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F1E AR

1-1 FE

20 HALEIE N BN TE LR LX—%2 KEHE T R 6, 20 D% Y06
21 HAIZNT TIE, HETDHIEILEDT 4 AV v hROEROBRRAN R 246D, H=
FNF =PI D L 91T > TE . FH b2 Sl R U EiiRe 7o ff dias 23
Wk U THEFEDHETNRELS B LTETWS. £, Gt nERE L, ERSE
OEMPER IALEME L 72> TS, ZNHORI 2O T, HO-5< 03
Rz DEEREBENTHY, ZZTCORENETETEEICRS-TETWNS.

H D3 Y OFT, BEREMEES T/ ML & SRR L AR XA, I CHEMEZR IR &
o TETCWD. £, TOFRMIX, EfElb EMAMEOERIZE D, B E» %
XIpoTETEHEY, HEROMTHERIMT. 7 1t 2 TlEsHen# L <, wiftohn T e
ML mt 2OMERFEBHGF SN TN D.

AETIE, BEENTEEINT Y 2t 2AOMEOE 7 &EAMIO BINZOW TR S,

1-2 HEOER
1-2-1 FEUVEINIHOEBEREERINDEEE, BiE

ARG THEIT T A U BB T 1960 FR202 6 KB L ZXORMED T DITBAFE 31
OB, 1-1 2R e—Lb X U NETHSEFTO LODTM (Large Optics Diamond
Turning Machine) "23MEEM 2 EDOTHY, 1980 FERIHIC K A ¥E > FUEIINT T
25nm DFERIEENE LN TS 2. 2O 2T ATIE, T L 1IN, L
L—W G2 L7 lE R AR E S, BEOM EARK O TEY, RERRIRE
HEBICHIE STz, BARIZEBWTIE 1970 SRR ISR X A 7 DBREBE X A Y
Ty RUHIMTHARES R Y, 7VI=T A0 KT AT 4 A7 OFERMN TIZHE A &
NTWD., IS OBEBEINTHOREE LI THREOEBEICONT, X 12 ZR9 T
BEOREE DEE LA HO BN 1983 FICA N L ERSRL WD Y. [H T 2000 FHE
WITHERE BN THEOREEIZ 1 nm & PRINTEY, 1ZEZ0@E ICEBIN TN,
EEREEIN TR IL, YeFitidEEm o L o XTI A S, e itskidtf£2s CD (Compact
Disc), DVD (Digital Versatile Disc), Blu-Ray & 285 L TV < I8V, LV EEEAL &
BHEAL A~ DX IS HE A TIT o 72, B O AR IS 1 TEE R 2 I LT D 2 e %
<, AROBEMALITITEISED 7 7 — A2 MY — LY —RD L 9 il 2+ 2 2 &
TG LTS Y. Zdt%, LED (Light Emitting Diode) &% X 572, F/ A—2F
— X OEMSIIMNE LT 50, IRKEERR, HFEVERLLWVDPIEI OFEWOZEET D
A 2 R TN 3 2 HE S HEBL L, fERDOBREE N T CTITXIEAEE L < 7e> T
5.

—J, BHMTHO~Y =72k 5bE, 1980 FRE TlE 3 ciko4
I~y =07 X CHEHSEMTL T2 ENE L, B BEMTLTETIN, AD
FTELZEEZ LTV, 20%, @l —V 7T ORERED 3 kot CAD/CAM



(Copmuter Aided Design / Computer Aided Manufacturing) O HELIZ X W GIHIINTIZ XL 5
N T S A KRIE 2 B U, KO D SRR BN T2 6 BIEIN T2 @& X #ii> - T
1To7=7. UL, BEFERSLMET O E DR S &R 0458 T, ke LTREM T
IMEDOI TV, ZTOHEEE, IEIINT CIE T EOMHECEEREIC L FrE ORI T
FHLTERDSTZNDHTH L0, $ROEmMEEMEHIT L Tid/MED CBN (Cubic boron
nitride)) T.H ¥, FEREMAMBHIIZZ A YE L FTERHEL Y, THICE LTIk L
AREMEDSBHT 72, Lan L, INTARICEE L QIR E O R ECmIEEEEN TE vz &
X, EHORRRE O R E THHIOM TN TERWIREETH 572

B 1-3 I THEOREE LM TORE 27390, BEENTI#HEEE~ =780
ZLDORIZIE, Fv vy 7 BHY, TOX v v THEBOMLAEREZZERENALINLY, k
FLOE ORI T, LED &R T EM Bt O M T ch v, ke LTI
M3RTIAROM L THD. ZOX ¥ v 7 Z2HD 50 THIT, PEROBREN T TH
BN DA ZVE LT 5 EFRIFFS, RN LA EBRT 5 72O @mInEEBEN
HRINDZEND D, WOEARERSE, FHTHHEM, B AT A EE2EAND R
BT ZENMEE RS Fo, M 3 oL Tl BREE % i i B e EE) 3
BHZENEL, BWE S OBENRENR & 2R A FAE L, MTICEREEEYHE X5 2
LB, A FETOMTHIC R VIR R NS IR 572,

ARFZEIL, Z OGN 3 RTTTZIR 2 B kS B IS T 2 8RS % N T2 BR% 45 2 &5 H
BTHY, K13 DR TR LIE~YY = e v Z LIECROBRENTHEOX Yy v 7
EHOD, EIEE L ENEELEIT LML HIEL THIE L.

v 145 m
=+ DLOZE mdevow

+ 2590 angstom rms surface linish

Fig. 1-1 Overview of LODTM "
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Fig. 1-3 Motion accuracy of machine tool



1-2-2 YA APCDIVFIIOEEETEDEE

OB RE R O R REA L/ MU BT P o TG 72 S &2 REICAEET H Z &
#%*én Mt AN 2 B T2 IR SR OFE N RA L T D, F, XA AT 4
TND XD IR @A IMBERNE R SN 55085 Tk, 407 ~ > RICEEEESL N EE SR
LZENLEERTND. ZNHDOERIZIEZ DT, Fh & L CHMEMERE O A
WAL 725 TN D IS OREMEVER B2 @RIZIN LT 5 0 A7 AOBENHIFF S L
TW5.

FESROFEMA B2 M LT 27200 TEE LTUL, HEOESICEIV XA PEL RL
Eﬁﬁ%éhé A YT RMEIORMED —E 23 1-1 1239 0, 3560 3 otk
ZIN TS 57D IMoaEE TERAMEIZ/R S, XA vEY RS T EIZIE, B4
A YT F‘I/E\, F ) EHERAA Y RLE, A4V Ra—FT 7 TH, &5
YT RLAE MBS A YEY FLEO STEO TARH 5. HfsmA 17
E 2RI, FEFEICHE DMK &SRR OERO TRASUECTE 2/ ER H
BN LT CTEMNEDTETHS. L, MLICBW CIERESE AL L 0 RT3
STV, BRAENEY 20D 5. TEOREICE O TIE, HFE L9 0I5 & R
RGPS Y, T TE ABRICHIRRH 5. -, @i E TEZRET 51001
B3 2 < 300 0 Bl T 5 . B 2 1 V& FEldE T EOf] 2 X 1-4 (a) (TR T 7.
T SREER A Y RISRGE T SIVMEET, 3T A — 2 A ORI b
KT, HENOT CRLELS, SEHETH D720 TEMEE L CERARR 72 R 2 2
T MY Lal, TEZEETDIEMNELHL L TN DE &I L TRy
N, R CRIECTE 2 FIENBER ST EER T EE2OND. XA VYEY Ra—
T4 TR, BEOTRIIAXAYEY Rea—T 47 LD THDLN, 2—7
4 CITTENHBET A Z ENMBETH 720, a—T 4 7 HEINOm EIC XV HBEL S5
WIRZELS DA ENRTED LR -TETEY, A RKRWICELETDHEEZLN

BEAAYEY FTHEEZ, 32 FBMENZ &2 X 0% < OMatEp B ol T &
TV, HL, TERORKEZ EMICHE CEZ WO EBEDOIRIM LA TE T
ERT ) A=A F— X ORIMSZEUTHIENTERVBEESARD D,

PCD (Polycrystalline Diamond ) (%, # A ¥E FOEAZEIL80%H)1H 90%TH Y,
HEWmAA VY RIS BVEEZFF-> TRy, TEMEE L TR LSS, Bk
FEVZRIET 5 Z & AT E L, MMM R 2 B E O AR TN TE 5 &
HfFS LD, RERDE D £ < OFEFAD PCD ABHFE S 4L, Kk 0.5um OHHKL 1 PCD b
BIFEEN 1, EA 0.1mm LT OBMIIRO THASBEICM T TE5LE26N5.
PCD 3N A U HIZEBBTHDHL AN FEEA L TWATDIEEERH Y, XA 7E
Y RTEOPTEME—, EMLTMLT5I ENRTE, HFaxRBRICRIET S Z &R
T%é”w ﬁ%%%yFi%%@?%ék@imfim@MIT%&wﬁlmD@i

INEERTHE NIRRT T P Tl L7256, ¥ A Y& FERmICEEN
0)77774’ NENTER S AL, ENEET 5 Z &T&%ﬂﬂ%/ RER2IN T Z 4, A0
THRIFIEA YT FORBRITITEFE LW ERRESHTWD 'O, BT c3HEE
T& 5 PCD O SIE, HAEHASKH [2um N RENTEY, KENLCEBEDT
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HEFEBTE D2 ENbhoTz ' il 3 onBIROMTHO~A 7 7 PCD =2 K 3
JLOF|D SEM  (Scanning Electron Microscope) 1 A — T % [X] 1-4 (b) |Z/R 7.

T A YIEMTIC X 28 TR 2Rk 5 ke LT, 1-5 (a) (2RI HERDIBHFE
L 7= WEDG (Wire Electrical Discharge Grinding) 2% 50Tk 0 17, Z oflfEliE TRl
fEL7= PCD LHCOMEHEMEIO I TOMENHRSE S TWD ¥ Z oM T HEET
HOEHREFATIZU A Y HREITL, BRIETE S LEBRICTHIRH 5. HHE 3 koo L
WZIIE TR O TRHZSUWET 27201213V A Y 2B ST 250, TEZMEIT S Z &En50
ETHY, K1-50b) [T Eo7%, XYZ#he TEOEREE U A v E2ITTREE2ME
FIH L3 282 50T, [RIRE S #EIEOIN TS LEICRD.

AT, BEREMERTEFOMGE 3 otk Z @RI T3 2o TR & L THifFS
NH~A 271 PCD LEZEEBRIGIRITINL T 52 &2 BANZ, [FRF S @Y A v EN
THeZeer, B L7z, E7z, MIREHEEE LA S A O PCD TEAZHEYETE %
EIHOICHEHOCAM V7 v =7 #BAF LT,

Table 1-1 Properties of diamond based materials '
NPD SCD PCD

120-140 70-120 50
Knoop hardness GPa (isotropic) (anisotropic) (isotropic)
Phase transition temperature  °C 1400 1400 600-700
High temperature Knoop hardness .\
at 800 °C GPa 100-120 60-90 Phase transitioned
Electrical conductivity - - Yes
Content of diamond Vol.% 100 100 90
Grain size nm 10-30 - 500

NPD: Nano polycrystalline diamond, SCD: Single crystalline diamond, PCD: Polycrystalline

diamond

R0.05-1.0 RO0.05- RO0.05-
(a) Single crystalline diamond end mills *

(b) PCD end mills
Fig. 1-4 Geometry of single crystalline diamond and PCD end mill




g
e 2 d® PCD tool electrode

- *Id..

(a) WEDG system '* (b) Simultaneous 5 axis wire EDM
Fig. 1-5 Simultaneous 5 axis wire EDM and WEDG system

1-2-3 EREMMHOTA90PCDI Y FINICKSDMIHE

ATET CEEMEMEA R 20 3 RoTiZRIZIN T3 2 &% T & 2 Ui+ 5~ A
71 PCD = RINERWET H U A VHEM T, CAM Y 7 b7 =7 OO VLENE
ZIRAZN, ZOEITIE, BARENZINTIY AT LA L TC~A 2712 PCD = K3
IV D FERER) 72N TR 2 AT, FHm 5 2 & OB EZ RS

XA YT RTEIC X DA B O BIEIIN T LR 22281, FERIIN T T <A
RENTEY P, <A 7 alEE T RIS X 298N ToOMZE3b72a< 2, nT7atk
ADFEHIVEA L TR WERZ V. FRZ, v 71 PCD TEIZX 2T, #FENC
FIRZ &\ 7 C. J. Morgan™PlEA "2 L BHF%E3 ®H Y, ~A 7 1 PCD = K /LDl
T T, 8RR ) Yan® DRFZEN 8 53, Kk & It iEtEA B o R 72N T.7 v & 2
OFIIIAE L TWA., w1471 PCD =2 R )W XA E oMM LTI TED
HNRICEDUHEIIN T OEFR L 7 F > 7 EIZ X HHFEIINEOBER N EMEKE A > TE
ALTWAZEWRENTED O, £/, Z oWl & BEIOBEZEIL, #n TYh o R
INTERHIZE D RELSENT H Z ERHEE I 4L, 57N T 7 v & X O N FE=i T
W5, T HEFERREICE L CHUIHI EFFEIIN T ANEIE L TV 572012, BFREL /- T HIZ
X0 A En 28 TmomtERIE, GIEINT CH 2 HEERL A YEL RF /7 58
AAXEy RLELITEST-bDERDEEZOND Y. £, HEMLTRIES L
PCD T EE, MEM L CTEHTXHEMEIORATHEAET S TERNEOMICL S
BSOMBEERE O X 5 RBEM TR ORENRH Y, Z b3 LEMHERICED L 572
WL 52 TODDOMANREZN TN D 2,

INTXI 520 C & D REHEMA BHE, F5MmOMEEIC XV IINTAMER K E <EH Z L0 EE
i, AWFETIE, 3 FEOBNEHAEE GEabtEMEE, BEREAEE, FEaaERE) DT,
S REMIERT 5 EE SN A RE LM EHZ OV TN TRHEZ 78 LT

FEEmMEMEIORE L L CHEER V) a2 RIR L2, O CTHEE LI EER Y
2O HEIX MEMS (Micro Electro Mechanical Systems) CT&H Y, U X~y K, £
IRT A ARKFEE Y — & LTEASN, 5% EBREIEBET L Z RSN
TW5h. MEMS O LIZBWTEER 7oA Xy F U712k 2 2 RTMLTHD
D, WO 3TN ER ENTGE, oy F o7 7ae AT CTEETHZ &I
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LW, 22T, SF CERMINTEHAL T Y 2 OGEINTo %M R, 202D 339 % 5
LT, 47 PCD x> RINEFHLZUBEIINTLZ#EHT22LT, Y7371
VLUV DIBIRKEE L ) A =X LUV O S 2O T HAER]T 52 L2 AR
L7z, KRG CTIT o 7 PERIRIR O T, 2 < O ERZ 2 & A TRY, EBITX
AUE MEMS INTIZH T 2 UIEIIN T Ol ML L, AREICE R LT &2 HR
5.

BEREATEE DT & U CRBoR B 238 4R L 7=, BRI OO RPE I L 0 862 o
STURPBHZ el U TR WO EEREME 2 > TR W mihir & KBAENER SN D 08T
BRI L TWD . BIEOSRIEMN L TIThil T -2, EMOMEEEIC L 5T
WEOIKT, KB4 ETEH S ORESSCMELEREIZL D7 T v 7 ORED L H 704 <
ORESAZ > T 5 9, R & 288X, BN TR o FmtEkoRE,
ADFIZEVRET D Z EMTONTED, BIEIR TIZIATOMN AT TE RN, 2
DORE S Z R TE HINTIFETUIHIIN T UL, IEMLZBEE B D Z LN TE
HUE, IR ESCREIEROMBESNHRETE S EE 200, SR OBz B T
O AFENKREIERT D EEZONS. ZONE, 7/ LM EAvES R
DX D7 LT BB BB SHAFENERIL L T 528 1) PCD T B, EMN
TTRGICEYETE 2 2 L 0UHI EAFHINRIE LT L7 2 ADFRER &V, L0
R BGE AL, ZOMAOESHTERE, SR L2ME L i< Z &k
RERBENLODLEZEZIOLND.

B ORFEL LTHEN T RAEBIR LT, HT ADOMTITE LTFRIE, VY —& A
T RED RN T AFBHEO TETMLLERERRESLTEY P, C.J
Morgan (2 X 0 B T CTHRYE L7-MERDO~A 7 0 PCD = R L& L CHMEEL
RN 7 ADEMET— FINLTRAERTE I Z ERRESNTND B 1T T 2 1T
BO7eREtE, BAROZR R, (LR REE &R R M oD T T A RPN b U TR
B EOVREE A FE o TV 5 28, GIEIIN T Cis B 72 1 % £ o 720K & SEPE = — R TN
TF20NEFITH L 2, RAFRAT 4 HASH T~ 7 i~ 700 =
LELTHERSR ), BEEOT AL R FzyF o/ cilfEsnTtky 9, UEnT
TILT A ENTEIUL, FRaRBEREZZA LY —IZRMETHZ ENTE, EEDOS
By -CHIHIIN T o0t A EEPHE OJER B EIFFCX 5.

AWFFETIE, B ESN-BEEN TS TERWES X7 A2 L, A 271 PCD
T R IV & W0 3 IRGTIAR OREMEMERTE O TSI T, FERER 220 TR %
5N, 2 THELNEMAICESONTHE L 55 30 2O 2595
ZEERAMIC, ZOMEEIToT.

1-3 AHREOBEH

AR D4 B T 3 IRTTTER 2 Fi o 72T 3 A AR P ED LI TE Y, 731
AARMERL LN 2 TGS 2 @R O EHT, HEHIME-CIAPED BRIZ 0 B A BHI
S TE TV, BEtEA R 2 S, =IO T4 5 72121, R 7o B T
ST N (BRI THsN, T EZ8ET 2N THIRE CAM V7 Fx7) OB
HRER 7N T 7 0 ZORFRNLBETH 5.
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& ZCARMRIE, B H il A S o 3 oIk 2 R EAT R R BT, T o |
YOREE AT A— MVOREHLE T, @EUIEIN T 2 oML 2B E L.
ARFZEIE, 1) mEEREEYIHIIN T OBYE, 2) MM RN Tozd o~ A 7 alE
i T HAWERIN T OB, 3) ~A 7 v THHFHHEHAC AMOBY, LLETR%
ENTMLY AT 2 ERCTNTAREE S Wb T 3 B GEdas e, Berssrel,
IR OEMPEM B ORI T2 £ L, MTL7 vt 20T, FHliz1T-7-.
1-4 KREXOER

K LIIAEZET0H 8 WM ORI ND.

%1 ETIE, AMFEOE = E BN OW TR L 7-.

552 BCIX, M 3 RoTTk & RS L - m ARSI L 2 GIEIIN LR DB FE 12D
Tl ~_7z. EREHREFITE LT, Wl LBt oKk, T4 FU A OBREKE, VU
=TI L D EIEGE S O S, BENCEOIEAET D IREIOMHI > AT &, HEH
[z s L OVE X 1 T B T Ko E{T- 7.

53 ETIE, MM THAZRET 2 FlkE, TNEEHATH-OOT A YREMNL
MEDBAZE & TEORYWEFIEIZOW TR ~Z, 2k v 41 v R~ A 7
[B1HA T B2 Zh A BUET 5 2 L AN AfRRIC 72 o 7

B AFETIE, 3 ETHRAAEM TS X0 e T EE2RET 57290, CAM
V7 U7 ORI OV T,

BSETIE, F2ENDLE4EE CICBRARERICESE, oM ©H
DHR Y ) 2B SRR S A YT Y Rty A 7 m R TR Z A TR RIC U]
ML 572 DO FMERITIT DOV Tk~ 7z,

5% 6 T TIX, BERSH OREHEMASBEC & 2 Mok 78T 2 265 8k & A v & > RSNl
T HZ RV THGEIEINN T4 5 BEEETIc W TRk, 8l 42 4 1 & T H T
RN T3 2 S S N T2 Sz Lz,

W7 E T, EEEOEMEMM B CH D ATEN T AR SRER LA Y FRUNElES
TEZ HWTHREIEIIN T 2 72O O BRI ONW TR, ARAT T A% XA Y E
R T 2GR ON T3 2 5 I TRHEZ B S Mz Lz,

FSEIIMEMTHY, FEONKEE L0, AFRICE > THELNTREEEH L.
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2-1 FE

FEEE AR L CE BB THIT, 7/ A—Z L~LaFEHE L, BEOGmICE
NENTEZ, —OlF, BB TIZBW TN LIRS B TR S X 0 M IR
~OFERTH 5. Bl XV o X TIHIEERIT AR D © FEEh I FRIEER T L o XD TR, 1
i) ) A—=F TIERWAEEOBIREEEH TN IS 20 EOH L5~ 7 a0l X
TL—=DXIRbDONRETONS. ZNLDOIRIE, Tz AR Uit ko@kssm
THETIXERT 20088 L, H-LBBETOMBRERSEZ. b9 — 20,
B/ ELOERICE Y, TZTHEASHTWAEMA/NELL, R bE
BHETHEMOIMTRIATEREE Y BNREAEL TV, 2D OMHTRIRO&RIT,
BINTHTRIESNTERY, BMEEELAENTT 2123 O TREEZET 5729,
—flE LT, MmO —208MARET 2T 1 HAEZELTEBY, ZnaHno
L THIENMSEEN TV, FT2, WEMLTEBRTE 2BER, EBHBOW
FEREEH SICL VI 7 a0 U SRR TH > 72, s D/ INEALIZ B L TER oK E D
M EAMEETH DD, EM LORBEIZLVHIRIIN TV, D ORES Z k4
DINTHENFE S, EEI -V U ICEESHZ D 2 EMBEIN TN, i
RGN TACB W THEE Lz L 9 R RENEH TE R WIESERH - 72,

Z O CARBFZETIE, 560 3 YRTTTERIN A 38\ R 0N A% & K5 %5 0 T A% o i 45 BF
BT 2EAREAOX v v 72O LM THEE LT, ITHE LN THRE2REKET S
MBI THEAZBIRE Lz, BRI HICHIZY, THE TSR L CE @SS TS
FEEMTHEOMRZ I LT, FRllonT &9 RBERLINOREE2E/L, Thb2HK
AL TBREEN T A2 F285 L.

® A IS & SRR
® ARz A

@ RTIATUVAT A
o Eii

o V—VULITVART N

2-2 MMIEOMERE - BEED BIE

BAZE T 2 N THE D L3732 HEE 2 3 2-1 O X H I8 7=, FARM 725 2 J71%, 10x10mm
REOH/NMEROEEI —V U XD EEE, &N TThoD.

N THE D FEARR) 70 kG 1L, B2 N T 5 [RE S 7o/h S 72858k T 0.1lum LT & L7z,
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XHPETELSTHIL, TRbBIEEN ML EZRD 2 TEARERE LD, — kA
72 R N TRE DN TRFOINHE I TR A TS 0.1IGLLFTH 5.

Fdh oo [l A 1T, PNV TR A 3 2800 TIC 310 5 T HEEFEN Tah=: 2 ik
W5 T D. LEHOBEEITOIHIREEITKET 223, UM LEIZI W Tl O il
CIIOIEIEEE DMK 9~ X CEEFERRE O feill 70 SEIk CE I T & 72, CBN LEIBEX AN
FHO M TR O & BEFED D 72 W BIHIEE 1T 300-500m/min (28 Y, % 0.5mm O THT
FHE#EEE 100,000min™ O & ZGIHEE L 314m/min TH 5. L 0 /RIS RUE, BIH)
BENED CTEREENEI 2D 2 ENEZLN, MUMETETOMTIZB W CElhO
R EHER DO EEME N DD, £l —NH T2 Ol 72 REBITTE L WHImOMEIC X
DRFY, SHEEHERZEHAT 572011350 LI L TEEIZT D Z EBRMEIZRD,
/IR TIE N CHMEHE L CE&dtm R 2 09 2 E N MBI Te 5.

Table 2-1 Target specification of developed ultra-precision machine tool

Machine accuracy of small area (10 x 10 mm) Less than 0.1pm
Maximum acceleration at the time of machining 05G

Spindle speed More than 100,000 min™
Machine stroke X 150 mm, Y 150 mm, Z 100 mm

Automatic measurement system of tool

Equipment and workpiece

Tooling system Shrink fit system
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TCEDLRETVRL T DI TA FLE EMTALEOREEZEL< 352 ENLHE
THY, DOF— "IN T T HHEFELETEHET VR T EN/NETRD. K21
(@) I RTHEAERQRXO XY filil, 22/ MZEEDLEIENTELAY v IBHD
N, YEIOHTA BT A MO INTIALEF TORBENEL 252 &, Y IO E O ELALA
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L7722 A 7, TA R A ORI TALEDR S 2HEETH Y, A KT =ADB
TALEOHEES X fl, Y EIcTE, Xthe Y #OBENSHEIC TS LR WE
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72 TED EBZHA L. vNEIROESRININ T CIE, #mToi/hs < mT#ict »
LT LT 2 2 L3 7e, SREID CHEfiF 5 2 & ORHAIBREE 2 (T35 = &
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WIZ, Z e FHONETH LD, K 22 TRTILIICORBH L. FH-DORIT,
B 2-2 (a) \CaT i &2 EEBICELE 3 200, B 0RITX 2-2 (b) ([T EfAE EEBIC
ZfhE FEICEE T 2 —oOENR B 2 Hd. — RN, N TYOEESK
TXOHHENRKENWD &SRO TOBRGMENLE —RBIBIRINDHD, 20
BT, M T OE S & RE ZFRESNTWDDOT, TOHIBRITY TIEE 57207,
B O ASL TUIZOWTIEBESLETH D, Lific e z#z2fiE 5L, ZOE
BICE VN THEEOBELIENELS 20, EIEE CBE) L. & IR S 0 b 2
ENEBEZ NS R UTE LRIE, \EOEMEL 720 @I E COMENZE L TT
XHEEZT. FEEE, 2R YO A KU oA OBIZAY, Z #Hoo & S 25| R &
N5, ZOHINH 57D, < OTRBER SN, X ok % X 2-3,
YZ $h O & X 2-4 12RT.

ENHEE CENMET B 72 D121E, BEALNKAETH D0, BEMAD AN IS 1T T
NITFTHROETIv I A RSV T v 7 SA610) ZALEY. €717 R
IZEEENGROMEL & i U TR 12, Yo /RIS I L TR 2 5 Th Y, EHE
BT OWAEIL 4 f5Em. £70, BUERBREDSROMEID 12 L/haNWZ & THE
BEMCFSTDEE2DND. TORMEER 2217 T. BT I v 7 AL, &Kk
IR TR NIRRT LT B BERL L, ZMEIN TISMFEIIN T CITVy, 7O 7e AR
MTAXZ A ¥ E Ly FTERICK 27U ToWFEIIN T4 3266 U CREEM 2 BUE L7, &1k
DI, AT TR ICER AWML, 7L 38428 L TREEN-7-. K
23D XMATA X, K2-4DYEHATA X, ZEi2 T LT —TNAHBETI v 7 AT
fES TS,

FEAREE O, (KEVEOHY 2Rt L2y, a2 MR zolr& L, @ o
HEmERA L. (HL, $BOBEEbEMZ D70, Sz, BERE S
TR A TG R S A 2 AN L 7=,

Table 2-2 Comparison of properties of machine structure materials

SA610 > 40 cast 1018 steel
Density (x 10’ kg/m’) 3.5 7.9 7.3
Young’s module (GPa) 280 120 200
Thermal expansion (x 10°/K) 5.7 11.0 11.7
Thermal conductivity (W/mK) 13.8 52 60
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Machining point 'é
L Ei 2 A
° &5
X axis = E:
T 1 1 ! 8 - ©
2 8
Y axis A = v
= =y A
A
Front view
(a) Stacking XY table
, I
| | 2
= e —— th | o
X axis X axis Qa
z : z ' &
[ Machini int s 2
“Machining point e ‘g &
L)X | LP Yoo 8z
| | o
o
Y axis Y axis %
L 1 -
o | o ' — ' A
Front view Side view

(b) Separated XY table
Fig. 2-1 Structure of XY guide way and machining point

Z axis I

X axis
|

Z
i Spindle
X . X

(a) Z axis and spindle on X axis (b) Z axis on Y axis / spindle on X axis

Fig. 2-2 Structure of Z axis and spindle
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View point

X axis counter 1 linear scale 7. X axis linear motor2

X axis counter 1 linear motor 8. X axis counter 2 guide way
X axis counter 1 guide way 9. X axis counter 2 linear motor
X axis linear motor 1 10. X axis counter 2 linear scale
X axis slider (ceramics) 11. Exhaust pipe of spindle

X axis linear scale

Fig. 2-3 Machine structure of X axis
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View
point

1. Y axis counter 1 linear motor 7. Y axis linear motor 2

2. Y axis linear motor 1 8. Y axis linear motor 1

3. Y axis guide way 1 9. Z axis linear motor

4. Y axis linear scale 10. Z axis linear scale

5. Y axis slider (Ceramics) 11. Z axis column (Ceramics)
6. Y axis guide way 2 12. Table (Ceramics)

Fig. 2-4 Machine structure of Y, Z axis
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TALEZME LT 350mm E~A 7y FLED 2 STHEL. A FL—1t
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| Capacitive sensor Capacitive sensor |

] Mirror bar Mirror bar 3

Capacitive sensor

- Capacitive sensor

=

=

=

oA Mirror bar

g I -
& | ! e
> — R TH| [——

221 mm {204 mm

330 mm -

- -

Fig. 2-5 Experimental setup for measurement of waving of guide way
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Fig. 2-6 Vibration of rolling bearing of pitching on mirror bar at the height of 90 mm
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Fig. 2-7 Vibration of rolling bearing of pitching on the mirror bar at the height of 350 mm
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. 2-8 Vibration of rolling bearing of yawing on the mirror bar at the height of 90 mm
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Fig. 2-9 Vibration of rolling bearing of pitching on the mirror at the height of 350 mm

Table 2-3 Vibration of rolling bearing of developed guide way and standard guide way
Measuring height of mirror bar Pitching (nm) Yawing (nm)

) 90 mm 40 37

Developed guide way
350 mm 37 72
. 60 mm 80 95

Standard guide way

300 mm 85 200
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U =7 27— )LD/ NS fREENE 3.125nm TH 5.
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Mechanical structure of X axis of the designed machine tool

1.

2.
3.
4

Spindle 5. Linear motor for X axis

Linear motor for damping axis X1 6. Fixed supporter 2

Fixed supporter 1 7. Linear motor for dumping axis X2
X axis slider made of ceramics

Fig. 2-11 Detail features of vibration suppression mechanism
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(d) Vibration damping at 30Hz with 0.5G
Fig. 2-12 Vibration suppression effects
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Table 2-4 Vibration damping ratio by vibration suppression mechanism

Fundamental 3™ harmonic 5™ harmonic
Fundamental frequency Hz
frequency frequency frequency
10 0.025 0.078 0.294
15 0.053 0.545 0.571
20 0.032 0.304 0.667
30 0.029 0.571 0.412
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Compress air channel
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Air inlet of bearin

|Air inlet of break - i l

(a) Front view of spindle with micro tool (b) Back view of spindle

Fig. 2-14 Aerostatic bearing spindle driven by air turbine
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Fig. 2-15 Shrink fit holder on spindle
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(a) Schematic of shrink fit system (b) Mechanism of shrink fit
Fig. 2-16 Shrink fit system
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Fig. 2-17 Corner motion of radius 0.025 mm
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Fig. 2-18 Setting of 2D scale system on developed ultra-precision machine

Radius: 5 mm .
Direction: Clockwise 0.15 e liltlfne
Feedrate: 100 mm/min . um/div 2" time

Fig. 2-19 Results of Circle test using ultra-precision 2D scale
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e N, ~_ e==== Before error compensation

" - ~ N
B
\“\z\f\ e After error compensation
3 ,\}< . \.\

Radius: 5 mm
Direction: Clockwise
Feedrate: 100 mm/min

Fig. 2-20 Results of error compensation of circle test

Table 2-5 Results of error compensation of circle test

Mean (um) | Std Dev (um) | RMS (um)
Before error compensation 0.2080 0.1091 0.2349
After error compensation -0.0097 0.0185 0.0209
Improvement 95.3% 83.1% 91.1%

2-4-3 MIIC& BRI
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%, P2 0.12mm OFENESC, WO T ENTND Z Enbod. ITEFEIT S
R CTh Y, REFMZEL TNLTE5 2 L 2R L.
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(a) Bottom view of micro PCD end mill  (b) Side view of micro PCD end mill

Fig. 2-21 Micro PCD end mill of radius 0.1 mm with 6 flute

Tool: PCD end mill

R 0.1 mm, 6 flute
Height: 0.03 mm
Machiningtime: 5 hours

0.003

(a) End of curved rib (b) Curved area

Fig. 2-22 Results of machining of ultra-fine grain Tungsten Carbide
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| S B L R LN L B L
0 0.1 0.2 0.3
Distance mm
[PV 0.042um | ‘ |
[ Ra 0.005 um__| PCD end mill: Radius 0.45 mm, 6 flute

Workpiece: Single crystalline SiC 4H
Cutting conditions: Axial depth of cut 4 pm, Pitch 0.05 mm
Feedrate 0.065 pum/tooth (100 mm/min)

Fig. 2-23 Results of machining of single crystalline SiC
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Fig. 3-1 Manufacture process of PCD blank
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Fig. 3-2 Drawing of PCD tool blank

Fig. 3-3 Define of coordinate system

30



3-3 Y4V OPCDIEZEETH-ODT7AVYHREMIHE

3-3-1 IBESEAIAVYHREMIBOERK

TEAZMTT 570121, TEORERNLE 2B H 3 [msA7 @& RO S V72 5.
7T H i@iﬁbfﬁﬁﬁ‘fé_ EERAHEE LTWA Y, THZ—EWE CThEE L 2N
ST T DN LEI /D, — R TA YHEMTHETIE, VA YR ETFHRICE
TL, #M T TAEOFIZE LT, ITRIZE > TINLEN5. WMI%ﬁI
TE S IVTW DA ITIEBEIT W3, [BEO LB & 2 54 12 I RIS 23 TRz
Mo TARBEIZ 72D, PR — BB L 72D, — i & 2T 5 b, /—wﬁ#@
72 OREREO IS BAMEITHIBR AN U, F 7=, I i Claldizih 2 &l ClRl3 & AR T 5.
IE@@%_Hfﬁz#%iféw TR %é%/7f£MéT EMERH Y, K
KL T D EMEE L. 6o T, @REE, RICEZFEBRT L0121, TEEZRE
[E1#R 9 2 BA% 1 TP i i@wuﬁ#z% 275,

B TR O T EZBUYET 2720120, U A Y& 45°LL LR & 20 CET %m0 3
ﬂ%é.Lﬂb,*%%ﬁ?%?%lwimkf%ﬂ?fk%@ﬁfﬁ%ﬁf%@%’
EMBHY O Fl, K34 ) \RTEIIC, RERAETIALAYEBETLETALYS
4Fﬁ@ﬂ@wtbv4%®§%¢6u%#ﬁm¢é_T@ﬁg%%ﬁﬁé_&#%
LWEDR S 5.

ZOERIZISEZDT=OICK 3-4 (b) ITR-T LI, VA YETRE LT RGN
FHNCEF L, TEEZRE L TV A EHSEENRICIRADRWE itz e s, VA
YHA RNIAPOME E—FEIMBERTLHEOICLEEZET, VA YR REMHNTH
EFEEDNHERFCX 5 X D ICEEH Lz, VA PHEM T T, I TRISMAKBIHER S
%78, PCD OEREEM T2 3 272 OIXMEN TiREEHAT 20801 H 5. R0 K
TN TSI IMPEN T AME I SN TWAH DT, BT 5720 D IHUE & 70 2 BN THE %
FER 0 M T S U, WMMREN TROME S AT A%, ZOFEHEH L.

Tool Tool
X Upper wire guide . y 5 ;

@

Wml / | | ||
2 Workpiece v Q L QZ

D@ (Y W ()

Left wire guide Right wire guide

Lower wire guide

Straight wire Inclined wire Straight wire Inclined wire

(a) Vertical wire running system (b) Horizontal wire running system

Fig. 3-4 Wire running system for fabrication of PCD tool

31



3-3-2 OG6EITEZEATA YHREMIHBOBE

TERE 0 BN TR A2 R — R KEF DT A Y EITREMNML, UA YHEZRD NC
(Numerical control) JE{E CTHIEIT 5 2T AZHEEE UT-. Sk IZEAS XYZ #if & T.E
OEEEED CHiE: U A YOMEZEICH S Utih: Z fihicxhm LT U sl & #8 ClElixd 5
VTR T 5. B4 FRE, X 3-5 (a) (SR, UsNTY A Y ET I E L XZ i
NTHEZL, 0°C Z W TE D KO ICili%T 5. THAEY N5 C#iE, TH
OEFERFLENS Z 8ih & AT & 72D K O IC T EOEE & [Efisd DL E 2 R 5.

X 3-5 (b) (T T XL IIT, BERXYZEE, T—7 /v I TMITIc e TORRE AR D Y,
Y #if I X #ASE Y, 0 LI Z B E DR L fe o T DL Z OEIMERIIIER Y ik
BN THE I — IR, TR T — 70 BICEE S TEIDT, K& EHND
WM THERETEDLZ LML EIMNE RO TN ZIEND T ENRNRAT v
ER&HD. LL, 3R ELR S TWNLH—FETO Y TNE 720 InEENE O Hi
RNT LR, KREHEER L R D o OBEN FFENEL R D72 8 DT 4 A v bR H 5.
U dfio[EldsF00E, X 3-5 (a) ISR T X DM TALE NS K& S BERZALEIZH D,
REBRWNTIWEINTTE LD TIEH 5, UhOREEREE DR EL K& < ZIT 5.

THZEMERTRICINT T 57-0121%, XYZ #iid CU s[RI 5 SE /e LB 72
5. VX, Ushio XihE OV T2 T 72o0fFERIcoAERsD.

— K72 U A YIEMNTHIIAKTH D P, PCD TEEZNMT I 254121, TE57%
/NS E EFRIN TR E RN ER SN DT OM TH D2 MLENH 0, MRS T
PHEET D AT AITER O BB THEO M Tk 27 2% FDEEHEM LT,

BAFE L72 6 D A VBN T2 L CRI/E L7 PCD =2 R LB %K 3-6 12
Y. X 3-6 () 1T USMZMEHA Lz 2 HOTE, [X3-6 (b) (X USAMH LAV 4K
HNOR—NT o RINLVTHSDH.

(a) Axis structure of six axis wire EDM (b) Relation of six axes

Fig. 3-5 Define of coordinate system **

32



(a) 2 flute end mill using U axis (b) 4 flute ball end mill not using U axis
Fig. 3-6 Fabricated PCD end mill by six axis wire EDM
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Fig. 3-7 Improved 5 axis wire EDM for fabrication of tool
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Fig. 3-8 Experimental setup for measurement of accuracy of U axis
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Fig. 3-10 Movement accuracy of 0.01° step on U axis
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Table 3-1 Results of movement accuracy of step

Step angle Maximum position error Position error at radius 0.5 mm
0.05° 0.0054 ° 0.047 pm
0.01° 0.0052 ° 0.045 pm
0.002 ° 0.0042 ° 0.037 um
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Fig. 3-11 Investigation of interference between wire guide and tool
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(b) U axis angle -45°

Fig. 3-12 Wire running system around U axis
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Fig. 3-13 Machine structure of improved 5 axis wire EDM
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Table 3-2 Comparison of specifications of 6 axis wire EDM and improved 5 axis wire EDM for

fabrication of micro PCD tool

Improved 5 axis wire EDM

6 axis wire EDM

Stroke X, Y, Z

250 x 250 x100 mm

350 x 300 x 250 mm

XYZ axis drive motor

Linear motor

Linear motor

Resolution of linear scale at

XY7 axis 0.1 um 0.1 um
Encoder pulse of C axis 720,000 pulse 720,000 pulse
U axis drive Direct drive Harmonic gear + servo motor
Pulse of U axis 1,048,576 pulse 800,000 pulse

Machining position

Rotational center of U axis

Distance of 100 mm from
rotational center of U axis

Distance of wire guide 35 mm 120 mm
Minimum wire diameter 0.05 mm 0.1 mm

C axis control Positioning and rotation Positioning
Wiring position Right in right out Right in left out
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Fig. 3-14 Two machining methods of PCD end mill
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Fig. 3-15 Machined results of two machining methods with SEM
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Fig. 3-16 Comparison of machining time with first generation and second generation machine
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£ 9 BRI TR Tl 72 <, K 3-17 (b) Tred & 972, SR BRI LIRS 1
TR L B2 b, (HL, FHHRHSRSEVICHLRE 0D L, GIHRGIN
KEL RV ERFESRT Y 7 & FH LTV D Tl <, AR CHlRET 5/ iEtEn
572 DEIL 0.0Imm FREE N KE & B 2 6 b.

SRR T HAWER S8 D A YIEMN T TIE, Bz E 0 B LoMENFIHATES Z
CIZX Y, FESN T CPHE 2 L, ED®%REI D H LIEEE CIRO—E L= N E T
DB 7 TEPEER TE 5. 4 AP 03mm OFR— L=y KI L T HEY
TER 6 D A ¥ HCEM TAE TN T L72 /5 R %2 X 3-18 (a) 12/~ L, Sk BRI T BABIVER 5 il
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U A VBN T CIL LR A2 3-18 (b) (237, SEHEOE I 0.0lmm TH 5.
BUVEL 7= “REO THOMEMEM IO T, 5% FEET25TETHD.

(a) Sharp edge ball end mill (b) Flat edge ball end mill

Fig. 3-17 Two different edge forms of four flute ball end mill

Tool edge

50 um

50 um

(a) Sharp edge ball end mill (b) Flat edge ball end mill

Fig. 3-18 Fabricated two different edge forms of four flute ball end mill
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3-5 #E

~A 271 PCD LEBYERD 6 #hD A VBN THAZFT L, #HERRO TER)
FRPNIMTTE D L 2R Lz, MIAEEZER L TIT< 11T, o0 ORERN D
MY, TND AR Uk BRI T HARUWER S #h D A Y AGEIN THZBIR Lz, 2 OB%
T, B L7z 2 & ofifik U= &2 UL FIC 8T 5.

(1) BHERTERRENMTCTES 6 iV A YiEMIEEZEEL, ~A 27 12 PCD L
HREREICINT CE5 2 L 2MR Lz,

(2) UBhOREENZE L2WHEE, N—F=v 7 X7 &V —RE—X DA E DT
MHAA VT NE—HICER LI L, NTIfEEZ UORLICEL LZZ &
TR U7z, SRS ZHE LEMRER, YEI 7 I FoREThH- 2.

B) VAT rvarvE LTl ENTERVMEL FA FOREE 1/3 LTI
T4 AHZ LT, EE0.05mm DOV A YECKHISNAEEE 7o 7=,

(4) BAENIZ XL 0 IINTHEENSILT D RIEIE, ~N— 2N LA PR BRI T & R
AN TSI ZETE L, 2 O/ NN TR > o 7 v 2 i CEVERL 23 7)N
SnEEZHN, ERFMNTLTLLE LB ENMEONT-.

(5) C flhiAE Y H UEEREDO A TH DRI, B0 H UHEEE & BIHSHRE O F 5 &2 FFo
NC #1& % B%E L7z,

(6) ZNHLDOMERZMEIEL T, FrLWEERZ FIRE T THELZHRE L, LK
(W D KME 7 Fife & 728y 2 Ff o 728 LW AR OIR ZBF L.
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F4FE YA4JVDOPCDIERDHEACAMIRT LD

4-1 FE

AiE T PCD = RINVZHUYET BT A YIEM THEIZ DWW T~ 72 23, RE T,
BAZE Lo T Z W C T EABYWET 2T TR E NC 7 a2/ 7 L %4+ 5 CAM VY
7 N =T ORI OV TR D,

PCD T H CEEMatEMEIZ T4 2 & &, MIRRAREShD L, X572
TRT, POLIRTHEFERT PP ES. 2T ETHIUE, HlkEh T
HEEOF N GEIRT 572, PCD T2 R WTEHESL N IRGE STV ey, THE A —
TR EFREL CA—X 952 L1275, PCD LHAZ X4 Y ik CRIfEL
kL5l IMADERENKE S EREICRET 2D L <, BIRIC X » TidilE
TERWIENDD. o, A—F L= TEORYEIZITA BALOR A #0522 T,
U A YEMIAETPCD ML TEX5Z XML TRBY, ToMEa2HHL CAE
THI LT, TORRN O T EEZS %2 5O TIXIEF IR HN D 120,
M TR NC 7' a 77 AOHGRO D I WHE O RS TH, K5I PCD THEAZ
TT&EAHCAM Y7 b =T MBI o7z

THEVERICEE L 6 O U A YIEBEMTHIC LY, EHERFIRENT T& 523,
PCD T HOMMTHREW%, Mt BHIRE L, SRR E xR L3 5720 THERIX
Imm U TFEBELTEBY, —HOICHKRSNTWD TEDO XS @R IR % < 0
BOFEIZ IR L., & 2 CR% LRIk, PCD T HAZMH L7 TaEoRF
FRDIRINT, L LTEBROATH Y, TENRHEZRETHNN—LT b D TR,
N TR IR B 248 E L TR0, TEOT v ISR MEZBE L TBE ST,
FTWAIZ P I3 AOMHEARTRE LTWD. UL VEIT, IR CHEE
0.1mm [ & 72> THY, BHRIRTIX, TEHARETDZOHIRNAETS.

ARFZENE, FCEMN OGO D 7 FEE AEEHE TU ARSI~ A 7 1 PCD TH%
HUWETE D L IHICTH7-DIC TERWEN CAM 255 L7-.

4-2 TAVOPCDIEMILSATFLDEREMEIROBE

PCD LHIMTI AT AE, K 41 IZRTEOICVAYHENTHKE 7T 7 TRE
NC 7u 27 Z L4 Y 7 b7 =7 CMT-CAM (Custom Micro Tool CAM) THER S5
NC 7127 AOHIx81%, §3 TR~z 6lih THEWER U A Y IiEMIHETH 5.

THOSWETRI, ROXHIRIEFCEmBIND. &), MLICHERTEOX A
ETRZR D, CMT-CAM (/3T A—X % AJJL, NC 7u 7 Z A&7, NC &
WCANT D, 7707 TRZERLT, TEHRLVAIZEY ML, SALZ% C @tk v
5. TEMR C #ofiicty bah, HERLRWESICHHET L. KkIZ, V1Y
& TEHOAEBIRZ BN TR OBAEARERBIC L kD, BERZE Y 5. I
WREMTZ 712z L, MIKEOSE S ZHRHEL T, stAAALTENC 71T T LEE
173 5.
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50 mm

[ (L PCD chi\p:l
— \\@ 4.0 mm
1"2‘2 L/ d1.2 mmji
PCD tool blank
vn
= TR T2

. 2 mm
NC program Effective edge length Le= (0.4 mm; Side cutting length Lcs= |0.04 mm;
mm

6 axis wire EDM

Cutting edge diameter Dc= |0.6 mm; Neck diameter Dn= | 1.

Bottom cutting length Lch= |0.04 mm; Side groove depth ds= |0.02

;
Bottom groove depth db= |0.04 mm; Axial rake angle A1= |60 degree;
Bottom groove length Lb= |0.05 mm; Assisstant angle A2= |10 degree.

CMT-CAM (NC program generation system)

Fig. 4-1 PCD tool fabrication system

4-3 TA(YAOPCDIEDMINEE

ML ABIET DR, VA VETRZE LS HETILENDHS. U4 YT X #lic
WATTHLIMLENH Y, Y EiFmoFiud VEicilE L, Z @ihmo$iik U il
A7 PR GEIIN 42 1ORT X 9IS, RAZICEERERA S L, X5 mo 2 5 Pl
EP2DOUAVHIMIEAIE MHEAZFET S, Uil VEizE3 2 itk vA
YOEITHRD X filE OVATE R LD, Ulhe VEIZIREDOEIERATErE v b
T 5.
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Ball gauge

Fig. 4-2 Measurement of inclination by the X axis of a wire

T TRERVEICE Y L, K43 1T X901, CHEINCARLVE ZHEETD.
THR C #iomEEEf.OIcEy FER, oI RRVWESICER YA 7 2 THIE L
DOFFET 5. Y, TEEMMOM TR T lum BLFIZ2 2 L9 2T 5.

WIZ, UA YHENTHEOEMEMEREIC L, THEROTLA, UA YO
—HTHLOIEFEROY, ZH#hE C, Uz oty h45. X#EHIZHOWTIE, U
2 L2 nWGaIci, [EEICRETEL., U MEEAT 2T CiEE 3 & X
33 1R T L 9IS Ui EEEF LD OFERENSLEE L 720, HIELTANTS.

F70, UBhZMER LML, MIEEOMEISEESLET X SO F O &
23 U B [ElHE 02> 6 100mm FREBENL TRV, 45T 5 & Z SO E 2340 71mm _E
FHBET 50T, MTALESNTIERPIZSH D X 512, FANI RO % & < i%E
THUENRD D, [M4-4 (a) 1F, Ul 0°0BE OREICHT 2R F O S &7 L,
X 4-4 (b) 1% U B3 45° COMRMEIZRIT HANANF OE S &R L, I LALE 2N 5 5 H
RNE DTN T S 2T 20 8R3H 5. UthzEHT 2T ClE, o1
EMTHED & S OMERDBI MBI 5.
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}\/Ieter otli

Tool blank

Fig. 4-3 Adjustment of inclination of tool

Flu lm
]

7
.

- i

v if i .
: P i
7, 3
3
" é
£l

(a) Height of fluid at U axis angle of 0° (b) Height of fluid at U axis angle of -45°
Fig. 4-4 Height of fluid at U axis of 0° and 45°

4-4 BHENCTOISLERVATL

4-4-1 CMT—CAMOEKRER

TEEZMTTHDEDONC Tl T LEhld DY 7 hU =T OL4FIT CMT-CAM
(Custom Micro Tool - CAM) & L, kA X 4-5 1273, TEHOEARIR & Z DOFEH/ S
TA—RENTTTH~Y o~ oA HF—T =2 —AFS, EIN LS FDA4 7 v by
LROHMEBMLT —FZ X=X, &M LEKEZEBT 5700 THOES) (Cutter
Location CL) Z4EKT 5E Y 2—/b, IMTHEHONC 7'u 7T NMIEMT HARA N7 'm
o EY 2 — L TR S A.
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CMT-CAM

Man-machine interface

— —

EDM cutting condition Cutter location generation
Data base (CLdata)

Post I I -

processing NC program generation

!

6 axis wire EDM machine tool

Fig. 4-5 Function modules of CMT-CAM

4-4-2 TIEBT—RANIBORER

THOIEERBIRE ZDOFHMANTA—FEANNTH L~ A o F—T = — AT,
F—H NS, T—F OWeEEs, TEARNC a7 A TEHLE U A YO E
MR AT 25 NC 7 u 7T AL TR ENS.

BRI SN LEBIRA K 4-1 17, TEHRIRADEEOF L LT, X4-6 124K
DR CNFAE 45°DR—/L T KI )LD NC 71 7T KAE Lkt 5720 Ao p)

é N é .
& Automatic Programming System for End Milling Cutter Fabrication by WEDM V1.0 =0 HoN P4
g g Sy 9 i
Input Output ‘

WEDM Dimensions | 11 |
Machinig & 3
Parametars a \
Al
Verification 1 D \!3 A
Tool Geometry

@ @ Straight cutting edges  Twisted cutting edges

———NC Program

‘ Generate ‘ Cutoff distance d2= |0.25 mm; ComRake angle A1= (45 degree;
‘ o ‘ Clear length d3= |0.02 mm; Clear angle A2= |5 degree;

| o ‘} Twisted angel A3= |45 Degree; Number of flute = |4

# Cancel

‘ ? Help & About “

Cutting Diameter D= ‘0-5 mm; Cutting length d1= |°-5 mm;

Fig. 4-6 Data input screen for 4 flute ball end mill
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Table 4-1 Developed tool types of PCD tool

Main tool type Sub- tool type

Helical end mill

Integral flute 1

Separate flute

Ball end mill Simple ball shape
Integral flute 2

Integral flute 3

Hexagonal end mill

Two flute end mill

Straight edge end mill 2-flute SEE
4-flute SEE
6-flute SEE

Twisted hexagonal end mill
V shaper
Shaper tool
R shaper

4-4-3 IJAVBRENIBORENIEGET—2RA—X

T A X HEM TR TR, BRI E A 7'y TR S, BN TERM,
FEFMTEERSD. ZhbOFRMEIE, EHT2INTH, VA -PEE, PCD OMEHE
PEE I TIRIARATT D72, UA VIEMTHITE 3 BTk~ 7z 6 s T HRUERH U A
YHEMTHE, UAVILER 0. 1mm OEKRE 2 —7 0 7 LT /#, PCD LEM
BHIEKETL N— R A X VRS DA V) =X MTRRIZ~A 7 0 i THTE &
LChss L.

~A 7w PCD TEMITOMITEMEE, FULDRBREMT Lz EOMTEM L
2B X0 T B, K47 1R T LD, 02mm OFCIRO PCD % PCD #4581 0
HL, TIIWONIEEEEZT, MLT 252 & TN IEM 28T 5. WET D
HEE, mils, MLINEIOHAEINOIKES vy v 7ML TH 5. KED
MTEMHFIEZ L B 5728, FEEREHEEIC X0 F/h oM T35 Tl 7e Il T4 F 08I X
T 7 HUINT &, TR ERRICRD L OISR L, 1 B Rmixim
&2 EHT AR 2BIN U, SN TR0, HINT 3 &4, kT3
&Hchs.
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T 0.2mm
3 mm l —
3

— Cut direction
V(:/L

Wire & <

\j\‘

0.5mm

PCD section used for calculating
machining speed and measuring
surface roughness

Fig. 4-7 Cutting conditions of wire EDM for 6 axis wire EDM for fabrication of micro tool *”’

4-4-4 TEBKOMI/NADER

FEEEDOU A VITHBRONENR S AN, NADOERTIIRESPuoffe LTE2S. U
AYOKREEMEX Yy THEE LA 7y FEFET LD, %45 NC F s
TLEMNT D, RA Nty OB THD. IMLBHMIEDOT Z o 7 IRIL, EHE
1.2mm OHEIRT, FEERII XY #iCIX TEORIMfiENY 1, Z I TE sy
v ld 5. IMTITERT 28, XYZ & [Alixih C, U SHiCTh 5. Vil U il
DONLEOFFEICOIHMEA L, TEOREIZIIMEHA L. C fidE v i UEEEED A T,
ST [A#ET 5 Z S IXTE R,

THOT vy POAERIL, A YHERT2HEOKZMHMTERT D, ML, INTEhHEE
B TDHED, VAN RTEML TINTTHOTIERLS, TELHETVAYHREVE
FRECHS L CINTT 555 T4, UhZEH3T 2T, UdizH o LTt d5
FRE L, Utihe oREFEIEILL 20

Uz H LRl e LT, X 4-6 OATJE R Tl L7z 4 BN D£8R OH-ERIRD
Rl RINVOMIHZEK 4-8 12779, VA VERBTRL, 1 IZBMBAE, 21X
A5°DFPEEN D B THE 0 OMLET, K 4-1) TREN, 3BPKRTMET, X @2) T
REND. FEOIE, THxT o UEZERT. XYZEIOKNLE TOFEE FRtloRT.

1 ODNLETO XYZ DALEFELE  (X,Y, Z)=(0, 0, 0)

2 DLE TO XYZ OALEERE (X, Y, Z) = (0, R sind5°sind, R (1—cosf)) (4-1)
3 ONLETO XYZ DACEERE (X, Y, Z) = (0, Rsind5°, R) (4-2)

TEOAES CHIT90EIZ 4 BEIV H L, 0 DEN 1950 XYZ O BT —2 %
HETHZETCLOT—XEHNT 5.

4 4-8 (a) TlE, HITA L —FTHDHR, K48b) DLHIITTy IHWaE YA AT
LD THNXZEOBE LRI CHIDAEZTH L TUTIFIFEFERTE 5.
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(b) Twisted ball end mill
Fig. 4-8 Calculation of CL data with 4 flute ball end mill

Uiz i L7 2 BN D= R I VOTRIRK A X 4-9, FEERIZI L L7 TH.O SEM 5
HA# X 4-10 12T, X 4-9 OFRIUA TH - 2EEHR O TIE, mHORPICEENDH Y,
XYZ #ihiE CHICIIMLIT 2 M TERNWD, UlhzfEAT 208”3 H5. A2 1T
45°, A31X8°THD. TNOLOMEANIX, Ui 45°L 8BV HLTITLL, Zofth
DOERSIIX, UBh0°oCTXYZ e CHhiAafH L T L7,

//"’_‘\ dﬁ}

Fig. 4-9 Data input screen for two flute end mill

50



T 0917 5.0kV 0.5mm x50 A+B 2011/01/29 2.40mm x 1.80mm

Fig. 4-10 Fabricated PCD end mill using U axis

4-4-5 NC7RJSLODOEFE, HHNE

ER SN2 CL 7 — % LB TA&MT —Z RX—ZADEH 6 U A Y BN T ORI
TX5 NC a2 LB+ 5. 22 COHIRISEMIL, KRXEtyF v
ASX350L THA.NC 7'r 77 AOKEAMER T +—~ v MEL, ETOLETHUTHS.
4-11 TRTEIIZ, CLOT—FNLEBNIEREZ LT, TEORILHEX v v~
EEE LA 72y MBfINENG. AEAEROINT v 72 KM%, 7 /v—F T
END7280, 78y MNIEETHEZONS.

Actual position
of wire center

Fig. 4-11 Calculation of offset from CL data
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4-5 CMT—CAMIZ&KATA4-O0PCDIEDEEH

FEBIZ CMT-CAM (IC LW &7 NC 7/ 7 a%&2 M, § 3 FCTRHEEINTZ 6
YD A Y EEIN TS A L O L2 Bl % X 4-12 (2R

4 4-12 (a) 1% 6 B H, F£03mm DA =7 T FILT, BINLRLEHNIC LD
HOAERIHE AT 5. Kl MmoNE, < 0A-60°, BiIFH 30°0L7k->TkD, K
i &R O N R 1T 0.03mm T 5. FEMEPEAE 2 SR LT 55812, FERITHZ
RTHRHTHD.

X 4-12 (b) 1%, 64%H, $L0.lmm DAY =7 T RI)LT, AIEIOHNE 4527 1
22 & CHEMIEEOYEMIY EmD 7 Z v 7 OREEZMZ TMITHZ LNT
x5.

X 4-12 (c) 1%, 24&H, $£50.1mm OR—/Lx 2 B IV THEIZIRIN TICH R 5.

4 4-12 (d) 1%, 4 KH, ¥ 03mm OR—/LxTr RI L, HHHDMEN 90°H 1,
PERBIROMLZTHZ N TES. FBSEOHER Y a O LT THEA L. #n
I ERD I T v 7 DREEZMZ DDV A AT HZLELARETH 5.

X 4-12 (e) 1%, 14H, ¥ 0.1mm O A7 =7 T KL, FEEMENO LR 72
INTERHEOBERITHE R L7z, 5 6 OB F-EEDI L, 57 EDOLHET T A D EE
72N T 7 v A ORI L7z,

X 4-12 () 1%, 1KH, F£0.025mm DAY =7 RI)LT, 5 EOHEMELT Y
2 2 OHERTEIRIN LA USRI G 72 X A BT D 72 DIl L7z,

ZILHDORUSMNT B R 4-1 17T, ZFEORROMAM LT ELR, 2D CMT-CAM %
R L CiREENT.
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(a) 6 flute end mill of RO.3 mm (b) 6 flute twisted end mill of R0.1 mm

B 2012/10/17 240.004m x 180.00um

(e) 1 flute end mill of RO.1 mm (f) 1 flute end mill of R0.025 mm
Fig. 4-12 Examples of fabricated PCD end mills
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4-6 #E

EMN TOHGRO DI CEREE THL ARSI~ A 7 1 PCD TEAZBY/ETE 3
E2IZTHHMT CMT-CAM ZBF L, # 3 m T L LEEYWER Y 1 Y likEMN L
Bea i L CERIC~YA 71 PCD LEAZRYEL, HWOLENTE 52 & 4R L.
DAMIZBAFE LTI Z & 22T 5.

() TEHXA4 7, Ak, 70, BFAaOCEINEEELATTHZLICLD,
TAYHEMTHONC 70/ Z7 22 NITEHZ L EMERLE.

Q) HAOENTENC 7'ur T L& 3 B OB L TERWER 6 #ihw A v Tak
WCADIL, PCD 77 v 7 TREELI#MICE YT A 73528 7T, B
CTATEIRNPINLTE A2 Ea2fER LTz,

(3) FEARMZ: PCD TEOFEEHE AR L7223, L0 EBE» OEIRIIMTTES
TEZA5% E B LTTL.
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F5F TAYVOPCDIVKRINIZKABEHERIYaVDIRT
iRknT

5-1 F&

RS ) o N TEREREIE CHEA SN 5720 Tl <, MEMS OR_R—2FE L LT
FIHENTWD. MEMS [3HREMET NA A L LT 2 S & LT
W5, MEMS ORUERFEDOEARITIT v F Lo 77 a2 ThHHA, @K 3 R
TIAROBERNHE L TEBY, =y F o 720 CIEERREERGARH D, 20X H
72 3 WL O LIS, FEEIMN Lo~ A 7 a GIEISCHFEI O I X D8R8 038 BT
1/\6 48-49).

EERIZ, v~ 7 rY %A rAa2—7 MRIG (Microscale Rate Integrating Gyroscope)
BOWTIES 2 FERIROFIRICT 5 2 & T/ L & PEREm L2 BIE+T 7 ey 7 A
WATL TS 0. ARG 21X 5-1 1T, SETRIZK 5-2 (a) (RT X 91,
Bt U ar TRERREER LT, 2zl LTH A v ROLERROES) 1
ERUWEL, T, PREERE T v A CTRAOA V¥ —7 = — 2y 2 EETD. K
5-2(b) IZT A ADIRE R L, REIFOKE SILERE Imm, & 1% 0.00lmm T, JiK
\CHRENF % X 2 A EA 0.05mm T S 0.03mm DT U I —RdH 5. IREFOMEIZL A
TEY ROSFERETHD. BEED WD T Y=/ FTHE, 44 2F 7N 200
BOT A ZAEEETH 2 L2 BIEEICHEDTEY, BikH-0 ORYET 211X 10 4
UTFTZ#HBEELELTWS.

ORI R DM ORI EROYERERET Yy F 7 A TEBEICEKT S
TLIEHELL . BTN T TIT T2 2 2 BRLTWA5.

Highly concentric
electrodes
High-Q Axisymmetric Shell
4 >l Electrode-shell\
= capacitive gap
Si device —= Shell
~Box = ). (Diamond)
Si handlg N /
Poly-Si —= -.a
Anchor from backside Shell molded to
\ wafer contact electrode pattern

Fig. 5-1 Structure of MRIG (Microscale Rate Integrating Gyroscope)
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‘l i | | l| -
Fabrication of shell mold
B 4

1. DRIE to define isolation 2. Machiningand polishing
trenches Simold to define shell

3. Sacrificial thermaloxide 4. Structural layer
growth (1 pm) deposition (2-4 um)

ik AN EA /1
| N v/
5. Top surface structural 6. Wet etchingin HF for

layer removal by polishing  sacrificial oxide release
or plasma etching

Legend: MSi  SiO, M Structural layer

(a) Fabrication process of hemisphere shell

Diamond hemisphere shell

. Diameter
height=0.5 mm =1 mm | |€— Gap=1pm
4—>

Silicon wafer Anchor

(b) Geometry of hemisphere shell
Fig. 5-2 Fabrication system of MRIG **)

B S ) a v OB TICE LT, EEORMENTRICL v #ESA TRy Y,
vVarvanigRgE K= 7 L CEEEZ S5 2 LI X v EEM T TN
TTELZEDRRINTWD., BRIEBNESY A VE F° PCD &V, FaE e in T
FMFERINT 5 Z LT, MREOIEFITD RV T ARBHRICTE S Z EARES LT
% . F.Peter \CX VW PCD #&EMiE U CEHEBEMA o HERT Y a v 2145048
W CEMOMEFENIEF DR VINTEZTH 2 N TELZEMNHHLEZ Y. Lo,
ZOIMLEMETHREBEML L2 mOKRKEH S 10um LV TH Y, O FE F TlLRSE)
FoRE L THEHTET, FHMET v F 27 HNA (Hydrofluoric Nitric Acetic) (2 & ¥ 3
AR LU CEHELR R ESEAMERH -T2, F5DOFERAK 5-3 12777, HKEM
TCIE, AL EFM T2 AN THREICERAS/NSLSTIHERDY, Ty F 72k
BAFRD TRREMINT A LEND D, =y F o 725 & 930 MR34E L TRIRE
EEAIrurd—lT 5 ENTERY. 22T, GIHFHIEIO X 5 22 8kn T2 &
D — TR CTUERRBE L mE 2585 2 LN TENIE, EERE RN ICH T
XHEEZLND.

56



200 EDMed features on silicon wafer

AN
- ’_i

EDMed hemisphere EDM + HNA hemisphere

Fig. 5-3 EDM process and HNA (Hydrofluoric, Nitric, Acetic) process **

Hifkdn s U 2 o OUEIINTIZOW TR 5 &, B4 1 vE RIZX 2 8HIINT
OWFZEIFBEICZ < ]l STV DS, FEHNC & 2 AR DRFZE3 % < 2021 3339, 3359,
ZD XD Ip~A r anlEz T HIZ X2 UHIIN EOMEIT D70, R—rxzr RI VoL
T, THZER L GEZMTT 20N HmE SN TR Y. ERA N 45T Tk b
HMENNELRDZENRHRESNTND . L, AFFETEBLLY ELTWDEE
Wik, IR THY . TEHABT ONT 22 E8# L <, THAFRSE2N
TMLT 2 HEEZRIR L. R—/x 2 R IV TLEAET 22 THESUEC BRI IR
EMLTT 5L, Frio X o 2MBEENRAET S, I IEXRINTALE Z NPT &
TR T BN/ NE 22 DI THIHBHE S E L 720, HuiE CIXEIHLEE A€
22720, EFHFHOUEEBIRARE L 25MEARH 5. £, BT Y 2 036
B NIZ E VIEEE— R R D RART v 7EENEDL Z ERE S TR Y Y, 22H
2 - THEMEE— RINL3 51203, BT — RRERF v 7EEOR/IME L O /NS U MES
TOHOMENRDD. F7o, TEOTIWVARYA T ATHAZ LICIV M T LEmITITA
NUZARMbY, REIZIXTENT 7 A@EEZO FICEBENERIILD Z L3 ]. Yan
WCEVRESNTEY 7, 202 ERHOMRRLZDHRDO T B R ED L ) By
B2 50IZERBTOMLERD S.

EERIGIR A M TS 2EMTAOTELE LT, BiEmAA YEL R RIARH D
DN, IR AN T4 57201201, R—Lbx v RILOFHNIEIRD 90°F THLETH Y,
A O AT BN PH OO | FRSCEL S 5 & A ¥ &2 RO TR ITVEC X 0 BFE) C ks 1
ET2Z &8 L. —J, PCD 133 X220 R & LTV 5 7B E M
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HY, VA VYHEMIHETEZIINTLT 5 ENTE, Far R NEOFERERO T E%
BUWETHZ LN T, BETEMNE T AR T TEZET LI N TES. ¥
%%ﬁ@f X BRI OIRE) %2 X 2 2727 o H—DOMLINLETH Y, Z O

ORI TS LB T 2 0E R H 5.

NERTH & SRS E D O BRI T3 5 72012132 < O & E R 2 g4 5
ENRMETHY, ERETLHAZENHELWVINLTHD. ZOMRICLY, HiEZES
95 Z E N TE L. HfEEE S ) oo RIS 3 IRTIBR 2 N T4 5 2 & N E 7R
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Table 5-1 Properties of single crystalline silicon

Wafer size ®100 x 0.45 mm
Crystal orientation <100>
Electric resistivity 0.0001 — 0.0002 Q.m

Table 5-2 Specifications of ultra-precision machine tool

Stroke X, Y, Z 150 x 150 x100 mm

Drive system AC coreless linear motor X, Y, Z

Maximum acceleration 0.5 G ( on machining)

Spindle Speed 123,000 min-1, Aerostatic bearing, air turbine drive
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Fig. 5-4 Experimental setup of silicon wafer machining system
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L Diameter 0.975 mm

Single crystalline
Silicon wafer

0.45 mm

Fig. 5-5 Geometry of machined hemisphere for MRIG
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Table 5-3 Properties of PCD

Grain size 0.5 um
Content 90 (Vol.%)
Traverse rupture strength 2.6 GPa
Vickers hardness 110 - 120 GPa
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Side view

100pum

Fig. 5-8 1 flute PCD end mill for anchor with SEM
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WAKEEC Z 8720 O & 5866 L7z, I L& 2K 5-9 (a) 127 L, [X5-9 (b) X4
ERIZIROIT, B 5-9 (¢) 17 I —EOM TOME ZR~d. LERFIRER > O T4k
HFRS5A4NIRL, TUA—E S OMLEMNE2FK 55 1TRT.

diameter (.6 mm

- , Target shape
Tool contour Yol =AMl (hemisphere)

(a) Schematic of machining of hemisphere and anchor

4 flute ball end mill
I
| ! | Depth of cut of spiral
——__L_1__ ¥

1 flute end mill
Path of tool center .

Silicon wafer Silicon wafer

(b) Schematic of machining of hemisphere (c) Schematic of machining of anchor

Fig. 5-9 Schematic of machining of hemisphere and anchor for MRIG
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Table 5-4 Cutting conditions for hemisphere

Machining shape Hemisphere: Diameter Imm, depth 0.39 mm
Tool Ball end mill, 4 flute, Radius 0.3 mm
Spindle speed 123,000 min™

Cutter path type Spiral

Axial depth of cut per rotation 0.3 um

Stock allowance 0.01 mm

Feedrate at tool center Finish 0.05 pm/tooth, rough 0.5 pm/tooth
Fluid coolant Synthetic oil, kinematic viscosity 7.59 mm?/sec

Table 5-5 Cutting conditions for anchor

Machining shape Anchor: Diameter 0.05 mm, depth 0.03 mm
Tool Square end mill, 1 flute, Radius 0.025 mm
Spindle speed 123,000 min™

Cutter path type Simple one axis cut (Z -)

Feedrate at tool center 0.01 mm/min

Fluid coolant Synthetic oil, kinematic viscosity 7.59 mm?®/sec

IR OMTINE, 8RO X A T1Z AL 0T, ZOE Y FIL03um & Lz, TH
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Fig. 5-10 Top view of machining of hemisphere
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Direction of tool:rotation
y .
T Feed direction
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Fig. 5-11 Generation of chip by PCD ball end mill

Path of tool center

Previous path at opposite side

Hemisphere

Chip thickness

Fig. 5-12 Side view of machining of hemisphere
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Defective area

/

Isometric view at bottom with LPCMI

Machined hemisphere

Fig. 5-13
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Zoom-1
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3154 um ‘(
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Zoom-2

(a) Cross section of machined hemisphere

51.8 um-

28.3°

31.0 um

6.0 pm

. l

(b) Zoom-1: Top edge (c) Zoom-2: Anchor
Fig. 5-14 Geometry analysis with LPCMI
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(a) Radius fitting of hemisphere
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(b) Position error of radius fitting of hemisphere

Fig. 5-15 Radius fitting with LPCMI
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(d) Defective area at

e curved

(b) Edge'of hemisphere

0.5mm
—— (c) Edge of anchor

(a) Top view of machined hemisphere

(c) Edge of anchor (d) Defective area at the curved area of hemisphere

Fig. 5-16 SEM image of machined hemisphere and anchor
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(a) Setup of measurement system (b) Measurement of defect area

Fig. 5-17 Measurement positions of defect area with LPCMI
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Capture image

Fig. 5-19 Defective area image at (B) area in Fig. 5-17

Table 5-5 Results of machined hemisphere on silicon wafer

Cutting time Hemisphere: rough 14 min, finish 2 hours, Anchor: 3 min
Tool 4 flute R0.3 mm

Fitting radius 0.494 mm (Target radius 0.5 mm)

Error of fitting radius +1 pm
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Fig. 5-20 Wave form of cutting force with 3 axis micro dynamometer
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Fig. 5-22 SEM images of contamination layer on PCD tool
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Fig. 5-23 Analysis of adhesive materials with EDS
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Fig. 5-25 Electrochemical test setup
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Table 6-1 Properties of tungsten carbide and PCD

Tungsten carbide PCD
Grain size 0.3 um ~0.5 pm
Content 88(wt.%) 90(Vol.%)
Traverse rupture strength 4.4 GPa 2.6 GPa
Vickers hardness 17.3 GPa 100-120 GPa

Bottom View

100 pm

angle| "
30 Rake angle -60°

Radius 0.1]r

Fig. 6-1 Micro PCD end mill geometry fabricated for experiments
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Three-component
dynamometer

Fig. 6-2 Set-up for micro milling experiments
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Axial depth of cut 123 o

Fig. 6-3 Groove machining experimental illustration
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Tool edge of bottom after EDM
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(a) Tool edge of bottom after EDM and machined surface roughness
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(b) Tool edge of bottom after conditioned and machined surface roughness

Fig. 6-4 Pre-conditioning effect of the tool edge (SEM micrograph of the cutting edge tip and
cross-sectional view of machined workpiece with scanning white light interferometer)
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(a) Feedrate 1.0 um/tooth  (b) Feedrate 3.5 um/tooth (c) Feedrate 5.0 um/tooth
Fig. 6-5 Microphotograph of surface machined with various feedrates (Ad = 0.2 um)
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Fig. 6-6 Measured Z-axis spindle compliance
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Cutting direction: X- Cutting direction: X-
Spindle speed: 122,500 min"! Spindle speed: 122,500 min'!
Axial depth of cut: 0.2 pm Axial depth of cut: 0.2 um
(a) Feedrate: 0.35 um/tooth (b) Feedrate: 1 pm/tooth

Fig. 6-7 Cutting force waveforms with deferent feedrate
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Fig. 6-8 Machined surface roughness with various axial depth of cut
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Fig. 6-9 Observation of a crater defect found on machined surface
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Fig. 6-10 Average and maximum surface roughness values with axial depth of cut of 0.2pm
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Dwindling height of tip
of edge

Fig. 6-11 Definition of tool wear (SEM micrograph of side view of tip of tool edge)
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Fig. 6-12 Average surface roughness Ra and Maximum surface roughness Rz in according with
progressive of tool wear
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Fig. 6-13 Side-view of successful example of narrow groove machining with high aspect ratio
(cutting conditions: Ad = 0.1 mm, feedrate = 0.1 mm/tooth, machining time = 13 h,
53 min).
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Fig. 6-14 SEM micrograph of rake side of PCD tool after micro milling
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Fig. 6-15 EDS analysis results for red round mark in Fig. 6-14
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Fig 6-16 Bottom view of PCD tool after micro milling
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Table 7-1 Specification of fused silica *”

Young’s modulus 72.7 GPa
Shear modulus 31.4 GPa
Modulus of rapture, abraded 52.4 MPa
Bulk modulus 35.4 GPa
Poisson’s ratio 0.16
Knoop hardness (100gf load) 522 kgf/mm’

Three-component |
dynamometer

' Micro PCD end mill
5 | |

-

Fused silica |

Fig. 7-1 Set-up for micro milling experiments

Table 7-2 Specification of ultra-precision machine tool

Machine stroke

150 x 150 x 100 mm

Drive system

AC coreless linear motor X, Y, Z

Maximum feedrate 5 m/min

Maximum acceleration at machining 03G

Minimum resolution of linear scale 3.125 nm

Spindle type Aerostatic bearing, Air turbine drive
Spindle speed 123,000 min™
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BELI-THOBREZX 7-2 12777,

Table 7-3 Properties of PCD

Grain size ~0.5 um
Content 90 (Vol.%)
Traverse rupture strength 2.6 GPa
Vickers hardness 110 - 120 GPa

50 um

T 5260 5.0kV 50pum x600 A+B 2012/10/17 200.00pm x 150.00pm

A  12.5um

Fig. 7-2 Micro PCD end mill fabricated as a base tool with SEM
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Tool diam Axial depth of cut
Feed direction
>
~ s/
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& P

A-B cross section

Fig. 7-3 Cut shape for experiments

Table 7-4 Cutting condition

Spindle speed 123,000 min™
Cutting speed 77.2 m/min (RO.1 mm)
Cutting method Groove cut, length 2.2 mm, direction X+
Axial depth of cut 1,1.25,1.5,1.75,2.0,2.25,2.5,2.75, 3.0 um
Feedrate 0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.5, 1, 2, 5 um/tooth
Fluid coolant Synthetic oil, kinematic viscosity 7.59 mm*/sec
3.5 T T \ |
3.0 —&—Compress
75 | —MRelease
2.0 —— Release
%é 1.5 e
= (1)2 Compress
0.0
-0.5

0 0.102403040506070809 1
Displacement um

Fig. 7-4 Static displacement of spindle to the force of Z direction
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Fig. 7-5 Typical surface roughness machined with a ductile mode and a brittle fracture mode
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Fig. 7-6 Relation of feedrate, actual cut depth and surface roughness: axial depth of cut of 1 um
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Fig. 7-8 Cutting force and microphotograh: axial depth of cut of 2 um, feedrate 0.1 um/tooth
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Fig. 7-9 Cutting force with ductile mode cutting: axial depth of cut of 1 pum, feedrate 0.1
um/tooth
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Fig. 7-10 Relation of machined shape and cutting force: axial depth of cut of 1 pm, feedrate 0.1
um/tooth
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20 pm

Fig. 7-11 Flattened tool cut off 10 um at bottom edge

—&— Actual cut depth of flattened tool
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Fig. 7-12 Average cutting force per unit area, average cutting force and axial depth of cut using
flattened tool and base tool
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Fig. 7-13 Measurement of bottom area of base tool and flattened tool in contact with workpiece
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Fig. 7-14 Relation of average cutting force per unit area, average cutting force and axial depth
of cut using flattened tool and base tool

Table 7-5 Comparison of machining properties with flattened tool and base tool

Base tool Flattened tool
Maximum axial depth of cut with ductile mode 1.75 um 2.75 pym
Average cutting force I.IN 4N
Bottom area of tool 4.46x10™ mm® 1.85x10” mm?
Force per unit area of bottom of tool 2.47x10° N/mm? 2.15x10° N/mm?
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Fig. 7-15 SEM images of used end mill with SEM
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Fig. 7-16 Profile nad surface roughness of the bottom of used tool with AFM
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(b) Cross section at the center of bottom of used tool
Fig. 7-17 Surface geometry at the center of bottom of used tool 5 x 5 um
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Fig. 7-18 Surface roughness at the bottom of machined micro well
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Table 7-6 Cutting conditions and geometry of micro well

Geometry of micro well Diameter 0.6 mm, depth 0.lmm
Tool Base tool (R0.1 mm, 1 flute)
Axial depth of cut 0.5 pm

Feedrate 0.1 pm/tooth

Cutting time 10 hours
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