | 40.9
XX XXX XXX X|X|X]|X]|X

Table 5-4 Relationship between number of pass and recutting or damage of machined surfaces.

Tool axis offset: 6 mm

N;: Number of pass, X: Recutting or damage of machined surfaces
N; 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
D, | 68.7 | 66.7 | 64.7 | 62.7 | 60.7 | 58.7 | 56.7 | 54.7 | 52.7 | 50.7 | 48.7 | 46.7 | 44.7 | 42.7 | 40.7
N; 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
D, | 68.7 | 66.7 | 64.7 | 62.7 | 60.7 | 58.7 | 56.7 | 54.7 | 52.7 | 50.7 | 48.7 | 46.7 | 44.7 | 42.7 | 40.7
X
N; | 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
D, | 68.8 668 |64.8|62.8 | 60.8 | 588|568 | 54.8 |52.8 508 |48.8|46.8 |44.8 | 42.8 | 40.8
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Fig. 5-31. Relationship between material removal volume and maximum flank wear width.
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(a) Relative cutting speed: 47 m/min (b) Relative cutting speed: 62 m/min

(c) Relative cutting speed: 62 m/min

Fig. 5-32. Flank face of the nose radius in each relative cutting speed.

i &% =
TR R e

S

Gy

% Imaginary line of the
= 200 um initial cutting edge

4

(a) Relative cutting speed: 47 m/min (b) Relative cutting speed: 62 m/min

200 um

(c) Relative cutting speed: 62 m/min

Fig. 5-33. Rake face of the nose radius in each relative cutting speed.
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5-31 OFEREND, Ti-6Al1-4V 5&r X2 — 2 U 74 B8O 22 UIEEE X,

D LB 4Tm/min LR THDH EWVWZ D, FESS5ICARERTHERH L7- PR1535 2—7

o v T IROHEEYIEEE 277 97[109]. T # A4 TEEOUIEIEE L 50 m/min 23
-

HoEF#Hmit,

["INTEY, SRIOEREREFEEOETH D Z EBRbroTe. —RMIC, ¥—

U U TIIhER & Bl U CHIARREE OHIN 2 M9 5 Z L A RRETH H 72, BIHIL
X, HEFICHETHL Z LnbroT.

IEBE R T AUHNEZR ERIIFF SN TND. L LR D,
SRIOFEBHRERZHBET 5 &, N7 A GHNE & GIHIERE O Z FRHCER T 5 Z &

Table 5-5 Cutting conditions of PR1535 coating [109].

Cutting speed [m/min]
Workpiece
Lower limit Recommendation Upper limit
Stainless steel 70 120 160
Heat resistant alloy 40 50 60
Titanium alloy 40 50 60
54 f& B
TR AT E % LU ISR T,

ARETIE, Ti-6Al4V 542X — U o TREOUIEIEMEIC DWW TEHH L-. A&

o

0 D BELAE i (SR RAE S
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B ERET 52 LI2LY,
T < FOLDO XY bD T/NS WA, 2 IO RIMRIRHFE T & b I UIHIE
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