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Fig. 1.1.Plunge turning process with regenerative chatter [14].
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Fig. 1.3. Cutting process with various tools.
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Fig. 1 .4. Chatter vibration marks on workpiece

(Cutting conditions) Nose radius: 0.8 mm, Rake angle: 0 deg,
Relief angle: 0 deg, Feed rate: 0.1 mm/rev, Spindle speed: 1400 min™,
Depth of cut: 0.1 mm (in radius)
(Workpiece specification) 20Cr4 (ISO), Hardened steel (HRC 58 - 62)



Fig. 1.5. Chatter vibration marks on workpiece

(Cutting conditions) Nose radius: 0.8 mm, Rake angle: 7 deg,
Relief angle: 7 deg, Feed rate: 0.5 mm/rev, Spindle speed: 664.2 min?,
Depth of cut: 0.2 mm (in radius)
(Workpiece specification) C45 (ISO)
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Regenerative cutting width b,

i :

-+ Ly

\ Feed direction

Vibration direction

Workpiece

Fig. 2.1. Cutting process in ordinary-turning operation.
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Cutting direction

Tool tip

dc

Workpiece Nominal uncut chip thickness

Fig. 2.2. Dynamic uncut chip thickness h.(t) with regenerative effect.
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Dynamic cutting force F. Vibration x(s)
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s
L

- - « b,
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area of uncut chip
b E_TS ¢
r

Fig. 2.3. Block diagram of ordinary regenerative chatter.

GIMI 2 E) Fe 13RI T L O ICHOIHIRET P L UIHIBE B AB OB THE LS.
ZZTC T X EHEESEEE Ny ZHWT T=60/Ng, TRIND.

F.(s) = P.b,(e”™ — 1)x(s) )

BIEI ) DOEENZ X > TREERITIREY L, IREVZEAL x(s) DELD. ZOEMIIH D = >
TIAT U ABBELTHELILD.
x(s) = (s)F,(s) )

12



A1) L XR@QNBERPFTFHND.
x(s) = ®(s)P:br(e7" — Dx(s) ®)

ZITHAOD x(s) TBEDETTH Y, LD x(s) 1EAN—T Ei#E-ST-OBOEET
0%, BUEDIRE) L MEDIREPE LW E ELEMRATHS. Lich-> T, EHE j, A
JEHE 7 o & L CLaplace A 1~ s & jo CTEIXMEZDIENTES. HUD x(s) D
AIORENT S AT LD —KIEEBKTH V1D L HEFIREETH 5. AR TIET AT A
DREEWZE T T 2HE L L CRORTEZ ONDE T A v~—V g 5 [10].

1
~ ®(jw)Pb, (e TT% — 1) @

Im

COREEIEFERCESNEZRYH EO L I ThEmT A N TE LN, HE L, FEifil
ETEWRT D, LIRS T, 74— KRy 7 V—TOREMEEZHET 51X EH Lo,
FTIROBLEHN 0 DL ZOFEMBOMEIZEZFHMTNITIN. TAr~—V 0 1 OL X
FAREL 72D, 1 KO REZWEX VAT LAEFILZETHY, 1 L0/hankE 27 AT
REZETHDH. ZOFFEITERREVZELREERFH N 2R LTS, LR T,
TA =V ROEIICHEEZDIENTEDL. a7 I7A4 TR d(jw) BFA v
V=V gm WX THER LT & & AT AR EICE S <.

EMMNT O 78 —F v— ~%& Fig. 2.4, (9. FIDICANIEME L TNLEMEE 2
2 LHHE R LN T 7 a2 A DS 72 5 OIHIRET, 3B KOOSR L 72 51
— T AT TAT UVADE—FNINT A—FEERTDH. WITAr~—V U EFHEL,
w=0~0ETONY MBI TRE@)DOEEN 0 LRDFTEHERTDH. ROEMOFT
BINDEN AT DT A v~— 0 b D.

13



[Input of initial parameters]
Spindle speed N,
Specific cutting force P,
Modal parameter of loop compliance M.C. K

h 4

[Substitute parameter]
Search w = O0~oo

v

Calculation of gain margin g,,

Comparison
m = M gy

N . :
2 I Gain margin

Gm

Fig. 2.4. Flow chart of ordinary regenerative chatter stability analysis.

¥ 21 MBINEH, BIUMBFHER

TR EMSATE & LTRSS A e — T B RO THAVDOY BB 02 E
PEIZOWTEEiET 5. M2, YIHIE b, Z 1mm~30mm £ T b SgEDr 1 v
Y=V gm ZROD. WIZ, FEhEESEE Ny A 500min? ~ 40000 min?t £ TA LS H
LEDTA =T gy BROD. RITTHWDRT XA =2, B L O O %M %
Table 2.1. |Z/"9. ZOEIEE 3ETCERMIKROIN—Ta L TI534T7 02 & OF
—HNNTGA—=F BLOHUHIESL P, TH 5.

Table 2 .1.Analytical conditions

Equivalent stiffness K [N/m] 4,274 x 107
Equivalent damping coefficient € [Ns/m] 1.153 x 10*
Equivalent mass M [kg] 13.6
Specific cutting force P. [MPa] 1.529 x 103
Spindle speed N; [min?] 664.2
Regenerative cutting width b, [mm] 1~30
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Fig. 2.5. Influence of regenerative cutting width with ordinary regenerative chatter
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Fig. 2.6. Influence of spindle speed with ordinary regenerative chatter
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Fig. 2.7. Schematic illustration of the cutting system.
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Insert width

Feed rate f Straight wiper edge width by
i 'l
Depth of cut d *I—'I Regenerative cutting width b,

Nose radiusr End of _
AN | Feed direction burnishing region

| f

« e ¥ Elastic
Present cutting width Total burnishing width  recovery d,,

Workpiece
L. Vibration direction

z

Fig. 2 .8. Cutting and burnishing process in wiper-turning operation.
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Cut surface of i-revolutions before

Static burnishing depth db

Fig. 2.9. Dynamic burnishing depth h,, (t) with regenerative effect.
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Fig. 2.10. Cutting and burnishing process in wiper-turning operation with tilt of insert.
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Fig. 2.11. Block diagram of regenerative chatter with burnishing process.
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[Input of initial parameters]
Spindle speed N,
Feed rate f,

Depth of cut d,

Tool width w,,

Nose radius 7.
Specific cutting force P,
Specific burnishing force P
Static burnishing depth d,,
Modal parameter of loop compliance M,C.K
Residual compliance €,

N J
'

Calculation of total loop compliance &,

Y

[Substitute parameter]
Search w = 0~co

v

Calculation of gain margin g,,

Comparison
gm = min g,

v

Nol

Gain margin
Gm

Fig. 2.12. Flow chart of regenerative chatter stability analysis with burnishing process.

EAR MBITHR
F1IE BINEH, RUMBHHER

T, A =V RO THAVCO Y IEE O ENEE M9 5. T EiE 6 mm,
/=X r 08mm DO LHEHTIMTT5Z&E2MEL, TEMHENIEOGE DT I TN
= U T B FEHIRFIC R AT D HAECR Y 2OV TORT. T CHWD RT A —4, B
L OMENT DOk % Table 2.2, [TR"7. 2 Z Tl 3ETERNICKDIZLV—T a7
AT VA O DE—FZNINTG A=K FRaLTT7(4T7 A &, WYIHEEST P, =
VTS P, BXOWIERIER d, ZHWD. £, ZORTREIETEIER OO
DIREIAIEAE LI TR LR CTH D,

23



Table 2 .2. Analytical conditions for investigation into chatter stability expressed on vector locus of

compliance.
Equivalent stiffness K [N/m] 4.274 x 107
Equivalent damping coefficient C [Ns/m] 1.153 x 10*
Equivalent mass M [kg] 13.6
Residual compliance @, [m/N] 1.304 x 1078
Specific cutting force P. [MPa] 1.529 x 103
Specific burnishing force P; [MPa] 4.308 x 10*
Spindle speed N, [min?] 664.2
Depth of cut d [mm] 0.2
Feed rate f [mm/rev] 0.5
Static burnishing depth d; [um] 7.35
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M E)) [T

Fig. 2.13. Example of cutting and burnishing processes in the critical state expressed on the vector locus of
the compliance transfer function with tool width 6 mm.

FEREDSMETTEME 4mm, / —Xr 0.8mm O TEZ WA D7 VRN % Fig.
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X 1072

Frequency. Response Function

um x 1072

Dreqi(s) [T

(a) Tool width 4 mm

X 1072

Frequency. Response Function

um x 1072

D@01 (S) [T

(b) Tool width 3 mm
Fig. 2.14. Example of cutting and burnishing processes in the critical state expressed on the vector locus of

the compliance transfer function.
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0 7 1deg L FOYHEZE LI Th 5.

Ry =1 —r?2—(a; + f)? (10)
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LUTFTIIRE—E L o7z, TEMEZ AN 0.11deg LA EIT72 5 & S faf22A0 (2 B [mI1E A3
RIS N DFFHD BN DT D=2 ZREITE - TV &, ZRUENnWT A vr~—v
HRELRD.016deg UL ETH A o~—D 0 N1 ETLERIREEE 25, & 51T, 057
deg LW REWE T A v —D U NTIERKE 0D, TEME AN SMRKD 0.8 deg D &
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vV UVIEERAR LS. COR VNSV U THEBIRORE ST Lo THA e —T
VIR 1L UFDLEERKRECTE(LT D2 N n05. Thbh, A= FHEIREIZOO)
DIRBNZ EPEIC K& < R 5. HEFREHLE X T EEE A OHEIMICES TYU A 7 8—EH
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HERRKICTHRMEITEEEZ A1 016deg DEXTHY, £ L XOMHGHMmAMAEIX 2.3
um & 72 %,
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Tilt angle g [deg]

(a) Gain margin g,,

Number of regenerations n
OFRLNWkAMOUUION 00O
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o
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Tilt angle g [deg]

(b) Number of regenerations n

Roughness Ry, [um]
O P N W b~ 01O

o
o
[N
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Tilt angle 6 [deg]

(c) Theoretical roughness Ry,

Fig. 2.15. Influence of tilt angle of insert on chatter stability and surface roughness.
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Feed rate f Regenerative cutting width b,

Depth of cut d l—“’—lﬂ Insert _ -

Nose radius r_ - - =

Workpiece X
l\l Vibration direction

z

Fig. 2 .16. Theoretical surface roughness.

¥3EH EYREOEE

WK RE DFBIZ OV TS, Table 2 3.tz ~4. TEMEZX ML 0,
0.05, 0.15, 0.25 deg @ 4 /N F — L Z g% E Lo, Hfit 0 sEE, fewh 1 o~—2 e LT
Zuy b LIERERE Fig. 2.17.@)277. E£72, (O)IEREERICHEEIC N=> > 7 altE 7
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B LW ThHD., TEMAX AN 0deg DHE, 202801 mmirev DL ENR=
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EENIIZEAEERIL LW ZERDIFEAEERIL LW E xBTS, 2721, T
BAH X A 0.25deg TIERE D OHEAMNZENT A o~v—T NI REL D Z LITHEET D.
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mmirev (2725 &, WIHIGEEREE X 1.729mm T 2.7 L 720, N= o ZEilE X 0.578 mm
T1R7EE 725, ZORRICEYD OEIMTAEWBIRIGEEAMER L, FiIc S =2 76§
BT D T ENEA M B S . BRERTEHLEE ICBI LT, BRI IS K DN IEEk
DA — FOFRIZIEY O 2 FIZHBIT DO TIE7R<, £V 1.05mm/rev LT DI H#iHH
TIEE IS LTI ORBR E 72D, L3> T, MTARESR A LIk U CimHLE B L

29



DFER/ NIV, Bz X, 7 — X8 r 08 mm OWERDA ¥ — FTiEED 0.143
mm/rev CEEGRIEFLEE L 3.2um &2 508, S RIOA % — N TIXFICLE L b TREM X
14 0.25 deg (ZHBWT, [FUHEGREHE 3.2 um & 725350 135 0.8 mm/rev TH 574
FEMEIL 5.6 & 72 5.

Table 2 .3.Analytical conditions for investigation into feed rate.

Equivalent stiffness K [N/m] 4.274 x 107
Equivalent damping coefficient € [Ns/m] 1.153 x 104
Equivalent mass M [kg] 13.6
Residual compliance @, [M/N] 1.304 x 108
Specific cutting force P, [MPa] 1.529 x 103
Specific burnishing force P; [MPa] 4.308 x 10*
Spindle speed N, [min?] 664.2
Depth of cut d [mm] 0.2
Feed rate f [mm/rev] 0.1 - 1.2 (variable)
Maximum static burnishing depth dp;q [Wm] 7.35
Tilt angle of insert 6 [deg] 0,0.05, 0.15,0.25
Odeg ~ -eeeeeeee 0.05deg = — —=0.15deg = - — 0.25deg
6
é /
g 4 ’
g _L s
5 2 e -
A s s s o

01 02 03 04 05 06 07 08 09 1 11 1.2
Feed rate f [mm/rev]

(a) Gain margin g,,
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Number of regenerations n

Roughness Ry, [um]
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Feed rate f [mm/rev]

(b) Number of regenerations n
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(c) Theoretical roughness Ry,
Fig. 2.17. Influence of feed rate on stability.
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DEACICH L THENRETH D, I = 77 akv A TIESEEFAEICR> T
HZ el DO EEENEROFAIC X » TRE BT 5 72 0% E RA A TlihEldis
WK L TR TH D Z ENFHATHD. ZOBBHOR= T 2%/ 7
1 ADPEITAIARFEIL 360deg (2T RN EWTRWZ LD, £z, FDOED
g3 K 6 deg LA FT/hEW. —JF, TEROEATOY R8N Fig. 2.6, (2R THEIC 270
deg 12T <, EDEDIEITHEAK 116 deg LA T TR E V. FHIRHARTOIRENC K 5 40972
NABEFULIE 1 BIRTOIREN O A AT 20RO OO IEENZ BT HAFHEIUZII =,
HREHEE L | IHER O OO HRE) & [ DR L Hveu .

Table 2 .4.Analytical conditions for analysis on spindle speed.

Equivalent stiffness K [N/m] 4.274 x 107
Equivalent damping coefficient ¢ [Ns/m] 1.153 x 104
Equivalent mass M [kg] 13.6
Residual compliance @, [m/N] 1.304 x 1078
Specific cutting force P, [MPa] 1.529 x 103
Specific burnishing force P; [MPa] 4.308 x 10*
Spindle speed N; [min?] 500 — 40000 (variable)
Depth of cut d [mm] 0.2
Feed rate f [mm/rev] 0.5
Maximum static burnishing depth dp;,q, [Um] 7.35
Tilt angle of insert [deg] 0
4
$
3
c
=
= 2
£
(351
s _alu
0
0 10000 20000 30000 40000

Spindle speed Ny [min]

(a) Gain margin g,,
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E 180
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[a W
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0 10000 20000 30000 40000

Spindle speed Ng [min]

(c) Phase shift between present and previous vibrations
Fig. 2.18. Influence of spindle speed on stability at tilt angle of O deg.

¥ 51 YhAHDEE
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DI NE—r b LTz, TEME A 0deg & 0.25deg DHA IR CTHREERIAZ, fitdh
A=V L TrFry FLIEHEREZNEN Fig. 2.19.(3), BLBD)ITRT.

Fig. 2.19.(a) ® TEMHX 4 0 deg DA, 50 B EDSFMTHLULAZHOEANI X L
THA e =Dy OBERIF 1B T IS, £72, HSHEOZILITF 18% THEW. 2
UL, SIHAZ OB TEIEIEILH 1.8 fHTHIINT %28, /S=3 > Z bR 17 AMEIHiE &
0K 39 ERE L, MON=T L SHEIRIRIEA LAV ) Th S, Fig. 2.19.() O
HAE 475 0.25 deg DA BIRIERIZ, HE Y 3EDRMETHULALDEIMIS L TH A >~
V=V OEAET A% T TR E . TR ARRE VL= 7 REiE 26 LT
SRS OTHME A K & < 22528, FEOIHHRPIAS b= o ZHRPUC R THI 1/28 fi5/h S
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T2 OENAZ DI K D EVE~ DRI/ S . TEAMHE 4 0deg (T~ TRIKAIZZL

EVENRWOIFH2H TR LZEY, TEHESANRRE S RD L= /Vﬁ\pﬁf&@ﬁiﬁ
YILeOTHD. UKD, NAZDORETIORY IREIOZEMHITIZTE AL

ZENS o T, BEALOZELITOIEIE A2 S 1 5 A8,

N7 Ei&rﬁm

. TEMEZ AN L ThVIN=2 v Vg T EE E D TR E 5.

WFFETIFTENA R DN S < 72 o TH LLOIHHREL, BX O =

BLTWRWZ B I

DA ?R?L@ﬂ‘{ifﬂ% %

Table 2 .5.Analytical conditions for investigation into depth of cut.

Equivalent stiffness K [N/m] 4.274 x 107
Equivalent damping coefficient C [Ns/m] 1.153 x 104
Equivalent mass M [kg] 13.6
Residual compliance @, [m/N] 1.304 x 108
Specific cutting force P, [MPa] 1.529 x 103
Specific burnishing force P; [MPa] 4.308 x 10*
Spindle speed N, [min?] 664.2
Depth of cut d [mm] 0.05—0.5 (variable)
Feed rate f [mm/rev] 0.3,05,1.0
Maximum static burnishing depth dp;ax 7.35
[nm]
Tilt angle of insert [deg] 0,0.25
FO0.3mm/min  ceeeeeees FO.5mm/min = = =F 1.0 mm/min
6
E
S
% 4
@
£
£ 2
[+
o P e T e T e T e T e I e T e P T e P e T e T e P s TR e PP TR e PP T e TR T s TR PP TR TP T o TR FT% o TR PP,
0

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Depth of cut d [mm]

(a) Tilt angle of 0 deg
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0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Depth of cut d [mm]
(b) Tilt angle of 0.25 deg
Fig. 2.19. Influence of depth of cut on stability.
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Acceleration Sensor

FEBRCTHWA Y — & Fig. 3.2, IZ7. £72, HiIROTHE &Y — /LR L X Otk
% Table 3.1. (2”79, 6mmilg (/ —Ar =0.8mm) ® TEII T EMHEE fAOMGETHEH L
7-. 32mm, BLO42mmiEg (/ —Xr=12mm) O TEITXY HEORIFCHH L.
ZIT, TNFENOEMIIN AR ST 44mm, 2.0mm, 3.0mm &S, LREMIT A=Y
THEWNE KT T 5720 TEMEE A, 372bbzih I NBEHROMO ML 0.014 deg
LIFORSE L 702 X 2z BB S8z & & O ALOEE &2 FiioHHE L, ERla

Fig. 3.1. Setup for the cutting experiments.

Y — NERVATATNCIum BT b X 9T LT,

(a)

Fig. 3.2. Photograph of inserts used in experiments: (a) investigation into tilt angle and (b) investigation into

Table 3.1. Specifications of tool holder and insert.

6mm
‘ 4.4 mm \

3.2 mm

2 mm

|

)

feed rate.

Tool holder

Cross-sectional size of shank [mm]
(CTER2525-6T12, Tungaloy)

25%25
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Insert (@

Insert width [mm] 6
Nose radius r [mm] 0.8
Rake angle o [deg] 7

Relief angle y [deg]
(DTE600-080 AH725, Tungaloy)

(b)
Tool width: [mm] 3.2,4.2
Nose radius r [mm] 1.2
Rake angle a [deg] 7

Relief angle y [deg]
(DTE600-120 AH725, Tungaloy)

ROWRTFA v~ — VU EFET 72018, b= > JHbT P, LLUIEIGHT P,
N—=T"arTITALT A P(s), BLOFIRI LT TAT R B(s) ZRHELIETRIE
T4, IBIL, R=v 7 7avA S A UERRT 27 OICEMEEE R (RROFH A=
VUTRE)  dpmax BHIRIETD.

E21F LHAZSUTERORE

DT A= TIRPUC DWW TRD 5. N eIk O Z R 2 ET 2 Z & 1XA
HCTH LT DEMRUN T O A= TP P 138 ’Jalﬁﬁﬁé. NR=v v 7
HEBE =2 RS OB by (8) \ZHEBIT 5. ABFGR T, =010 Hertz it
i [220 e D EIRET DH. ROXITEFHMEIN L @#é?% . O &R r, O
H75>1TE P Z=Z T CHfMT 5 L X OB LOFKREN § Z2ROHTHD.

5= 1—v12+1—v2 P(2+l (4 )+l (4r2))
g E, )JuL\3" 09\ )T\

1)
4P (1—vi 1-vZ\ nn,
b= |— +
A2 E, )1+

2T, LHEEA42mm, T72bbLERENANES 3.0mm O T H & geEIk OBtz
TRADZRD D, ¥, BLOMEHEZ Table 3.2, (2”7, 2 Z CEMUIN A ORI
DALI Ry = 37.3um & WHIM DA% R, = 40mm 1TEHNC L HETH 5. BhlhfFE,
AR E LT ey b LR R %A Fig. 3.3, (R T. §ri07 =2 o 7 I3 FR) 7

40



SV TRESICH L TURIEHRIE TELT 5 Z ENonD. LIB- TRIFFETIE, £ 0%
B, TRbbIA NIHNRAN = P TIREIDP DL T —ETH DL ERETDH. 22
T, T4V, bLIFHA= U VBRBUI N ZRE LIETHI ST ETERIND. T80
B P 1 [N/m?] OHENLE 2D, R "= Z7iHi% Table 3.3. (2R

Table 3 .2. Material properties.

Young’s modulus of workpiece [GPal 206
Young’s modulus of insert [GPal 618
Poisson’s coefficient of workpiece 0.3

Poisson’s coefficient of insert 0.22
Radius of straight wiper part R, [um] 37.3
Radius of workpiece R,, [mm] 40
Length of straight wiper part and 5
workpiece L [mm]
1x10°°
-6
E 8x10
o
£ 6x107¢
IS
[«5]
k=
& 4x1076
©
2
3 2x10°6
x
0
0 200 400 600 800

Force P [N]

Fig. 3.3. Calculated result of contact between cylinder and cylinder

Table 3 .3. Identified specific burnishing force.
Specific burnishing force P; [MPa] 4,308 x 10*

¥ 3E LYAERORE
WRIZHBIHHETUC DWW TSRO 5. LLOIHIEEL P, 13UIHRY B S 22 b S E5720I12% Y
WEZ LS, TS DUHI N Z2IE L, BEh6R0D5 LN TE S, 4lE, [
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CHEIZHOWT 3 [BILA EDORERAZ1T-72. Z ZClE Fig. 3.2.() s ivd LEA/FH
L7z, F7=, YIHISME%E Table 3.4. (RT. 22T, N=v 77 ot A XUIHIEE,
BLON=V U THEBO ESLBICHFITHET D720, &0 O TA=2 7 INTE
L L7, ETBAEOUHIG & NR= U ZIROEFHIZED LRV, T70bb, JIOE{IT
Y7 vt 22O AHBE%T 5. Fig. 3.4.()~(C) IZ%EY f=0.5 mmirev OFEIZRBITDS
GIHI ) ORERE R 27, R Fig. 3 .5.(a)~(d) 122V f = 0.25 mmirev DA OFE
BA27RT. BRTIINMLZOZFEITE S EOCRYIEEIRRE LTS Z Engnd. 22
TIXOOY IRED R T 2 RiOFIEIC BT 2 9EI D% Hv 5. Fig. 3.6, (A=Y, it
HHOIEI ) & U TR LR R 2 m 3. LENIEIEI ) 218 L7-RFEETH 0, BRI
IR L7ZAERTH D, YHEPUTEEAOEE TRD D Z &N TE 5. RO 72 LUIHIHEL
H1% Table 3 5.1TRT.

Table 3 .4. Cutting conditions for identification of specific cutting force.

Spindle speed Ng [min?] 664.2
Depth of cut d [mm] 0.2
Feedrate f [mm/rev] 0.25,05
Coolant condition Dry cutting
Workpiece C45 (1SO)
400
300
£ 200
8
E o r.._.__‘lbaﬁ\__
0
-100
3.0 35 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Time [s]

(a) 1st measurement.
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400

300
£, 200
3
5 100
LL
0
-100
3.0 35 4.0 45 5.0 55 6.0 6.5 7.0
Time [3]
(b) 2nd measurement.
400
300
£ 200
3
5 100
LL
0
-100
3.0 3.5 4.0 45 5.0 55 6.0 6.5 7.0
Time [s]
(c) 3rd measurement.
Fig. 3 .4. Measured cutting force by feed rate 0.5 mm/rev.
400
300
£ 200
S]
S 100 —M——
LL
0

-100

Time [3]

(a) 1st measurement.
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Force [N]

Force [N]

Force [N]

400
300
200
100

-100

400
300
200
100

-100

400
300
200
100

-100

Time [3]

(b) 2nd measurement.

Time [s]

(c) 3rd measurement.

Time [s]

(d) 4th measurement.

Fig. 3.5. Measured cutting force by feed rate 0.25 mm/rev.
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Fig. 3.6. Measured cutting force against feed rate.

Table 3.5. Identified specific cutting force.
Specific cutting force P. [MPa] 1.529 x 103

FA4E EWIIL—Ta0TSAT7UR, BEUOE—FILNFTA—FDEE

3ORICA SNV ASEEC L > TRHIESINTN—T 2 TIA4T VA @ EE—H
NWRT A—=ZIZOWTRT. LREYHIM OMSERS IV —T 277472 LT
EFII, WE LRI cERENS. WEDE Y N7 v 7% Fig. 3.7. IZR7T.
F7o, EHIIMToEXX % Fig. 3.8 (R d. Al Bty larbm—na=yk
(1A04-502-2, VC-005C-909, SHINKAWA Sensor Technology, Inc.) Z vy, 3T E L
BEHIEA DFER AL A2 PN E T D T2 DITHHIM T W T RO CekE L. THE & ghilst
NIRRT 2 Z LR TE RV, TEFRVE— L Ylsr o SCHl 2 Mg & L7 (Fig.
3.7. DWFRRED) . 2 2T, MR AR EARE R E TOAITHE Lic—F 3
TIAT CAEEER TR, ZOEZEH2IRE TE TR AR EN &
LTCHIPED I, TROOLRIERa T T4 T 0 ADHWE DI % EET T L. g%
MR L7z & EIE LD/ EMEZDONTREL TER SN AL T ITAT AL, T
BRIZNMRE L7 AU ENEZDO N THREL TERESNLZ IV TIALT A
D2 ODALrTTAT U ALRE LTz, EYRITIE A & TRk L THIc/EH
THED, 200D TIAT LV ADTNN—FaLr T34 T ALRE.
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Workpiece p Spindle ' Dynalﬁom
- ‘ z S o M‘ - N

Gap sensor

Fig. 3.7. Experimental setup for measurement of loop compliance.

_- Loop compliance

Turret

Tool holder

]-> Residual compliance

Base

Fig. 3.8. Schematic illustration of the cutting system

Fig. 3.9. ItNh—7a 747 L ZADWERREFIMT, 74 0T 107 LIcfER%E
W TRT. FBOMIZa L FI9A4 7 2DREZR L TBY, FERORIIFHEEZFR LT
W5, RER L 282Hz TH S, FENZOONY JEEHUE 300 HZ LU TH D Z & B3 h
STEY, MEIZZDEEET CTRLGMRTHLZ LD, LTER-T, ary774
TUADHIETIZZO®MPMICIER L7 4 v T 4 T &FTo7-. RESHTIZET—FNRT
A—=2 (B—H MM, T—F VRS, E—F/VERE) % Table 3.6. (277, 20D
FERZ AT AT 5.
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Measured ====- Fitted

10 x 1072
7.5%x 1072
5% 1072

2.5x 1072

Compliance [pm/N]

0

180
90

Phase [deg]
o

-90

-180
0 100 200 300 400

Frequency [Hz]

Fig. 3.9. Measured and fitted loop compliances.

Table 3 .6. Identified modal parameters.
Equivalent stiffness K [N/m] 4.274 x 107

Equivalent damping coefficient ¢ [Ns/m] 1.153 x 104
Equivalent mass M [kg] 136

F5E BERIVISATUADEE

WIZ, PR TITAT VA @ [ZONWTRDD., R T T4 7 2 ALHTE O
VDI % [23], WHIBIC TEZFANCIR LA B EBELT 5 2 & TRIET 5. Ml
EDE Y T v FIZOWTFig. 3.10. (27 . #HEIM~O T EOH LT3 B L)
IABTTIE] () OFEMENETIT 5 . SIS OZALITBAR A & SOl A 280 o3 THIE L,
TEOEMIFTEECRELZY—7 Y &2 L—V =25t (B2 LK-G155, =2k
m— LK-G3000, KEYENCE CORPORATION) THlET 5. ZNOHLEMDE, T7hbb
FRN—T 2 T T AT APREDPNTEN &, BFHT K o THIE Sl ) & o
T 5. HHIM OREIIIP UAHT RIS ER S 5720, S Cldsl B LEE, 37eb b
WA ORNEENDIREZ NS, RERTIL 280 N T TH LT THDHD-< 0 LR
ML7-. 22T, #EIM OEEOEHEIZR, T 0.66 pm T EIFTW5. HlE L2 &
1% Fig. 3.11. [ TR
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~ -
Workpiece L Spindle , Target for laser sensor

-

Fig. 3.10. Experimental setup for measurement of specific burnishing force.

e Push Pull =====- Fitted compliance

20
15

10

Relative displacement [um]

-100 0 100 200 300 400
Force [N]

Fig. 3.11. Measured relative displacement and force.

BNLETOBMR, Thbbar 7 IA4 T v A/ _RIEZE-TT7 40T 407 L
2. Z0ar 7oA T U ADIE 2144 x 1078 m/N X Hertz OREMEEGHIZ X 5 HIEZEE O
aAVTIATURE, PRALTIAT A & BELTWD., BIEOaALTITA4T
ZXHET D Z ERRETH 720, K(11)TH 2 55 Hertz OHEMFLGIC L - TR
L. BVHRZ D EEALE DT PSby OWELEE LY. T IZT, by IXEMEUINAE S
TH5D. Fig. 3.2(0) DA TEAZFBR THW-ZDOT by=3mm 7725, fERLE LT,
PR O HMEE L 0.840 X 1078 mIN & 725, L7z o T, RlRar7I747 Ak
&, =2144x1078 - 0.840x 1078 =1.304x 108 m/N & 7%, RELIZFEa 7T 4
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T A% Table 3.7 12”7,

Table 3.7. Identified residual compliance.
Residual compliance @, [m/N] 1.304 x 1078

% 6IE BENEEDRE

BICHMERIE R, T7AabbRKHN A=Y VU TIES dymax 2 EBEOINTRBR 2470
TEOBENGRET L. RRTIE, EHRUNAHNIET A= 73 27O HI I8 =
, THZSRIIWHAIM D SEEN DRI 5. LR - T, = v VRS T HEAMGEIR O
I,EJEE% \Z &> THEBIZED TS, 2 LT, N=V U JHEBO®BET 0 b, bz

z, BRI N = PR EITHIN T S . OV U SRS EEET DT T B
Nﬁ\ DI v, o, ZTO®%RmND /) — RO T AT/ N=3 o ZEE0E & 250 D
BETRED. LER-T, BERKHA=Y U ZIRE dymay 12 OWE by, & TEMHE
0 12X 5T dymax = bpptan TRED. B CTIIHAGEZ PIMEICT 57201 TR
\ZA 7 BEAT L [24], MTHERDA 7 ORPN TG ZED FrAlcflEd 5 2 & TR
WHZENTEDL. INTEM, TEMEMA% Table 3.8 IZ7R-7.

Table 3 .8. Cutting and setting conditions.

Spindle speed Ng [min?] 664.2
Depth of cut d [mm] 0.2
Feedrate f [mm/rev] 0.5

Coolant condition Dry cutting

Tiltangle of insert 6 [deg] 0.13

Workpiece material C45 (1SO)

Fig. 3.12. (2T w25 /e TROGFEZ R, GIHIGMED b BAEO UIHIE XX T
AT II21.03mm LR s. N=U U ZEEICB WL TEEY f = 0.5mm/rev DT
JFEFEIR N> TV D Z ENEETHER TE 5. BIEOUIHIE D% 5mH b BRI EH O
AT BHPN TN DN= TR OREGEE TR A=V JHEBIE TH Y, TEND
274mm ERED. LLEXY, BE by 13324 mm (274 mm +0.5mm) LRED. LR
ST, MRBIN=V U TRE dymay 13 dpmay = bptan6 = 7.35um L 72 5.
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05 mm; 0.8 mm
— "%’#77 >

Present cutting

width 1 03 mm

Fig. 3.12. Measurement of the total burnishing width.

¥ 38 IR
%%Lkﬂ*vyﬁfmtx%%iﬁiwwbﬁﬁwﬁéfﬁ:x&,%E@ﬁn%i
OFHE D ZE PRI DWW TR LIZ L » THRGET 5. 1) TEME A OV TOFME, 2)
K HEIZOWTO/E, 26 2 001EINLA1T 9. 1) THEH LT EIZFg. 3.2.(3),
BLO Table 3.1.(a) 1”7, 2) CHEALZTEIXFig. 3.2.(b), BXU Table 3.1.(b)
(R

¥11H IEBEZHOEZER

Iz, TEMEZXAORBIIOWTHET S, UIHISGMHZ Table 3.9. (O3, /-
MrCcHWAZEHE Table 3.3, Table 3.5, Table 3.6, 3L U Table 3.7 [Z/-3. #EHIAL
DOEAE 93.5mm, THlE#ELHE TR T 6642mint THDH. "= L ZhICX
STREDLUERREEA DO T EMEAZET L TUNLAEITY. £, T H D
AR & T S OOV IEENE Fig. 3.1, (SR T X DTl 0 ISR E LI
HEE Lo TR L, JIE L7-IBEINEE 2 Fourier 242 L CTOUNY IREY O A %
HIES D, AWFSETITIRENILEE O A7~ 0.1 mis? UL EOEHE 2 OO ikihns i
Tl EHIETS.

Table 3.9. Cutting conditions for investigation into effect of tilt angle.

Spindle speed Ng [min?] 664.2
Depth of cut d [mm] 0.2
Feedrate f [mmi/rev] 0.5

Coolant condition Dry cutting

0.037, 0.056, 0.095, 0.130
0.176, 0.195, 0.377,0.797
Workpiece material C45 (1S0)

Tiltangle of insert 8 [deq]

Fig. 3.13. ICLEMHE A2 LSBT & & OIML P OIRENINEE & Fourier Z8# L 7= i
RART. 2 2T, Fourier ZHITIREN N E FIKAE & 72 o 7 #iH Tf7 > T\ 5. Fig. 3.13(a)
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5, ZOEETORYEIHNKEL TWD Z 085015, £7-, Fig. 3.13.(d)-(h)

TIEOYIRENIRAE L TWRWZ ENG0nd. 2L, Ny o ZiElman/hnwe &
LS TV AT AIREL o220 Th 5.
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(h) Tilt angle of 0.797 deg
Fig. 3.13. Measured vibration acceleration during cutting and Fourier transform of measured vibration
acceleration in the investigation into the tilt angle.

Fig. 3.14. [CTEMEMICKIT 50 v~—T v RNV U VHEIRIEZ 7. RN
TA =T, BRI S = TREIR A . 2 OFENTRE SRIIN T4:44: (Table 3.9.)
Db L, = 7L Py (Table 3.3.), HUIHHEST P, (Table 3.5), L—7 =
TIAT UV AD, DE—HNL/NT A—XK (Table 3.6.), FlRa 7747 R @, (Table
3.7), BIOKRE2Hi6 HTRIE LTomKFFIIN= U RS 7.35 pmafli> TR 5
5. Fig. 3.14. [ZBWTEREOHNT"O"NUOY IEEHE L 2K L, "X" N0V fKH)
BV ZRT. ZORRNL, TEEZSANNS L 25 e =s o 7aEiigngme, 74
YRV UBNEST LN 0D, LEME AN 0.13 deg DSRIFLISN TITFEMTHRE R &
FERERIIELS LTS, T4bb, "oy S Tunv A2 EE LA A r~v—20
1RO L X, ERTITOONY REDEAT LR TH S, THMX M2 0.13 deg D
FIFITRB W TER EMITORREITN 18%THDH. SEIOFMETIIUHI Yt A0 %%
LI 7 0 A0S A ~w—V BB RTH LT, A r~—2008 1 ARK\O
EXICOY VIRENBAEL TWHDEIN= 7T ARNERKTCHLEEAD. LLE
OFER LY, TEEZA, T72bb A=V U ZIRICE L CRERITBIR TH D Z LB 0h
STz, LIERoT, TANR—A P — b DT A N—FEOIEILEMICERT 20BN D
5.
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Fig. 3 .14. Predicted gain margin and experimental results with varied tilt angles.

Fig. 3.15. |2 T EfH X MCkt3 2 B IEHLE & REEIN TV — 7 OHLE 27”9, FEf
NAANZ L HBEREHE THY, 7oy P INERFEROKREM SR, TH L. "O"»R
QO IREMEL 2K L, "X"DNOWNY IREVE Y 2777, 2 v 13 T B = A 235
T2 EWET LN, WMEOHMTVCRVIRENEZ L2 LaER LTS, 22T, Fig.
3.15. (R HMEIT/ NS e ) — AR EFFOMURD THAEF 7o L L0 /S5,
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Fig. 3.15. Theoretical and experimental surface roughness.
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T U 7=9HIkt % Fig. 3.16. 1289, (a) X T EAHE A28 0.037 deg TOONY IREI &
LHEHIES, (b) X TEMHE A2 0.130deg TOUNY IEEh S IEWBRHIAS, (0) X T EMHEE AN
0.377 deg CRIEEIZUNON Y IEEN D IEVVHEHIMT TH 5. Fig. 3.17 1X[F U TERM-Ceko T.
H.% T Single point B1H| 21T > 72 #HIM TH 5. (b), (DO fREhDSHEV LA T
IZERRE D N= > 7 & ici=8, Single point YIHI DR IEIZ LR THRIBEZDEIR M & 72 - T
WA Z ERGND. QDU IREND & 25 FAZ 360 TN A O SR BN FE % 8
Fourier 222 L 7o 558 %4 Fig. 3.18. |2~ 7 . UIHNIB L% 4 sec IZhEE D, OV fREN
RETHDIFBEE 6sec THD. GOV IKEID M E - 72K, OOV #RENE HEE 320.1
Hz Th 5. [BIHHEE R CHIE U7z FihEEEE X 664.2mint Th 570, fiAHIENL ¢ 1

@Oxﬁﬂ—mT@Ong»x3w—3w8dw’C%é Z 2 C, INT (BN %%

BEYVETCLZEZORLITWVEREZ RO LB THL. HELEZET ML DUT
VD PRENE A L AARENIE 354.7 Hz & 343.0deg TH 5. NNV IRENE I D 8 & Mgt

DFEFZEITHI 11% TH Y, FERICAARENLOEZEIT 4% TH 5D, Zhei, FERERERL
—ﬁZL“Cb\é Lo T, N"=2 77 a2 %049 HAEVTWY IRF O AHEILIT 360
deg (ZHTWV 2 EMFEBRIZIE Sz, —F THEROTFAVRY BB O AFHENITZE
mﬁHLT%ézm%ghLW ZAVUTHEEREERT OIREN S AT D &0 ) FEERY 72 YR
DVIRBI CTH LI Z 285 THD. ZHUCEEL T, TETIIIEFICRVWIELEHE
B, +7ebb, OO IRBIDARET DITIERERIA 025 Z L R CTE 5. LN
ET D ET2sec 02> TEY, EHHEHLHE D 664.2 mint THDH Z &5 22 (Al
RDEBETDHZEN ol —HF T RO EIL8sec RIZIEE Y —E L 7> TWDHMN,
CHIIERIEBRS N E oo E X DND. OO EZ R TUE % Fig. 3.19. IR
T U IEERE LT 528, BIEIFHZRIEZEML L TV D, AT IEEI Ok R I1Z K
S TIREMEIE NI 51250 T, "=y U Il THUHINEZ ~ 72720 Th 5. =
BG4 OO IRBYJE R AL & AT AT E AL E 40 319.1Hz & 297.2deg TH Y, DY R
B RA L= L VAR, ZAUTEBIEERT O NN= 2 U ZITFEICE Z A b Ty
Zlb, Ny T at R IBT L FAENED T HREICUIEI T v ' A 2B T D AR
WINT252 L1220 THD. LTn-T, 7R3 7 et 2ADOHDOHEROFHAE
OO IRENZIT < 72 0, AARIEEFLE 270 deg (2305 < .
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- muatec mMudlec mMuatec M

(c) Tile angle 0.377 deg
Fig. 3.16. Cut surfaces with different tilt angles.
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Fig. 3.17. Cut surface with single point.
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Fig. 3.18. Short-time Fourier transform of measured vibration at tilt angle of 0.037 deg.

Fig. 3.19. Chip at tilt angle of 0.037 deg.

¥ 21 AV REOFZERIL

WITIE Y JHE DB OWTHARD. 2 EOMMTHRE RN B /=2 v VHIREA Z 0
OO IREBIORENZ L L TND I EBnhoTEY, EVEETZNMIEEELR
W, I TCHEDHEAB (LSS I EIIHAEOREKEELESEL ZEEEKRT S e
EEBRCHGFET 5. ZZCIXLEMEX AT 0deglicty ML, #91% 03, 05, 1.0 mm/rev
D 3 FfL LT, N=v o VEBRIZI T REOEMRUN AR SN HED 25 Wk S TR
F£5. UIHIDOSM % Table 3.10. (2759, IREVIEEE (IR & [FERIC Fdh T 20 7
ZRRE LR o CHIET D,

Table 3.10. Cutting conditions for investigation into effect of feed rate.
Spindle speed Ny [min™] 664.2
Depth of cut d [mm] 0.2
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Feed rate f [mm/rev] 0.3,05,1.0
Coolant condition Dry cutting

Tiltangle of insert 6 [deg] | 0.014 or less
Workpiece material C45 (1SO)

Fig. 3.20. (ZHIE L= BB O R 427”79, Fig. 3.20.(a), (b), (c) IZEAMATINH
EEIN20mm OBEAT, BV NENLEN03, 0.5 1.0mmirev O & & OIRENINEE & %
% Fourier 2 L 7= CTH 5. FEEICA), (e), () EMUIN ARSI 3.0 mm DA
T, BV RENEN03, 05, L.ommirev DL X DOFERTHD. EHRUINHNE SH 2.0mm
DEAIITOOY REAFAE L TV RN ERg05. — T CEMAUINHAE E 23 3.0 mm
DEEIITE LDV IEBINRAEL TWND Z Enyand. Fig. 3.210 [ZEHEL-/FER
. FEREBRIIEN T NERYNAANE SN 20mm & 3.0mm OFERERT. ER
UNHNESA20mm OMLTIHIEE A EDREBTEE L RAMNTRERE > TV D. H
UM FHE S 3.0 mm DI LTI TORETREE &R DGR Lo TS, "
O"NOO REHEL 2K L, "X"NONY RS Y 2777, ERUANE I 3.0mm O
& LD N L.0mmirev D SAELIANCTRERR EEITIZ—ET 5 2 ERHERTE 5. T72b b,
N P 7Fav 2B LA o~—2 00 1 RO L X, EBRTIIOUY EEHHR
AT AHHEB TH D, EHETNHNE S 3.0mm TEY 28 1.0mmirev DSIEICBWTHEER
EFRNTDORRZEITH 28% T DH. Fig. 3.22. [TV KT D /8= 2 o J REI0NE 0O 35S B
ZRT. B OBINTZEMEICRKE S EEB LRV, N=o 0 Z g 36 0 126 LR
AT T 5 LD 2 20, REMITMENCEIT 2 2 L 2 BT 5. Z USRNSSR T
RTEBYTHD. LLEXY, EEEEMITIZES —ELTEY, £V, b biE4ADH
BUTLEMITIIRES LN EDREND.
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(a) Straight edge width is 2.0 mm and feed rate is 0.3 mm/rev
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(d) Straight edge width is 3.0 mm and feed rate is 0.3 mm/rev
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(F) Straight edge width is 3.0 mm and feed rate is 1.0 mm/rev
Fig. 3.20. Measured vibration acceleration during cutting and Fourier transform of measured vibration

acceleration in the investigation into the feed rate.
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Fig. 3.21. Predicted gain margin and experimental results with the varied feed rates.
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Fig. 3.22. Calculated total burnishing width.
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VOV IRED AR T 5 £ TOM, EERERFTORENN AT 2 LERH HT-HEN
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Fig. 4.1. ([2U A X—JRROKFHIZ2/RT. @IV A S—EICERYNNE S 0.6 mm
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ZHEOIRTH D TypeB LIESZ L L35, ()T — R ERICHE, KERUA/R—F
BEFOIRTHY TypeC EMELRZ L LT5. WTHROX A 7 7 — KT 0.4mm &
T5H. 22T, @BLOO)ORIIHHIM OARET TR & U A X—E O BRI E
PATICH T RERN S D EHIZIXE Yy T A VB LWEEZ LN, L LRDL, i
HUAN—DRNENVEIRTH O BEFREHEL Oum &7225720, HEOR LW K
TIIHEHTHS. —F, CDIRIT, — P 04mm & T A 73—H:4% 30.4 mm % H#E Y
ICBWERTH D, ZORRIZT A =B IR OY%E, #EEIM & AT % 3 230
MSEAMCITEY T A VI MESTHD. LM LD, 250 O CER i kL 23
EIZRELS D ETHETES.

(a). Shape of wiper part Type A.
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(b) Shape of wiper part Type B.

(c) Shape of wiper part Type C.
Fig. 4 .1. Shape of wiper part.

EIEH REMMN, BIUBTEER

EBEDO T A NR—TRROLEERD D=0, H2EOR(Q)THALNDFA r~—
VEEEL LTHWD. REMMAT O &M% Table 4.1 (2R3 F . f#HT CII% 0 EE OS5
% f=01~10mm/rev £TO0lmm/irev T OE(LSHI L&D, M r~—VY g, &
Kb % . [RIRFIZEIEIE, /=2 > 7 fEiEing, 36 X O(10)I1 & 2 PEGRTTHLEE R, ZKD 2.

Table 4 .1. Analytical conditions.
Equivalent stiffness K [N/m] 4274 x 107
Equivalent damping coefficient C [Ns/m] 1.153 x 10*
Equivalent mass M [kg] 13.6
Residual compliance @, [m/N] 1.304 x 1078
Specific cutting force P. [MPa] 1.529 x 103
Specific burnishing force P; [MPa] 4.308 x 104
Spindle speed N, [min?] 664.2
Depth of cut d [mm] 0.2
Feed rate f [mm/rev] 0.1 - 1.0 (variable)
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Maximum static burnishing depth dpq, [m] 7.35

MIOIZ Fig. 4.1.(2)D Y A /S—TAK Type A OFFATHE R 2734, Bl 0w, Hewh A
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NERDEVSEMH05mMmIrev A FETO umThD.
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(b) Regenerative cutting width and total burnishing width.
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(c) Theoretical roughness Ryj,.
Fig. 4 .2. Influence of feed rate on stability with wiper insert Type A.
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(c) Theoretical roughness Ry,.
Fig. 4 .3. Influence of feed rate on stability with wiper insert Type B.
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Fig. 4 .4. Influence of feed rate on stability with wiper insert Type C.
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