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1.1 FEOE XK

Fig. 1. LICRTIDC, fE B I3 2 RAV T IR THIADNTWS. FE S 7
VREEFUDELEZRIAXTALTT, R TRl KRERMS, BEREMW RS0k
(AT TRMEOEBE Lo TVD. FEAMA S IEEFE B REDOR @AY
77, T N—H—, ZZAHL = ZREDF AT T, FERMBREDAETE AT
TMXZTVD. IO, Il XT3V GTH IEREDE W
RN RDOOND. 72, R ICE L SEL-0DOK A 2EH P coE /S
<D75>;k&>6hm\%.’>.

Water

@) rump

Construction
machine

Elevator
) " N > S - b
Generator
Escalator

Appliances
Material

Fig. 1. 1 Examples of products for social infrastructures.

0, OV )AL D72 IT, BIEBLIGIZRE WIS 2N, 3 AME R,
W EHEOZ PR BERREEX A TE. — 5 T, tmﬁwﬁﬁzé{t%ﬂﬁ
FEHOAHE, BIROMBLS TEHEREEOR E2SDOEDIC, MEH L BV
THLT V= A ) _R—=vay, Thbb CO, i OHIJE, & =Fx VX, HEERSED
BREICEELZLOSKONREEHINDSILIITHR-7-[1-1~1-3]. 2D 7=, Fig.



1. 2 2R LEIITE & T o8B 5 IcB8 W T,

(N T E om Eickat Edm T TR O K

) L om k-

(3) L2 45 i 0Bt B0 % o0 A= PE Y i O ffi G AL IC XD B Y — K& o L5 i

Lo, ML FEOR BN —J8EEIIRo TEET Te<[1-4,1-5], EEH O
HI Bk & A Te 8 B JRAL AN E B Lo TE2[1-6].

GIEI T, RN T, AHnn T oM o Tk LT 58, KAl K
OHMEE, BREEICEALTEY, @ H&EHE KW LETHS. Fio, YA
TEoE#RE, I IZKoTHREZA K T5I—-V 27 LTI, Fm, i, ih
W, RIREEZLOBREEEEICN L CEL20, 2RO L7 rntRre~vy =
YRV E L BEOLTRICENLIN L T2ZENAHETHY, # AL KBTTAT
WAH[L1-7]. Fig. 1. 3 1% 2012 4= % fil il 480 (N C) L 1F 4% i 4= pE 2 48 5§ A [1-8]
kD, BN TOEMY, BIOEEN OHMBELEERKONRERLED
DOTHL. BN AT 3570 BHON, — M, BB HE T, EX-HE
MTAEFET3130 M &, 1FEAEZE O TEY(Fig. 1. 3 (), ZOHN v =
TRUHAN 34.0%% 5 HTWA(Fig. 1. 3 (b)ZEnbh, S—VU 7N T o &E &M
DRI TND.

Enhancing products competitiveness

Green innovation

Sophistication of machining technology

Fig. 1. 2 Issues for manufacturing.
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Electronics,
Precision

equipment
9.6%

CNC
grinder

12.4%

Automobile

31.0%

(a)Share by field (b)Share by category for general
machine, automobile,
electronics, and precision
equipment

Fig. 1. 3 Domestic sales and shipments of machine tools.

L22L, =V 7ML T, MIHAELS IMLEESEKRmMIREOM T
i B AR TOODO L RERREICEOLEAELETD, FORENHLH[1-8].
AWFIE T, 22X AR ABRATIRBZEORE 7o A2BWT, I L
REROMBHI2m LE2REL, F—MMhOmEI—-V 7 7o XD % 217
O BRI 2= ol ELT, AXDEFELH HHMEELZ X AL L N—F—,
FREXPXZPBEHRM, LR VAT LE X ZDKBEEMHEET R LLT,
TE Ok Bl 28 2 2R RO T RE R oW k&M F L7z,

111 mvR—Z—HGOEDEREICBITIHRE

TLR—=Z— X, ULOBE KM ABE 5% E CHY, MTTOBKEBLEIZZLHE
R AT IR D— DO THD. T _X—F— T —IZ Fig. 1. 4 [ R L& T
HY, R EICRBEISNTEE LTBICEI->TREINIALETICBE 75, ROND
BIOSAWEE X, BEYICHRBSINTEHARL—L EZETLTEY, 1 A%Y
4000mm 725 5000mm OHARL —/L 8N 1 Y20+ AZRBEBSRLTWS. E17
WPl % B THIRB 2 H T 572012, TARL— LI E WEEELHEE OB



KRR DL TNSD.

COIOBRERTEMEZEBEICN LT2HELLT, ERIVTL—FI2LD
T T T&7/k. Fig. 1. 5137V —FIZEDH ARV — il TR R ERLTIED
DTHY, BEADODHARL — L Z2T—7 )L FICRE L CEEEE S, 88 S
RN LY =7 ayZIZXoTUHEII L 21T > TWd. 77— 7 V01 1 #
IEHARL =L DK EXTEDN, @ % 100 B 2L EoEE R K E28 EETHDT,
ML REFICEVEVIHERSD. TV —F 1T — T V| I E
X ELHETHILIN, RROTARL — L E2EREH LT — 7 /L 0E 8 &E &
IZIXBR R 2350, BLIR TIX 60m/min £ FE AR R L/g-> T 5.

@ _|Machine room|

B

DControl console

@Traction machine
@Sheave

@Electro magnetic braks
®Speed governor

®Door machine

@Safety shoe

@Main rope

©@Rope for speed governor
0Guide rail for elevator cage
DGuide rail for counter weight
d2Counter weight

Cage

@Display lump
@®Hall button
5 Rack

(oPitt

Pit
Fig. 1. 4 Structure of an elevator.

(http://www.hbs.co.jp/knowledge/elevator/ele_mechanism0l.html)

X512, 4000mm 225 5000mm D HARL — A5 E B HFBICHE +50 T, #HL
EWVHIOSFNRRKREICE A TS, Fig. 1.5 IR LIS, T—7 LD b



W T 200KTZ2M T HICHRETILERDDLIDN, ZOEXE2ITHDICI LT
DAL N TERVWEVIBRERDD. ZNOOR E A2 T572012, 6k XV
Ao TELETL—FICEDATARL — N TICEE DY, 7942 T BA2 R Wi-4)
HIOD TICX2 MR 2200 TRE R M L2 KL=,

Tool block  Guide rail Guide rall Continuous chip

Fig. 1. 5 Planing process of guide rails for elevators.

Fig. 1. 6 IC/RL72LDIC, 7L —FICLDM LTI 7—7 /0O % D X 60m/min
FEENRK THY, 20N T&METOMTRER, $72obb B AL K Y Vo kR &
AR5 1 8.25 co/min FREE T, M THE R o EBMIZIER A THDH. —FHF TTZIAA
MTTiE, TEZ2HERBEE FLZEICL> CUHIEE STRbLE#EA2m EL, £
EEBEOUNAEH TN T 20T, I THEKRON LN fETHL. 8
KB O U H N TCiE, BT E E V=250 m/min LL_E o) HI N T 2] BE TH
LHOT, Bl 2 X T7T7A4AT H4 % D.=250 mm &3 5L, mEz# S IX,

V,x1000 _ (1.1)
S=— =318 min~?

C

L7 b. I A O E & N=16 £, 2 5 M O U JA # & % R¢=33 mm, i J5 ] O Y]
A BB E Ag=1.5mm, TEO1HYVOXEVEL f,=0.2mm LT 5L, 7—7 ik
D F mm/min, B3XOI0 THE#E Q (cc/min)id,

F=S-N-f,=1017 mm/min (1.2)
O=Ry Ay F/1000=50.3 cc/min

TRIND. Tbb, 7—7/VFEVHE E %2 1000mm/min DL EE3252&T, AR
V= OfliEZL1EOT7F—7VBE TN L3520 TE, RENZRINLREROD
M LA THD. IR LEZEIIE, kD7 —F N L ToON LHE R 8.25



cc/min 2%t LT, 50.3cc/min &4 6 00 LEE X A E N £F T35,

< 60 Current limitation N
S of cutting speed Milling
8 50 of planer O
40 |-
e
S 30
S
3 20l
E
o
s 10 [|] Planer
[}
T | | | | | |
= 0 50 100 150 200 250 300

Cutting speed m/min

Fig. 1. 6 Material removal rates in different machining processes of guide

rails.

EHI, ZOFETIEIZIIAMAL BB HE OO N HIZE->THARL — VMl 1 %
Wit BB HI N T3 20T, G0/ <o B S, U HNK A7 — %38
COMBIZI-S TR G IR ETIHIENTE, MTOHBERATRELEE ZOND.

L22L, Fig. 1. 7 2R LEIIC, HARL = LD IO RER B IR OWEI M 27 F
AAZAMTF 5L, IHI HIZE->THHIM OER BNAELD. 7794 AT RICE5M T
TIXE B OV NN BFEEICER 750 TT L —F L e # 9 5E0 Tk FE
FmEMHSOMENIRNELEDND. 20D, ERIOVHA VWO TEZT L —F N
TIZH LT, M 65 ORmBERALDATERI-V T TR ERB 3502, #
WK OAI M OT7TAZM TAZB T HI LHEE S DOAD =LA L, M
THEEN LA L0 ERHD.



Tool revolution

Gy S

Feed direction

Face milling cutter
T~ Insert
Work piece

Stiffness
of work piece

Fig. 1. 7 Face milling of a thin plate.

112 BEEMASAORY RHEBEICBITIIRE

XEMBEDETEAL 7T O KITIE, BEICIOE a AN E N0 HT
HY, TORE T VATIEZLOERBH VLTS, &8 1T Fig. 1. 8 IZ/R L
I, M ERDPCATV I DELDE LR, FYET AR DB R ENT
WhH. R RHE, BER OB BEEZIH T2, mEERMERA VS
NH. 2O, il ZIXE R e E O ﬂ%ﬂ:@bnl ZRWTIE, &8 ob)Eln
THROUH T EERENBEE CTHL. 207D T HE = N AVHT O B8 Al
T A&AT o7, BV 24T W, if’ﬁ%*@@ﬁi Jm LT bhs. L, )
PR TR, MTHERICAEEHEH TEREICE T -RIAS L2528 LT
177012, IEF AN OBE B AI I THARALNLTHD. il 21X, Fig. 1. 9
R LIZEDICE R DK 2mm L2252 2B Ik ol TiZksnwTiE, A—n
TURINESHEARICER TE~VDAM T EITHIZETRIZ IR OO T 27 G T
HoH. oL, ZOX/M R T EE2H WM T Tk, T B oM E R 2
XM THELSL, TEFBEREOMBERELD.

Fig. 1. 10 IR — /L= RINLTM L2475 A O, & % 72 B &2kt 5
HESE LM ICEDM TRERREZRLELOTHD. TEHERIE Imm, T2bbR—L
2 0.5mm, U HES 3mm, T &[T 9000min o8 & 428 ELTT
BA—honsulZ @i o5 EPSROEHREZHEZ2RLTVD. 26D
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X, FYETARRCEE RSO — KA ROM L EZHELTWDHAY, Fig. 1. 9
R LI T ERITE WS EONRIBIR 28 0N L Cid, #HE5EE &R 55 K 3§
OMLTEROERINHELE OIS, 20D, & EME OB AL
SR EEZEB T57201C, MR T HICIAMME RN LIk s, THEITH,
M EEAADOAI=ALERBE T, M THEERMEZXD, ~UBLi
TiCkomueRAIM LE2EB 5.

Molding die

Fig. 1. 8 Example of a molding die.
(http://www.hitachi-metals.co.jp/product/steel/)
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S, TOOI revolution

Stiffness Micro hole

of tool $2
Fig. 1. 9 Helical milling of a hole with a ball end mill.

X103 Tool diameter

E 5 1mm

IS,

(&)
a4l Helical milling

. o

g 3t

s |

3 oL Manufacturer’s

S recommended

2 conditions

8 1 for plane milling

[}

|5

= | | | | |
0 30 40 50 60 70

Material hardness HRC

Fig. 1. 10 Manufacturer's recommended cutting conditions for a slender
ball end mill of Imm in diameter.
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1.1.3 REEBRBHOBRKEMILIZK T HE

Fig. 1. 111X E FARERSCKLE 7T Il WO 8 A KR 7 &R L
TbOTHD., KM Or— o7 %8 L Clal gl 23 5% & S TRY, St I
BENROAITHNTWD. Fig. 1. 11 OFR 713 E & TH 6000mm THY, K
TOMRBICERR B OLDOFEEHMEOERNS, FFEHMIFKE THLHIC
LD LT E W R R E N E R S, U HI I TICkah EFASEHE R T
%. Fig. 1. 12 (2R Lz ki, REBES & o T CiE Bl 2 138 W ERAL o T3
WTIEERLEZHVWOILERSS. RRLTETIE, TEORMENME T T250
TOOVIEEB NI ELLTLRD. OOV N4ELDHE, Fig. 1. 13 12 L7EED
RUNHI T E O, I L OFALRENELDEVIRELDHD.

Discharge casing

-

“Suction

Fig. 1. 11 Example of a water pump.
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Cutting tool

Cutting tool

S

Stifess
of tool

400

Fig. 1. 12 Machining of giant parts with a long cutting tool.

Cutter body

P/
£

Breakage

Insert

Machined surface

Fig. 1. 13 Damage of a long cutting tool and deterioration of the machined
surface due to chatter vibration.

— T, VO IR B o % £ i@JLJ}%fD%k TREWIE AR LT <25, il 21,
T HE £ 50mm, EZ400mm o8 Hl T B2 F5— 80 700 T4 41X Fig. 1.
14 IR LIS RE ThD. UHIE, $72bb T BER T M Ol A K&
DI - Tl 7 1 O ) GA A/ &2, T ER G m oA A% 30mm LU

14



A, 7 OYA T 0.2mm R E EE X DD TO XD, KB K ES G DR
I TAZBWTiE, BRER LT HOUOOYE S M ICLVE A A& 28 KL, L
RERZM ETOLENDHD.

20
S
S

151

Damped tool
5
2> 10} , ﬁ
5 Manufacturer’s
< recommended
o conditions Conventional
o 05 tool arbor
8
X
<
l l l l |
0 10 20 30 40 50
Cutting width mm

Fig. 1. 14 Cutting conditions for long cutting tools (diameter 50mm and
length 400mm)

1.1.4 BEI-V 7RI 28 E

11105113 THHLEI I, &AL 7oK OMRERBIOME DM 1,
KaAMbz2E B 32121, m%‘“)/7ﬂﬂl7nﬁx®ﬁaﬁ§% Jiéﬂﬂiﬁ'é’fe@
] ERXARA R THDH. Lo, I—V 7 T OE R 0=k, T 7E
BHTHE, BROTrEARF BV TR AR ERHY, %<®E¥n%ﬁ§%z}>ﬁ
bhTng.

BIHIN %, W=, mBEICI LI2FEELLTRRRPOH WL TND —
) 2B I THY, TR AXE, AEME, RFEEOR TENALTHSH[L1-9].
UTAE TIE, T ERE A% & ° CNC(Computer Numerical Control)® i 4 12 k-
T, ZEMEA LE#EMICI2BmdmoERNTL, TRENDATREICRS
72[1-10]. Fig. L. 15 (ZiE&F — XM 5~ =2 72O EOH ThHDH. Y
—NARHNCE B Ay 7SN Al TR A, I T TR U TR LEND
xRk oA K T AF LR T WA, UIHl T BT CNC(Computer
Numerical Control) 7' w2/ J ATk ->TEIR =4, ATC(Auto Tool Changer)iZ Xk
STY =AU Po MO ENTEEICER A Tod. GIHIIN T 42175 TAE
Betiix, UIHI T EAM S5, UH T RO xyz ® 3 Fm&fE, B -

15



CHhmIVOEE 2 dhzazHl#H T2 —RE—XBLOTAR, TIEMEEET5T
—TNANREZESTHE RSN TS, EF O TAEMEM O & B IXH LS, &l
AEURIVDOBR BRI =T T — XS 2T U LT @ B 0 S, £ <O 98B
HENEDLINTVD[1-11~1-13]. ZNODOH I ICHE SN TEVHE oM Eizk
LZMITREROME ENRATRE L7, LovL, B 2 Bk o8 & m b, TR 58
A XDV =R E AL OB RITH IS LT T2DITiE, % o SO B E,
B AZEREOMTEEN EE2K > TITR ERHD. Fig. 1. 15 IR LIEED
2, =3 =07 v Ak EIIN T ICBITHI TR E ~0F 28K+ LT,
TAEMB O E, HHEICE T2T2ERE, 7RI TLIER RS S.

TAEREA B 23R &L T, AL & R o R E L B XV ok & m k2
HETHD.

__Related to cutting tool
tand process

- Related to machine tool ;

Positioning accuracy
Trajectory generation

Structural stiffness
Spindle stiffness

;  Chip and surféce generation”: ' Thermal deformation
D e emmmmmmmmne S ] :

Fig. 1. 15 Example of the structure of a multi axis machining center and

issues for high accuracy machining.

Bl Z0E, XV ICBTARNE OKBEEILARLICE-T, 10°mm £ —F D H
B E TOXRVNAGE LR -7-[1-14,1-15]. -0 206 & 17 B 720 el &
—RE—ZDOMHE M L <[1-16], CNC (BT 56 # 5 X o & E AL LR 8 o
H A [1-17,1-18]IC k> TH E @ E | L5 THEY, 10°mm L F oA
— X TONE P DA FE LR oT.

TAEBE BT, G0 FTA RIS HI N ICKo THMEEM BRAETHDOT, TIE
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B, BLXOAL Y RAEOR IR ELEREE THD. I F T, HE#F
Hr 15 O KA TR B3R M AT o F 12 X2 8 W 7B g & ok FF B
[1-19], BT Zdh 52 1 OB J& (X200 52 Wl o b <05 il 8 5 ik o B
3 [1-20], o 52 (74 i OB 8 [1-21]%8 (S L5 @ WM 32 dilh 3B 56 ST s,

— 5T, LAEBMAEIE 0N IT, fLERDLEE R, UIH Ak "Lk
BYEETE 720 T2, MR ITEI R A CH R K OLE (L ICK OB E L K =<
WS B RE A H T E[1-22]1°, A R OR B AWM IET52LT, T
1”?*%&%%2@&%(3&@%&%@Léﬁé&{h@ﬁﬂ%%’%Mﬂonm\é[l-m]

L EACE B L2 ko1, TAF B bR oo A 3 3% 51, il 80 £ I o AR I k> T,
TR ZAI K TA-008 Hl T B %42 10°mm uT@%Ef@ﬁéﬁékk
INFA[HE &7 o> TV 5.

L, BT ERNM T &M% oot 20k K Lz Tk B~ 8 31 K] 1%
SHLIZEHETHY, *ﬂ&“éﬁm%%wﬁﬂu%@*ii**f#%%%ﬁ/\%éf‘z%é 1073mm 7>
5107°mm A —FORE TOEmMRM T 2EHRTHITIT, EBICH T AL
TADOHKEFICE O L EE TS, YHI i@ﬂ%@ﬁ;ﬁ:%@%ﬁiﬂ%%bniﬁ
ICHE B 55N T THLHOT, T2 O T E 2% 257201389 HE Ik
M LTHIZEIC—E THHAZENRLE THDH. LnL, UHI T H i3 T ofkfkeic
EoTEEL, YN HANKIBTHOTHIEREBEOERK L25[1-24]. 7=,
— R T BB R O RITHE - TO I ) ARk &<, G)HI T B8 E B o
PEEFRICEDIN TR E B OER EH705[1-25]. 20 T HEREIL, #ElME
CTEMEOMAEY, TRUNNER, MLEHEEZLORN FOREEZ T
.9 HM T oREICEDIMETHY, T EEREAI=XLOM B 721 Tkl
BEREOERELTELTUHI N EOHN DN FRIES, U104 RSB I
FHHAREE ERICLAPAMNEREE, BLO®EIE & JEL TOUHIK T B M
=, %&’ﬁﬂﬁ?@@%ﬁ%“ LFEHREEEBICOVWTHZLDOIFRNRINTND
[1-26~1-35]. , BB, I/F‘/VJJHI BWTUHI T EZE & TIE
H%W*%L@%‘LB > ORI 230 TR FE I A OWTHREL, UHl T
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Fig. 1. 16 Flow chart of the design of machining process.
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TTBREOUHI DR EX ML TBYVERHMNRET VL THDLEE 2D, 2O
EFT VTR E O AT IR L HI M E Z LT %K’% WCHIRWE S h 221k L
2O E )R E R 24TV, 1.3 DT N D Khe, Kie, Khe, Kpe D 7E £ % [F]
ETHIEEZRIFEELTWD. Zhicxt LT, Krystof &1 ‘ib&b, Merchant, Lee 5%

19



UIHI TR ANETOHREIM OFAE Z B IZB TS, T<WiE ko ToREE#
BETNMAL THZET, HEIME T WA OB LIZk 72098 /&2 — ik LT
WA[1-40~1-42].

Rake face

Chip Cutting velocity v

Fn
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Fig. 1. 17 Cutting force model for orthogonal cutting.
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Fig. 1. 18 Mechanistic model of the cutting forces of milling process.
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Fig. 1. 19 Model of the regenerative chatter vibration of arotation

cutting tool.
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Fig. 1. 20 Block diagram of the system of regenerative chatter

vibration.
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Fig. 1. 21 Stability lobes of machining process.
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Table. 1.

1 Detail of issues for predicting accuracy of a product with 3D

geometry for model based development of machining process.
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analytical cutting force prediction

Structural set up
optimization
of cutting tool

Plane milling

3D geometry milling

Simple tool
geometry

Analysis of force
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in slot milling with
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in 3D feed motion
with ball end mill
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Chapter 1 Introduction
=Introduction

=Formerresearchesrelated to precision cutting
=Research objectives
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Precision cutting configuration by static deformation model

Precision cutting configuration
by dynamic deformation model
Plane milling with simple tool 3D milling with curved edge 3D shape milling with long slender
geometry geometry cutting tool by chatter suppression
Chapter 2 Chapter 3 Chapter 4
Machining accuracy of face | [Machining accuracy of heli- Optimal design of damped
milling of thin wall cal milling with ball end mill tool arbor
= Analytical model of accuracy = Analytical model of accuracy = Analytical model of dynamic
*Experimental verification =Experimental verification stiffness
*Precision cutting configuration | | = Precision cutting configuration =Experimental verification

¢ y
Chapter 5

Conclusion and further industrial
contribution of research results

Fig. 1. 22 Flow chart of this research.
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Fig.2. 1 Deformation of a thin wall workpiece during cutting with a face

milling cutter.
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Fig.2. 2 Displacement of a workpiece in the axial direction.
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Fig.2. 3 Cutting condition and cutting area of face milling.
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m = g(¢i)'(Kac ' h(¢i)+Kae) {0} 'Ad
1
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TERINDLDET D, Fpui, Fpri, Fpai (%, il 5 171 O) A & Ag LI EUVIE S h(g)
ko T FHLEE 261, 22T, Kie, Kier Krey Krey Kae, Kae IZZNEN T B JE
W, TEME, ElI M EREOM S bE TR ESNLIEH THS.

Insert
Workpiece

Cutting direction

Wiper edge Principal cutting edge

Fig.2. 4 Cutting forces of the principal cutting edge and wiper edge of an

insert with approach angle 45 degrees during face milling.

— 5T, SO N EFTOKTAEKITITE G LARnb o0, I T 2w cgE i L
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MI2b0el, 774 AL BRI O T W, BI700H, @@ Eicthth,
Fuwti> Fwri» Fwai £ 9%, 77942 T BIZEH 759 8] /1 o6& X,

N
_ N (2.4)
Fi= Z(Fpti+ wti)

i=1

N
Fi= ) (FyitFus)
i=1

N
Fi= ) (FatFoa)
i=1

W7 I9A4AT B oEliszdh 5\ izE B 758,
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N (2.5)
Fa(¢)zzg(¢i)'{(Kac f Sin¢i +I<ae) 'Ad +Fwai} '
i=1

Tho.

222 EBZ7I9AM/AMILIZBIZMITEEFHET IV
Fig.2. 2 2R L7ckolz, MR M o L B E#iz 6l J5 M OIERE % Kuonk & T 5L,
3¥f Z{ﬂ:/é‘work(¢)

F () (2.6)

Kwork
TRIND. 2oLz, TEEE M gOZALITHEI TN A DAL E D H TEHD
T, MLETHEHOERZTHTLIENARERLIDTHS.

5work(¢) =

23 HEIFAAMLIZIZBERERBH OMIEE TR ET LV

WA, K LTHRHELELTWD, BHE 7 TAAL BAT I D Hi A oo i A7 [7) R A0
TIZOWTHBH TS A THRELTNDEDE, L _X—F—[ZH VLT
LHARL =L ThHhD. T RXR—=F—OFVNITHBIOEE WVEE L, S LY ICH:
ENTZHTARL =V EZETLTEY, 1 EYS -0+ AROTARL— 03 H S
TWh. AR — LT Fig.2. 5 I Mrm Bk EZA L, 20K 13K 5000mm
Thad., T XR—F—DFRINZORH RN THLTARNL —/LIE, 0L HOIE
HROREBMEREFEOERNOES WM ENERINTND. FH 1T J1S-SS400
FH Y 5 OFESE A B THY, Ko Ot #1201 2B 22 13 EAT FF O 8) % 4
DR K 72578, BAE O — i g 2% L 0.05mm O =F 35 K 23 5000mm O 4 &
IZbhlzoTHERIN TS, —RICHARL — VO T.TlX Fig.2. 6 IZ/R T XHIZ
WA — 5t DA RER AT T THARL — V2 LT — T L2 E &8, &6
WA T E%E, 7T—7 VO 1 FEEBICT FRICBEIH IELZ LT
Ko THEE OM mE M T2 T b Twad. 4L EFhin T H O A MIF M T H oA
AREYVD EFICREINTEY, il LI mickt LT ki fbulz%ﬁé z
NIZE->TEM O mE 19mm (2% U< m g 16mm £TH L&A1 5. 8 4%,
T —FOT—7 )Lk E (G HIE E )X 60m/min £ THY, M1 T EE XK .
Bl 21X Fig.2. 6 ISR LB IR OV — VEREE O T TIEXEVE Yy F % 0.2mm &L T
H 100 [E LN E DT —T kRN ETHY, FHEH M oM TR 720 THi
30min Z 3 L, B 4 68 %1% 8250mm3/min B2 fE Th 4. I EDO T AWM E Lo —F
ST ME OB R ITE ST, R FE 8 B2 200m/min & 2 500 HIE E T
TTAZLEF+DICHETHLIN, RKROFEHVTET—7 VB & &EE om -
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Unit: mm

Fig.2. 5 Typical dimension of a guide rail for elevator.

Feed l Finishing tool Unit : mm

Roughing tool

Guide rail

Traverse motion ofm

Fig.2. 6 Conventional planing method of a guide rail.

ZZTARFE TIEERDPLH WONTE7, FHIVIZBTAIN TERMAE WE
VORI A EwL, UHl T EOMREEZ+ 5 1C5 & Lidm O |l 258§ 2%
eI, =X OB ETIAAT BE M WT 1 /RATHEHEHMm oM L2755 X%
Fidt L7z, Fig.2. TIZR T 7T A4 AN L Tid 1000mm/min LA b o 2% 03E fE 2 R/ A
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HDHDOT, 1 2NATOM LA ThiE4a £ 5000mm OFTARL — /LDl T
FUT 5min FEE o0 T #E R & 49500mm/min O T fg R 235 B W GE THY,

PERDFHIVEL B LT 6 {5 O fe F Ak &K ME 7200 TR O F #g 3 # 7 Tx 5.
L)Lz T H CHAHAEM® 7 T7AATIL, [ B IO HICER 59 0 H O »
— E TR, UH AR EBH TS, FoL R_X—F—H TARL — LD BE & il &
ZUHIT2BOL— L OBMEZEREN, N LHEECEBERITET. 20, K
BOCIXE A D RATICHE SWT, N TR, Rl L — VBRSO o e ST s &
i DHRYDIE AL BEARE IZ DOV TR T 24TV, BRSNS LR E %2+ 45 12 72
FTIODOL— L HLEEBETTAAR L ORERLICZL — LD 772 T RHlIPE O
HAELZH O ITLT.

Face milling cutter

Cutting tool
revolution

16305

Cutter feed direction

Guide rail
Unit : mm
Fig.2. 7 Proposed method of machining of guide rail with combined face

milling cutters.

Fig.2. 818, B A 7I7AAL BICKDBHT AR L — Lo il ] [5] B 0 T ok i %= 5.
B FEORRDHIK DT IAATL B NFE — On g fi 2E EShTBY, AR —b
Ol ZFE RN TS5 WMEO7I7A4AT R0 N B GAMHE R THD
ETD. ORI, WM OT7IAAT. BAZIB W THY G [ O A & MNFE L, 37hb
HLHARL — O LEMTMPZ7IAZAT B OoR.00E—TChbhiX, £EHADT7T7A4A
TEHIZER T2 H 21X, mERK & TRESINE —L20, & 130875, K
TR ELTOWDHTARL — L OFA A m ik, %Y 1.5mm o8] X
NRITENATHD. LL, EEOHARL =D TIZB W T,
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RENWCEST, EA DY A ARBEITR —IZER520nWeE 2505, il 21E, Fig.2.
8 TR LIEEIIC 7‘M’I\I/~/w>§‘%$a“@qﬂ»D7b%§é}7?4’xlﬁ®qﬂ;m:iﬂ/f
TN Seenter CT TN TWEG G, M OT7IA AT HOU)A B & N RERD.
IO, FMOT7IAAT BACER 328 F bl Hl i, GMo7742T A
FOHRELARDHOT, A NDELTEHUHEI HIFAMEIERAL, TARL — LD
(i "Tﬂ#%) ;@bz ETCUIHI A2k L, BE 794 AT HRHARL — b

DU EBICE ETHE, EVHFBICHLTHI T O NN EZ& TL, %50
@Jh}]@ifﬁxwﬂw«zv&@ﬁm‘éh ELD. ZDLEIL, HARL —/LDOFEES
WCAE A T2 D IXABICE A L, AR — VI o f M B X E 5.

ZDRE R, LDjilTﬂ :Jﬁb*m&ﬁ@tﬂmw Fig.2. 8 ICBWVWTIEEMDTTAA
THO®%GFOWNHIC, BIERES OYALEMER T5. 2070, £ Y
HI A8 382k LT, BIHT A T BB ISRV T O 2 E ST IE R T8RN E 2
Bhd. FLEIBIC, BETIAARALRICEDHARL — Ul il O /2 A5 6 gl T2 C
X, 77AAT B Ol 5 fEEIZX> TR IO ENICER 728 00 05 »E b
T5.Fig.2. 9 OEKIZRLEEIC, -1 HFHOU AN IZWHE Z& TL, i &H
DY KR O H N HIEIK ICHDIRRE THDH. Lo, Fig.2. 9 O K IR L2k
ﬁﬁi?7?4z1§ﬁﬁlﬁliﬁﬁ“ék, FHOUNK DU HIEKICHLEET, i
FH o R Y HIE RIS LD, FMOT7IAAT. R CR 5L, [F K
O HI {’Eﬁﬁa”éﬁwwmwﬁzmk EL 2 BDOREBELBVIRT LIRS,

T, MM DOTZIAZATBIZBWTH A AENFE —TohbL, EHADT7IAAL A
WZER 298 DI ET20T, TARL — VOB PEZ B IZE TRV, Lo,
TR DI, EMOBRBRELTAIEEM L ~OB A TR ZEDDIC, EAHD
TARL =V ICBI 20 E R OREEAL, HEBOBELER I TEE%
ELHEE ZLND.
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Axial cutting force

e
Guide rail Deviation of center Finishing by rear edge

é‘center

Fig.2. 8 Effects of the deformation of a guide rail during machining on the

machined width of the trail end of the rail.

Insert Face milling cutter

Guide rail Axial cutting force

Fig.2. 9 Changes in simultaneous cutting teeth and axial cutting forces
during double sided face milling.

FITARETIE, FLODICEHAT7IAAL BICELD ARV — VEA & i o i {H)
FEMTICBWNT, IARL— L HLEEET7IAAT B LoFED, E
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A O HEE P IE L, DRDICKIT TR BICOWT, YIH ) L TP O fiF
FronbE L, RBRMAEZITOZLICEY, @B ERN L 2R 75200 # %
Rt L7z,

231 AREREICLLEHRE MM OB % F B £7 1V

MDA, HAR V=L ORIk LAY % B &4 R F &M W TRIT L. Fig.2.
10 HHRBEHIEY 7T =7 FEX®IC Lo T i 31 25 T8 W AT %47 - 726 & ©
HhH. HARL =V FEHOT7T oV & E E LR IE T, ARV — VI E O & b
EATHE 7 1 T LON 2R LI LS OB A 2R LTS, ERICHARL —
NWEMETEEROT =7 BT 28I, 27707 RET—E ORI T
ZIUYOMW MG EEETHILEE B LT, HIETHM I 2L L SE TR
EAT o7, 77 VO EE M (a)1000mm, (b)500mm, (c)250mm,
(d)125mm, (e)Oomm &L7=. AT €T A IC 1T D E AL E LK ISR TR L
L EE B E)OMm OB ARTILUMB O G AE ET AR AE R LT
WD ZOBISR LI LSS, AR =077 Vi OB E MBSk EvE, 77
VUM DER L RELRDEDIC, HEICBIDIENM L REL LD, Z0LXIZZTN
2o E E W RO R ICOWT, E IR A &L M nbIE R
E i AG R LR R & Fig.2, 11 ISR . 2ok R LD, [E € [H #H 23 (a)1000mm
DO A E ISR DIERE I Kyork = 1.52X 107 N/m THAHDITH LT,
[ 0% A (e)omm &3 B E 1A E H1E Kyork = 2.82X 107 N/m & 1.8 5 12 1A E
TEHLEE XD,

X107m

5 +7.0000

(@) (b) (c) (d) (e)
1000 mm 500 mm 250 mm 125 mm 0mm

Fig.2. 10 Analytical prediction of the deformation of a guide rail by FEM.
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Stiffness of guide rail

O L L L L
0 250 500 750 1000 1250

Fixing interval of flange mm
Fig.2. 11 Relationship between fixing interval of flange and stiffness of
guide rail.

Wz, BETITAAT HOMIPEICOWTHN 21T »7-. Fig.2. 12 2R L7728
2, B 250mm TE I 35mm O7T7A AT B3, BE£ 80mm Ol (ZH {15
NTEY, Ol 5 ILEEINTVDELDET S, IR LEXIICTIAAT H oD
SJE O 1 FIAZ 10N D) 238 5 I IE R L2 & OB ML 2T ICKRk DD,
TIAA 6.18X10°%m OEMNAELLHIENDND. ZDOEXIZ, 74 AT B Ol
75 18) D ME % Koot &5, Kioor=1.62 X 108N/m &£721, Fig.2. 10(e) D & L1
WLTH 5B EREN. ZODU FORF TIETZIA AL B ERIGKELT, F
ARV — NV DOMIMEDOHREE ZDLELTD.
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$250

Fixed face

Fig.2. 12 Analytical prediction of the deformation of combined face milling

cutters.

232 BERIFAAMLICBITH2_HIB~TERBE TR =TV

WIZ, ARV — VO EEETITAATL BOR LOMBIZTIEHLIE A
O T HEE T IEICOWTRITICEORE T 5.

25 ALY, Bl 7I7AAXAL B OBEEEIZHED, @il 77 1/ B Al ) O e KE Famax 1%,
fill 7 18] B 3A A B Ag IZXFLC,

Famax = Kamax * Aa + Fya (2.7)
TRIND. Kamax 1ZUA B EIZH G TD5E K, Fua T77AALHE OGN EN
AR =N EDHEMIZE->T, EFWITERALTWD N ET D, ZORIZ, ARV
— DR LEEETITAAT B OHF LD Scenter 2T THTWBE, E U HI 5 5k
IZBWT, EMOT7IAATHIHER 7288 ) Fo, BEOLFMOT7IA AT A
WAEH 2881 ) Far iZZNE NI

Far = Kamax * (Ag + Gcenter) + Fa (2.8)
Far = Kamax * (Ad = Ocenter) T Fwa

ThHZ6ND. LIRoT, L— VB EIAEH 7588 J) D& 71 Faroral 1,
Fatotal = FaL = Far =2 * Kumax * Ocenter (2.9)
AR — VBRI Ol VEZ Kyork &7 5&, & W U HIGE Ik Ic W T T HIZAET
TWDHHARL — LD ZE T Swork TR A TEKEND.
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_ Fatotal _ 2 - Kamax * Ocenter (2.10)
Swork = K

work Kiork

ZD%, TIAALT HOEVIIH ST, TERTARL— Vi ICHEZEL, 774X
TEAT S oUW ANYHI & T THEHARL — VG 81X Fig.2. 8 IZ/R Lz
MoOREICEE TL5. ZORIC, HET7IAMADEM%E F OB R IZIiX, BHA &
BELTCaNEAL, 2O EVARL—LVEEE O _HIEN alZ gD 75508
5. ELAM % T o8 NI HNIIEE 5 Ly, R 7F4 2T B okl
%HFOUNHITERALTHLEHI T Fy EU1IA & a OB %I,

FaL:Kamax'a+Fwa (211)
Fo, ZOT7ITART B O% G OUNF OBRIZLHU)HI K OB ZETE %8 "work
Lo,

FaL = Kwork 6,work (2.12)
ZOROY) A B ak, WEZEE & Sworks Owork DI,

a = Swork — dlwork (2.13)
DR RHHDT,

_Kwork'awork_Fwa (2.14)
Bl Kwork+KamaX
ERXicabiz 210 KER AL, AR ETRDLE T oW HICELUIH & a
DIEATHLIEEBE T5HE,

2 Ko Ocenter = Fua () g s> ) (2.15)
a= Kwork T Kamax amax " Ocenter ‘wa
0 (2 : Kamax : 6center < Fwa)

NELNLE. ZORTREINS, FARL—LEHBOFLE, HET7IAATLBED
L EDTIVE Scenter &, HARL— VR IZEBITA% F ol N ToOO)H| &7
ROLEEICBTS T HE OB A B a D% E Fig.2. 131277, ZOXKBLW
2.15 RITBWVTHNDLES, HARL—LEEOF LE, HE 7542 B
D OTHED,

(2.16)

6 < Fwa

center —
2 Kamax

DREI TIE, TARL =V ICB W TR M OT7IA AT B 0% 5 o8 o
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WZEDUHI &, 720006 " wHiEOH D EN0ERLIIEERLTVDIEE 2D, 1L
%, Fig.2. 4 lZR L7794 AT HOIHX NN, BEEICY VST ERZITHRLT
LI L EEM T2 T EOUWHI N EAELLZLICERLTEY, TARL —
VU ERICB W TR F OO N OEMICEID T E, ZOLEDHTARL — L0k
ERIZEDE L N 2.16 KO TIEHAEIZET, HARL — A HIZB W T
TR D R b Tl ER LTINS,

a

2" Kamax" Oenter-Fwa
Kwork+ Kamax

a=

Reduction of width at terminal

0 I:Wa
2" Kamax
Deviation of center Oenter

Fig.2. 13 Relationship between the positioning error of a guide rail (center

deviation) and the reduction of the width of the guide rail at the exit end.

233 BREIFAAMILICBIH»EBREREFMOEAE TR ETV

W, ARV —=LVEEEOR L L&, HETIAAL RO L O T ILE Seenter &,
N T OE A EOBRERGFT5.

I B[2-411%, RUNEAE THTURIVICEAM @ E N TI2BWT, Alth
R TREIZE A 720N A OKEEHI & O ERE/L, ZORE R,
BH W EZNICE-oTATLILEOWMMEAE R ENZH LTI L) RRE
SN DZEEH LNICL TS, RFRE T RELTWDITARL — Vil T @ IE
7 T7AANM TIZHEWTIE, Fig.2. 9 IR LIS, A 774 A0Y) LA 23 A #s
WZE-sTBE L, FKICER 720 AR OEAICEVEH] ) B EALTHE
EZONDHDT, BEETIAAZADH L EL — LD D ITHR 2 Scenter BHDH A,
[ £k OET VAL AT HE TH 5.

Fig.2. 3 12BWT, 1 ot i IZ/EM T2 g8 J7 m o8l #7713, 2.5 5
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IR Ledoick A TR,

Foi(@) =g(@) (Ko - /- singg + Kye) - Ag + Fiy (2.17)
ZORICBT2HBLOFE —HIZU AN O HF YA A& Aglk, THEVE fIC
KHELEE THD. & “HIFWIAALE, RVEIZITKFEETIZ—E THY, I
EHZ AN TL A Fmanm LmicEf 552 TCHECTWALAELLA
[2-5102H8 Y 5. F7=, g(H)iE, IR A BEIHIEIK ICHD% 518 g(g)=1 &725
B# 3%, £/, Fig.2. 3ICBWVWCYEEDOR A EZ7IAAL HE OB .0 LT
H.9NH IOy FRICEBITERE viix, TEOYR%E R, HARL — L8H 4
i DOWE % Ry, 77AAL RO H OE A N LB<L, UH| B 2HDIFIX,

Voffset - Rd Syi(¢):RC'COS(|)i < “Voffset (2 -1 8)
DOEPHTHDH. —oOUNH i Li+j Oy B OE VI,

Ay:Rc'COS<¢i_21V_T[j)—RC'COS¢i (2.19)
THALNS. AR NHE B KICRDEDE, 7IA AT RO F U EAARL —
VEEE O F oM — B T258 4, T72bb Fig.2. 3108V T, ReCOSH = -Yorsser -
Ry D& THHDT,

bi = cos™ (Vofrset - Ra) (2.20)
2n
Ay =R, - cos (¢1 - W/) +Yoftset T Re

il KO jERDOITE V. Re=125mm, Rg=33mm, N=16, Ryfrser=87mm
ET5L, EAXLXY j=1 BZEohD. TRLLAM L&A ICB TR FEER Y R
AT LE2DHEREFTHY, 20 2 DOHAENRK ELIHVIRSNARPO |
Ji BN END. ek, — DOEI VA OB NEH]F5LE0E 64 1,

-y -Ry 2m -y 2n (2.21)
-1 offset T < < -1 offset 4+ =
cos R, 6 @<cos R, T

THZONAHEIE THD. Ul H | OBlEs M4 0N 2.21 XOAFDIZHE LI RoTnb X
W, IR i+l AEIHI AR AL, FREEA AN B A 1062 1N T 5. 20
BRI, BIHI ARG IML, 208 KL — L OMPEE R LEHITH] A B &
DABWIZHEINL, SRUVAE K INLILDEE 26ND. £ZT, SRVEMH 1) IC
R, GIHI ) O BIZED500 DT R & & fE B LT,

AT TR L&, HARL — L OB ILIE R E 2 Kyork D IX A2 THLME X FF X
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NTEY, TARL— VBT OR LEEE T7ITAAT EOP LOTNICESTE A
OLEIWHERHTAUHE TOEICISTH FRICEN TDH5HbDET 5. [F KICHE
A2 HNOEN DA, 774AL B o 5 [ ou) #l i,

& _ (2.22)
E = z 2Ky - f - Sing; * Scenter

i=1
THZ2oNHDT, UIHIA DO y FWAELE ye &, OHI S TOMMEZEN 2, (T2
<,

E, 1 _
Zx = = ZZ'Kac'f'Sln¢i'6center

i=1

Kwork Kwork o

(2.23)

Yk = R - (1 + cosgy)

DR ERDDE, ARV — )VIAE ORI O A, SRVERIT IR DD
ENTED. ZOA PO DNDEDT, HEH OENIL, TARL — VORI Kyork P
WREEZZ T TS, UL EOFEICIo TR B IZR DO HEE 50 m o W
WEB S IZ Fig.2, 141273 7.2.23 X obbndIoc, 7794 AT B o g
N EAL THEMMEEN 2 b AT 5. 207w, #l 2 IXFE K ICER 729 0
HADOEnNN2TH-TY, [BlEEf gD LA IZE > THAR L — VA H D ZE AL A AL
L, BHE M micohnvxE£ETL5H.

¢i:COS'1( ~Yoffset )
R
Yoffset [~y p e e
-9 ¢-:COS'1( ~Yoffset - Rd )_ 2_TC
n= ! R 16
>
- 2n
-:COS'l( yoffset) ialid
Pi R, 16
""""" n=1 ¢ /
__________________ ] o
n=2 $=cosL( “Yoffset = R )
R
'yoffset'Rd / ¢
Displacement z

Fig.2. 14 Profile of the machined surface of a guide rail due to face milling

cutter.
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RLTET7 T VE 89mm, £ & 5000mm DR OHARL — L TRE 5L, & K
T 631,900N O 3% ) CTlEE T22EMNTEL. MO I BIOIDICRLEL)ICH
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Ol /) L TIX 192,000N 3G 605, 1 ENICBITL7T7 T O K25 B +5L
ZFNEH, 11%4,244,000N, I11% 8,064,000N DE E HEZ/EMSHELENTES.
IO, 7 F b F v B A WEEE T, RO ICEE LS A kL

T T/ E<RD. LL, 97 Xy b TFyoy 728 0T & /128 631,900N @
LA, SR MO IEEESEKE 0.5 CIRETHEH S AIC 631,900 X
0.5=315,950N O fif EAEHA L CHOHARL — L& [H & ol fE THDH. — I
AN TR 3280 HIl 7713% 100 7»5%% 1000N THY, + \foclmjmxﬂ;ﬁﬁ
TE5.

T HITE R 250mm, 16 e N O EH 774 A%, AX—H&2N L T2 KMEH
HDTHY, BTS0 DT TAAT — /N ITHAF T THEBR IS L.

T4k % Table2. 1 &R . L— A FE M O 13 EARVFEICH LTH
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Unit : mm

500 90

Mechanical clamp Magnetic clamp

Fig.2. 15 Three different fixture methods of a guide rail.

Table2. 1 Experimental configurations.

Machine tool Vertical machining center

Cutting tool Face milling cutter
Diametep 250 mm
Approach angle 45°
Radial rake angle -2°
Axial rake angle 19°

Work piece JIS SS400

Cutting conditions| Spindle revolution 341 min-t
(Maximum cutting velocity 267 m/min)
Axial depth of cut (d) 1.5 mm

Radial depth of cut 33 mm

Feed rate 0.23 mm/tooth

Down milling

Cutting fluid Soluble

K HF 78 T, 1/~/w>jJDI+£I“J:LT,JE*B@ [l A T TR =7
M OEEE (LT, BICHE EEMES) 27 L7z, Fig.2. 16 1278 L728E M
ﬁﬂuiﬁﬁ®%ﬁA774’xi V=N TV EEHWTY AN OEREDE
0.003mm U WIZEH L. L EEH 774 ATE D 250mm LK ZETHDHD
B s F o E BV EOBE AE N — VO ZHIRICEBZRIETIENEEIN
BH. D, FEERIZY > TIN5 F il E X 0lh o B A 4 250mm OB 2RIt
LTO0.0lmm U NERDIIICHTHE L, —m & ol & X, 4 f#fE 0.001mm O~
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ZEIZRORIE Z R DT

Spindle Face milling cutters

” e SR

Fig.2. 16 Double side milling of a guide rail with a set of combined face

milling cutters.

Electric micrometer
Feed direction

Guide rail

Recorder |«———| Amplifier

Fig.2. 17 Measurement of the straightness of a machined surface.
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Guide rail Dial indicator  Force gauge

5mm
5mm
Fig.2. 18 Measurement of the stiffness of a guide rail.
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Face milling cutter

® Workpiece

3 direction
‘ dinamometer

Fig.2. 19 Measurement of cutting forces in face milling.
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: s
< 150 -
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O o L L L
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Fig.2. 20 Stiffness of a guide rail at the exit end.
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X107 Guide rail length 5000 mm
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0 L L

0 1000 2000 3000

Position x mm

Fig.2. 21 Relationship between the position and stiffness of a guide rail.
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Face milling cutter Guide rail
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Fig.2. 22 Examples of the width change over the length of guide rails.
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Guide rail length 5000 mm
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Fig.2. 23 Cutter marks in the regions of B and C.
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Guide rail length 5000 mm

Deviation of cent@enier MM

16.01
Regions Aand B

16.00 /
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= \ I' £
2 15.98
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15.97

Region C
1596 1 L
0 0.5 1.0 1.5

Fig.2. 24 Relationship between the deviation of the center and the

machined width of a guide rail.
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Fig.2. 25 Relationship between the center deviation and the surface profile

errors by mechanical clamping.
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Deviation of center e MM
Fig.2. 26 Effect of the clamping method on the deviation of the machined

width of a guide rail.
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Fig.2. 27 Improvement of the profile errors of machined surface by

magnetic clamping.
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Guide rail length 5000 mm
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Fig.2. 28 Machined width in continuous machining of guide rails of
5000mm length.
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Fig.2. 29 Flank wear of the cutting edges after milling 40 guide rails.
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Retreat of minor cutting edge  dqqe
Fig.2. 30 Schematic diagram of the cutting edge geometry.
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Fig.2. 31 Relationship between the axial depth of cut and cutting force.
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Guide rail length 5000 mm
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Deviation of center  Sener MM

Fig.2. 32 Relationship between the deviation of the center and the width

reduction at the exit end of guide rail.
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Fig.2. 33 Analysis of the surface profile error for three clamping methods.
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Fig.2. 34 Relationship between the deviation of the center and the profile

error at the exit end of guide rail.
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Tapered hole Unit: mm
Cavity Mold

End mill

Fig.3. 1 Schematic diagram of a mold with small tapered positioning holes.
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(2 Unit: mm
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Fig.3. 2 Small tapered hole to be machined.
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Roughing process Heat treatment
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drill end mill

(4)Hardening

(5)Rubber
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1.4
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\ i

Fig.3. 3 Conventional machining process of a tapered hole.

Heat treatment [|Roughing process Finishing
Hardening (1)Helical ball (2)Rubber
end milling grinder

e

Fig.3. 4 Hard machining of a tapered hole by helical feeding of a slender

ball end mill.
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BAOH EZRLELD THDH. R—L T RIJVIEHE R % 0ITHE - T, @ 7 m 97
Dbz F I A FNTIT O T, M LIS R S AT X3 DI HE VD iE 23 A 2
STITLZEERD . ZOR— LRIV Y) B 8 I8 2 % (7 28 1SR &1 5.
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BEZDL. R R, Ty mnbREEFEIVICT B LR L, ER A E 2n
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WIZFig.3. 71BNV TC, R— ARV T EFLITy#E Eichy, glnA k
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A=V URILN 1 A FER LB, T Hd Loy sl J7 55 o5E [l 4
a BT AR O CIZBWT, U HOFEILR(0,0)THY, C &H L
ELTEE R(O, ) DM IO ONMILT TITHM B BB EIHTND.

Helical feed

Ball end mill

Workpiece

Machined
surface

Fig.3. 5 Machined surface by helical milling with ball end mill.
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Helical feed

/_\\%</ Ball end mill

Workpiece

S~

X
Fig.3. 6 Cross section of helical milling with ball end mill.

Machined surface

Locus of tool axis

Center of
end m|I_I
revolution

C(cu(0,), ¢ (0 ,2)) Tool revolution

angle ¢
Helical feed angle « Cutting area

Fig.3. 7 Cutting area in helical milling with a ball end mill.
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ZIZTC, R P BEIETLIEO Yy #lib0MA E 2 g, Bl EEE R, (0,2n)=R.-
sin@ LT, /i P OFERE P(px(6,9) , py(8,9))IT2NT,
P, (0,8) =R - sinf - sing (3.1)
py(9,¢) =R, *sinf - cos¢ (3.2)
Flo, ~NIANAVM L OREOVE YT % pp kLT, A=A NIV y #lHEEFED
WZa fEE LA I35 L EEEEOF L C(ck(0,a),cy(0,a)), 8L OE §E
£ Ri(0, )220V,

cx(6,0) =R, - sina (3.3)
cy(0,0) =R, - cosa (3.4)
(Rc-cose-ziph) (3-3)
R.(0,0) =R, - sin| cos™! 7 i
C

Thd. K PBREUHIEEICHLDIE, T EEHE O L C(ck(b,a),cy(0,a))irb
7 R(0,a) (0=a=2n) OHINDOHAMICHLEG A THHDT,

J (0, (0.8) - cx (.0 H(p,(0.8) - ¢y (0.0))' > Ri(B,0) (0= a< 2 - Aa) G0
2% AT, 9(0,4)=1 L T5. Aald T H 8 1/2 [0z B #5425 1A 5T 5
BETHD. P BYUHIEIE NS A X g(0,4)=0 £T 5.

LLEDFEICE-T, 8 P(px(6,9) , py(8,¢)) (0=60=n/2, 0=¢=2n)> T
Al fE I N IZH D0 E90, T72bb g(0,)DIEZHR 7=, R— /L= RILDH
% 0.5mm, ~UB A TIZHITH0EE %2 0.4mm, ~U BNV KOV Yy TF %
0.05mm LT, CW(T v 7 Iy NBIORCCWEH T Dy RN EIZOWTEHHE L
2GR OIS, AUV TAZB TR — L= R Lo fE [ E B o [ 65 4 &
+1 fE 2 E, R— VU RIVOKREOESZE m+l HIZH5E L, SHIZR— L=
YRINVOEEE A EIZONWT n+l HOEFICHEILCEEBILT5. £z, ~UD
UM TICRBTAREV T M EBE TH201C, CW(Ty7HyhM)oH A1 1,
CCWH T Iy RO AIT-1 DEEEDER c 28 AL, i,j,k #8HELELT,

2n (3.7)

ak=07k 0<k<)

Py =—i (0ism)

2n )
¢>j=7]+/1 0<j<n)

EL72. 22T, AdAR— = RILodi N B oY #HE Ths. 2oLz,
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. 3.8
1 P4 0<i<m) (3-8)
R,

6 ;=cos’

ThoH. 20z, 3.1 Kb 3.6 i, L FOXIICELZLENTES.

p. (6, &) =R sind, - sing (3.9)
py(@i, @) =R, - sin; - cos¢, (3.10)
ex (60, oq) =R, - singy (3.11)
cy(6:, ) =R, - cosay (3.12)
(R -cosﬁ-—%p) (3-13)
C 1
Rr(ﬁi, ak) =R, - sin| cos™! R Zn_h
C

(3.14)

2 2
(P (00 8)- (0 @) + (0 B)- (0 @)) >Rl )

i,j, kZ3.7X0# A CEIESE T, 20 3.14 KZ&M =78 A2 9(6i,¢)=1 &L
7=. AR WBF %2 TiX, 1=360, m=45, n=360 L Cat H 1T >72. 3.6 R ICBITDHAalE
TEMN12 AR TLOMICAETLHE THLN, Hik T2 LEMAITHBD
T, R— LRIV OE 5 %2 9000min™, 2 V# 4 50mm/min, HE M\ 3 & %
0.4mm L TWAHD T,

_ExOdxm o (3.15)
¥ T 50x9000%x2 ~ ra
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U bEoFEIcksit B R % Fig.3. 8 BL W Fig.3. 912/~ 7. Fig.3. 8 [T~V
VI T OV BN CW(T vy Hy )D& THY, Fig.3. 91X CCW(H v H
MDA THLH. WP OF G TRLULEE 2 NUEIEE, 772005 g(6,¢;)=1 &
ROHFH THD. ZOK NG, EHLHO8 GG O Ll &g LTIl Iz TS
U H fE I NS <72 TWDHEFE 25, UL EOKRFHIZEY, R— o RInicksd~
UV T oY) Bl 8838 & = Rk ot THER T 52N TE .

W, ZOEHEIfEIk L, R— AU RIVO BRI, Bl N O % %12+
WEmH 2. A—NLZUFIVOU NN EOROEEFFREZTEICTLED,
UnHNE2GZEBLEL, Fig.3. 10 IR LI AR EZXR L TiEBILE.

X = 3.6724y% - 5.5402)% + 1.7492y + 0.05 (3.16)

ZOKIIR LTINS, R— A RIAOE M IEH L EIcB T x Fmic
0.05mm F7EyhLTWD. IR HNEHREZ m+l HOM/NERIZHBILIZEEZD
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End mill revolution
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ball end mill Unit : mm
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Fig.3. 8 Cutting area in helical milling (Up milling).

69



End mill revolution

Ball end mill

Cutting edge of
ball end mill
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Fig.3. 9 Cutting area in helical milling (Down milling).
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0.5 Cutting edge

0.4F X = 3.6724y3- 5.5402y2+ 1.7492y + 0.05
0.3F
y 02 F IDi(pxi ) py')

Centerofend 0.1

mill revolution ™~_ | dé
0 i
p En(‘j mill‘revolutior|1 @

A
-01 0 0.1 0.2 0.3 04 05
X

Fig.3. 10 Projected cutting tool edge of the ball end mill on x-y plane and

its approximation curve.
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dg;=tan! (p,;/p;) (0=i<m) (G-18)
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LB R— LRIV D R L) N DAL & B4R IE Fig.3. 11 IR LT,

A ZE TIEU NN FBER Oy E & m=45, R—/L = RIL0 1 [\ #5045yl %
n=360 LT, R—/L = RILDE #Ef g t, 1 W@@H’L}J DY) H| 55 35 D B HR
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A, A=-37/2 ézbfaﬂé.ut. TOKEY, R—nrxzrRIvoyghNicizhatn
WHHOT, KD (CW)D & &, K EHEIY(CCW) D 55 & TIXHE 5 12D
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KGRIV (CW) T b b7y 7 Iy hO S &, BlivH IEg=-n/2 rad 22580 H % B 44
L, ¢=0 rad ICB W TR ONEZY HI L%, Y HIICE 5 L CW\WaY)hH o6 ik
WKL, ZD% ¢g=nl2 rad FTHE LY, XKPLHOMEZEHE T2, Ty b
DL EITEWTUL, R— LRIV DR 5 £ 725 ¢=0 rad (ZBW TR ON H &1
FIDEIC, NN OIZERBEAUHIEKICHLEF 2D, —F T Fig.3. 12(b)
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Fig.3. 11 Definition of tool revolution angle.

72



Finishing of inner— 90 —Finishing of inner—g
surface of hole surface of hole

[ Convex part
70 I of hole center

Convex part
of hole center

8 <
S S
o o
o 50 2 50r
0] i o i
k=2 40 .% 40
g 30 o 30
= 20| £ 20}
> >
O 10} O 10}
L I L I 1 I 1 I I I
°1 1 ER) 1 1
"o 0 5T o o "om -T "o 0 >
Tool revolution angle ¢rad Tool revolution angle ¢ rad
(a)CW(Up milling) (b)CCW(Down milling)

Fig.3. 12 Cutting area for a tool revolution in helical milling.
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Pi 23 0) HIl SH B IZH DI OO BV IE S h(6;,¢5)1%, RATEHIND.

h(6;, @) =f- sinb; - sin(pj-d ) (3.20)
Fo, U AN R dL i,

(3.21)
ALi= [Py Gy P Py 2,
TEEND.
R—/LTRIVD Fig.3. 10 DAREMNLDEIHE A g ThDHEXIZ, L EITE
HYaEnH, ¥nHhixznzhn,
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0
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0 0 0
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Fm((ﬁ]):g(gl > ¢j'd¢i) ' {Knc'h(gia(ﬁj)'dLi+(Kne+an' VB)dLl} (3 2 3)
cos(¢j-d¢p;)  sin(¢j-dep;) 0 Py
'Pyi}

1
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Fig.3. 13 Cutting force direction in helical milling with a ball end mill.
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AWFETHRLELTWDE B EM B O EEE LT, KAF% Tid Ki=2000
N/mm?, K;e=10 N/mm, K,=2000 N/mm?, K,.=1000 N/mm?, K,.=10 N/mm,
Kow =2000 N/mm?® & L7=. Bl E DT &k 2 £L 0 T Table 3. 1 (TR L7-.

Table 3. 1 Analytical configurations.

Cutting tool Ball end mill

Diameter ¢ 1 mm (Radius 0.5mm)
Under neck length 2.5mm
Stiffness of tool Ky, 9.21 X 10° N/m

Cutting force K. 2000 N/mm?
constants Kie 10 N/mm
Kiw 2000 N/mm?2
K,c 1000 N/mm?2
Kpe 10 N/mm
Kow 2000 N/mm?2

Cutting conditions| Helical feed pitch 0.05 mm

Radius of helical feed 0.4 mm

Feed rate 0.002 mm/tooth

Feed direction CW(Up milling) ,
CCW(Down milling)

3.22 MIEKMHLUBE N BIOMIEEOHE
3221 TEXVFMLUH ABLIOMIEEOHEEA

Mz, 2o Table 3. 1 ZIE LK FEL T, THEDV G AZ CW(T vy 7 Hvh),
BLXOCCWHEH U Iy NDOHEICHOWTEH R L. £72, T B o m L g
VB %, 0mm, 0.01mm, 0.02mm ¢ Z L S TR L. ZOf £ % Fig.3. 14 B
LW Fig.3. 15 i/ L7=.

AUV TATENT, R OJE 2R TIXE AR O B E 2830 T L7236 4 23
e AN L &2 5. N L Ic/EH 3288 HIZko TR = L= R A3
PEERL, M LEEEZAELLIETHE, UINH O EE AN T &4 B 5k
OYIHI 3y ik nweEE 255, Fig.3. 14 (2B W\ T, 3K 0 m B £E fig A3
VB=0 mm OLEHI AN T HAE@E®EL, £ EF5EEM 37005 ¢=0 rad T
Xy 51 o8 El )% Fy=0.50 N TH 2523, [l #5# 7 ¢=0 rad 2@ 2 LRI
WAL, Fy=-0.48 N LU HI ) DM J5 1 3 85 975, ¢=0 rad DR BB 1TV T,
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I AN T2 EFaEd 5L, Fig.3. 14 kv y #ih o 1E o J7 17 12 9) Hl /3 73
ERT20T, U RIUWEMN T MICHMEZERL, REBEBRIEKRTLHILICR5.
72, T Howi kS mEFEE VB 2% 0.01mm, 0.02mm L8 K L7238 S IcB W T
b, ¢=0 rad DR MA (2B WT, Fy (T2 ZL4 1.3N, 2.IN THD. —FH Tx A
WZiZy Fmdvb RERANERLTEY, K FEEEE VB=0mm I2B W T,
Fx=8.0N &72>TW5%. E7z, K171 B FE IR 25 0.01mm, 0.02mm &3 1 35L&, Fy
t 23.4N, 38.7N L N4 5.

A B% 1C Fig.3. 15 (\ZR L72Xois, ~UB kDD A28 CCW T bbb X o h
Yy RO A, BHE f 23¢=0 rad I8 W Ty FAICIEL Fy=-3.9 N &, CW D3 & L
R LT A REL, y FEICADOREOTE I AER LTS, £72, K
i BEAENE VB 2% 0.01mm, 0.02mm & R L7235 & i, Fy $-11.7N, -19.4N
R E N R T5. UIEI iy H oA O EISERALTEY, SO
THIEILD.
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Fig.3. 14 Cutting forces analytically obtained for CW cutting direction(Up

milling).
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Fig.3. 15 Cutting forces analytically obtained for CCW cutting

direction(Down milling)
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Fig.3. 17 1Z~VUBIVEDFH [0 B CCW(F T Dy N)DE & OEAM OVH T 2 — il
WMERLELOTHS. ZOKIZEWT, TURIVEEEEEIYICEEELTEBY, ~U
ANVEVCES>TLREIExBMAOHF M ICE B T5. 20k Rnb, K05 R
CCWHF T HyNDOEE, TR0 1Az oy G olhm, $obb
T EPSEEND T ICENMLTNDIENDbND. £, T HEFE OB K4
WV, B RE L, B ORI EHICKEL RS TWS. £72, CW O A kb y
T DEMPRELIRSTVDHEF 2 5.

0.03
£
= 0.02 VB=0.02 mm
> / VB=0.01 mm
5 001 /oo
g | s
c_% ol [/-f”‘v%:»
s 74
w0
[a) VB=0 mm
-0.01 ‘ ‘

-0.06 -0.04 -0.02 0 0.02 0.04
Displacement in x mm

Fig.3. 16 Lissajous curves of tool displacement in CW (Up milling).
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Fig.3. 17 Lissajous curves of tool displacement in CCW (Down milling).
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Fig.3. 18 13 LL LR B RICbE %X, U N Py A x i 2 @il 752204
fLEHE, F— AU RIVBUHI LK EEREZRLIELOTHD. ZOR R0
5, CW(T v 7 Iy RO A IEE @Ml (R —/r R0 % o M EE 372 28K &
KT TWVWBHZERDLMD. — F T CCW(HE T Iy R)OL & T i (&S
-0.25mm)iE 5 TOFR EDN R B R ELRSTND.

UL EoRE#HERICEY, R=L o RINICEDEA~IB A TICBWTIE, %95
M8 CW(Ty 7By RO & 1ER— /L= RV L M 6L, R IR
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Fig.3. 18 Profile error of the surface machined with a ball end mill in CW

feed direction (Up milling).

79



End mill revolution

\ VB=0\.01 mm \\
AR
s
A
AN
oy I S

-0.03 -0.02 -0.01 0
Profile error mm

Fig.3. 19 Profile error of the surface machined with a ball end mill in CCW

feed direction (Down milling).
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O Fig.3. 22 (28 3. Fig.3. 20 OFE RO~V DAL EVOE YT pp 2L b T5L,
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ANEDVOE YT pp & 0.05mm M5 0.1mm &K ELTHER— L= KI5 &
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Fig.3. 20 Relationship between helical feed pitch py and Cutting forces
analytically obtained for CW(Up milling), VB=0.01mm, and helical feed

radius R,=0.4mm.
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Fig.3. 21 Relationship between helical feed pitch py and Lissajous curves
of tool displacement for CW(Up milling), flank wear VB=0.01mm, and
helical feed radius R,=0.4mm.
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Fig.3. 22 Relationship between helical feed pitch p, and Profile error of the
machined surface for CW (Up milling), flank wear VB=0.01mm, and helical

feed radius Ro=0.4mm.
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Fig.3. 23 Relationship between helical feed pitch p, and Cutting forces
analytically obtained for CCW(Down milling), VB=0.01mm, and helical feed
radius R,=0.4mm.
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Fig.3. 24 Relationship between helical feed pitch p, and Lissajous curves
of tool displacement for CCW(Down milling), flank wear VB=0.01mm, and

helical feed radius R,=0.4mm.
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Fig.3. 25 Relationship between helical feed pitch p, and Profile error of the
machined surface for CCW (Down milling), flank wear VB=0.01mm, and

helical feed radius Ry=0.4mm.
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Fig.3. 26 Relationship between helical feed radius R, and Cutting forces
analytically obtained for CW(Up milling), VB=0.01mm, and helical feed
pitch pp=0.05mm.
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Fig.3. 27 Relationship between helical feed radius R, and Lissajous curves
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of tool displacement for CW(Up milling), flank wear VB=0.01mm, and
helical feed pitch p,=0.05mm.

End mill revolution

Ball end mill
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Fig.3. 28 Relationship between helical feed radius R, and Profile error of
the machined surface for CW (Up milling), flank wear VB=0.01mm, and
helical feed pitch p,=0.05mm.
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Fig.3. 29 Relationship between helical feed radius R, and Cutting forces
analytically obtained for CCW(Down milling), VB=0.01mm, and helical feed
pitch pp=0.05mm.
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Fig.3. 30 Relationship between helical feed radius R, and Lissajous curves
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of tool displacement for CCW(Down milling), flank wear VB=0.01mm, and

helical feed pitch p,=0.05mm.
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Fig.3. 31 Relationship between helical feed radius R, and Profile error of
the machined surface for CCW (Down milling), flank wear VB=0.01mm, and

helical feed pitch p,=0.05mm.
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2n 3.25
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0

2m (3.26)
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Fig.3. 32 Relationship between cutting edge position and cutting length in

Cutting length  mm

helical milling.
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Fig.3. 33 Finite element model of an end mill.
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Fig.3. 34 Displacement calculated for bending force 10N.
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Fig.3. 35 Maximum principal stress calculated for bending force 10N.
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Table 3. 2

Experimental configurations.

Machine tool Vertical machining center

Cutting tool Ball end mill
TiAIN coated cemented carbide
Diameter ¢ 1 mm (Radius 0.5mm)
Under neck length 2.5mm

Workpiece HPM31 (HRC58)

Cutting conditions

Spindle revolution 9000 min-1
(Maximum cutting velocity 28 m/min)
Feed speed 40mm/min

(Feed rate 0.0022mm/tooth)

Pitch of helical feed 0.05mm, 0.1mm
Down milling (CCW), Up milling (CW)

Cutting fluid

Soluble

Tool revolution

End mill

-

Workpiece

/ /

Axial depthL

s

of cut ¢ el
Feed direction (Down milling) | Radial depth

of cut

Fig.3. 36 Cutting path of down milling test.
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End mill Hole for diameter

Hole for measuring measurement
roughness and
forces \

Fa

FVA>T STy
- \‘\ﬁ)/ //' \\\%// -« 900
: CW  CCwW t N4
=0
_@ Workpiece
Dynamometer
Amplifier Analysing recorder

Fig.3. 37 Experimental setup and measurement of cutting forces.

End mill

Workpiece

Fig.3. 38 Measurement of cutting forces in machining.

Fig.3. 39 Observation of tool wear in milling tests.

95



3.2 ~NUALVMILIZBTDLT RER

IZL®DIZ, Fig.3. 36 IR LIZFIETTy T AvheF U Dy TO T HEM%
EEde L=, ZofE B % Fig.3. 40 IR T. 2O R X0, ToT Wy bEeF I IR T
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Fig.3. 40 Tool wear in milling tests of hardened material.
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<> >

\
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(a) Up milling (b) Down milling

Fig.3. 41 Flank wear of ball end mill in up milling and down milling.
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Fig.3. 42 Relationship between cutting conditions and tool life in helical
milling of tapered hole.
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Fig.3. 43 Relationship between the axial depth of cut and tool life length.
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TMRENRELRDFMICEN T2% 6 CE, RENNELRDH IR
ER T8 E2AICRDIEINICLTVS. ZOK»HAERL G [ %V (CW)TIX, Ul
HI BT 22D R B PIE R T2H M ERAF MU A D AERLTWLDITHL,
FERTH M EVCCW)TIE, REBEBM/NTHHFMICHBERLTEY, EH560
A b0 Tk e (e, 85 m B E D ol AR &Aoo TS L,
F TS A%V (CW)TIEAE QL J M (CCW)E e LT, B H ki lc ks T2
Fe O K IF O G)H| ) O8I 17 134 0 THD.

1st contact Radial cutting force in

/ 10th cycle of helical feed
@ / ym

cw = AR N ATEAN A ALY

F, [10N 105
1st contact Radial cutting force in
10th cycle of helical feed
(b) l

T, [10N 105
<>

Fig.3. 44 Radial cutting force in helical milling of a hole.

Radial cutting force N

-20 " -

0 5 10 15 20
Number of holes

0 1 2 3 4
Cutting length  m

Fig.3. 45 Change in radial cutting forces with the number of machined
holes in CW and CCW feed direction.
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3.4.4 ~NUAAMITICBIZMIEE

L% ICHAIM 2B CBE T52LT, RETORBERZHEL
oL NERIEIXxEYyDO 2 FAPLERENEL, ZOFHME %28 W CREl L.
F72 Fig.3. 37 TR LI FIEIZEVEIHI DB E DD R O 57 200 T UT2E 4y
OF 0 SZW E L. Fig.3. 46 [XEFHE M LKA E£H COBERER LD
DTHDH. FREUFMEVCW)DHE, RERZITHESTIETHDS 1.976mm LV
L TREW., mRIVOPHEFO 12 XM LETORIZEZR 1.976mm 75
1.991mm O] T 0.015mm OEAL BH2DH O O, B A E [ X/ S, 1 48 RO
14 N TITEEN 2.0mm ERk&L Lo TWb., —J, ERCH A £V CCW)DH
AUE 9 N T ETORIC I E BT e 2238 A B ) 358 O B AL, B HI B 46 XY W)
X 1.976mm 25 9 SN L 1% 1.920mm & 0.05mm LL B/ &S5 TWn5.

2.04
2.02 CcW
® Breakage
£ 2.00 W g
1.98 O
g 1.96 “ /
(O] _— . A . -
) CCw Objective diameter
S 4 94 e
5 L
1.92 Ll» Breakage
1'900 5 10 15 20
Number of holes
0 1 2 3 4

Cutting length m
Fig.3. 46 Diameter of machined holes in CW and CCW feed direction.

Fig.3. 47 IR EHEOHEB ZRLELbDOTHD. HE A ST+ A FEHHE
(RzJIS) TREAMI L CTWA. AHBF3E TH W TWAR — /L= RIUE, 4 o o Bk
DOEEN0.5mm THY, ~UB M T OEYFELLTO0.05mmeEL TS, RDOTF—
NHAZIFZOU N A OM IR PE G INDHEE 20, B S Ry Fk KX
TREIND.
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p? (3.28)
Rth=

8- R,
ZZT, pplE U L TOEVE YT THOAR M T 54 Tix0.05mm, R, 1L L
HAE g o2 THY 0.5mm Tho. 3.28 XKV FH I D8 5 M 12 0.625um

L% HRUG M EV(CW)TIZEIEI A 2260 M SITK 2um THY, 1
TR B O IS VER 2| i%ﬁ%rﬁéiﬁ{tbfu\é ALK A kY (CCW) T
XU HI W) B 205 0.6um S ER G ML S &1 ®2‘%ﬁ+ﬁéﬁ>?§fm%fb\5. Fig.3.
48 TR L7ein T OBl Z 5 R robbndLHc, BV Yy FiTx it LY HlE
WAL H mEY(CW)TIE L /\Eﬁxgﬁiﬁﬂ %ﬁ LIND. N K A
THESDICBH E T2, 4 RH CTIHBZEVOE R EBITIIANUBEAELTCND., —F
T, ERLFH M EV(CCW)D & 1%, GIEI 48 2600 L %k & 89 i Tho,
4 HETM T LTHEE e \UR A TR DLW, Fig.3. 49 X Fig.3. 48 (Z
BIIOMmE M FE LR LD THLN, HFRALHF M EDV(CW)DE & IXEIE YT
0.05mm (xS LM AR EHEZRELTWDLIOIZ L, /£ AL H kD
(CCW)TIZEVE Y F IV RERE YT OORNY TR B M EINR EINTNDHIE
DZDOENPEE DD

L EoXoic ,f\UfJ/l/jJ[II DT = UM L TIEA AL XD (CW)TiIE L
BHEMIEVLOO, M IIFUHI M EVE QLT R (CCW)EDEE WD L
Dohole. k& TR O E T £ TEZHLXALTHY, EH EoOMEITRVN,
ZOJRKFELTIE, ARCH H(CW)TIX, #AIM OF7 — R &t EIF28I2T
Ty e, N LA BTSRRI RN O W ERELS, I = T (E
MIZEONNVER A TLH2HEEZILND.
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314 /,3
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= / N
< 8 \
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o 4 / O :LTheoriticaI surface
g - ﬂ%//ﬁ/ roughness (0.625 mm)
R Voo |
0 5 10 15 20
Number of holes
0 1 2 3 4
Cutting length m
Fig.3. 47 Surface roughness of machined hole in CW and CCW feed
direction.
1 st hole 4th hole
Cw

Feed direction

$O.1mm

CCW
Feed direction

$0.1mm

Fig.3. 48 Observed machined surface in each feed direction.
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1 st hole 4th hole

CwW
Feed direction

0.2 mm b

CCw
Feed direction

__ lsum e e e
0.2 mm

Fig.3. 49 Surface profile of machined face.

3.5 BE
35,1 MM T—RROMIKBEICRBIIETEIH H o E

WHE, Ty T YR TIERBIERL, ¥ U By NTIEHRIEM /T4 L, K
T AT, BTERDE IBIEF IS/ S, I A AL A0k T EERE S
THNNEE TERVNOT, Ty T Iy b T, REBE K T2H MO8 HEI o
BRI H S, XUy N TR BB /ST 5795 m o8 EHl J1 oK R E
Ehb. Fig.3. 46 R ZEDOEAL L Fig.3. 45 O HI ) O AL (21X R UAEH 1) 2358
Hoi, TEBEREOEMIZESEIH N OEALIZE> TN T f o T ok g
BaENEL, ROME EFTEICEBEZRIFLTWDLIERNE 21D, £Z7T,
ZOYHI N OEAICEIITEHELEREELZRD, ABOM LR ELDL KL
1Tolz. st SNz Fmud 1z F,, TEOMHITEIMEEZ Keay 7258,
NEREOELe TR TRIND.

E (3.29)
" Krool

ZORE R & Fig.3. 50 2R . F2E KT, Fig.3. 46 IR LIZ /N E DR ZED
WEEHGTRLTHD. ZOMNLLNLEIIZ, YIHI 71 ORI &l 22553 F b
TRZE EHo0XVF BV THLHEMEERS B LTEBY, "B DR ZE
WL HBERICEIIUH DOERKREKEEBLTCNDLIEE 2D, 20X, A
Uk voJy 7 T HEFER KICXDUHI 71 KB ESSHTHY, ki) % E
PIMITEEZ2GONILOEE ZLND. HEH[3-7T]1, R—L = FILEH W
FEBEN TN CTy 7 Ay O NYIHI HICXk2 T BEZE B O TR E ~

e=2
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DEBEN/NINZEE R LTS, KRB IZB W TIE Fig.3. 14 IR L&D, &
DD CW(Ty 7T Ay MO A& ICBWT, T HEREOE KICEVEHI B8R X
7o Th,y HOGHE A MIT/NEL, 2o THEFROMN T ZE~DK
Y CCWHE VY Ay MN)OH A LDE/NSWIERZORR R NLLE 6 T
5.

0.06 . ,
Estimated tool displacement(CW)
£ 0.04
£ D/D
0.02 —— E =)
E 0 *:'4 Measured diameter(CW)
®.0.02 Estimated tool displacement(CCW)
Q
o -0.04 ®
5 0.06 \""
A ~Measured diameter(CCW)
-0.08 : ' ,
0 5 10 15 20
0 1 2 3 4

Cutting length  m

Fig.3. 50 Comparison of estimated tool displacement with measured

diameter error of machined hole.

3.5.2 TEHFMEZBIIETMIFmoOEE

Fig.3. 35 [Z/Rr L7 &9z, YIHI J) LT 10N 23 E A Lté:%rmﬁjtazﬁ;ﬁal
12 5.77x10% N/m? Th 5. Fig.3. 45 \T/R L7-LHIC T B ERE O 4T I2XY 20 N
OYIHI S BIER T 58 A, & K EIS 1 idoer = 1.15x10° N/m? = 1.15 GPa t/p
5. RZEH[3-811%, B & & O i 5] 98 - E M 57 S BR o5 5L, 51 IRV B
DRI J1#) 2.0 GPa ik LT, 97 M ENZDK 1/12 L7352 ERLTND.
£77, &R 5[3-9~3-11]1F, AL —bh= U RIMIZEAM I TI2H T H#ED
O] B0 TR Uinf EICEDH L BAEL, Hﬁﬁ LRI RDHZEEZRLTND.

ARFEBRFERICHBNTYH, T HEEOH KICKE ‘7‘93@? (ZVC 9 B0 T AR
V=M ET— N o FI/FEHLTEY, I,E\W‘ﬁ: W& D HI ) O R RN
:E‘/F‘i/l/ﬁ{%@ﬁé:i,to“(b\éé:f%z%ﬂé

Flo, R— VU RINVEBERICE ST AL, Ty Iybh, ForhybME

JH2LEREEBEOEITBEDLNLRWVIZLE OLT, NV LEVDE G I1X Fig.3. 43
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R LIS, ZUr Ay ho 7 B3k T ERENREEIT 75208 bholz. il
W, ORIV L CEAU Iy R A T255 B8R O EI M ~O &R
B, TRHEBREMNNINWEIRTNS. Kﬁ%@f\vﬁzvﬂﬂl%ﬁﬁf“ , B0
Mm% CCW(H Uy HE, L LR BIXEICKFELIVL /L7220, H
DFELEELTTWD. 207w, Fig.3. 51(b)ICR LELdC, ~UBLI T H IS H
W21 A AT ORIV LRSS Bl oY) E (8K I S Tnd. 2oz, Fig.3. 9 12
RV KR EREHR AR — L= RINEYHIEBEELTERALTWSEE 25
o, R— L RIVORFG W OFMEZEFICEY ) A8 KX k3250,
3.2.2.3 THBLAEIDICHIHI /1 ~DE BT/ S, ~UAVI L aMkEELTHH
WCHIVER LEZA L, RERBEEPUHIEREL TR — VU RIVITE A Lk 5.
IS, BT EOTEVIRIE CRERBEIKRAZE IR 7528870, Bl A DEFE
NEREATTDHLDEE 2BND. — T, CW(T vy Iy D A 1% Fig.3.
5L(AIC/R LI T U2 B IERREHE Kb K &<, 1 JH /5 ORI vEE L2
ER Tz 8137%2<, UHIE XX Vo Iy hOH A LB LTIV, LLAR—
NEURIVIEFE M T EIZE WAL F R ~EH 750 T, RiF 728 W &K
RE CHIHI AITONTWDEHEN TED. Z0d, CW(Ty X Iy IcBn» T
Fig.3. 40 IR LR RERN ToOBALFA%S D T EHEMNELNATVS
HLDOLEZHND.

Machined surface Machined
Designed Helical feed Helical feed Su[;?sci(;ned
surface | / Ball end mil SUTface

Cutting area Cutting area

(a)CW(Up milling) (b)CCW(Down milling)
Fig.3. 51 Change in cutting area in helical milling due to the deformation

of ball end mill.
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3.6 TERE~DHEM

AL TIE, R— U RIVEF W@ 6 E 4T ~Of A 7o | B ) H
BWT, RTEOREETBEHEMOMN ETEEM L 7o 22l LE. it
KIFZ<OLETHRMLEZITo72%, BAH T Te MM B 2 ibsE, £
DHBIWHE BT T &24T50 T, 2O L HEZETIHLEWIBRELIH-7Z. L1L,
BE ANLHE HOFBMICK L THER U RINVICE> TR RA R ABE #1TH524 T,
HATAMECESTLIHMESC, VA ICE T8 B OmME DA iRICRoTe. &
To, RFF R CTHRF LM TS&EETIE LR YoM TR/ XM 4.5 0 THY, Ty
THyER A TAE 14 ROM LR ETHY, THRBMAEITIZ AR 1 K
UL koS N e ThoHEE 25.

3.7 ®E
AT, @MU EROALASCHHA TERIEO LHEAHM T L52L%

HHLLT, & HRC58 DB AN/ NER— LU RILERH WTNE R &

BEHEANIILVIN T TH522BE L. 20D, R—/Lo U RILEH W=~

ANVEVICBTLUHI LM TEEZDO TR ET VEAME L. ZhICXY, T

FEDPMIKEEICRIETEELBRFL, L FToZENnbrol.

()M LA RNT YT Iy heded LT M EV(CW)ERF 28, REDIEKR
FTOHH M L ZENEL, FUr vy el Al m kb (CCW) % A
THERBENBME N THHF M LIRZENELD.

)M LA n7Ty Ty hehdlo G REHT M EVERH 758, £RCH W
EOVOGAE LR LTLEREEmMEN 2 f5I12m ETES.

B)LEFHEAECUTICEBENICT — NN TRV EIEYTITE
W, T HERENSE KT I8 K358, M T ATy 7 ayhe
RHERUFEEVOTT N, ML EM BT Ty el At )i m ko
AR, TEEEOUH H~0R BT/, £/, TEEREH KIZLD
KPEDEA EITEIAI ) O REmE— L, I LEf Ry 7T hyhensd
FREUFEEODOT BREOEAIILE N L E THD.

(MHAERCFHEVTIE, EHA EHFAROFH N TIXHL258 #4185 Lohn T m
OFRMMENDELS, FLLTHEBEROE RICIOANURFE AL, £ @ SbEAL
T5.

G)YARERIEEZH WM CTIX, TEOAN —FHET— NEOE R T I2H
WCH KOs 7 3T, TR EEFE O8I H| ) TIEIH B O3 57 78 B2 I
THAPERL, URIABFHLLTLLRD.
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FTAE RRIROVCUCWREMHICII2EER - BRBEMT
41 BERTRIZBIZ=ZKREERMNITOBRE

KB S OUHE N T TR, ERTEZHWAILELZHY, T H O
K FICEVORVIRB N A LRI ARS. ZORR T EOVCOIE & 28 $l 5
FEELT, T=NONHBICR TR EHICAE U NERNK THILT, BE
PEfeam E4T2HENMERESA TS, LL, vAZ U NN T B2 Wiz
A TH, KREE & O L% & 68 ITAT 5720 I L AL DAL & R SA2IS U
T TEMERUE TEODRESZBEIEICTAIENE ENS. 6] 21T, B WEB AL D
METHEEHLOBEWTEEZH W, VWAL OM T CEEHLOE WL K%
Wbz, MmO T HEHLEICIE DT TREREZN L T&5. LarL,
ILAL O ERERSICADEZER TREZ2 5 o213 Eaxb %
WRSELIOT, 7T—REEVaT— (L LA S e LG dsriLT
BRABEIICXIESELIENMLETHD.

AREFETIE, Fig.d. 1LITRLEIORER T REICEK2EERN LE2TH52L2H M
L, ERVIET— "R EMEOR 2R L. 41D ICLDH
BERO TR ET VAME L. WIZ, WRERO T ET VI SIF R
OFFFHERBE G EERE L., Eiz, RIELZB IR 7 — N0 = M 58 &80 #il %
RE & FEBR W) ISR G L7,

Spindle speed S rpm

[=

Feed rate Arbor

f mm/tooth

T
Dynamic . - %

stiffness <
—— r
Iy

a, mm

Fig.4. 1 Chatter vibration of machining process with a long slender tool

arbor.
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4.2 BRI EOOCUYIEE #
4.2.1 GUGVIRE DI LR K

B/1LETCTHHLELIS, IV 7ML COVRIEEICIZHE A TR IE®) &
F—RNAy TV T OREPRHDLN, LB RO ODIR &) M #il 7 ik & LTI K
Wi oM EEZm EL T XL ERNEZN ETH52EREETHDH. Kija LT
X, WA R IR T —"O% G HIEOKS2H WIS, BAECOVIRENICEDL
ER AR o F Hl 5% EL T Tlusty 288 % L 7= Average tooth angle
approach[4-1,4-2]iIcb LS H B THFI Lz, 2o k1%, Bz T B o,
OViE#E%Z 1 BHEOMELEL TR EMEEZFEM T 2O THY, UIH T Xz
PV ET AR = U TR EINDLIAFMIC L BHHRERS THLEET
2D THD.

Fig.4.2 1%, 1 D Fig.1.20 IR LEHAVCVCVIEGBOET VO T ry 7 #j
MzaLTIATLVAZEBLTRLELOTHD. M E0a 77470 2%
@(s), TEF T8 1% F(s)et+ 5L, T BEDOEN X(s)iE,

X(s) (4.1)

Ds(s) = 0]

TRIND. W EDITRERE ks, MREREZc, HEZ M &T5HL,

k, (4.2)

1, S

n

(Ds(s) =

ZIT, wy =vks/mg , {=ci/(2Jks mg) THD.ssjorBE, 20 4.2 KEEFE
VIR R TDHE, Fig.d, 3IWTRLIEEIIE, 0=0 IZBWTEEHD 1k L7220, o
D KAZHEWEEFFEIVIZK O X5 ir &0 5.

— T, UH et E B T, R S mMOESMEH N EH O K,
B FIALT U AE @y, EE R RE RS A N, TR (A 5 oY)
ABFEZ b LT,

F(s) =K N¢ by - (e = 1X(s) (4.3)
X(@s) 1 (4.4)
F(s) Ki'Ni-bi-(e7™—1)

sSjolBEZD 4.4 X% Fig 4. 30EFE ¥ Lick T &, BEHN

Re (X(s)) -1 (4.5)

F(s)) ~ 2K N;b,
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TRENDEMERD.

Compliance of mechanical structure

1
1 I
|
Cutting force : Compliance ! Displacement
o O] : X L X))
+ i - [¢s] J: -
|_ 5 "1
| |
! Inner modulation| |
: <] Kt Nt* bl + - :
! Cuttingforce Axialdepth | OUtermodulation| |
- coefficient  of cut T -
1 e—'s 1
| |
|
: Delay !

Compliance of cutting process
Fig.4. 2 Model of regenerative chatter vibration.

Compliance of cutting process
Im(+)

Compllance of mechanical structure

Re(-) ~ o= 0/ Re(+)

increase of w

<>
Maximum negative real part R, nax

1
2:K:N**b, Im(-)

Fig.4. 3 Compliance of the mechanical structure and cutting process.

WE O AERFIL, 42 XKBLO 45 ANRMHEZFFHOLETHY, Fig.d. 312BWNT
UHl Z7atA0ary P47 AN, M E DOy FIAT AR RER oL
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Thod.

OO IRE 8 2338 A& L7 W2 & 728 A A & X 5 o k> TR 720, Fig.1.21
IR L7222 & BB A h %% (Stability lobes) F OfHIK L7225, 22T, YA A &%
RELTI LR FE & L3520,

(VUIIA B BEZRESTEHMEHZERR T

()Mt & oM A2m EL TR ERFAEMBER LT

D2BINE Z6ND. KB FETH G ELTWD KB E & oW #l il T <X, #l x
XEE 50mm 2EDORZEOUHI THEHEH WAZELEABETLE, SR M ED—
fx B 7290 B K TH D 100m/min TH L $ 5 A 6 HoiE 636mint kb, b
AR W [E S SR R A2 52k E7e D, Fig.l.21 IZoR Lz koI, K 8] 85 2K
O FE Ik TIXEN R B KDL E R R U IA A D2 BT/ &V, Fo, KHF %R Tl
R HZRERICN LCELNAHB R T EORBEZHEMNELTNDLDOT, |
FRICBILQ)EHRHL, TEOEBM MR EICXko THEEEICEL T OO K &)
DREAELRNEZEERFUIAALE by oW EEX 7. Zobx, TR 6 #x§h 5 7
DREERFGIAZE by 1T, BEBEEOB NI T IAMT U AD KR KA KB
Rn max &5 L<720, kKX TKIND.

b - -1 (4.6)
17 2K N Ry max

LEMRA G A LR b, 2 RELT B0, ERICBTHR KA E Ry nax Dl
WA Z2/NSST L ERHY, IR 7T — O GHEHELT, BIary 747y
AZD g KA FEE Ry max O 2 /ME T 52 La M ET LT,

4.2.2 <wRFE U RIZEBZCUDIR B 301 & 0 6E 3k 8 W

FERTHEOBEZM EI5HFELLT, EROIICEERAZTH LT
OO IR B & 0 L 4 ¢ Tl 525U CE, RR LA oML 32
FERSD. P E OB R M2 32120, #2817 R0
ERBEOBOCMEER WD, AT EREORFEREE T 5, RED L
Do, LorL, KEHSHOR&VIN T, @M 2Xo®R v LRl T ok
HAERICEBARSIH G LEL, TLEERTEO7 — M B LTI E
FEME, IANOHE PO R MBI ZH WS 22457, Lok i ¢k o
M EICR R RS D. — J T, B EON T~ AT 8 E N i L O it
Zwa LT ERMONATEY, R—Ur I N—REOERTELTIE#K DT
DCHE NN T L2 HERRE, EFALLINTND [4-3,4-4]. SH12, A —V
VIR =R RIS R LT~ AT ROREH, B FENREINT
W5H[4-5~4-9].
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4.3 %ﬁﬁ?—zf@%iﬁ%ﬁ%?ﬁ
Fig.4. 4 IZH EBHIC~vAF U NENELEIE T — O EER . v AZ R
ITE & ié‘lﬁ‘éﬁﬁ IZEOT —ANREOEE I LT N EMZAHZETIRE %
WETD. T—ARKEEIHKOEMAT BRIV ZETIEBBICK RSN TWD
BHIInThHY, MR LI ICE E m, BREHk, BERK oo — A HE
RE)VREEBEZDIENTED. 7= AKMFITHR T 22 5 ICITE & m, D8 D
i BIERBI OB BEREZN L TT — AR R ICERINTND. EEITX T AT
VHERE R LR EOR WM ETHY, IFRIFITLALREOBERIA VLEND.
FEWEITMAREOREIRESC, ZRAKROBEIFHIND. 208 & ICE
B om, DHEIX WEES CEEEEESHO B HRENE LD, AE TIIYDIZ
B O S S AME R T EFISNTAE E O~ AKX VR AER K O ZE E N K S
NTWBIE 7 —NICBWT, v RAF U O IR8 B M 28 T B e ic kb5 &)l
IRIEFETEE BIOEEO _HHEEH LA LWHOB M EOMEZE
PR 2R RN ICK > TH L, BIIR 7 — SO R M 6E 1 | 7o 0% G5 &
DRI, PREBTHESSER, BIOZo# 8 (ZRE K, BERER
OYOR#EEH B ELT, i 5 ) & % G EE Bk AN T 5.

\
’ \
Body Weight Tool
Fig.4. 4 Vibration model of the tool arbor with a mass damper

installed in a hollow space.

431 ARERBEBELCIZAFI VRO HEEFAETT ALK E & G
4.3.1.1 ¥ 75k

AW TIIAEREZMN 7 FEXPZ A WT, 7— "0 8 il 1 o i & 217
o7z, Figd. 5 1Z7 —A"KEKOHITET NV TdHD. 7T —"KEOHMEITH THY,
FREEIX 47Tmm, 2K X 400mm, BB ICIEE & 150mm, N £R 36m O 28 5 AV ER
FHENTWS., 7T — 3R K135 B 7.8x10%g/m?, Yo 7 %1% 2.1 X10°GPa, &
W 0.05 EL7z. Fio, T EAALZYOMI M, T /EEH = ORl 2% E 357
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DA, [T ITARE O R S50mm OE 4 & T BARALFLLTEDOM B2 45
ZLEL7Z. Figd. 6 13XV RO ET VAR LTS, X U338, 1Zhanbik
RSN TEY, 8O M NIXR T HFINTHEE Lo TVD. XU RO E & (1T
34mm THY, fE L IF D E ZTFNZE4 130mm, 10mm L7Z2>TW5. $E XX
2T UBERE R R E DL E O @ WM B THY, B E A 1.5X10%g/m® , YR T
5.0 X 10°GPa, i F 13 0.05 L L7-. IFRIIITLARLEOMMEAR L, % 13 1.0X
10°kg/m® & LT, Fh, XU _OE B F 2L SED0 IR0 7R L
AL SETCHE TLIILLLE. XU RO HHERHLEE TR0, §F
D G 2L E ABIOCEL, FREZME BLT L. ILDICL ERLYD
ML, FEEPE, B E L EES AL, Fig.d. 7TIRLEZETICE
WT, TEFRVEOY 7R EW R EZEAIETT — 0% 8 23817 58 [l P
ZitBH L. Figd. 7iEx FicB s 1 ROEEHE—RKZRLTW5. Fig.4. 8
XEBEO TAEEM L IZ BT50 AAX 24 LTI 727 — SRR S 2815
W EOF R L, AT R AL R CHD. BRI o I, TE
e BTN R R A EUAT T, AV A AN 2 TR TAT & L, N E FEEH o i
NET7—VZEHR T L TIToTWND. ZOR B X0, TR B &3 1 8L —
BEEL-0I1C, THARLVAICBTLY 7R % 1.5X10° GPa, % b % 0.05 &
L7z,

Tool holder

Fig.4. 5 Finite element model of an arbor with a hollow space.
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Spring C preioht X
yAZ
. 34

Fig.4. 6 Finite element model of a mass damper.

Tool holder

Original shape

Fig.4. 7 1st mode of natural vibration of arbor.
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S o e
0 200 400 600
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Fig.4. 8 Approximation of supporting stiffness of tool arbor.

AW TREF OB FEMEELT, X "D FRlM, M2l E2E b LL
EOBMMEEF R L., ZOLXIZHX O FERIE T 2bBIXAE I, TR
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Fig.4. 9 Relationship between Young's ratio of spring material and

stiffness of damper.

Table 4. 1 Material properties used for the finite element analysis

of dynamic stiffness of anarbor.

Density Young'sratio Damping ratio
kg/m3 GPa
Body 7.8 x103 2.1 x10? 0.05
Tool holder 7.8 x103 1.5x102 0.05
Weight 1.5 x104 5.0 x10? 0.05
Spring 1.0 x103 0.817x10-2 0.05
-6.53 x10-2 -0.4
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Fig.4. 10 Mode shape of damper.
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Fig.4. 11 Natural frequency of mass damper.
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(a) 1st order mode (b) 2nd order mode

Fig.4. 12 Vibration modes of damper.
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Fig.4. 13 Real part of dynamic compliance of the mass damper
(Position B).
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Fig.4. 14 Real part of dynamic compliance of the mass damper
(Position A,C)
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Fig.4. 15 Mode shape and real part of dynamic compliance of a
damped arbor (k;=0.5x10° N/m, £,=0.3).
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Fig.4. 16 Mode shape and real part of dynamic compliance of a
damped arbor (k;=1.5x10° N/m, £,=0.3).
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Fig.4. 17 Mode shape and real part of dynamic compliance of a
damped arbor (k,=3.0x10° N/m, £,=0.3).
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Fig.4. 18 Vibration model of adamped tool arbor with the mass

damper installed in a hollow space.
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Fig.4. 19 Calculation model of the dynamic stiffness of the

damped arbor.
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Fig.4. 20 Calculation model for dynamic stiffness of the hollow

tool arbor.
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Fig.4. 21 Consideration of the connecting position between the

arbor body and the weight.
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Fig.4. 23 Maximum negative real part of dynamic stiffness of

damped arbor.
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Fig.4. 26 Example of calculation results of dynamic compliance

of adamped arbor.
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UL EORFHER LY, HEOT— T3t 728 MM O 2 10% LN EL, 2
DB AL T IAT U ADR KA EMER /NCTLHHZEHFIELLT, R d %
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g 0.0
= d, =40 mm
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Fig.4. 28 Relationship between dimensions of hollow space and

maximum negative real part of compliance.
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Fig.4. 29 Relationship between dimensions of hollow space and

static stiffness.
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Fig.4. 30 Static and dynamic stiffness of straight hollow part and

taper hollow part.
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Bz BT =N LTEREH DR A 2 10% &5l OL W HE
Ks th=1.9x10° N/m OEMER L ThHD. FEMET — AR LS & O/ i
£ dy 1Z 28mm 205 36mm I8 L S8, R ITT_XT40mm &L THDH. 2D
fER DD, T— B R O F 22 FRISI T Ry max 1 EF Bl PE 00 88 02 £E > TH IS
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R —RTE IR 22 85 o & i B 1%, T — 3R o 22 5 L IR R IS W E Ee o
TWL. 207, LT OMITBIOEROKRG CTIIH EH oKk EFEELT
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ZL, @ EOLEWEZ AR E L0 E LT 085 612k, T B IRE RN T
RETHDH. AL ZEE IR % Fig.4. 31 (IR 7.
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Fig.4. 31 Geometry of the designed hollow space.
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HH LT DX, Fig.4. 32 IR L7EEIIC, BEE L 2L 2= BT ALV 4%HE
B L TR, Iﬂ—@fcv:n»%twcﬁé Ly X" +52&TRED
THE Li+Ly 2Z ST THEH 520835 26015,
iR 7 — A"A KO X2 R ICEI-TEMITIOT, X "OEHE & %[F —
ELTh, SEXFF N IXRESR, BHERBOREMIZIE(LTLE). 3205, &
5= OO LHRICH LT N E2REMLLTH, ERELE(LESETHWNDL,
WEMEESLLLTLEIZENRE Z6ND. ZZTRIZ, EVaT7—{bLieF 3
WA EEAEATHIZERL, IERVWEH ORI THE A TEAH WA
LR T ROV TRF L., TEELTHWDHR KDOEE Lyax= 400mm,
B /DD ELnin=300mm &L T, Lpax PIREE TH U R Z KL LTZH A, Lnin D
R o RegElb LG G0 NZEICH>NTC, TEHA2E L % 300mm,
350mm, 400mm EtEALLIztEDE M TIAT U REREB L. TENDSE
HAZBWT, 228 OFE X 1,=150 mm, PN IE d=36 mm, Wi STV 5 8k
DE BT my=1.74 kg L[F — 172> T 5.
TREE2R% Lmax—400 mm ELTH N\ ER#EA LG & O EKEIZoW
T, Fig.4. 33 12 T. ZOKIZHE TG O ITX o OHEE &4 m,=1.74
kg E[E E LTIk HE (EPWJBJI{{E [,=150 mm, d,=36 mm) T, k, BI QG =2 T
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W5, FZOKIZEITERFE A ORI, T EE L=400 mm OIRHE Tk, BLDVS
Wit (k, =2.01X10° N/m , £,=0.42)L, BT AAX DA OE S L, #ZE F LT
L=300 mm, 350 mm &t L7z ALTWD. ZORER I, Rtk 2bb
PEE RAE—ELLT, %M%fw)IﬁEz :ﬂbf&“wméfaﬂﬂ%%ma_ma‘ék,
TEREKEOMMER EICfE-T, I a7 IA4T A0 K KA RBITBITDHE
WHILRL<R2b00, R KRAFEBORESIFIIFELLLRNVWES 2 5. £z,
L=400mm R HBE TR WAL LI-F v %, L, ZE F L7z BT "X ICEA T TH
[k CTHY, I KA EBORKEIFIIFELNLL TR,
Fig.4. 34 Ofk A Ol # 1%, Fig.4. 33 LK ICENZh o T B E o3t LT i
fBL7EH G 2R LTS, £2, ZOX O 6 Ol #1% Fig.4. 33 LR U 22 &5 ~F
EBIOSEE &OX L NZHONT, TEEZ L=300mm L7k 8 T 1k (ko
=5.30X10° N/m , &=0. 34)L L, 22 L7 BT AAX M T TCLAEE%
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L TR AL L7=Z v %% L=350mm, 400mm L CHEH 35L&, 8o 7747
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BT tool holder

Damped arbor

Fig.4. 32 Example of changing total length of damped arbor by changing BT

tool holder.
> X107 .
T 30 Optimized L =400 mm
20 / Optimized L =350 mm
S /| Optimized L =300 mm
2 1.0 AN
g 0 %\\
T / /
2 -1.0 L =300 mm
8 / (Damper optimized L =400 mm)
% 2.0 7| =350 mm (Damper optimized L :AIfOO mm)
@]
O -3.0 ‘ :

0O 100 200 300 400 500 600
Frequency Hz

Fig.4. 33 Compliance of the tool which is optimized where total length is
400mm.
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Fig.4. 34 Compliance of the tool which is optimized where total length is
300mm.
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T H (a5 %% % S=636 min™t &5 5L, §F 0 il O F I L BE O /)1 Fy=0.45N
L% — M T T T B wICEE N OWHI I 23EH 3528, Fy 1340
Hl D LT /SN, £728E D7 v T A AR B I3 T H [\ #58 S=636
min (2% LT 10.6 Hz 720, 77— O E A K 8 %k 189 Hz L # L Th |+ & I
G EEFLEOTNOT BRI ~0O 28 |1 TH|MA TXHLE 26N,

2 (4.29)
mae (2nz5)

4.6 EBRMFE
4.6.1 EBRFIE

ERoBH FIEOKRFE, BIOBIE T — 04§ R 97, 2
WSFE % 1,=150 mm, N &% d,=36 mm O AR — I\ﬂ‘/ﬂ(kbtiﬁ L=400 mm
OBFIR 7T — "2 /ELZ. 2K L=400 mm DL, i o §l T B I1ZHE £50mm
Thb. RAELEBIR 7 — OBl % Fig.4. 35 (ZoR ¢ . ] L7284 T B3
SEOE L 50mm, 4 KA OFEEY T H(H Y — /18 ASR4050-4)ThbH. T H
A TbNTHhAEA P —bIa—Ty N A 4 THY, 10mm O/ — R £ )
RIONTWE. BiET—"OAL U RAANIEI =V 7 F o7 T FL TN S.
FERIZIIHF ET—NEPR T — "2l Wiz, TEO#BMar 7747 A% Fig.4.
36 IT/R L7k, TREMWMICIMKEEY Yy Ty T2 WA, ZOR il 2423
AN IR THT B, LI EOFT B I LN B IS Z 251 352812k >TfT
STz EBRICH W E M 30E 150mm, £ & 250mm @ 0.5%C @i # (JIS
S50C) ThH 5. DI, COVIREN X T75% E M z2sk i +257-%, Fig.4. 37 I
RLEIOICT EE FmAoYiAAELZ 30mm, 1 Yoo T EEVEZ
Imm/tooth LU, [A]#5 %0, i 07 () B 3A &, BEL XV M 228 b S Tol Al
EPLOOVIEE R AOFEAZH W L., EBREAMEE2ELD T Table 4. 2 TR
7.

WA, BRAELIEPIIR T — O RE 2 & &M 55720, Bl J7 18 238 i 1) 128
8T, BIHI &, I T oFm M SZ2FAM L. B)H & oM 35S a2
N2 3 il [E] S %1% 636 minTt, 2% V3 BE X 2,544 mm/min, T B @& K

UJiA 81X 30mm THY, ¥ U Ay el 5 mIc T A %% 7=, Fig.4. 38 IT7R
L&z, #ll# o & F J5 1A 12 250mm @JﬁUJDIL TSk - T lE] s dlh 5
M OYIA BN K TLICEB T mICTREAX 7. fEkod £ T H T,

Yl HIE 250mm (2% LTEI A & 25 0 mm 726 0.8 mm &8 K +25k9cL-. £
72, BMAELEIE 7 — " Tl, WA &2 0 mm 225 1.5 mm &8 K+ 251912
S EBBR LM AELD T Table 4. 3 1T 1.
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Milling chuck

Arbor

Tool

—Work piece
(S50C)

Fig.4. 35 Outlook of prototyped damped arbor.

Arbor
Impulse hummer

Cutting tool

Accelerometer

L

A/D

converter [T P

Fig.4. 36 Measurement of dynamic stiffness of damped arbor.
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Spindle revolution

Arbor

400
Feed Unit: mm
ee
Feedrate T~ 250
1mml/tooth

Cutter (ASR4050-4)
Diameter 50
Number of teeth4  Work piece (JIS-S50C)

Fig.4. 37 Setup of milling tests(1).

Table 4. 2 Milling test configurations(1).

Machine tool Vertical machining center
VS5A (Mitsui seiki kogyo Co. ,Ltd.)
Cutting tool High feed milling tool

ASR4050-4(Hitachi Tool Eng. ,Ltd.)
Diameter: 50 mm
Number of teeth : 4
Insert: EDNW13T4TN-10 JX1045
(Hitachi Tool Eng. ,Ltd.)
Tool length :400 mm

Work piece JIS S50C

Cutting conditions| Spindle revolution : 400-1000 min-t
(Maximum cutting velocity : 63-157 m/min)
Feed speed : 1600-4000mm/min

(Feed rate : 1.0 mm/tooth)

Radial depth of cut : 30mm

Down milling , Up milling

Cutting fluid Soluble
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400

Feed
Feedrate T~
1mm/tooth

Cutter (ASR4050-4)

Diameter 50

Spindle revolution

Arbor

Unit: mm

250

Number of teeth4  Work piece (JIS-S50C)
Fig.4. 38 Setup of milling tests(2).

Table 4. 3 Milling test configurations(2).

Machine tool

Vertical machining center
VS5A (Mitsui seiki kogyo Co. ,Ltd.)

Cutting tool

High feed milling tool
ASR4050-4(Hitachi Tool Eng. ,Ltd.)
Diameter: 50 mm
Number of teeth : 4
Insert: EDNW13T4TN-10 JX1045
(Hitachi Tool Eng. ,Ltd.)
Tool length :400 mm

Work piece

JIS S50C

Cutting conditions

Spindle revolution : 636 min-1
(Maximum cutting velocity : 100 m/min)
Feed speed : 2544mm/min

(Feed rate : 1.0 mm/tooth)

Radial depth of cut : 30mm

Down milling

Cutting fluid

Soluble
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4.6.2 BHIR 7 — OB M

RAELIE IR 7 — 0@ o 7747 0 AR E & R & Fig.4. 39 (2R ¥, ik
DI, & 400mm O KT —"OR EMERLTWD. 2O NG, GEKT
— NDO KA FEEIE-2.9X10°m/N THHDIZH LT, -2.7X10'm/IN L5 9 %
W2 ELTWD. 3R EHE B L O E I E A 220HZ L fFIZB VTR ER
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BLTWL2b0LE LN, R RAFEBOM, BLXOBE AR IV TRL
—HLTWBALDEE ZLND.
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g L

> /—;

2 -1.0

S /

S -3.0

(@)

_4.0 1 1 1 1
0 100 200 300 400 500

Frequency Hz
Fig.4. 39 Dynamic compliance of the prototyped tool arbor.
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1 A% T B%XvE % Imm/tooth &L, T B [\ iz 5 L 5 1A U] A & 228
b7, 2O R % Fig.d. 40 1273 T. M OXDO~—n1%, COVIE B 2% £
L7mZ &R LTWA, BT — "2 M W8 8l T T, Bl 5% 400min™ 226
1000min’t, @l /5 1A G)5A & 0.1mm 225 0.2mm D5 X T D 5 TRV IE &) 23
AL

WA, RIELIEB R 7 — "2\ T Table 4. 2 5 E TOUIHI N T 217 > 7=.
Fig.4. 41(Q)IX7 v 7 Iy DA THY, Fig.d. 41(b) XX v Iy XL G ER L
TW5. P OOD~—E O IR B 233 4 &I Eﬁ%iﬁﬂ HIRRE TH o722
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i 5 B A A f 0.7mm F2 B ETITOOIR B 2% & &I LA g Th o
7z

L EDFERKERID, AELZIRT — S TIEWERT — "L LT, Bl 54,
i G A A EAEZALLTHIR WE P COOIRE 2 f T, mug R L
DA HE THDHLIEN DTz,

O Stable X Chatter
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X X X
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Spindle speed min-1

Fig.4. 40 Milling test result with Conventional arbor.
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Fig.4. 41 Milling test results with designed damped arbor.
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DR T DI A BB 21T > TWDHD T, jJuIHéfF'ﬁ@tﬁéjJu (ZAE W) EE T
RELI25TWD. ek O 32 T H TIEK 6.0s ICHBWTHIIA 2 & a, (X 0.8mm,
RAELZEBI IR 7 — /3 TIE 6.0 IR W THIIA 2 & ap (X 1.5mm &49 2 5 DA A
BEROTWAIZHE OLT, UHIF I3/l THY, IREAZM G TETWNDHE
= 25. Fig.4. 42 (2B DU HI F D/XT — 2RI T A% Fig.4. 4312k . 2Dl
"J%%ﬁapku\flﬁlﬁl%a}ﬁz X 636mint, TEOHKIT 4 K THHILEND, U
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(a) Conventional tool (b) Prototyped damped tool

Fig.4. 42 Comparison of cutting sound in oblique milling tests.
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Frequency Hz Frequency Hz

(a) Conventional tool (b) Prototyped damped tool
Fig.4. 43 Spectrum of cutting sound in oblique milling tests.
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Fig.4. 44 Surface roughness of work piece machined with a conventional

tool.
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Fig.4. 45 Surface roughness of work piece machined with the prototyped

damped tool arbor.
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x106

5 0.0 2DOF Analytical model
o
8
E;JZ -0.5
= = \
S 5-1.0 \ N
c 5 FEM model
E x
2 -15
=
S
= 20 ' | . .
0 1.0 2.0 3.0 4.0 5.0 x106

Spring constant of mass support k, N/m

Fig.4. 46 Comparison of calculated results of maximum negative
real part of compliance by 2DOF analytical model and FEM model
where £,=0.3.

= x106
€ 20 without amplitude ratio
= with amplitude ratio
g 1.5 (Proposed method)
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3 /
R
8
g 0 N ——
@)
O _05 I I I I
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Fig.4. 47 Comparison of measured and calculated dynamic compliance.
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Fig.4. 50 Comparison of surface roughness of the machined surface.
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