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in low-frequency vibration drilling of titanium alloy
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0 ty »T te
Time s

Fig. 2-1 Relative movement and relative speed between tool and workpiece
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Dynamometer
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Spindle motor Liner motor
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Fig. 2-2 Low-frequency vibration drilling machine
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Servo motor
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Table 2-1 Specification of low-frequency vibration drilling machine

Travel of axis mm| 130
Feed rate mm/min| 0~10000
Vibration amplitude mm| 0~0.5
Vibration frequency Hz| 0~30
Spindle speed min”' | 0~10000
Mximum spindle output W| 210
Weight kgl 500

2.42 HERA

KREBRTIL, FEEGEOT T, b —KA7R YTi-6A1-4V S@ 2B L L, BIIEFE I FE
RN THLTBERTAN LAATHTE T, KRR KT DA ZPECOWTHIA~. FEERIC
LT 2 BRIk AR 2-2 12, B REA3R 2-3 1277,

Fig. 2-2 Low-frequency vibration drilling machine

\ Fe O C N H Y Other Ti
3.545 0.3 0.2 0.08 0.05 0.015 0.005 0.4

Remainder

Table 2-3 Mechanical properties of Ti-6Al-4V
Mass density

4.43 Kg/m’

Tensile strength
924 Mpa

Young's modulus
109 Gpa

Heat conductivity
8W

Melting point
1933 K

2.43 ERFHLEFHTOFHYHIEE - EHIFMO £

KERIL, AR LR — LAl ORDHE L —EE L BT, BIE—RMICITh T\
AT T ML EAREARE X T D 2 oW T T o7, Zhickh, FH2AE8DR T4
TAZHEWT, KB ERB X DT BIUER DI TIELI B R CThLINE I EER LIz, 723, B 20k
EIVPAZERT 720, UIHEEEZT 2 G4l TUIEmE THhd 94m/min ELT-. 7235, @ 1
GIHIMAIZ V256 T 40~70m/min FREETHD 99, Fio, K EIREI R HITEITO5HE, &
IS - IR ENJE I L D 3E DN LS RATE DI B A G 25 D) EH LN T2 BT, IRIE 2
Y, IREEIE I 3 B A GO, B 6 WMVITIRENR A (LS 21T o7 . KRR

TORBRENMZE 2-4 1TR- T,
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Table 2-4 Drilling conditions

Drill type TiAIN-coated cemented carbide drill

Drill diameter mm 3

Web thinning Type S

Spindle speed min” 10000

Feed rate mm/min 194

Condition Non-step Low frequency vibration
Vibration amplitude mm 0 0.24 0.4
Vibration frequency Hz 0 10.4 | 20.8 | 31.3 | 10.4 | 20.8 | 31.3
Cutting time ratio % 100 2771 189 | 152 | 20.6 | 144 | 11.7
Work piece Ti-6Al-4V

Work piece thickness mm 3.18

Drilling fluid Dry

ZZT, RQRDPB(2.8) &2 HWT, & S TOHHIM & T 20BN i KEERED Ltk 2 4 2-3
(Z, RE)— A B TP O EOIHI B OF G 2 2-4 (2R,

KD, #HIEE T BN D B IR TR I K &R 21EE R o U T<b 0D, R
i 0.24mm OFE L, R 0.4mm DOHE TIEBRE 2 5V ERELC TNDLIEN DD, Fiz,
DIHIRE LR Re 13, HR0E, HRE) B EDS REWIEE/NSLARDTEN 30D . FrIHRE) & I £ D
PR EL, IREEPEEL 10Hz & 31Hz TIIHIZE BRI ZENHD.

0.8
—i

£ 0.7
E .
51
g
az 0.6
LY
2

0.5
g
o —Q
-jé 0.4
= =~ :0.24mm F:194mm/min
P —- 20.4mm F:194mm/min

0.3

10 15 20 25 30 35

FrequencyHz

Fig. 2-3 Relationship between amplitude and frequency and maximum distance

between tool and work material
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0.3
€
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% —.— a:0.4mm F:194mm/min
Q
£ 0.25
€
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€4
=)
Q
g 0.2
&b
:
= 0.15
ol
8
=
Q
Y
o 0.1
E 10 15 20 25 30 35

FrequencyHz

Fig. 2-4 Relationship between amplitude and frequency and ratio of cutting time

against one periodic time
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e
(%)
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e
o

0.25

e
[

\X

Machining distance at one vibration cycle mm
[=]
7S

0.1
0.05
0
10 15 20 25 30 35
Frequency Hz

Fig. 2-5 Average feed rate during cutting time

12



2B FHEE O IEE NI LA E AR L T B BRI
22T, IRE— AW o SZUIHI R C, YIHIRRBEZE 57, & Sttt oo SZUIHI R o 18

WA 2-6 12~ d. ZikY, REZ M85 8120, /ATy I TEDE E 2 3 %
~8 f[EZ/p o TWAZENy D, - ) O 260 TR S, TR & s K& HI1ELE Yy
DRERE PRI DZE D IND.

- 2000
—O— a:0.24mm F:194mm/min

S 1800 a:0.4mm F:194mm/min

.'E 1600

g 1400

E 1200

o

8 1000

E 800

? 600

< 10 33
Frequency Hz

Fig. 2-6 Average feed rate during cutting time
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Fig. 2-7 Schematic of TIAIN coated cemented carbide drill

s

Fig. 2-8 Photograph of TIAIN coated cemented carbide drill
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Fig. 2-9 Photograph of cutting edge of TIAIN coated cemented carbide drill
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(a) Welded thermocouple on work material (b) Welded thermocouple on cap burr

Fig. 2-10 Photograph of welded thermocouple on work material
and welded thermocouple on cap burr
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Fig. 2-11 Comparison of thermo-electromotive force (1st hole)
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Fig. 2-12 Influence of low frequency vibration on machining temperature
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Fig. 2-13 Transition of maximum temperature
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(a) Non-step F: 194mm/min

(b) a: 024mm £ 10.4Hz F: 194mm/min (c) - 0.4mm £ 10.4Hz F: 194mm/min

(d) a: 024mm £ 20.8Hz F: 194mm/min (e) - 0.4mm £ 20.8Hz F: 194mm/min

() a: 0.24mm £ 31 3Hz F: 194mm/min (g) a: 0.4mm £ 31_3Hz F: 194mm/min

Fig. 2-14 Photograph of chips (1st hole)
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Fig. 2-15 Photograph of coiling chip
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(a) Non-step F: 194mm/min

(b) a: 024mm £ 10.4Hz F: 194mm/min (c) - 0.4mm £ 10.4Hz F: 194mm/min

(d) a: 024mm £ 20.8Hz F: 194mm/min (e) - 0.4mm £ 20.8Hz F: 194mm/min

() a: 0.24mm £ 31 3Hz F: 194mm/min (g) a: 0.4mm £ 31_3Hz F: 194mm/min

Fig. 2-16 Photograph of chips
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Flank wear width mm

Flank wear width mm
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Fig. 2-17 Transition of drill flank wear
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Fig. 2-18 Transition of drill flank wear
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Fig. 2-19 Adhesion of titanium at cutting edge (20th hole)
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3.2.1 REFHERFHTOFIYYIHIEE - RUIHIRREO XL

EERIT, AT THWZREOIS, &b THREER, IR HHNIA 2 Th-o7- IRIE 0.4mm, % &)

JEE 31Hz DAL, /o AT T OBEITONTT o2, £ 3-118, EBREHEOFEMERT.

Table 3-1 Drilling conditions

Drill Non-coated cemented carbide drill
Drill diameter mm 3

Web thinning Type X

Spindle speed min™! 10000

Feed rate mm/min 194

Condition Non-step | Low frequency vibration
Vibration amplitude mm 0 0.4

Vibration frequency Hz 0 31.3

Cutting time ratio % 100 11.7

Work piece Ti-6Al-4V

Work piece thickness mm 3.18

Drilling fluid Dry

3.22 TE-HAIMBEXETOYELRE BIE

ZT, AEBRTHW T B HI M BEXHEIC DWW TR T 5.

HHIM 2R xhiE 1S, TN TIZZ<HWONL R EE THY, RS B MO &R # A
oy CHECLEGEE ) 2R ET 5B E L L, TEEHIM O R, SDEV ORI R4 miE gz n s
AL, TRHEEHIMZDObOZBEXEL TR Z1ELZE T, TREEHIM O THoHY)
HIRIZACAEGEEE ) 2 E 95 H1ETHS 3. 2k, GIEIR CAEL 280 HIEE 2 0 15
BRI T ETHIETHZEN TEDH. R TIXZOWE LEE, RUAVIMTIZBWTEA L. X
3-1 (AR FEBR T O L E- P B BVEE e ik D REIG (X %2, [ 3-2 ([ZRBRDOEBREE T H AR T

Carbon contact

Wire \

Thermocouple Amplifier
&
I Recorder (V) 8

Fig. 3-1 Schematic of tool-work-thermocouple method
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Fig. 3-2 Photograph of tool-work-thermocouple method

Fig. 3-3 Photograph of cupper wire welding point
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Fig. 3-4 Measument error by coiling chips

Fig. 3-6 Photograph of carbon contact

IIT, TROV Y V7 CHRERHE 2828y, Bl F TR Ti-AIN 2—7 10 7 33 S
NEETRETIE, 7408 TFAN O —7 4 ZHERICACT-BGEE B %2, Ti-AIN 2180 T, A
THLBHENORET D25, £, RUUT BRI THD Jeim e NLLAMCE T 2 ol
A CHERZRF > TL 72, EMEZRIEN TERIe-oTLED. £2T, AERTIX DUET L.
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D ) a—T 4 7V RBIER UV e, EALIERY VOB A 3-7 12, X 3-8 12

EHRTORVVERZ, ¥ 3-9 (2 HafORY VS HaRmd. §iE O LRV L O FHE
RUX, =T 4 D72 0NEhy, TEANA DY 13596 118°I1/ha<7/e ol Fiz, FEREFITIX

U VAN 23 FIAL R i ST, B2 R HILR 0T 5 89, B 3-10 IR T EHIL, KUV
ARl 2 T 2 AR 2 VN CHRAIL 72,

Fig. 3-10 Photograph of ground drill
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3.23 TE-HEIMABREDRERIE

H-eHIM BV A, T REBHIM ORICAL 2BV E 2 RIE T 50D THD 08,

18 5
DENEE SV TE MR S EGE T 71O BALR 23 BT 5TV 39 2=, BB ) 21

¢

(TR T 272D ORIEFEEREAT o7, MEUIXBERF 2 W, RIEE, BERFANICK 3-11 12
AT IO L T2 OWET N~ A MO THEGE R E (B2 D AR EL, INEETTS.
ETFBATT — VBB AW TR SN TERY, FIRFICTF 264 RIT K BUBVE & 2 3544
LThD. ZNUTEY, FZ2oaaL B ROBGEE 2 HE T 5L FRHT, £ OFEOMR b Rl E
FTHIENTED. ZNENOREFREREZHNT, FLUE el IR OEGEE /) 2401 JE IR E
T5. 08, BIEERIZBWTY, /M ADEEZERNT D720, TN ENICEEXT 7 7 2 T

BEL R ) O ZAT o7z

Smm

Fig. 3-11 Carbide with welded titanium and thermocouple i electric furnace
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Fig. 3-12 Heating rate of electric furnace

X 3-12 |IZEXUF OIMBGHEE 2R, 723, MMBMCEEL TF A& GBI SR D
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LB ORIAECLBVE B N RMICELL, AIE P Z R IZE A TLEo7. ZHvid B
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AINENU TR R, X 3-14 1R 9 J018, Bl R 2 EZLL TLEY, WERRIZZR o7 B i 23,
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Fig. 3-13 Measured voltage of tool-work-thermocouple
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Fig. 3-14 Fragmented carbide after heat
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Fig. 3-15 Temperature prediction of tool-work-thermocouple
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Fig. 3-16 Temperature prediction of tool-work-thermocouple

3.24 BIAFTOEEERIE

AITEE TIT o7 R T, YIHI Z1DRIEIZAT > TV, LsL7Ze 030, (RJEIRENH T 123

T5, TEEBHEOMHBIAD =X LETRHICUT--T, TEIZEDOLY 2 b >TWb D)%

RN DD., 2T, FAT— B 2 FEEOE) )

LA A DET, RULIIT RO

AN EFT— A NDEALERIE LT, 37 32 [T A LIZEN ) 3O C &KX 3-17 [THEIS X 27~ 5.

Table 3-2 Specification of dynamometer

Torque sensor Thrust sensor
Range +5 Nm 0~100 kN
Overload +6 Nm 120 kN
Sensitivity -5.555 pC/Nem -3.807 pC/N
Preload 15 kN
Weight 38¢g 8 g
d 13 mm 13 mm
Dimension D 28.5 mm 28.5 mm
H 11 mm 11 mm
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B R WTR Y VI TR O /) 20 E S 5720, B )5 2 AR 8 B IR B /X &1 B 12 Y

I D7 DOV TEREL T BUEL T2 7B IOV E 1 5O ANL TR A 3-18 12, FHEEROE )
FHEEZX 3-19 (R, o8, UIHI & EMCIIE 35720, V71T LRICRY A B /) & o
LRI A IR L2 . 2k, BRICE— A MZ O WTIEMEZRRIE DT 228 E 2 B
5. 72k, BUELZB) )G ZOEA IREV AN E T 5720, K 3-20 [TRTEIE, TTARF 7
N2 W TNRERZAT o728 24, AT AN A 250Hz, E— ARG 150Hz &,
WU SRR TN A T ARJE R IR E) 0 J& A LD +45 mins o7z

BRSO NEF AT — RO T — T F (S015AN R, HIEE R IE 24T ~7- 1%,

NR-2000 ZFWTHIEL-. F¥— 7 7L NR-2000 OHIE R TE AT 3-3 ITR7.

Table 3-3 Measurement conditions

Torque Thrust
Measuring range +1 Nm 0~500 N
Output voltage +10 V
Sampling time 1 ms/point
Sampling date 10000
$13
Ny ! bl
e
L |
|
785 | $28.5 N
[
Fig. 3-17 Schematic of dynamometer
$50
$17
[ [
8 | Il
=
L=l
o] B
[ [1
| | Il w
| I
| [

Fig. 3-18 Design of dynamometer and jig
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B, BFHOB AL, B — A MBI TIFED FHT RV 7036 1EThiviEy 7o i %8

EuR=—g

ENFIR\N=8, BUEDEEFR E LTz, ATANNCEL CIRIEELR 21T 57292 Cilk &l & T E
L7c. 7235, Bhiata i 328803, RS RPLET DL, HoUD 30 5OIRKR E1T o7
X(3.2)EXBIHEHNT, WELIZAEREAT AN JEE— A NIRRT,

F =50V, (3.2)

M =0.17,, (3.3)

F: AZANI(N), Vit AZAR 727 (V)

M:E—AF(Nem), Vy: B— AT 7 H V)

Fig. 3-19 Photograph of dynamometer and jig

6 — Thrust direction
> 5 —Moment direction

Oo Y

4 402 404 406 408 4.1
Time s
Fig. 3-20 Characteristic frequency of dynamometer and jig
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33VHIBEELIEERLEERER
3.3.1 YIHLEREZE L EHE Al

1 BB AN CRFOGIENEE 226 2 3-21 (7. 2k, IKJERIRE) 0% &, FETIHIRF IR
FEPMETLTOWDEDN DD, 70k, AKRIFCIHIREIT T B P B I3 A e D7z, T H -4
HIMBVERE 21T o1 s Er, BV XTE L THEEL 72 <722 o CL EWVUIHNR T & S v, 3
BRI TRAAA E21E, IREE B HOE THER RO/ Z{bzE L TWD. 2T TR
SIS PEHIRA LB fil L 72 <P oT2 21 ED, BAL R WTRBEEO H AP E SN TNDNHTH
5. LU 3s, INLBAAGEHD 0.4 Fo2 LIREIT, FEEIHIREICH AL TR LN ER->T VD .
AU, LTIz o0, RUUIEER 2T Thla—FHCH ORI M Thivd. £ OREE, KU
I —F L IEEIHIRE R b o] N T B, R Y Lm— T & TN I ORE i 4y CTEVELEE ) AEL
HEEZOLND. ZOZEND, FECIHIRHIHE ESNIZ IR IR La—F SO BUEREL B3 2
ENTE, REIREN AN Z 72 5 B 13 FEEHIREICK) 130°C FREDIREE MEARDIEN D . F
7o, ZHUERIVa—F 57200 Tiaed, TREOESGH O AR THRIKTHLEZ I DND.
ZOZEND, FFEIHIRFHE]DS 0.03 BEIHEFITHNGE T, FEACRYva—T Z2aie, FULY)
M HEROIRSE 1T RIF AR T3 5720, ARE AR B bl 21T o785 & bkt Ul & kg o T A
BT ODNAECTEF R 5.

— Non-step F: 194mm/min )
— a 0.4mm f : 31.3Hz F: 194mm/min
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Fig. 3-21 Comparison of drilling temperature (1st hole)
FEHIRFOGIHNRE IZIEH 5L, /U ATy 7 OGA AR ERIRE X b DA T, iE 2=
HIEEAEELTORNWIEN DD AREEIREI Z N A 7 56, PRI 2-5 ([TRLT

SN AT T DG EITHE R TEBEZE 8 fFIZRELILSTWAD, RULINTIZEBWT, FHED
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(ZA BN T CHE, BIHIRE X T BRI HIM IS A UL BB EAD T 53 K&, BT~ %%
PREVGIHBRE B INL 72 35 ST O HNR E S F L ER 72000, B OAEPETITWD
IR BESOZEAIT KL TUTEAUIE RERZEDAETRNIEDBHOBILTND O, ZDZEnb,

KEEARB Z N2 72556, SFHUBVIESIIR 3-22 [ZRTEBY /ATy T OEREDBLE 8
fFIZ72 5 TCNDHOO, YRR X /o AT v 7 O G ARE I RE bSO AL b b7r -
0, EUIHIRFOGIHNR X ZEN AT o7l B 2 bD . ZHUCKV IR A IR 8 b1 217 -
e, SRR OBIHLRIR L AT v 7 O G L EDBR VGO0, FE)HIR I T H 5 23

KT 270, BuliOUIHRRE AR TL2EBZbNS.

1 Non-step F: 194mm/min
Bl « 04mm - 31.3Hz F: 194mm/min

Average uncut chip thickness
In cutting time mm/min-!
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Fig. 3-22 Comparison of average uncut chip thickness in cutting time

72385, AIETITo7 BIARFUIALR 23 500°C 75 650°C 7257 DIZxL T, AEBRTH LI
BEBIHINRE X EE 1000CERIFIZE <R oTWD, ZiUE, Rl E TITo/2EBRTIE, TIHIA
MODEVEZRIZE >T R LT, BVEREEHEHOREZREL TWeDIZXL T, AREE Tidb)
HIROIREZBEHZEL CWAIEIZEDHEE 26N 5. 2, AL TARa—T v 7Dl
VT ST 28T, RUAT —hRIE O BB IR T LIz 2L E RN LB 2605,

ZIC, ATEE REREEIIN TAAT oT2BR DL 24T 572, ¥ 3-23 (TR ST 20 BN L4
1To7zBR 5 [EEOUIHNR EZE L 2R d . ZBOING, EEIEIN La21T->Th, 1 B A L
&[RRI HIRF IR EE MK FLTWAZER, EUIHIRE O BIHIFUREL /v AT 7 O 4
SIRIFEDLIRNZEN DD, ZOZEND, BN T 217> Th, Wikt BIHIL [FEk D T Bl A
K TIZE D EIHRE ISR HETHD D393 hroTz.
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— Non-step F: 194mm/min ] — Non-step F: 194mm/min ]
— « 0.4mm § : 31.3Hz F: 194mm/min 1400 —  0.4mm § : 31.3Hz F: 194mm/min
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Fig. 3-23 Comparison of drilling temperature (5th ~20th hole)
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L, 5~15 B H &[AERF L 800~900°C FRELZL>TLEATVD. 22T, MLEDORY b= —F
WEBIER LT2E2A, K 3-24 [T 891, T AENEEL T2, Ul 26| L 72KV
Wb bW EZA, ST BRI LT L— Rl b iz>TL Eo7 72, BEilE U< 28T
ROFKIZB| 2D F <D, TEEZFIEETERICRY L a—FHE RNE O T2 ondle
2, AU OEIAFNZ 3B TOSEIHIBGS, RULa —FEICE T L2 TFH o &4
DEEE LT R oTenbEFZ 2 DID. 2O, RULa—F B WT, K KFH G el s
FICAEC TWBGEE NN, BELITZ GE&LBIOMTAELLIELRD, JIESN DR E M
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YRR Tz, BEE LI F A @D RE N ESNIIDESE 265, ZhUlE > T,

BN L2AT ST BRI iR EEAME T L2 LB 2 b5,

(a) Before drilling (b) 20times after drilling
Fig. 3-24 Adhesion of titanium at drill corner

332 TEEHLERER
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72D DIIRINLVOTFE/VER G THY, GIHRRE X FE A EBISIESUZE LY m <R b8 0 ) iF 5t
MIRENTND. ZOZEND, KEFIRE X HIFICEY, §IETRLZLIICT BEEO L F 23500
D120, BBIREDERDT BB W T T A BN KIFICIEI ShEE 20N,

TINHIZOWTIE, /ATy T O EAEEEIN TAATOI3E G AR R TR A Tl
DI LT, KEIRAREE R BT OHA F o U L AONDN, BEFREARIIHEV ATV,
L, TERENIHISI- LI T2 DB E P BEEII, JLEUERE 4208 AELIZLLKR -
B ZLND. 2B, REERE ST ICB W TT v SR AT RIS R B CHIA 5.

F72, 10 BRI LR VAT T DA, RIVT —hORRICT X G805 L TWD
DD D ZHUTRSED 72500 <23, Ml 2 HIL 7272 OIZR Y L7 b— MNITIL E 572 <72
D, RNHEHERBEERINT- ZETT RICEE LT e olcied B 2 bivd. IKJE K IRE) /bl
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(a) Non-step F: 194mm/min (b) a: 0.4mm f: 31.3Hz F: 194mm/min
Fig. 3-25 Photograph of cutting edge (Before drilling)

(a) Non-step F: 194mm/min (b) a: 0.4mm f: 31.3Hz F: 194mm/min
Fig. 3-26 Photograph of cutting edge (1st hole)

(a) Non-step F: 194mm/min (b) a: 0.4Amm f: 31.3Hz F: 194mm/min
Fig. 3-27 Photograph of cutting edge (5th hole)

(a) Non-step F: 194mm/min (®) a: 0.4mm f: 31.3Hz F: 194mm/min

Fig. 3-28 Photograph of cutting edge (10th hole)
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(a) Non-step F: 194mm/min (b) a: 0.4mm f: 31.3Hz F: 194mm/min

Fig. 3-29 Photograph of cutting edge (15th hole)

(a) Non-step F: 194mm/min (®) a: 0.4mm f: 31.3Hz F: 194mm/min
Fig. 3-30 Photograph of cutting edge (20th hole)

34UINIDFVEL T EYIEIA
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(a) Thrust force (b) Moment

Fig. 3-31 Comparison of cutting force (Ist hole)
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JVEBIZTF B I BB oTe DIX, RUVO B R Seln A 1L —8k Tidze <, 08 ic17<iE
ERAENRELIRHS>TEY, FEAITRLE RO THD 9. L= N-T, (KE I 1R B )
BT EATHE A, NI AN KRERRILERWEZ G2, JOETHHE S 2D,

3-33 6I¥] 3-35 12, 20 [FIH I LREETO 5 [BlEOEIHI SO EE =T, 723, Wind
@Q)MBATAN, (D)BE— AN THD. ZIbh D, ATZANNZHOWTIE, /AT 7 O A HIK
JABAREIOSE I TR O, R KEIC ER B RONS. X, /AT v 7 D54
IRV B OBEREDR, (KBRS OG- ITUN AT e IR ERBEL TWDHEB X HRA.
F—AUMIOWTIE, AR BT OB AT HE) RERZ(LITRONT, KA MEIE 1 E
7D 20 FIHETIRTED S TR WIENRGND. ZD—FT, )V ATy T DOEETIX, 5 [FH
BINTREOM TR 0.4 B HEPDEL IREBIL TODIENR DD, Zhud, FE AR — T
DEEFEIZEY, FHBENEELCTrollo, BEEL B2 MR0IRLIZE B2 5D, FT-,
INUBEE— A IR RRLEL TNELIe o TND D, T Ha—F BEEL-ZET, TEERN
INELIRD, B ARSI ol B 2 BN5 . 728, 10 B B I LRZ /AT T DF — Ak

PRI EFLTODD, ZHIIRUATZ L —hDRICT 2 B BN E LI D THD.

(a) TFAIN coated drill (b) Non-coated drill
Fig. 3-32 Photograph of cutting edge
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— Non-step F: 194mm/min

— Non-step F: 194mm/min
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(a) Thrust force (b) Moment
Fig. 3-33 Comparison of cutting force (5th hole)
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Fig. 3-34 Comparison of cutting force (10th hole)
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Fig. 3-34 Comparison of cutting force (15th hole)
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Fig. 3-35 Comparison of cutting force (20th hole)
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STEERERELEVAHIFROEBE R
AT AT ST BB R D, AR A IRE) R bl 21T o7 B, FEUIHIRFIC T RIREE MK N L
TWAHZER, UIHIRFOIREE X, FIEIEY EEN 8 512725 TN ThH, /ATy T OHALIZIE

73
3.5

EOBIRNZENRyhole. Fiz, VLT ML) TE~OF X B8 OREbBEESNTZT0
EREIRE X BT 21758 TRBEMEN IR SN DLV B RE/[LHICE T, LoLzns, TR
M ZFE L7228 T, RULT L—RORFICTF 2o A EEL TLED, (KEIRIEE b D
AN HAOTF e THRETTLUEIE VORI ENR AT,

ZIT, A= /VRLOXRYVEEZEEL, T HEMMEZAHIL TR WT B2 HWT, (K8 B IR
BRI LD THEEREMEI A =R LO MR KR AT o7, Eiz, FEUIHIRED THIE FE K T 23
TEERICH 2 DR EEL AT D720, B lRBIG 2N T2, £ 3-4 ([CFEBR &M 0k
MizRd. i, B CTOIRE — A th o IEG)HIRE ] 22X 3-36 12, FEUIHIRFR] 22 3-37 12
RE— A W P TR B A 1Y 3-38 12, FEUIHI RO ERRERE A 3-39 (RT3
EHEATOIRBN G L OB ZATH720, WTIUCh % 3-1 CRUZIENE 0.4mm, HRE)E R 53 1Hz,

R— L OEYHE 194mm/min D& ZHFFELT.

Table 3-1 Drilling conditions

Drill Non-coated cemented carbide drill
Drill diameter mm 3

Web thinning Type X

Spindle speed min” 10000

Feed rate mm/min| 150, 350 150
Condition Non-step | Low frequency vibration
Vibration amplitude mm 0 0.4

Vibration frequency Hz 0 10.4 31.3
Cutting time ratio % 100 19.5 10.8
Work piece Ti-6Al-4V

Work piece thickness mm 3.18

Drilling fluid Dry

2D, HRIE 0.4mm, A —/LRALOEDEE 150mm/min (23T, IRENE B 10Hz TO IR
B — JE W FOIEGIHIRRNE, 31Hz DA OB LE 3 fFL72oTnD. ZHUTED, FEG)HIFE 23
FlpnZll2doT, TRIRENIVIRVIREIZRDEE 2 6N5. LLaenG, YHIREEICRIL
T, IREYEEL 10Hz D573 3 fi5 DR ENHY, V)50 3 ELIIHRE) JE I # 10Hz 728 31Hz O
Gt DB LTI oTND T, FEIHIRERIZIIZIBLZ 5 fFLR<oTus.
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Fig. 3-36 Comparison of average Fig. 3-37 Comparison of average
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Fig. 3-38 Comparison of machining distance Fig. 3-39 Comparison of average feed rate
at one vibration cycle during cutting time
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BEORULEZPRIAELT UL, RENEIRE 10Hz 0854, FETIHIR B G2 02 18R 8) 8 3%k
31Hz DALYV KRIBIZEW-®, T RIREZIVIKRD1ZT THS. LoLaend, EEIZITZ
TUEE RERETAEL TOVRWIERS otz ZOTEND, (KE W IRE X HiT o T HIR FEKT
1, ZHEWRHI THLREEIRE MR TL, 2N R HEV IR EZEITAELLRNEZ ZBND 40,
g, FEUOEEOUIEITIE, TRERKTETIERS, FA-58080<TN TREIRENEL
DEVHIHRE U0 S TNHZEND, T EIEENME TT500%, Wrikttllltandlv < 245y
Eran =z T, EmROU T RPEHEINLT <Y, TE~OBGRAN D ledlodbE E 25
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BN EZBND. — 5T, FELEIRFOUIHNEEIZSWTE, IRBIO RS B DT,

HEYRER T AN T,
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Fig. 340 Comparison of drilling temperature (1st hole)
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BB ORREITIEN, I L2 IRUAT > THEEE ISR § 5L b UIHRRE O KgAK T
T RO olz. ZOFER, /ATy T OBAOYIHIE X, 5 [\ B LK, KRR /b
DA LbmE<2-TEY, 20 [BH INTRFO G BIEREEE X, 1[5 H IR e B0 A1 R EE X
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M LRI EIRENDIZEAE ER L TWRNWIEN D, 2k, T EEEN RS20

EEZBND.
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Fig. 341 Comparison of drilling temperature (5th hole)
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Fig. 342 Comparison of drilling temperature (10th hole)
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Fig. 343 Comparison of drilling temperature (15th hole)
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Fig. 3-44 Comparison of drilling temperature (20th hole)

(a) 1st hole (b)20th hole
Fig. 345 Photograph of cutting edge (Non-step F: 150mm/min)

(a) 1st hole (b) 20th hole
Fig_ 3-46 Photograph of cutting edge (2: 0.4mm £ 10.4Hz F: 150mm/min)

(a) 1st hole (b) 20th hole
Fig. 347 Photograph of cutting edge (2: 0.4mm £ 10 4Hz F: 150mm/min)
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— Non-step F: 150mm/min ) — Non-step F: 150mm/min
— a: 0.4mm f- 10.4Hz F: 150mm/min —a: 0. 4mm f- 31 3Hz F: 150mm/min
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Fig. 348 Comparison of thrust force (1st hole)
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Fig. 349 Comparison of Moment (1st hole)
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EINTZ2AT > T RERZUIT RO\, R, IRENE A 31Hz TIi%, 1 [ B& 20 [ B NL
RFCIRIEE DO, B T2 ICZ LW, FoE L TE2ELLT WE OO, & iR R O
FELET2, BIHINR DS @ WIS &0 35 G 1 X FE L MR <Ae D 280, GIHIBEEE 2 & <72
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KIRDTEDHBIVTUND 44D,
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— Non-step F: 150mm/min ) — Non-step F: 150mm/min
— a: 0.4mm f- 10.4Hz F: 150mm/min —a: 0. 4mm f 31_3Hz F: 150mm/min
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Fig. 3-50 Comparison of thrust force (5th hole)
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Fig. 3-51 Comparison of thrust force (10th hole)
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Fig. 3-52 Comparison of thrust force (15th hole)
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Fig. 3-53 Comparison of thrust force (20th hole)
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Fig. 3-54 Comparison of moment (5th hole)
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Fig. 3-55 Comparison of moment (10th hole)
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Fig. 3-56 Comparison of moment (15th hole)
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Fig. 3-57 Comparison of moment (20th hole)
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R OSEYIEIRERNE, IRENE AL 10Hz O A OB LZ ErIEl > Tna.
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Fig. 3-58 Comparison of total cutting time at one hole opening operation

56



%5 3 B T BAYHIB BN A S D USRI E

UL EDZEDD, RERIREN X DIT 2178 /ATy T DOGE LT, GIHIRENZIXFT
TohbH—7, FEOHIRENIT RIE IR D728, TRERENIMTISNIZEE 2605, Zhitdy,
SURAT T OGEITEEREICLY, DIHRREN LA T, SHITEEFER ) 5 <72 2 DIk
LT, IR IRE BT D6 21T, BRESIHISNDI20, DIHNRE 23 EA-ET, BERE N
RWeEZ N5, £z, RiE, IREERBEDPRKERDIZE L BRI IMSISh 2B mE L T,
A B IR BN 1T (2R W T, B R, IR BN A I R & <R D12 E IR 8 — & 1 vh oD SE47) Il By i,
DEVRUIHIRFE N LR D2 LIZE DB DEE 2 HND.

Fio, BN LEAT 2856, /o AT 7 OSAIXINLEOHANHE, SIHNR B2 5
LW, Ziuzdkh, XG4 TORUBEEmIE LN m<RHIE T, THOEREE N DH 49
DI LT, ARJERARE bl O G121%, BRI L2417 > Th SIHNRE 22 E L 220
0, EEREHRE M7= 2B 2 HND.

— 5 C, ARJE IR B 2N 272N S ATy TR W THIE D E A E <L, RUL—[El 5 O 4]
TR SZIELT 528 TR IRE) 20 2 7= 55 & L RIAR IS O HIRE DR BE - F- 208, 7 BE iR
HEP B/ D2 CERER E AR T DZE N TED MR 0D, £ CINEIRGEET D728, /v

AT T D& TEDEE 2w LTS TR T 217 o7, EERIFO KM 2R 3-51275R 7.

Table 3-5 Drilling conditions of high speed feed at non-step drilling.

Drill Non-coated cemented carbide drill
Drill diameter mm 3

Web thinning Type X

Spindle speed min” 10000

Feed rate mm/min| 150, 350 150
Condition Non-step | Low frequency vibration
Vibration amplitude mm 0 0.4

Vibration frequency Hz 0 31.3

Cutting time ratio % 100 10.8

Work piece Ti-6Al-4V

Work piece thickness mm 3.18

Drilling fluid Dry

B IRENEEL DXV HEELZRELZSLEOINTIX, 2R ETOFERICH VTV, X 2-2 TR
L7 A B B P e ol T K T 3Rl H D ORI TR BT DM T 27203072, F D=, Bl DS FIC
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Fig_ 3-59 Drilling distance and flank wear of drill
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= First rotation of cutting edge A
=—TFirst rotation of cutiing edge B
= Second rotation of cutting edge A
Second rotation of cuiting edge B
= Third rotation of cutting edge A
® Removed region

— First rotation of cutting edge A
= First rotation of cutting edge B
= Second rotation of cutting edge A
Second rotation of cutting edge B
= Third rotation of cutting edge A
B Removed region

Fig. 4-2 Removed region of low-frequency vibration drilling in case of non-intermittent cutting

\Z—EL72D, FECIHIRFH O # @ D ) ATy T ERIC FERT e BIAI L 725 . SR IR A
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DI DRDHZENTED.
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MMicrosoft #1: %4 Exe)\ZCTH HL7=.

61



4 5 IR FEHENTIZ I R T
4.22 ZRuEUEIZKDED HEIE

RUADEIN T —HRZRTERITR > TEL T, T <KWARR UL LS DOHEBEHCI > TRESE
725, FIEOHEDREGRUAFNEEREL, AEITESIEE E RS, 20720, U EIZALS
PIHHEHIB L OZNICI S TAEL L UIHI ZUI TN I ETELLELL TWD. ZoIoicyih A |
WARB =2 UIHIE T 2 KO D12 H720, RU VIR R 2 )7 I B H5Ur B, &0 & Nick
FLEIHEIZ R STOIRNE LT 5 FE 502 W CEI AR LR 35 28e LT,

RUAIN A ZAZE O R SO IO AT 2 FIEIC O T 4-3 ZHW T35, [
K(a) |23 IR UL OEI N I TE 2 W A-A 2B WT, AN L CRER T M Eg A
DORNZAETDAE NN Ao, R @)IBLU(D), (R TRYLOHECTE BRI mEgl Ao
FHCAEC DA MR Cs, R T RO HIOIEESZ 1, &5, AIfiCTRLIZL S
D, KFZETHEMALIZRIUI BN DI, — RN BV OYIRESITED R ED 0012705, L
23T, U A O ZRGTOIHNE UL TR DN TR T LN TED.

(a) Section of cutting edge

Rake Face 4
P Chip T
=| Tool |
BN | ..
oy Workpiece EI
2l ) ol
bl 2
i [£/2 Zl
|

(b) Approximation model of drillng (c) Front view of drilling

Fig. 4-3 Approximation of Two-dimensional machining
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t, = (f]/2) * cos Cs 4.1)

V = S/60 * (1T * 2y)/1000 =S x (1 * y)/30000 4.2)

728, 4 BB ES(mm), £ 1 [FEHE4720 O (mmirev), Co: fHAL A (deg.), V) HI
(m/s), S : U VAEREFE (min), y: KULOH LES S O EfE(mm) TH 5.

ZRGTUIRNZ 4-4 1R T RO I T B O UL L EIHT N EAT T 5. ZO5E, & Wm0 2
TEH7 NI I N ORI L T — 8RR 5728, 10 <FAERIE R ek IZ72 5. Bz 3 e i
KON LDEE, YA L TEIR D gD 43 I REFHUT O FTITAEL L D1 1 O
THOHRTHY, ZWRIT7e B0 <F A FCIRIEEL 725, ZD L& FEMEO T B HIZEL 5 8§
PUTIRZE TS T Fp OFERDT-0, BAIRFRIST20IZACLEIHIERET W iZLLToXTRT 2L
NTED.

W=Fp*V (4.3)

7ok, WoYHIREI(NmYs),  Fp: £ JIN)THD.

Fig. 4-4 Two-dimensional machining

RUAL O FNCATLTIREGT AR 957280, K 4-5 1R TRV ED AV fi & L
(ZTEITL, RULD L0 BEEE O B m o bl 3 <o, 2~ A7n2a—7 12 TRIE
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Table 4-1 Rake angle of a drill

Distance from the center of dril mm| 02 | 1.5 20| 25
Rake angle deg.| 10.9] 30.5| 33.2[ 35.2

Distance from the center

Cutting path % 1

Fig. 4-5 Cutting path of EDM

HTERE A TTIZX 4-6 1R 9L 360 4 FE OfE i B A2 ERL, —RoTUIHI 928 IC T
Fo NERE LTz, FEBRGAI TR DT & O Rk FEBR RFO AR IR B X oo D 28k Sk %
HEITRELTZ. ZIRTTEIAIOFER KM 2R 4-2 (ORT. 7235, BIHIRIZATER D@0 E15A 2 1 %¢
L THIN A DIMER I3 IEREVME R HDHIZ0, HIZ 10 FFLL EER5I01ICLT.

Table 4-2 Two-dimensional machining property

Workpiece material Ti-6Al-4V

Tool-bit edge material Cemented carbide K10

Rake angle Deg.| 10.9 30.5 33.2 35.2

Cutting speed m/min| 11.3 56.5 75.4 94.2

Feed rate urm/min 8.6,10.3,14.4,17.3,43.3,51.9, 53.1, 63.7,
72.1, 86.5, 159.2,191.0, 265.2, 318.3

10.9 deg. 30.5 deg.

Viewangle “U330eo 350 deg.
Fig. 4-6 Rake angle of Tool Bit
TRITUIHI IR T B LW HIA O S DRI L > TH BN TS, AR TIITFH A 4Ll
T—kiRa—BTZr &4 D Ti-6A1-4V OABEEHHIFTE L, = Ff8EpT o 7 A /3 Ak
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(33-3K10)& T HELT=. 2B FVC NC FER(T 27 /T ) CHIZTHILEID 54T o7=.

BIYIHRHTI IR S E B R = i 48 I EHEKISTLER 9257B AYDH ) % F ¢ — A—H(KISTLER
5015A)CCHEMEL , 5 —4# 14 —(KYENCE NR-2000)CitgrL7=. HI ROV 7V 71 1 ms

LTz, RO X & X] 4-7 12T,

Work piece :
Cutting
resistances
Fy PC
Rotation speed F, l ®
l E, Data logger

/
Tool bit

—
Feed rate Charge amplifier

Dynamometer

Fig. 4-7 Device connection of two-dimensional machining by lathe
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clliz. [} 4-12 (\TRnd D kT OIHIRER KV G- OIHNES B0 3243 1%, RUAOE Gl HAL
EIZEEDTEbDOER T ALK E45 DTUIHIESIZT AL TRIBIZHE L TBY, #IE i Bl
DR ZE oD, Fo, EHINTT AN KEEIHIHE SR LRV DA EITE S UZE
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EBEOURIESNGF 5y AR T H2L13 TED.
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= Principal force Average
z 60 5 60
S 40 S 40
£ ' £
3 20 y=0.2mm, z 20
a 0 10 20 30 40 50 a 0 20 40 60 80 100
Time s Time s
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z 120 150
s gg J 2100
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s gg 2100
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300 400
2200 S
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600 Z1000
z _ _
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Fig. 4-8 Principal force at y=0.2mm
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= Principal force Average
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Fig. 4-9 Principal force at y=1.5mm
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= Principal force Average
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Fig. 4-10 Principal force at y=2.0mm

68



4 5 IR FEHENTIZ I R T

= Principal force
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Fig. 4-11 Principal force at y=2.5mm
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Fig. 4-12 Principal force per cutting thickness of drill
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Fig. 4-13 Analysis model
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4 JEEFEIEATIC AU IR E T
ZDOZRITET MK THFR 43 IR TMEERBIOEE - Ay v 2 25 E LY R T B3R

THIOfENTET VELT.

Table 4-3 Material properties and details of the analysis model
Material CR1 (Cemented carbide Type K)
Thermal conductivity ~ W/(m*K) 75
Specific heat J/(kg*K) 290
Density g/em’ 14.7
Elem. type Tetrahedral
Elem. propety Solid
Elem. side length mm 0.3
Elem. number 38439
Analysis time(step) s(step) 5 (5000)

432 YHIREDGFELRTAE
FNRUT AR IR B /T R OB IR S B kL, STHIE &0 F453 T s LU
(4.3) AT, ARJEEHRE ol BrORY AN IR RICACDUIEI ) 2RO HZENTED.
FHRSNITIAI 25812, RUA DU HIZIHRA THREIZHOWTHRE 2179, BAET LB E
IZLL T ONTR G ZENTED 0.

Q=2+«Wxn=xlo*R  *Ry* R

=2%FpxVsnxlo*R;y*Ry*xR3 (4.4)

7E, O LERATHUIHIZEW), n: UV Z 5 M o832 EOR, 5 S
UM HOES(mm), R UIHII 06 BUTEH SN DEI A (%), Ry L E-HHIM ~ OB A
EIA (%), Ry: TE-GHIMICTHEAT B0 TCTE~OBGRAEIS (%) THD.

ZZT, UIHIREICE T2 =R LR (L IR U E LD T AL THESNLDL OO, 13
IFETOBUEMSN TS, £72, E. O. Ezugwu’V51E, GIHIKE O T HEGHIA O B 2 A
DO LHIBLOHAI ~D B ANEI G 2 FBRA I EL TWD. ZoR5 2RI, #a K fEo
THZHWT Ti-6A1-4V OEHIM 29 HIL 725 81 BT DU HI BUE, 25% 23800 <12, #%D D
75%M T BB I OWREIA IS AT DL bhr > TWA, £z, 22 TR HIAICIT ) 2 (22,
WA DTELSNDEBGET HE, UIHNCEY TR AT AREITNG.HEV LT OXNTERES.
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B IR TR (S LD U0 KR T
Q=2xFp*xVsnx*lc*100% * 75% * 50%

=FpxVsnx*lc*75% (4.5)

22¥, FEHTRE O TEA~OBGRAIZIK 4-14 (TR T XOIMBHTET L OUN A FIZhHDH RIS
B EZINZ 5L TIT o7, B AU AT 28 BEIEK 4-12 (ISRULTCADR OR UL HL G
O PEEE OB ALY B E SISk 5 30 50, K@.5 b0 EL-wh N & o
Bk AEAR L.

ZZT, RUASESROIER K A 4-15 1R 7. ZREVFEEOBIENZBWTIE, FEAEIERY
IV EHRHIRA DS T B 7> YT E 23R F0 BIHI BN R AL AR 05, L LIRS, RUba — 3
([Z72 DI EWUNTIZ DL HIM ETOREREN K <722 ZE TUIHI AME £ ETICRF A 2L, 1)
HIZADSR A LIRODDDEND ZE D305 . FZTARMEHT CIIUIN AOALE Z L2 A B 16
R ZEOEHIE CINZB/BLTHZLELT0. ks, ZOR M 2K E IR B 0 f X & LV
PR - E B Lo TER CEHIDITLT.

Scope of the approximate

calculation of principal force of

Figure 5-12
: 02 1.5 240 25

Chizel

Thinning
Chizel

Distance from @ 02 152,025 3.0
the center [mm]

Fig. 4-15 Tip shape of drill
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4.33 BITRAROERREGEIVETER

FEAT RS RO EEREKN 2K 4-4 1 0RT. 7ads, 20 HE AR AR B O IR - JEl 3 B 13 #
TRF D IRFE SR TN BT 72 AR B AR I o1 B C B AT e PR oo b T, B ] bR

Re DEOARLS72 D 20% i e, B2 B BUTIZITHEL W RERD 35% LA ELT-.

Table 4-4 Analysis condition of drilling

Drill type Non-coated straight drill

Drill diameter mm 6

Web thinning Type S

Spindle speed min”! 1000

Feed rate mm/min 40

Condition Non-step Low frequency vibration

Vibration amplitude mm 0 0.6

Vibration frequency Hz 0 0.8 11.2 12.5

Cutting time ratio % 100 35.8 35.1 19.0
300

== (OHz(Conventional)
250 0.6mm 0.8Hz
== (.6mm 11.2Hz

== 0.6mm 12.5Hz 0 Hz

ﬁ 150
g == 0.6mm 0.8Hz(Ave.) 11.2 Hz \
H i | WA

TLALA

12.5 Hz
0.8 Hz average

0 1 2 3 B 5

Time s
Fig. 4-16 Analysis results of near the cutting edge of drill

FRMTRE R 4-16 (RS, 7006, fRATHE RIX X 4-14 (ZRE L 72 R e 3655 00 1 m 2 I E A
&L, 5 BRIOIEZLZRL TWD. ZOMRIE sl % 35 REE BRI THIE L2 A ek e
[FICALE CTHD.

ZORERED, ARSFWIREN X Dl 24T HZ & TWrke WIHI & 720, R el AR EDS ER-& T ez
JEHIEICHRD IR L TWDZE RS TE D, Fie, IRJE R B O [+ OfE REAL B 5L, 4
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N TB3732)& R LEE LT, B\E 5t 26 A B 255 Al Z FBELT-RU V&K 4-18 127”7,

Thermocouple |
wire :

Fig. 4-18 Side view of embedded thermocouple
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Fig. 4-19 Size of drill (SDS-060)
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Table 4-5 Specification of new low-frequency vibration drilling machine

Travel of axis mm 50
Feed rate mm/min| 0~2000
Vibration amplitude mm| 0~0.5
Vibration frequency Hz| 0~100
Spindle speed min”' | 0~10000
Spindle output W| 1000
Weight kg| 25
Vibrational direction

=
Feed direction Motor

Work piece

Hydraulic servo
Fig. 4-20 New low-frequency vibration drilling machine
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Fig. 4-21 Workpiece of Ti-6Al-4V
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Table 4-6 Drilling conditions

Drill type Non-coated cemented carbide drill
Drill diameter mm 6

Web thinning Type S

Spindle speed min”! 1000

Feed rate mm/min 40

Condition Non-step Low frequency vibration
Vibration amplitude mm 0 0.6

Vibration frequency Hz 0 0.8 11.2 12.5
Cutting time ratio % 100 35.8 35.1 19
Work piece Ti-6Al-4V

Drilling depth mm 33

Drilling fluid Dry
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Fig. 4-22 Temperature near the cutting edge measured by K-type thermocouple.
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Fig. 4-23 Comparison of temperature transition between simulation and experiment.
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