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1. 1 RO XK
1. 1. 1 TEMR & FFR DTN

TSRO D O, @EtE, FEi ), B2 he—2, g1 X,
NLEROIGE, SHE e EORAMERII L LAAD &, il TR O L,
FELCELMLT IV r—varo@Eshy, hun s BIZiEERRWE S T
MR EDHEAHZ TS, WM, R8I 3—EKETHILLEY LTEY, T
FOBRFEOLETATI (BAE) ~OXERLY 7 b =T =R LDV Y 2
—va VHEAPEE S TS, LTI, AIR T ZIFHLTA~Y—hF - v==2
777 F w7 OEREZK LMY MEANPMREETITOA TS, ZRooHEEE
JEHAT (Additive manufacturing) & FEE 7' 12 A OEIREEDIAN Y, FEALOEREIC
Ao TELLEIFVWZ, SFTRIRL TR o7 X 9 mil s, EEls~olH|
MLRKEL 720, BEEOBICOMERS, MUAEHEEZEDMRER I E D HHIA TR
O G EIHIZEROELZ EW L TV AH[1-1].

MLT 7V r—2a ATOWTRBIEL TR DL E, e~y =T 208G
b, ZHHbORNITEDEE, XY CEREORIERELZHAT L2 DN LR
Lo TWD. —hHT, BEEECHEICOWTEA LT 2L A bh, [FRHIZ
BENEHAIEIZ DWW Th oot & & BTN ETL TV D.

Z DX T TR T 2RO BFAET DI X, TIEEROSR%E
FFICRBTIUL THBGH 2, KEE T - BEICHERMLT 52 &)
[1-1]THHZEFAETHY, MIEEEREREZEO LTI, TEEEIENT
HOWRE), T72bbLOWNY IRENZ 54 L Tide b [1-2].

MLUWOWYIREIN AT S &, LEEMNIANLZEICR> TUHI TEOEHNO
%ﬁﬁ#%bmé.%Lf,IW%M@%E%M@M%F%:@ﬁ#%@? A
RIEDOA LT T ADENG b REREEIZRD. ZOHEITE, LIEEESCUIH]
TEOEZIZRMER B> T, £ 95 LICEE ROV IRENE Z 5 D0 % IEREICT
v 7 L, TABEMSCUIEI TE O N— FEICOWTHE AR RREZHT 500, Kb
ARHY DB TR R T IE T D [1-3].



1. 1. 2 IoT FEfR & 'O #RE)

TARR O S 4L, RVMERE ) U 2815 LT RBE DY, OO0 IRENCR L
TOME—DOXLTFETH o720, BENLERNOREEIZL Y, F—HmORKELE
WNFRE & 72 o7z, I NC LIEH A~ DA 2T, A N eI G2 N2 EL
FTERDZENAREERY, ZOHBELREL IR o7[1-1]. % L THLEIL 0T
Kk & 72 o7z, ToT ORREE, SV 5 &, XY a o OWMEERE S ANM oLt
A= RETZXANMIEELZZETHD EERITZZXA TS, 0T [TV #RE~
DOXRITEIC S EELE 52 T D, EIZOOY IRENOfFNT 2 7 5 11L& i 72 FFT
T IAVERAL, FFT OQUBKREIZHIR & o722, 4 TIEFERFLDA~— |
T T TEREY TLE D F T LIz[1-4].

TAERER A — I3 e V7 by = TAERIZ K B H B IS RE O B & 5
STW5. EEE TRx2{b) LTBBZESRTLZ L1280, TIEEHIcMNL
SORERBBPFEAEL TWDLZLERANT DI LIIRGEDN, TMTERIRE L
CRA LT 2 Bl I 2 HA I3 S TR B, KA =7 OV JREHN
FRSREIC IR B2 Z LI FEILLE LT, THIRFHE) L WHEEEZOITL TR
Do TNDHZELEBURTHD. Z ORROIRKIIHEWOIRENDJRR 2 )0 4317 %
ZHIZHL, TOBMTOML T av ADERNT A—F ENEED D LN, P
B, A MIYCHEECTSH D Z ENET NS,

1. 1. 3 TVEMR A — 1 & OYOYD #RE)S

AR ORI FIZ BV T LAE OB E R E X, A —DITKT D4 & e, 20
YPR=FEFELDOY ) 2a—2a VBRELTNELNE I INTHBrSNL Z &ERITE
AETIEIROVDONEBRZ DT EZR>TND.

ZOHFEHRNE W IETRICH L, OOV EENXE i 72 b,

A= ONGTORYREO T T NG S & &, OO IREID e b )i
L, =X IREN S A L2 Bbl et L, BRESIEAIE LT, M Lbo
MEEEFFHOZ ENZETOND. T O 2 —PIIS LS ERMILBEL R - T
BY, MALIEEEAOCRVIREIO-OICIN LTI ENTERNVE N NT T L
TSRO XL DA T D, < O —FIXUIHIHECULALE S EOUEI G2 4
2720, TRZELLEDTHZLIC2L0 OB IRENCxLT 5. LorL—Ho=x
—FIIENEIC T E D RERH DO TIE? ) LEfMZ2ED, A—hicxt LT
MEEZEGE DY, NER NI TNNLRETLZLNHD. ZOMEEER I L
SHELELEFELT, I L TWDIBEDR A — B RBL O & [\ CYIEI5M4: %
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BLWEICEA L7z & &I, DU IREBINREELTLEIBERBETOND. =
DGEDT7 v —7 vy FIIPER R TH Y, —ZA b RIINL T 7V DJRIK %
Wit D MERHD. IR E N H D00, WBITIEFEZANTT 7Y r—ya v
ORI O EEmYNHIWrT 5 720121, BEICFERRORERZ L TR Y K
ThHHEEZD. A—NTEZT 4 —/V RTORBBEBEICH LT, RBREEick?
NIAT UV RET—IZEDRTHZENIFEAETHDLZ ENBLET, ILELE
B2 o7 & X OFFRA~DORERIR RN OO, BEOXIRIZRD 2728 H
MNHRSRRGEN D720, WANI Ty Lz &%, #RMERT 2 E TIZHE
IR 2 B AR L o TV 5.

ZOWRP T TCOOY IREY O FFE A M UL, £ OO0 B0 E i EA 8 L,
Z O JE L & BRI R O [ A IR EVECOBR N AN AFAE S 2 SIREDJR 0 sl i R &) o J&
Bl X LT, TORBOFKZSEX DD ENHRRERD. 2FEV, UV
DIEEBNO RN Z W5 Z LN TEIE, A—BELTRKERT RRUT—VhF
DT LD, BIROEBY, OO IREI~OffRE & LT, TIEEIC K
HOGEAEITE, TORMEHSOEEEZZASZENRRUTHLIN, IhAHELE LT,
TAEMk D ~— FE OfFR %X 5 £ T, GIHI TESCOIHISRMEO R TR 23 U727
MR BN EH 2. ZOEAICIE, OOV IREIOAE Uiz < WEIHIT 2 2B H
L, 5%, COVIRBOLECICS WHIHIREEZRET HZ LICL-T, FI7
NVDOFREZRINZ DRIRP LI /2> TL B[1-3]. BWBENRTEIUE N7 T LOR
Wk & & bis, 2—FNLOEEEBLRNLbDLEERD.

— 5T, TAEER A —DIXOWY ES) & OB SIIREWIZT 201, OO IE#hic
B B ORE, 3B AROREE TH-oTH, OOV IREINIEA L
O FHIEHSERE A AT TIUE LN L2 > TWAHRRET, EBITITED X ) R
K CHREY M SN D D BE L TR WEEBIZEA L TH D,

1. 1. 4 Y IREY D SEATHISE

RTEI TR ~_72 K 912, YIHIINT 247 9 ECOON Y IRENTEERFETH Y, KA
B2 A T) = R LRIEMNTE T /L FATIIE RN e STV D YD IRENEZ D FE AR
I &0, RERE) & B RIRENC KR T &, BLTFOREIC/HE TE H[1-5][1-6].



(1) SRR S
O JHMELE — Wit iEIe o < FAEROEBIEIC LD b0
@ ZEMANEE — BEES ORISR DEDORICE D O
(2) AR
O FAEM — 1 EEAFTORE ML BT mEERE LTHET LB D
@ TF=FHoy 7V 78 — 2 FHOEKESNERT 50

SR IRED TR E) & 5648 S8 2 Rbl 0972506l (REICENN 22 7)) 1Tk > TEL LD
DY IRBEICTH 5. NDHAELIRUCOWTIE, Wikt BIHNC X 2 BB 22 BIHI ) O 28 823 9i
FIRENR & 722 2. Wit BIH o 8 4 As, B 1 O [8 A IREVBU T DU TR IR
272D b, ZOREENBEE TR D, RFRIZEIHI ORI J OB i o & il
EBnFEL72L. GHIZreRAZ2ERET 52 LT, =2 KIVIITIZE W TR
aTHT2ETAPERINTEY, MBITET V02X ERIVTHREE S T
WDI1-7,1-8]. BAAELRIC SOV T, T— X0l E, BT 280 5 OfRE)
D3, BRI A B HIRICINRE T 5 2 & TRAET 2IREI TH H[1-6]. KR IT TAEHMR
DIEHRAE S JELOBE SR ORBNR A B Br< Z L N2 DHEARL 70D, TAEBE O R
WHUCE D b PIREN T 27280, FERZFE CERTNE, REIZENET 22 &0
TX720OT, FIE EFUHNCBWTIHEE 78D 2 EBZ 0 [1-2].

H B REN BN T 7 2 & R & B O E N R L E & 7> CTRAET IV
COIRENCTH D, FAERICOWTIL MTEAERFR] & FEI 5 I O #RE) 23 B H
DESEBHEEGELTLE) 7t ATHY, 1FEALOUEIKKTRETS. U
BN TAC ko TRAET 2UHINZ TESLTAEW 20 LT T/EEBICER L, TAS
TV E G TR E AR, EE#SE5. ik TEE TI/EMOFRZ
(CERRPZEIL, TR > TRAET HUH I OEHNHFEOLE - TIEMETL
T LAEBCRIIBZE S ILD[1-9]. E— KA v 7 U Z7HRIZONTIE, #HEOREE
— RERRT 28 THV[1-10], EIZERETEZHWLSLE THEE 2D 2 5.

Wo Tz ABET D ERERIBENCKRET 5 Z L% e, FEEOMTICHBNT
RERBEEL 75 OFMERE L 0 b ERE CTh 23550132 < [1-2], FEHIILIC
BT BMRENT THAER) BDERFREE 2> THRATLZENRHLNIINT
WA[1-11].

FAMOOY EEOZEMNIL, HEDORIME L OIHISGMEkTET 2 2 &3 L <m
LNTRY, TNENOEBEEL/NILTHEOOML RTEMERSNL TS, O
O REN D AR OV TONFZEIL 2 RoTYIEI[1-12] 2 %5 & L CRlth S Tz
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[1-13, 1-14, 1-15]. HEMEBI 235 & Lotz <ithbh kv, UIHIERRIC)
& LT AT FIE[1-11, 1-16]%°, AEE v F TRIZL D3R [1-17]72 ENRE I LTV
D. —HT, OOV IRBIOZEMICHEEE 5 2 2 AR &SI Lsimstxbd
D[1-18] T 5.

1. 1. 5 RER & BIHI S

AR L0, TR TRE L RRENEETH Y, HARFHRMS7Z0 088
rEE (&EMRESR, MMR, Metal Removal Rate, 1#7% cm’/min TEIND) 2 TX
HIZTRELS T ENROLILDH[1-9]. UIHIEMFOREREZRIL, MTEEIZE -
TERRLZELHDLN, —HUIITHET L HORZ V. ZTOREKN LD L L

T, UIHLGERE, %0 &, UHALENZET LI DH[1-3].

MR L, F& L TLEOME & TV EOMAE O T RERAHH SN D
TN UHEREAEWIZ EUHNRE S E< D, TOMBTEERELRE<
7o, LEEMEFIRT S L LA5[1-2]. UIHIEE & T EAEGoRRIX
VT =C (V: BIHEE, T: THEEFA, n: X&Hk, ¢ @ CTEHFMEM 15
B2 OUIHLEEIZHY) L7220, Wxis 77 ECEMRE LS. T V-T #IK
HDHWIT — T —DOLHEAGMGRALIEIND D TH 5H[1-3].

B EIE, NMEHEOERFETHLIREMIICEMS L, ZOERIZEVFIRIN
%. Fig. 1-1IZRT X9 M TIc8 T, TERNED RIFKZ T T i
R IND EIRET S,

<— Feed direction

Present cutting edge

Ru \\‘AJ/A\\,,//\\>‘//\\~

‘L Rotation direction

Fig. 1-1 Theoretical surface roughness in turning
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TH & THEDIIIHHEBI A FEE T, TEARICIIHER AL OFKR L 20 &
IHMBWNRREEE 2D, Z0L X, MTYMOERmICITTENEORIRIMEFEIRIC
REINDZ LR DITTTHD. IMIYOEITIZIXE D KRG L7z M 23 Ak
ST, INAREHE &25[1-2]. ZORMEFTLENED RIERO¥EE r, &
D&% f LT, BEINCHRNARREMS BRI KE SHI) Ry OB
RIFRATEH 2 6 5[1-3].

2

(R + (L) =r2 (1-1)

INEHEERMN RIS Ry, 1ITOWTHETIX

_2rt4r?—f?

Ry = (1-2)
th 2
0< Ry <1 DFEMHTRDT,
/4_ 2 _ fF2
Rth=r_rTf (1_3)

—fiziE, KA-DEDELTZ 12 — 2rRy, + Rep” + ’;—2=r2 M, Ry LKr ThHD

ZEEFIAL Ry? OHEEBAL T, Ry 1HELMICKNTEZ OND.

f2
R, ~— 1-4
=g (1-4)

ZORMND, BEZEMTHZOICEYVEL f Z2RE<THE, REHINER
BT IR I D T LD,

YPRAZ BT, UIHIEECRE Y BICHiR LC, TEHFEMOIEIX T & L TORMEIX
LRF<[1-3], I IIZHHEL2WVWO T, UhAAEZA LEIEDHTENTEN
X, AV v Fe<EREMESELZERTES. L LOOY IRENIYLIA A&
IR AKTFT D[1-5]0 T, ZZ TREMDOEWTEBRD LS.

RESRIZHOWTIE, YIHHEH O K& A TIEEM O ~N— FEOBRAZBZ 2059
ICRRIET D2 & bERET & THH[1-3].

1. 2 BHIZEDER

Ao L0, OO IREIOLEMNIL, HEEYORIME L OIRISEICERGE T2 &
FEL<SMBENTNDD, HEDOIRICEALFET 22 LI3HE Vb TR0,
WEROTHETIE, WO ZEELBEETIUL, REMINESRD, WO
KEMES 2GR LY L, COVIESNRELSLTL ARDIET, Z0O20%
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NETE D LRIIRNWZ LR ginoTz. RO R E DR MIBIR L ED, T—~
 [HAEMOOCVIREREEZ M L3 2 THBR] &L, HEDORBIZOVWTHEH
Lo, ET5LEIE, AHEEEN NS RD X omitsh, UHIEITRE2H
D RETH BIF 2 ALK E T 5.

ABFFED BRI E LT, BOWOOY LEMEE WG LRI S & [FRFICER T2 T
BENEEERTALE L, BETATERROa 7 FEEHIMT.E IV v
INTOXGIZEH L THbr, BROFEIEFERREZITS.

1. 2. 1 D x5
KWFZETIE, BEEE RV o ZITDITTEZA LD ET 5.

JEHITIER S OINT 2535 & LT, TAEMIZH AT MO BRIE DML RS 2 4]
ET 5. EAlCRB T, TREMESME T2 m8F & LT, Fig. 1-20X5ICTE
DREREHLBEVNER =D CTINIRESF 6D, R—U 7 —DOEIPEAK
WG, COVIRBNEIAR =) I ANA—=TRAETLLDERETE DT, LOHKF
PEA RO TREMKZFIR L, ZERUIMIERERM 25> T, WY UIHI 5 2 5
STENTED.

Fig. 1-2 Machine tool with special long boring bar[1-19]

JEflA Y — MIR@mHL SO, THIROA ¥ — MIkY &icEbdEl /) —
ARPIFET D ENYRLELSTWVAER, FE2ETIX/  —AREEZENLTSZ
L TCHAMUOO Y IR OLEM 2 M &85 FEAIRERT 5.



=77, V7T, MZEEERITERM O I 7B 20U IKE) &2 BRE

LLTWD LD, mU FINVEMWEERY 74 ZMLaxtge L, #EITE
Yo X5 TR OBIRIMEMEROKEZBET 5. —BUSHEAM & Vo TH, ¥k
WEMBERIC T bND L, #—E 7 b— NIfEEn 5Bl TEY b7
FET 20, AENTTRAHGHRZEHCR & SLBERICIRE L TERT 5.

Fig. 1-3 Example of wing ribs [1-20]

Fig. 1-3IZn-T VA7V TDREIZTZ VT ATy RINVTINLT 52 EREZ0N
B, ZHITTEBIZIRO R ORE SIZEDE T HERE <, BRI O
TREMIZOVWTEE LI LOTIE R, HI3ETIETI VT ATy RINLVORER
SEMFFLIEEE, MLLENEZ M LS 2 HEBRERETS.

1. 2. 2 B9 2 BEAF B IC D T

FRER LB O RREM S 2155 THBR E LT, NEICRBRER-E L FiE
IR FIHENTWDR, —fRENCHIHI 7 0 ZDREENMEL, DF Y BV IE
BB RAET D, -8 ZITHEHIINTICHENT, MTREBICE > TTEA o3 —
RO RIGIROKRE S EBIRTE 50, LEMR EDO7-DOIZ RIBIRE /NS < FHIE,
PV EBELNESLHIRTEZMLENRD S, FOME, OO IREI 22 5 72 OIITRER
WL D L E 2 D

ERER LI DL VR EEH S 2S5 B OFAF L LT, HED R IR & EHRHN DB
BRI R & 22 MR F 72 X EARORIEINH TU A 3—] R TFToA P — R
MRS TND., TAR—A h— MNIER L REMEOLELFS L LTND
2, RIERPREWZ LIZLD, OOV IRENTH T 2 IOV TIEEL LTV
VMETANZ & BH[1-21,1-22]. fich, ZHAOT T4 2AH v X2 EIZBWT, @FO%
FTEICE 29T, REHESITEEOUNA TR ISR, HEINIEHK
DA Y — FOMAERIZENAANDOE Y MIAAETTLES. ZHIZED 1212
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DENHAD ) — ZEECRIIN AR EREILTH, ZHATELE L TOUR M
AOBEBNAERBEICE Yy hShTWRiTiuE, EncfmiSi3BGonzn. 2o
MEZRRT 200, T4 HEBMHINDL T A —HICET L ETHD. Z0
TA =L, BYINHAOEZ —BEAOETN LD bEGERE FERELIZBROA
P—=FrTHY, TNV LIROCHTZEICED, 1O0T A S—HN %K THIHI
L7cgm T oM 2 B 5 2 L1272 5[1-23].

FERE LT, ZADLDHMTOOY IRE)OZEMEIZOWTIEBEE I TR,
SWRZNE, EREETHO N RREM S &, OO IRENCKIT 2 @WZE M %
NTEDLA U — MBI OHNEE, BEFOLOTIIEBLTE 2.

1. 3 AEX DR

A, BAENLOHERIND. % Fig. 1-41077.

F1ETIE, Ao TFEwm &L, HROEREMREOEMEZIR~D. TIEH
WO EBUR & & bIZ, ZDOTRAET LMY IR OV TORH, ZIhb
P8 LT AR D H DWW CEA T 5.

F2ETIE, EHNCEWT, ERRRELEONRREM IS ZEB L 2N L ENOT
D IRBY O ENEE RO, FEHIAA o — b OB LW ARG 2 R 5. e
X TR EoREH S 2EMEL LT, /12— bMOERmIH D/ — AR EMETN
L HIER 2 AW TR O RREM S 2 EHT 5. OWNVIREIOZEMHD DI /) —
ADNREH A ABFIR SN TND T2, SO IEL S, — AR OEREPRKRENLED
O IRB ST DA D 5720, HERIm ORI S BFFAETE 2EIC725 XD
IZED BE/NSSBEOVERSH L. ZHUTRERSHIR SIS Z & L RFERO THE
L< e, RETIEH LWEEHIA v — MEIREIRE L T, @MWEERLEL 1R
S & & BICOOVREE VOO REOLZEMEZ EBLT 5. L LA ¥ —
NMERIE, o8 & FEBRIC KV BREE LT,

FEI3ETIE, HILWERZ 74 A0y XORKRERE L, FERICKL, &
RESR, WO 7etHlm, X ROV IRENOZEMEZ KBS 58 LWE &
NT5. FVTATY RINME, ERECTHELOREEREZGIMTITIALFIH S
TWDHR, —RIZUIHI 7 22 ZAOZEMEMELS, 2F D OO IRENDS BT EAT
5. QO IEB 0L ENEL, fEEYORIYE & OIHIGEIEGET 2 Z sk <mbh
TWBN, By ZOBRICEAKGETHZ L iZbE b Ty, AHF%EE,
TFUTAZY RINEHWETZ 74 AL THLALEmWVEEREREOE LN %
BYEIC T2 2 &7, FRCHAROWY IRBOZEER L WET 572012, HrLWIE
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H7 T4 ANy ZDOBIRERET D, ELED v X IREFH LEZEHY 74 A
INTHEATOZ L1, S L OEBRICRHRGET 5.
FAFETIE, i & LT, AWM THEONZREB X OmoORIEEZ1T 9.

1=
( )
[#5a]
- BFFEOE E (BUIR & OO R E))
- BFFEO B (RBEEH & % 5)
g J

\ 4

BARMOWY REZEM 2R LT 5 TEMRICET 55

~ 4

H2E FIE

/(ﬁ%?~? 1] \ /[ﬁ%?-v 2] \
- TERI R Z~DE A - IV T RHBRA~DOEA
BEARUIEI 235 e L B &% & LTz
[ERER Tl B R BT LW RSETER 2 7z
E D &2 E MR & EEL EHER TIE DR X
LA W — h O L] ERFORMETENET = A4 A3

\ SR / \ ISV /

A

[l
= )
- WFFEDIE

Fig. 1-4 Flow chart of this study
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Fig. 2-1 Schematic of cutting by conventional turning insert
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Fig. 2-2 Schematic illustration of boring process
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Fig. 2-3 Schematic of cutting by chatter-less turning insert.
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Fig. 2-4 Dynamic force component in depth-of-cut direction in (a) conventional turning

insert and (b) chatter-less turning insert.
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Fig. 2-5 Block diagram of regenerative chatter in turning process.
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Fig. 2-6 Designs and geometries of turning inserts.

Fig. 2-6 ODQ)DBRZ I L7 A > — ML, Fig. 2-7TrRT X, HDH 114
RS UM T EERHEER L F FENC L - THERAOmE & LTHIE L T\ 5.

N
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FEBroOY¥ v b7 v 7% Fig. 2-812, IS % Table 2- 1127557,
FEET, St~ =227k % (Hyper-VARIAXIS 630, ¥~ F~¥ v 7 kks
) AL, IAFEMMICTERZTRY 1, TERIET =7 /HACEE L T
. WIED® %34 FRLA (SCLCL2525MO09, EAER T¥ N — K2 7 s
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RO TAEM AL T 2. REBRTIIE 2 HFMOUIE )N EE L 25720, TE
DREF LB T HBRMEA R TE DA MR D X2 EET 5.

50mm
Holder Workpiece
(BBT40-MEGA32D-135A, -
Big Daishowa Co., Ltd.) (EN AW-7075 (DIN))
Mounting ji
(Ck45 (DIN))
Tool
(SCLCL2525M09,

Sumitomo Electric Hardmetal Co.) Dynamometer

(9272, Kistler Corp.)

Fig. 2-8 Setup for cutting experiments to measure specific material removing force.

Table 2-1 Conditions for measurement of specific material removing force.

Workpiece
Material EN AW-7075 (DIN)

Cutting conditions
Spindle speed 5000 min-1
Depth of cut 0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8 mm
Feed rate 0.05,0.1,0.15,0.2,0.25,0.3 mm/rev
Coolant Dry
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Fig. 2-9 Examples of measured forces against feed rate at depth of cut of 0.3 mm.
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Fig. 2-1 O Cutting force with conventional turning insert
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Fig. 2-1 1 Cutting force with chatter-less insert
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(a) Conventional turning insert
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(b) Chatter-less turning insert

Fig. 2-1 2 Measured specific material removing force against depth of cut for

(a) conventional turning insert and (b) chatter-less turning insert.
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Holder
(BBT40-MEGA32D-135A,

Workpiece
Big Daishowa Co., Ltd.)

(EN AW-7075 (DIN))

Accelerometer

(352A21, PCB Piezotronics, Inc.)
Customized tool

Machine vice

Parallel block

M4x10mm

Leaf-spring plate
Hexagon socket head cap screw with washer

(Ck45 (DIN))

25mm
Insert Tool holder —l
- SCLCR2525M09
(CCMWQ09T308 UTi20T ( - ’
Mitsubishi Materials Corp.) Sumitomo Electric Hardmetal Co.)

Fig. 2-1 3 Setup for compliance measurement and turning experiments.

Table 2-2 Identified modal parameters in the direction vertical to the leaf-spring plates

Modal parameters

Equivalent mass my, 0.176 kg
Equivalent damping coefficient ¢, 10.7 N/(m-s)
Equivalent spring constant k, 412 x 10° N/m
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Fig. 2-1 4 Measured and fitted compliances

in the direction vertical to the leaf-spring plates
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Fig. 2-1 5 Measured and fitted compliances

in the direction parallel to the leaf-spring plates
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2. 3. 4 R LRI Y — N Z2REET 2 72 O UIHIER

BEHIA W — R O LEMEZ RS 572 DICERE T 72, EBRTIE, UARIES
d, LFEVE [ 2BbSE. UHITOREIEE L, A4 MRV ZICERE S
IREFHZ X > THIE S, —EfESEITo72bOEIRBIZA & LT T 5. O
Y IRENESY ayyp OIRIEDS 10pm LT DA, OO0 L (O) LFHiiL, ayy
23 10um LV K& 20um L FOHE, DTNy (A) ELTHHMEL, £ L
T ayp 7320um XY REWGE, Y (X) LFHlT 5.
IHIZ&ft % Table 2-3 12”7

Table 2-3 Cutting conditions for evaluation of chatter stability.

Workpiece
Material EN AW-7075 (DIN) -
Cutting conditions
Spindle speed 5000 min-"
Depth of cut 0.1,0.2,0.3,0.4,0.5,0.6,0.7.0.8 mm
Feed rate 0.05,0.1,0.15,0.2,0.25,0.3 mm/rev
Coolant Dry -

EBRFE R OB E LT, HIE LEEO FFT f R 2 IREZAN & L2 D% Fig.
2-161277. (a) 1%, EROIEHIA v — hEEHALE TOORVIE#H YV | Ofk
RERL, (b) X, OOV VRJEHIA > — b2 L TOOWIEEIZ2 L] Off
BE2rd. EHLLLUAAES d, =0.8mm, £V & f=0.3mm/irev TIT-o 725 HE
ThHhon. RENTVDLEIIZ, VBV IREH VD & S D555 808 Hz DU 1RH)
DJEE Ry P BEETE 205, DOV IREIZ L E ENLH5EITIE LA LBETER
W LER-T, BELEA VY — M X DUHI0ZEME, k0D L0 zET
HEFRD. BIFOA Y — MK DFEBREROMEL, G onsr (1
BRERNTEA T v 7 AL EBICFig 2-1 TR T. A T7—~< v AI7r A4 o5
WERNTA VT v 7 AR LFE TR A R iEL, BETHY, RiFrud
TA URHBMRLS, OOV IRBIA AT D RN H 5. ZEEORR (g, =1
FEWEMTRYT. 22T, EVE f BDREL 2D EAMFAE b, /NS
720, TA REHm BT 5[2-9].
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RENTVD X1, TEROFEHIHERARIZ DN TIE, 1FET X TOUIEIEMEIC
BWTHA VRN 1 &2 TEY, WIHRE L0 L A ERI RS RIZ DWW T
X, XETHDHERAETES. 61T, ITREREFEFRFERIIM G OA o — KT
FL—HLTBY, BEEREFELL PHITELZLEZRLTNSD. ZiLH DR
5, MEINTVDLOWY LATEHIA ¥ — &2 HVIUE, OO ESOLEMED
UGEENFEBITEDHLEERD.

50 Chatter component
E. (808Hz, 33.77um)
E,' 40 R
< 30
£
Y20 ~
I
210 -
(]
0 L L L
0 500 1000 1500 2000
Frequency [Hz]
(a) Chatter result by conventional turning insert
50 Chatter component
(808Hz, 1.78um)
E 40 |
=
c 30
]
520 |
w
L
210
e 0 L ) A ) )
0 500 1000 1500 2000

Frequency [Hz]

(b) No-chatter result by chatter-less turning insert
Fig. 2-1 6 Example of measured vibration displacements at d,, = 0.8 mmand f = 0.3

mm/rev: (a) chatter result by conventional turning insert and (b) no-chatter result by chatter-
less turning insert.
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X
X
X
X
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X

X X X X X X X
9 X X X X X X X

0 005 01 015 0.2 0.25 0.3

Feed rate [mm/rev]

(a) Conventional turning insert

O: No chatter, /\: Slight chatter, X: Chatter

ooooopbpDPbDPD
O O0OO0OO0OO0O0O0P
O O0OO0O0O0O0O0O0
OO0OO0O0O0O0OO0OO0OO
OO0 O0O0O0O0OO0O

o
o
o
o
o
o
o
O

0 0.05 0.1 0.15 0.2 0.25 0.3
Feed rate [mm/rev]

(b) Chatter-less turning insert

Fig. 2-1 7 Summary of chatter experiments.
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Fig. 2-1 71Z2WT, OOV EEERyOE— 7 flix—F% L LTUTIZE LD D.
WERDFEYA o — M2 OWTIZ Table 2-4 12711, OO0 L ABEHIA P — Mo
WX Table 2-5 12”77

Table 2-4 Chatter component [um] by conventional turning insert.

08| x 4642 | x 4416 | x 4382 | x 4279 | x 4113 | x 4091
07| x 4198 | x 40.39| x 39.5| x 3871| x 3831 x 37.1
E‘ 06| x 3855|x 3744 | x 36.78| x 3574 | x 3491 | x 34.03
g 05| x 3501|x 3539|x 3447 | x 3445| x 3335| x 3212
S |04|x 323|x 3259|x 3251|x 3228|x 3127|x 315
§' 03| x 2982 | x 2937|x 2969| x 2986| x 29.05| x 29.34
02| x 271 | x 2804 | x 2784 | x 28.18| x 28.45| x 28.59
01| x 2265|x 2621|x 2551 | A 1628 A 1589 | O  8.58
0.05 0.1 0.15 0.2 0.25 0.3
Feed rate [mm/rev]
Table 2-5 Chatter component [pm] by chatter-less turning insert.
08| A 1321 | A 1222|O 17410 1810 170/ O 1.78
— |07 A 1242| O 584 |O 3520 2260 211 O 1.88
E 06|A 1108/ O 2640 2360 2020 18 |0 172
4(5)’ 050 9652|O0 371M|O 272|O0 1890 225|0 174
5 |04|0 9450 328|O 260|O 232|O 187|0O 175
%. 03| 0O 968| O 312|O 222|O0 199|/O 1570 185
B 0.2 O 91210 254 |0 2420 1790 160|O 186
010 9020 268|0O0 212|0 178/ O 179|0 171
0.05 0.1 0.15 0.2 0.25 0.3
Feed rate [mm/rev]
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WIFDA P — hDd, = 0.8mm, TOUHIFHOH|Z Fig. 2-1 8I1TRd. RS
TWD L 91Z, WERDKEHIA > — M X2 UHFER T L OO ~— 27 23 8]
BINDHD, DOV VREHIA 3 — M TIER . GIHIEE Y o5 mTHlE S
nNi=o4>7a7y7A4V0OH% Fig. 2-1 91277, (a) 1%, f =03 mm/rev TOHE
KOFEHIA o — M LDV mZRL, (b) 1%, f=03 mm/rev CTOUVDVY L
AfEHIA P — ML D7 R 77 AV ThD. FENPLBETEDLLIL, WY
WEVAFAET 2 ERESITIRE LSBT D08, OO B854 Ly & BRI S
Ry =14 pm & [R5 13um BHPETE 5.

Feed rate [mm/rev]

(a) Conventional turning insert

ol

ST

Feed rate [mm/rev]

(b) Chatter-less turning insert

Fig. 2-1 8 Photograph of cut surfaces at depth of cut of 0.8 mm: (a) conventional

turning insert and (b) chatter-less turning insert.

39



Height [pm]
LA

25
20
15
10

Height [pum]

-10
-15
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Position in feed direction [pum]
(a) Conventional turning insert
1 1 1
0 1000 2000 3000 4000

Position in feed direction [pum]

(b) Chatter-less turning insert

Fig. 2-1 9 Measured surface roughness in feed direction:

(a) conventional turning insert and (b) chatter-less turning insert.
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5% F TIZ,

S CHE SRR SHE R, & Table 2-6 (2777

Table 2-6 Comparison of theoretical roughness and maximum height roughness R, at

depth of cut of 0.8 mm.

Feed rate f Theoretical R, by R, by
[mm/rev] roughness [um] conventional chatter-less
(nose radius r turning insert turning insert

is 0.8 mm) [um] [um]

0.05 0.4 9.6 0.6

0.1 1.5 14.3 1.8

0.15 3.5 18.3 3.9

0.2 6.3 22.9 6.8

0.25 9.8 25.6 9.5

0.3 14.1 31.2 12.8

BT DL, BELE TROY L AL ¥ — b BT B2 R R HHL S
L, EOOO RBI DR ENE & FIN TS e A R T 5.

2. 4 %5

AETI, FLWEFHOEAIA o — b, DF D ORY ORWEERIA v — %
B U, JEHITIE, SUVERRLBOLIRETEHEDEDICKRE TR ) — RN
LD N, TOREI ) —XESE, FEEPKE ROV IRKENE 5| =
IR DHD. EORE, WEROTEAIA P — T, SRETHE L REHE
HMEEEONOWNY IREIOLZEMEEZWNL CERhoTc, BELIEA P — ML, £l
DT OTEDICRKRE IR ) — KRR EFRON, ZOUNAIL, YN HORRRTHE-
ES RO S0 T, AOBREET NS IMmA6TNS.

WRDA P — FBIORE LA VY — ML DU OREEE THIT 5729
DFFNTET A DBE SN, OOV IRBORENZ TN T 27201071 Rz A
oA Ty 7 AR Uiz, UIHNES L5 &2 B S ¥ D EREIT, STHER
& EBRAE R OWIFIZEB N THRE LI el 1 > — b o2t AGE L7z,

FERIFO e KEERIFIZHW T, |BELA v — b2, @FOA ¥ — b
I, QO IREYO R ORI A 1/19 12812 5 Z &R TE 7.

LTl oT, BELTA U —MEREFIHT LI LICLD, RERTHLNR
BIHIE O & 2 EVERERN & RBLCT & D Ll 5.
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Skin

Fig. 3-1 Photograph of shear tie and its surrounding components

(Provided by Mitsubishi Heavy Industries, Ltd.).
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Fig. 3-2 Schematic of cutting by square end mill.
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Fig. 3-3 Schematic of cutting by radius end mill.
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Fig. 3-4 Schematic of chatter-less radius end mill with proposed cutter geometry.
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Force component
in axial direction

(a) Radius end mill

Force component
in axial direction

(b) Chatter-less radius end mill

Fig. 3-5 Direction of dynamic force in (a) radius end mill and (b) chatter-less radius end

mill.
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Fig. 3-6 Schematic illustration of milling process.
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Ay (t) = b (0)z(t — T) — by(8)z(t) (3-1)
ZIC, HHUIHINER I OON Y BB O R EVEICEEE RIT S RV, Kia
LTIEBE L.

AR WAIZ O EEEY T ISV THRREIE: U CRET L, EBRTf
ALY Uy R RIATIHOETHLHIZD, ZOREIENET L. ZOREL
e NERILIZOWNTIE, 728 ZIEB-6] TROTDHZ ENTE S,

PR R 72 BIHIE L, BRIV RV IES h Z W TEAETE 5. BEREY
WYESh Z2ROLHKEXZ LI TITRT.

Locus of Il
previous tooth ...

y
X
z

~ Locus of
"\ Present tooth

Cutting
direction

Workpiece

Fig. 3-7 Uncut chip thickness with cutter angles

Fig. 3-7® D (I TE (= RFIN) OELZRL, YIHI M & BER7Z2E) 0 B
DIEE h (ZUIHIAE 6 (S LT b LT 2 2 Lied. 22T, NEOHBNE
faaof Rz, UTFTOXTRSTZ LN TED.

52



D
Y = 5(1 — cos0)

SATEAIBILR & 0 IR DX D3 p v 2o,
2 2

(§>2={<§~—h>am9} +{f + (5 —h) sine) (3-3)

I zBEHRE 0 RV ES h IZHOWTHRTIE

2
h = (g + fsinQ) - \/g + f2(sin%6 — 1) (3-4)
KV EPWUN (f KD/2) THDIZD, LTOXITEETE S.
h = fsin@ (3-5)

BEER 72 A ZhEIEINE b,(6) & br(0) ZBRRIMIZREIVIVIES h~ fsing &
TERHETUE, STFoRE25.
i)if dg = hy

b,(6) = g + /12— (r—hy)?

(3-6)
b (6) =~ 4T~ )
ii) else
by(6) = g + =G —dy)?
(3-7)

b (0) = 2+ PG
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H—DBEBO VR IREZEET 20T, UHIZ ot 20T X TORRSIDE
A EN D, BRERRGIHIE b,(0) & b(0) 1%, BIHIZ 1 A E R T LY
fbsinsd. SEVBEHMUIAHBEOBRGAE 0 PO THE 0, ETEMEL
T, ROL LN D.

)if d, > hy
I A
b, =— b,(6
Po2mlg, »(0)
N, f(cosB,4 — cosBg)
=§(— Fo— 4 (e — 65T — (r = hy)?
(3-8)
_ Nt Oed
br - E 0u; br(e)
N; (f(cos 8,4 — cos Og;)
=5§( Ho—— 4 (Bea — Bs )T = (r — ho)?
ii) else
N, (Cea
b, = o= . b,(0)
N, f(cosB,4 — cosBg)
=5§(— Fo— 4 (e — Bs VT2 — (7 — do)?
(3-9)
— Ng [Oea
br - E 0u; br(e)

_ N (f(cos 0.4 — cos O;)
C2m 2

TIT, N U RIAOHETH D, FOREE, GINIA RO B 720 I
DFINE Ay 13, KO L HICKT LN TE .

+ (Beq — Ose)VT% — (r — da)2>

Apm =Dbyz(t = T) — byz(t) (3-10)
EE k, XGE-60)DT7 7T ALEHAMHL, ZHIFROIIICRIATES.
A (s) = (bye™sT —b,)z(s), (3-11)

s I FTAWHEFTHY, ZNLBEOLTBRALT 7T AETRILIND.
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72 OIHI ) O ME F (s) 1%, $5mo IR EUE K, & Eh0oUIEIRT ERE O
THEORE LTRETE S, LEN-T, ROXBELND.

Fo(s) = KqAp(s) (3-12)
Z LT, SR UIHI)ONEIE, G mOER 27T AT AN Gu(s) Th
HERZIE L, WO LHIICRINDHIEE) z(s) b7

2(s) = Ga(s)Fa(s) (3-13)
K (3-7), (3-8), (3-9) MHIKDANFLND.
z = GoKq(bre™" —b,)z (3-14)

z=0 OHAPAMUNDOIREIFDT20DI11E, BERLZEMED T2 OISR O R %
W= T BN B D,
GoKy(bre™T —b,) =1 (3-15)

EHZ 74 ZMLTrv 207wy 7 #{X% Fig. 3-81Z7-7. ZOMXTIL,
EERGMOCIEIAE Opye = Opq — Oy ZELSETRERIEZ R DT 5. AWFET
IMEETFIM T2 X =7y hELTWDD, o3V T, 9FV0, =1 — 0oy
KN g =1 DERAEIND. jo, (G ITEEEN, o XY AR 1%, v A
T AORENFFEAE R 5720 s ITRASND. RERRZ RO 572012, K(3-15)
AT TR M OIHIAE A, FEEESEER = 60/(N,T) & OO K w, 23
REEns.

Dynamic material

L removing force Compliance
> in axial direction > —

Specific material removing force

G
K, a
Vibration
O Effective present cutting width of tooth
Jl{: bp
Effective regenerative cutting width | Regeneration |
b_}" - e_jwcT -

Fig. 3-8 Block diagram of regenerative chatter in face milling of thin plate.
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AT RINETIOT AT RINEHEHT 558 0% EM L, A2
WEONIE b, BLO b, ZROLIICHAET L L TTHITE S,

(1) A7 =7 FI

— N [Oea N
b, = ﬁfest b3 (6) = ﬁ(—f(cos Beq — cos Os;))
3-16
N, (e (16
b, = — b:(0) =0
T 27_[ gst T( )

(2) FVTAZV RIN (EHOEBRIOINHNOT 7' v —F M3 0 E ERE)

nyif dg =7

N, [Cea N: ( f(cosB,4 — cosBg)
b, = o . by(0) = %<— > + (Beq — 05T
(3-17)
N, (e . N; (f(cos 8,4 — cosOg;)
b, = o 6., b/ (0) = P > + (Oeq — Os)T
ii) else
- Nt Oea -
b, = - . by, (6)
N, f(cos B4 — cosB;)
= ﬁ(— 4 (Bea — Os)T? = (r = d)?
(3-18)
— Ng (e _
b, = — by (6
=an), O

_ N (f(cos 0.4 — cos O;)
- 2m 2

+ (Beq — Ose)T? — (r — da)2>
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3. 4 BETIHALEBROSIHIL L ONERAIBRE
RETDHARRERFEL, ZOFEEH LT D7D & FEREITS .
IINTIC B2 L EIHREUE K, a7 T4 T A Gy I3FRNCHET D, Dtk

, BIHIEBR DR R & FZBRRE R A T 5.

3. 4. 1 FRITES = FI N DR
—HDoHrEFERTIE, (1) 277K, (2) FJVTATU RS
N, (3) DD LATZ VT ATy RINVOIFEEOT Y RIABEHRAEINS.

Ay =Ty R IVIEHIREE (GSX216008-2D, fEAXBR T3/ — KX Z LS
) AT 2. oz RIVEv Yy —7a—F kb roTEBY, /—ARIZ
T Db0IIEE A EFE LR,

TVTATY RINEVRY VAT T ATy RINVE, HIBERSHIZTH720
(ZHRFRNCEREE S 4L, R LA, SMVET<WAIZLE BIZ0EL LTS,
FTRCOTY RIUE, GIRAR 1 D ULDFE LRV, fIIFElic L v BREL
TW5., ZhFhoxy RILVORFIKE Fig. 3-9127R7.

VO IREN O L EMZ IR T 272 OIIEENEh o= > N Lo EifEEx
WE n 2R IR 22 0ERDH L. L LEBRICTERZ NI+ N, 2FvAa
RN AN ONLEL, A7 TZT T RINLEVQURY LAT VT ATy R L% g
LT, VT AT FIWEHLEIN D ORI NEL 5 2 LICEEERITR S
. SV AUE, [FUEEESEE n THEEA R, K< /D. UL,
ZVT ATy RIVOUIEIERE Y, BRI 2 Ko Eflasid 5 ¢ b EE 100
m/min ZBZTEY, BENEZEDDL T AL B2 7RISV & HE S
n, BETE5LE25.
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@ .

(1) A7 x=7x=  FI)L

9T

>1<2 deg
@ {—
14=0.049 < i

80

(3) VWY LARATF VT AT RI L

Fig. 3-9 Designs and geometries of end mills.
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3. 4. 2 HATHIESTE O R E

HEDHHRPUE OWIE L, WIE 2 iR L7 igdE ECOHIgEBREZ1T 5. HEFEROE
v N7 v 7% Fig. 3-10IR L5~y =227%> % (Hyper-VARIAXIS 630,
TP~y 7 kAatt) #FERAEERTHEMNT L. B REHETs R IR
MxFFo7my 7RO TEMZEIEI L, SIHI)EE E (9272, Kistler Corp.) |
STHIEEND. WIEFAay MINT GEMT) 21T, 1 AdH7-0 Dk w%f%
28l S T OIHIRSUE 2 HER 5 5 .

ok, RETITEGMOUBAREIIIEE L Lic, =y V7 4 —ZAR5FIZ20 T
i, B M OULBARIR S DEITHED DOIZHRT, 1 Wb ok E0Z iz
ESYHLDIEHEVEBL2VWOT, 77708 ELTENS.

WIZ, 0 =90 £, DFV h(0) =f OFETFTTHRRUHIN LY, ZNEFH7R
GIHIrAREIC K L CF Yy b9 5. K B IO IEIEIEE Agq 1%, K
DRTETZENTES. 2B, £ FINOERKN LMAIT2 EIThi 27228, )
HIWF IR~ DN IEF /NS W2, FfElE LT ETHETS.

Astar = fdq (3-19)

q

\

M|II|ng spmdle

BBT40-MEGA20D-75A
~ (Big Daishowa Co., Ltd.)

S Workpiece
= (EN AW-7075 (DIN))

& 9272
R ~ (Kistler Corp.)

Fig. 3-1 O Setup for cutting experiments to measure specific material removing force.
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AN, B2 BN AR kT 2 sl5 T O BIEI ) RN, #il5 L BT
6 K, LLTCERTED. UIHISZME% Table 3-112, #H% Fig. 3-1 1BXD
Table 3-21Z759. GIHBHEICOWTIEIHBIR T2 OO0 IREI O EBR T, 22 EBRFER
N ESBETEDLLIITERLTNA.

ZIT, 1 Adh ok BEOELHEHNIRWZ®, BEIIOGmiLd £ 0 21t
L2AAWZ SICHEET 5. UIEHIRHUEIE, 7T 7 & BRIl U728 & - Tk
ETED., Do ZOBIREFEFET FINDODENENTERLR DD, ThERERD
5 A O LLEIHHEPUE 2 FF2> 2 L2 b, AT L1, ELLTY RILoy)
HIEPUER, V7 A= RFIVOZENRLY /S, A7 =70 RIVITHON
TIE, UM L DBIEIRICE DV ADEE > TN D,

Table 3-1 Conditions for measurement of specific material removing force.

Workpiece
Material EN AW-7075 (DIN)

Cutting conditions
Spindle speed n 5600 min-"*
Depth of cut d, 0.5 mm
Feed per tooth f 0.1,0.2,0.3,0.35 mm/tooth
Coolant Dry

m Square @ Radius 4 Chatter-less radius

Static material removing area fd, [mm?]

0 0.05 0.1 0.15 0.2
— 120 T T T
=
= 100 | F, =217.19fd, + 2345 .¢
LS ¥ T
g 80 o o
S -
S 60 r -t F, = 92.82fd, + 10.44
® 40 f e — k-
£ 2 | e *
3 P, = ~1034/d, +1.92
E 0 - Becerecsscnnnnnnns | LLTITTTITPTRPPIRY — IO a
é _20 1 L L
0 0.1 0.2 0.3 04

Feed rate f [mm/tooth]

Fig. 3-1 1 Results of cutting force measurements.
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Table 3-2 Identified specific material removing forces for different end mills.

Specific material removing force K,

For square end mill -21 MPa

For radius end mill 434 MPa

For chatter-less radius end mill 186 MPa
3. 4. 3 avF5A4 TV ADRIE

LEMEDIRI % WoT 2720 OUHIFERDOE » 7 >~ 7% Fig. 3-1 21R7.
HWSAELNTEE T L— ME, AR ER Lo ik miE & UCRRERL, #h 6t
WAV P CEETED. IBEY L— MIUHIGRFIZEDETCa 747 o 2% Y]
DWEADIENTED X, 3EEORY T REABE LY, ERTIERIIR
LB PREE S EERTS.

TEMITIREIZAR LV M Ty STHEET . IEEFE (352A21, PCB Piezotronics,
Inc.) ZUIHIROE T2 X OREOEMICEEACEEL, 2T I7A4 7 AD
HEE &bz, GWERTORBZME L. 1 7ULA Y~ — (086C03, PCB
Piezotronics, Inc.) ZfEH LT, FkRBEICIY T o TEMENEL T, =
YITTATUARWET D, N U710 BIORITEITY, T ORRE b
LCOMCIERTS. BIfRa s 74TV AD ) A R b+ 57201
, WEESNTZary 7 IAT AR L TR RIEIZLEDV 7 v T A7 LTIEbD
BE—HNNRTA=Z L LTHIMERT L. MEBLOT7 v T AT Llcar
TTAT A% Fig. 3-1 310, REINTCE—HN/NT A—H% Table 3-3
R
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1 Feed direction

N
WV
® (3]
(o] o
50
100

200

Cut surface

Workpiece
(EN AW-7075 (DIN))

3 bolt
AN

4

9272
(Kistler Corp.)

Jig plate
(EN AW-7075 (DIN))

M8 bolt
352A21

(PCB Piezotronics, Inc.)

Fig. 3-1 2 Setup for compliance measurement and cutting experiments.
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« Measured —Fitted

o]
<

[o )]
o
T

[
o
T

240 260 280 300 320
Fregquency [Hz]

Compliance |G,| [um/N]
~
S

o

+ Measured —Fitted

m SP——
=)
e
e
g 0
o
]
=
(=

_Tl' i I "_'_"_W =

240 260 280 300 320

Frequency [Hz]

Fig. 3-1 3 Measured and fitted compliances.

Table 3-3 Identified modal parameters.

Modal parameters

Equivalent mass m, 0.5581 kg
Equivalent damping coefficient ¢, 8.243 N/(m-s)
Equivalent spring constant k, 1.791 x 10° N/m
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3. 4. 4 RR LT NER ZREALS 5 7 DYIHIEER
ERE LT v X2 ORMTIRZRGET 729012, 2 DOUIHIFEBRITHhiT.
« DN O EM 2 FHI S 2 F2BR
- FREH & 23T 5 ER

FT, O OREMZFHGT 2 72 DICEIEIFERZ1T 5. B MOUEIAEIXE
FIETHY, ERUIEIAEIILZERRE LCRigkINn 5. BIEIT OREINHE X
, TBHOFMANIEHE SN EFHC Ko THIE S, RIS X - TIREVAAL
WA IS,

RIER I R OB ERS & QO BB Oy & A7 L, R ayy &2 OO0 RE)
OFHEIZHND. ZZTayp <7 pm [T 2L (O) ERMESN, ayy > 7 um
TR HY (X)) & LTHiIND. SRHEIEREIASY, D F 0 1A o fE R
DEEFAE TR BRI 5.

IHIZ&ft % Table 3-4 12”7

Table 3-4 Cutting conditions for evaluation of chatter stability.

Workpiece
Material EN AW-7075 (DIN) -

Cutting conditions

Spindle speed n 4800,5200,5600, 6000 min-’
Depth of cut d, 0.5 mm
Feed per tooth f 0.35 mm/tooth
Set immersion angle 1 30,60,90,120,150,180 deg
Coolant Dry -
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Fig. 3-1 412, UHI7 vt 20MIEX %2 ~7. K2R T L1, LEMIZEIDA
LoDy 7 74— KRFEEINTND., FVTAZY RINVEVPRY LA
RIUZOWTIE, SIHIOEF M ORIk > T, BT mOUHIAENRENT 5 2
LICERTHRNENDD. DFV, FES n TOWAIAE 6, 1%, ROEHIZ
RIZENTED, 22T, 2 I ERESNTUHIAE, D =y RINLVOEZETH
5.

1) if n = r (for radius end mill) or n = h, (for chatter-less radius end mill)

Oim(m) = 2 (3-20)
ii) else
Oim(m) = cos™1 (1 — (1 —cosA) ((D —2r) + 2+/2rn — n2>/n) (3-21)

Feed direction I
!
Maximum height

Removed

™

. 1
. L
o .
S5 .
leeciwahe=”
1
|
|

Presently cut surface

Workpiece T Pick feed

Fig. 3-1 4 Schematic of cutting experiment.

1

GIIDEIT I DTS & > TEALS DO A EEDFE) Gy = = [ Oin ()

Z, AR LD, LERABHOHEE L L TRIET S,
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FRAEROFI A Fig. 3-1 512, HIE L7 IREINEE O FFT #5538 2 IREVZE AL
ELTRT. (a) 1E, XEUIHIAEL120 (0, = 142/%) I L O E#hEHEREE 5600
[FIHED T T A RIUZ L DO IREIMNFEAE LIREREZ R L, (b) (T E
HIAE 180 BED (0;, = 180/) 35 L OVE#EHELESEE 5600 FHETOVVY L A
FIC X DR E =T

TIVTAEY RIVZ K DO IREINRAE LRER T, B 334Hz T
13.7um OREZE RO ERERS BB SN DD, DD LAT T AT RIL
X2 22 LORERTIE, RHEIREIN > O A Tum 282 T D, DY
VAT VT ATy RIVIT KD UHIFOREIREI KX, FVT AT RIVDE
NEDH/NINWZ L AR TE D LI, BREIMOUHIAENRENT LIZHIER
L7z, LEEno T, R LEVWY VAT U7 A RV EIIREN R 5 &
HTEDENIBIOF R E MR TE D,

Fx FINVIC KD EREROMEZ, SR L & HICFig. 3-1 6177,
SIHTIEB- 13RS DL ERRMRE & KD 5 FEB AV O, OGO IREINDE Z %
N Z B RWNDEERFM 2 R T ZERFUIBEOERTRL, VRV IREINEZH
RNETHEEMEIT S L —0fEE L ORY. T2 TFig. 3-16 (1) X9
2, FMFETFTTIXT R TRLEBBE 20, HPIICZERABFEELRZN L H
H. 2T, FVTAZY RIMZHARTUORY LATGIT AT RINMZLHE
EMEDSWFEL, SHREROHS L ERRIZTTH 18 Fom ENEETES. Zh
X, M OUBARREENRKEVFEEEILICEBREL D,

— TR =72 FIMVE, HAEPHNZy P THDL EBESNTNDHTZD,
LEMWITHB L 725, 72720, 208V Yy VICL ) XX OMNEEMAE &7
D2 IR TERY. ZHITROER CTHRIET 5.

FTr FINVOFERERIT, TAENLOSHRERLMBEmA—HLTWD. 2Lz
X, O AT VT AT KU 5600 [F1#5T 180 FEOUIHIAE &) 5 @WEE
HERBEINDD, THELERNICOR IEEORZEROLERINTEY, @
WOZVT AT FINVEY HEWINLERPEETE 5.
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Tooth passing frequency Chatter component

(334Hz, 13.7um)

N
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(%]
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Displacement [um]
w5

NAS NS WNN IS

0 100 200 300 400 500
Frequency [Hz]

(a) Chatter result by radius end mill at set immersion angle of 120 deg (8;,,, = 142 deg)

.. Tooth passing frequenc
P glreq Y Chatter component

(328Hz, 1.3um)

N
o

=
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I
.

%)
T

Displacement [um]
[
o

100 200 300 400 500
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(b) No-chatter result by chatter-less radius end mill at set immersion angle of 180 deg

(Bim = 180 deg)

Fig. 3-1 5 Example of measured vibration displacements at spindle speed of 5600
min': (a) chatter result by radius end mill at set immersion angle of 120 deg (8;,,, = 142
deg) and (b) no-chatter result by chatter-less radius end mill at set immersion angle of 180

deg (0;,, = 180 deg).

67



O: No chatter, X: Chatter

180 o o o o
w150 | O (0] (0] o)
Sz
£ 120 f
I
5 90 ¢
n
£ 60 Stable
E
= 30 -
2
2 0 1 1 1
3600 4000 4400 4800 5200 5600 6000 6400
Spindle speed # [min-1]
(1) A7 RI )L
—: Predicted chatter stability limit, O: No chatter, X: Chatter
180
E 150 L Unstable
=
£ 120 |
IS
8 9% f
4
£ 60 |
E
® 30 Stable
O
g 0 1 1 1 1
3600 4000 4400 4800 5200 5600 6000 6400
Spindle speed 7 [min1]
(2) IVT7 AT RIL
—: Predicted chatter stability limit, O: No chatter, X: Chatter
180 a a
‘w150
L o o Unstable
£ 120 @) O
IS
& 90 o
4
(]
£ 60
£ Stable
= 30 O O
K
g 0 1 1 1
3600 4000 4400 4800 5200 5600 6000 6400

Spindle speed 7 [min]

(3) VXY LASFIPT AT RI )L

Fig. 3-1 6 Summary of chatter experiments.
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UIHIE OB % Fig. 3-1 7127, (a) XX CYIHIAE120% (0;, = 142)F) B X
O T #hEEEEE 5600 FEETO T V7 22 R I LT IBEIANRE Lk B4R
L, (b) IXE%EUIHIAE 180 FE (0;, = 180F) I X OV EH#fiRI#EHE 5600 [Al#s T D
VD LRATZ T AT RIAVTOWNY IRENRHAE Lo iR 2R~ T

HIIC = RIMZ R DNy 7 1y RAFEELTETED, RIZIERNy 7 Iy b~
— I PIREINTND. HPRTEBY, OWNVIERENGFIET 25461, KIE L7
R~—rPBlREIn, —FH, OO BFEELRWGS, W— iR v & ~—7
WBIEZEIND.

Cutting direction §

DI

2 RIS 7 & % Z\

~<€—— Feed direction
(a) Radius end mill

~€— Feed direction
(b) Chatter-less radius end mill
Fig. 3-1 7 Examples of cut surfaces: (a) chatter surface by radius end mill at set radial
immersion of 120 deg and (b) no-chatter surface by chatter-less radius end mill at set radial

immersion of 180 deg.
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LIF Fig. 3-18IcA7 =7 FILOYFIFEREZ RS

(1) Radial immersion of 150 deg (8;,, = 150 deg) at spindle speed of 4800 min-1

i )

evaluated as no chatter (0)

(2) Radial immersion of 180 deg (8;,,, = 180 deg) at spindle speed of 4800 min™'

evaluated as no chatter (0)

(3) Radial immersion of 150 deg (8;,,, = 150 deg) at spindle speed of 5200 min™'

evaluated as no chatter (o)
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(4) Radial immersion of 180 deg (8;,,, = 180 deg) at spindle speed of 5200 min™'

evaluated as no chatter (0)

(5) Radial immersion of 150 deg (8;,,, = 150 deg) at spindle speed of 5600 min™'

evaluated as no chatter (o)

(6) Radial immersion of 180 deg (8;,, = 180 deg) at spindle speed of 5600 min™'

evaluated as no chatter (0)
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(7) Radial immersion of 150 deg (8;,,, = 150 deg) at spindle speed of 6000 min'

evaluated as no chatter (0)

(8) Radial immersion of 180 deg (8;,,, = 180 deg) at spindle speed of 6000 min™'

evaluated as no chatter (o)

Fig. 3-1 8 Results of cut surfaces by square end mill

72



LR Fig. 3-1 9125 Y7 2 R I LOUIEIRE R4 77

(1) Radial immersion of 30 deg (8, = 33 deg) at spindle speed of 4800 min-1

evaluated as chatter (%)

(2) Radial immersion of 30 deg (8;,, = 33 deg) at spindle speed of 5200 min™'

evaluated as no chatter (0)

(3) Radial immersion of 60 deg (8;,,, = 66 deg) at spindle speed of 5200 min™'

evaluated as no chatter (o)
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(4) Radial immersion of 90 deg (8;,,, = 100 deg) at spindle speed of 5200 min'

evaluated as chatter (%)

i

(5) Radial immersion of 90 deg (8;,,, = 100 deg) at spindle speed of 5600 min!

evaluated as no chatter (0)

R L T LR AN
DD D)

)

) _

L)

(6) Radial immersion of 120 deg (8;,,, = 142 deg) at spindle speed of 5600 min™'

evaluated as chatter (%)
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& Omm!
—

(7) Radial immersion of 30 deg (8;,, = 33 deg) at spindle speed of 5600 min™'

evaluated as chatter (x) the workpiece has moved

Fig. 3-1 9 Results of cut surfaces by radius end mill
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LIF Fig. 3-2 0ICO0YNY L AT U7 ALy R I VOYIEIFERZ RS

U

170mm
—

(1) Radial immersion of 30 deg (8;,, = 30 deg) at spindle speed of 4800 min™*

evaluated as no chatter (0)

(2) Radial immersion of 60 deg (8;,,, = 60 deg) at spindle speed of 4800 min™'

evaluated as no chatter (0)

MHMHMHHHMHmeum VTR

%ﬁwgtanﬂN\b\xy

'J.O

(3) Radial immersion of 60 deg (8;,,, = 60 deg) at spindle speed of 4800 min™'

evaluated as chatter (%)
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(4) Radial immersion of 120 deg (8;,,, = 120 deg) at spindle speed of 5200 min™'

evaluated as no chatter (0)

(5) Radial immersion of 150 deg (8;,,, = 150 deg) at spindle speed of 5200 min™'

evaluated as no chatter (o)

(6) Radial immersion of 180 deg (8;,, = 180 deg) at spindle speed of 5200 min™'

evaluated as no chatter (0)
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(7) Radial immersion of 90 deg (8;,,, = 90 deg) at spindle speed of 5600 min-1

evaluated as no chatter (0)

(8) Radial immersion of 120 deg (8;,,, = 120 deg) at spindle speed of 5600 min™'

evaluated as no chatter (o)

(9) Radial immersion of 150 deg (8;,, = 150 deg) at spindle speed of 5600 min™'

evaluated as no chatter (0)
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(10) Radial immersion of 180 deg (8;,,, = 180 deg) at spindle speed of 5600 min™'

evaluated as no chatter (0)

l!l'

]
I

i thllllllmn;ii

(11) Radial immersion of 30 deg (8;,,, = 30 deg) at spindle speed of 6000 min™'

evaluated as no chatter (o)

(12) Radial immersion of 60 deg (8;,, = 60 deg) at spindle speed of 6000 min™*

evaluated as chatter (x) the workpiece has moved

Fig. 3-2 O Results of cut surfaces by chatter-less radius end mill

79



EfE7 74 ZMMLTOONY v— 272 LT, AREIIZER LN, »W D
DEEIREBL LT 7. UIHIEIL L — Y —BMEE (LEXT OLS4100, AU /N Zfk
At &S EERUERT) THE S, OO ~— 27 138IEIF M5 £ 51
a5 A HE L7,

Fig. 3-2 1D LB RT LI, 2HHADO~Y— 7 DBIETED. 1 DITA~—7
EIEY, £ 9 1 DEB~—ZEEAZ LT 5.

AlZONTIE, WhbYWALV0NY ~—27ThHY, VUV IEBOHEIZ~—27 bR
DEIIFHETE S, MMk AO@EE SR, >F0REEEEFL2=2 R
NVDIEEAEOMEIZ IR > 728 Om S 7' 7 7 A V%, Fig. 3-2 10O FHITR
T MR TERY, GOV IRENC K DEOBEITIE > TWDHA, EEITEI0 b
NTWDEHRITES. T5L 1200V EOES (RFEESH) 1525 mm &
RETE S, LT, WEHTOUHEE 104m/min (1733mm/s) # PR O R S
5.25mm CTERAETIUE, MEHEFHZ L AHER R 334Hz &, K< —ET 2000 JE
Wk LC330Hz ™ME 6 5.

BIZOWTIE, ZHBIFERD A LIFTHERY, MmUY ~v~—27 DI —#iL
> TWeWnWicd, YHIZ et R L5000 ~—27 0, WbwbxzA U7
TMBELTE~Y—7 ThHEHNTES., OV IRBOHEIZY—27 06RO X9
WCEHETE 2. LEHEV MO~ —27 OV RIZ 083 mm TH Y, ZOiky EET
1960 mm/min (32.67 mm/s) TH 5. L7=N->T, v—7 OEEKIL39.36Hz £ LT
FHRTE L. —J, OO IRENIEIAL N OmiEEEE, ©>F Y 9333 Hz (25600
min'/60) TH LTV 7 ENnsh, ZOUHIEICEIND., LIzBnsT, v—27 0
A% 39.36 Hz 1%, I 5L 93.33 Hz IC X 2000 A DO A U T v T i
AL TWD LHEHITE 5.

Tbb, OO0 EREIE f. =mfa —39.36 Hz (m 30 L0 KEWEH) LR
B, m=4 OFE, WEBRE BT 2000 EIH f. =334 Hz LRIETE 5.

ZIZT m FXFRANCRET HZ ENTET, OO EEE (=g V7 v 7 OF
M) 1Tk L CTHEEDBERPAFEET 2 2 L ICERET D MERH D.

80



Average pitch of aliasing mark P,=0.83 mm
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Fig. 3-2 1 Height profile of chatter marks in the cutting direction.
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Wz, =¥ RIVETIEMOm S 2 LD & &I B2 ¢, UIHIERIC X
DREHS ED v X~—7 MR LTZ. ZOEBROUIEISGI: % Table 3-5 1287,

HHEDTF a7 7 A VR %E Fig. 3-2 2130, HiHINAREFBER SR, & HIEL
7oA SR, B LR, % Table 3-612F LD 5.

Table 3 -5 Cutting conditions for evaluation of surface roughness.

Workpiece
Material EN AW-A7075 (DIN) -

Cutting conditions
Spindle speed n 5600 min-"
Depth of cut d, 0.5 mm
Feed per tooth f 0.35 mm/tooth
Coolant Dry -
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Fig. 3-2 2 Measured surface roughness in feed direction
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Table 3-6 Summary of surface roughnesses.

Square end mill

Theoretical surface roughness R;;, 12.22 pum
Arithmetic mean roughness R, 3.75 pum
Maximum height roughness R, 13.02 um

Radius end mill

Theoretical surface roughness R;;, 3 pum
Arithmetic mean roughness R, 0.7 pum
Maximum height roughness R, 3.5 um

Chatter-less radius end mill

Theoretical surface roughness Ry 3 um
Arithmetic mean roughness R, 0.92 um
Maximum height roughness R, 3.2 pum

Fig. 3-2 2 & Table 3-6 2" LB, X772 FIVETZ v P
W, o=y IV LHiR L CREMINELS 25, — KT, JVT7ATRFIL
EVD LATZUT ATy RINMCRHEREM S FFHFFHBEANTHD, NED /) —
AEEFFALT, ZNLY @R BERETED.

IHTB L OERERICONTE DD L, AEBRERINCEEH LU LA
FYUT AT RIME, FBICHWZ 3O FILOPTHE—, mEER, 6
e, VOV IRBI~OEWEENE —EICEHTELH L FINLTHD.
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Fig. 4-1 Machining methods for cutting machine tools[1-1]
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