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(A Study on Ductile Mode Cutting of

Brittle Materials by Ultra Precision
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Table 2.1 Chemical compositions of cemented carbides (wt%) 2™

. Compositions
Materials
Y Co C
WC-a 79 ~ 87 7~16 5~6
WC-b 73.3~78.0 17 ~22 4.7~5.1
Table 2.2 Mechanical properties of cemented carbide >
Compressive Young's Specific
Hardness .
Materials strength modulus gravity
Hv GPa GPa g/em’
WC-a 1275 4.61 578 14.4
WC-b 840 3.53 500 13.5
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Fig. 2.1 Relation between flank wear and cutting distance >
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Table 2.3 Specific cutting force
V=10m/min, d=0.1mm, f=0.1mm/rev

Cutting distance Principal force Thrust force Feed force
m GPa GPa GPa
10 7.3 7.5 1.61
20 6.9 7.7 1.62
30 6.8 10.9 1.88
40 7.3 11.6 1.84
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Table 2.4 Cutting Condition of Soda Glass >

Work Piece Soda Glass (@25mm, t3mm)
Tool Single crystal Diamond
Geometry RO.5mm, rake angle-20°, Clearance angle-27°
Spindle Rotation 50 min™
Cut of Depth 0~1pm
Feed Rate 5 mm/min
Cutting Condition Lubricant Oil
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BEFEHT S L8 0.5um 1272575, AFM THIE L72EE S 13 0.19um Th » T HAmO% IR &
1£0.31um & 72 % . GIHIKEOE 73 7175 IN B2 CHYH OFRRIMEDS 88N/um THH Z &nh, H
WMBEDHBREIZ0.03um BETHS. ZhEV 7ur T AREME EEOBES N —H LA
JRIKE LTCIEH 7 ZADHMEERNENTHL EE2BND & LT
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Fig 2.3 Comparison of groove depth >
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Fig. 2.4 Comparison of actual depth of cut
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Fig. 2.5 Comparison of undeformed chip thickness **
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Fig. 2.6 Schematic illustration of brittle material removal 2-3)
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Fig. 2.8 Schematic illustration of ductile regime material removal >~
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(c) Cutting (d) End of cutting

Cutting speed: 16 m/min, Depth of cut: 30 pum, Frequency of vibration: 40 kHz,
Amplitude of vibration in cutting direction: 10 pum, Amplitude of vibration in thrust direction: 15 pum

Fig. 2.11 Principle of elliptical vibration cutting >
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Fig. 2.12 SEM images of surfaces finished by ordinary cutting and elliptical vibration cutting 210
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Cutting direction

Max. critical
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Min. critical
depth of cut

Elastic-plastic Brittle region

deformation
Ductile region
Fig.3.2 Tool mark of oblique cutting
Table.3.1 Critical depth of cut of hard-brittle-materials >~
. Feat . iti
Materials Hardness Structure cature Difficulty Critical
Applications depth of cut
. . . . High hardness
Single crystal Si Hv1050 Single crystal Semiconductor . . 31~100(nm)
Crystal anisotropic
. . .. High hardness
Single crystal Ge Hv800 Single crystal IR transmission . . 50~60(nm)
Crystal anisotropic
. . . Low fracture toughness
Fluorite Hv160 Single crystal Achromatism . . 85(nm)
Crystal anisotropic
Optical glass Hv570 Amorphous nghi;ZE:Ctlve Low fracture toughness 25(nm)
i High hard;
wC Hv2600 Sintered | [1igh temperature e aeness -
strength Sintered structure
NiP Hv600 Amorphous Plastic molding — -

CORICEVESUIRD ESIIRE < & O nm BREOEFIT/NSRIETH LD Z 2550
L. KXo TUNLROUIRYESZ Z ZIORSNIEL VNS VWEL 25 &5 I TR TIT A
TR ETHAZGD 2 ENHRDIZTTHLD. L L2an 6MfiluhAZINTIZ X 28R
GIHICIE, IS O S HIM ORTZRSREHL S, & SITIEAMELIC & - THltIE & 0
THZB L THYBRI DM RIRBE TONITRECEDEEFLEINL OV ES
ZERAOIV ES U TICARFF LT ML AT 2 SI33ERHICNETH 5.

F o THRD TEWHEZFF M T L - T, mVWFEHEEICHTE 2 i S 7o k2 Fv T
BRIENA AL 7 L — T BIHI 24T WER REIER D B & 2 5H 0, BRx o988 BIc X 2 T
ZHTHEBNCH C O CTEZiRAUIR Y ES OEE —fRICIIR T, 2o HHIrEIZ >
TORHBSFIEE & 72 5. AWFFECTIIREMErEAT B O BERIE 2 A 5 ISRl Z L 2 A& L7z,
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Fig.3.3 Overview of ultra-precision machine tool
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Table.3.2 Main specification of ultra-precision machine tool

Guide system X,Z V-V + roller
Drive system X,Z Linear motor
X 450 mm
Stroke Y 100 mm
. Z 150 mm
Slider -
X 1000 mm/min
Max. feed rate Y 500 mm/min
Z 1000 mm/min
Feedback resolution X,Y,.Z 0.1 nm
Programmable resolution X,Y,.Z 1 nm
Repeatability X,Y,Z + 0.05 pm
Bearing system B,C Porous air bearing
Drive unit B,C Built-in motor
B 1080 deg/min (3 min™")
Max. feed rate - -
C 36000 deg/min (100 min™)
Spindle Feedback resolution B,C 0.0001 deg
, B (Sub) 300 min™'
Max. rotation speed - —
C (Main) 2000 min
. Radial 0.05 um
Rotational accuracy -
Axial 0.05 um

Controller

FANUC Series 30i-A

Max. simultaneous control axis

5 axis (X-Y-Z-B-C)

MASS.

4200kg

Table.3.3 Cutting conditions

tool

single crystal diamond

nose radius 65um
rake angle 0°
clearance angle 10°
oblique cut of depth 1/1000 taper

feed rate

100 mm/min

coolant

kerosen (dry mist)
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(a) Ductile mode cutting area of groove (b) End of cutting area of groove
by microscope (x800) by microscope (x800)
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(c) 3D image of groove by 3D profiler
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(d) Profile of cut surface by 3D profiler
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(e)  Groove roughness by 3D profiler

Fig.3.5 Surface analysis of NiP
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(a) Ductile mode cutting area of groove

by microscope (%800)

(b) Brittle mode cutting area of groove
by microscope (x800)

+0.39241

2
Peak

pm

Valley

e

-1.54501

(c) 3D image of groove in ductile mode cutting by 3D profiler
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(d) Profile of cut surface in ductile mode cutting by 3D profiler
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(e)  Groove roughness in ductile mode cutting by 3D profiler

Fig.3.6 Surface analysis of Optical glass
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(g) Profile of cut surface in brittle mode cutting

(f) Nomarski image in brittle mode cutting
by 3D profiler
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(h) Nomarski image in step figure (1) Surface profile in step figure by 3D profiler

Fig.3.6 Surface analysis of Optical glass
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(a) Ductile mode cutting area of groove

by microscope (x800)

by microscope (x800)
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(c) 3D image of groove in ductile mode cutting by 3D profiler
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(d) Profile of cut surface in ductile mode cutting by 3D profiler
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(e)  Groove roughness in ductile mode cutting by 3D profiler

Fig.3.7 Surface analysis of Synthetic fused silica
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(b) Brittle mode cutting area of groove
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(f) 3D image in brittle mode cutting

(g) Profile of cut surface in brittle mode cutting

by 3D profiler (ductile area) by 3D profiler
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(h) 3D image in brittle mode cutting
by 3D profiler (brittle area)

(1) Fracture profile of cut surface in brittle mode cutting
by 3D profiler

Fig.3.7 Surface analysis of Synthetic fused silica
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(a) Ductile mode cutting area of groove (b) Brittle mode cutting area of groove

by microscope (x800) by microscope (x800)
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(c) 3D image in ductile mode cutting (d) Profile of cut surface in ductile mode cutting
by 3D-profiler by 3D-profiler

Fig.3.8 surface analysis of Glassy carbon
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(a) Ductile mode cutting area of groove

by microscope (x800)

(b) Brittle mode cutting area of groove
by microscope (x800)
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(c) 3D image of groove in ductile mode cutting by 3D profiler
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(d) Profile of cut surface in ductile mode cutting by 3D profiler
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(e) Groove roughness in ductile mode cutting by 3D profiler

Fig.3.9 Surface analysis of Single-Crystal Silicon
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(f) Nomarski image in brittle mode cutting
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(g) Profile of cut surface in brittle mode cutting
by 3D profiler

Fig.3.9 Surface analysis of Single-Crystal Silicon
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(a) Ductile mode cutting area of groove (b) Brittle mode cutting area of groove
by microscope (x800) by microscope (x800)
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(d) Profile of cut surface in ductile mode cutting by 3D profiler
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(e) Groove roughness in ductile mode cutting by 3D profiler

Fig.3.10 Surface analysis of CVD-SiC
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(a) Ductile mode cutting area of groove

by microscope (x800)

(b) Brittle mode cutting area of groove
by microscope (x800)
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(c) 3D image of groove in ductile mode cutting by 3D profiler
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(d) Profile of cut surface in ductile mode cutting by 3D profiler
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(e) Groove roughness in ductile mode cutting by 3D profiler

Fig.3.11

Surface analysis of Cemented carbide
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(f) 3D image in brittle mode cutting

by 3D profiler
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(h) Groove roughness in brittle mode cutting

Fig.3.11

by 3D profiler

Surface analysis of Cemented carbide
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(a) Ductile mode cutting area of groove (b) Brittle mode cutting area of groove
by microscope (%800) by microscope (%800)
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(c) 3D image of groove in ductile mode cutting by 3D profiler
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(d) Profile of cut surface in ductile mode cutting by 3D profiler

Fig.3.12 Surface analysis of Zirconia
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FOTHEEHIE ORI 21TV, ZOMEIOIM T #tE T TORIVUIIERICE AR L 72 5.

(AR S 0%, WEHIE O FEAML HEYE & A B & O RICIE Fig314 IR TREENRH D L LT, £ 2
TEET T M BHRFYE DO s DRI 2 &Rl T X 2 KU L § 57201, T HFGAG, GIHHKRE,
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SEAT o722, EEHIPERTAR & IR R 2 £ L O - AE RS Fig3.15 & 7o 7o, T EEERE, G4
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[ Properties of work material | [ Problems in cutting |
*High hardness
- Abrasive grain * Short tool life
*High work hardening -High cutting forces

*High strength . .

* Low thermal conductivity High cutting temperature
*High reactivity *Low surface finish
High toughness *Low chip control
*High affinity with tool

Fig. 3.14 Relations between properties of work material and problems in cutting *©
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[ Properties of work material | [ Evaluation factors of machinability |

*(KpC)03 — -Cutting temperature

— -Tool wear
*Hardness —

— - Cutting forces —

*Tensile strength —
— = Chip breakability

*Elongation E—

Fig. 3.15 Relation between properties of work material and evaluation factors of machinability
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temp. fo]rces Tool wear
Temp. Tensile
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- g Chi
Adhesion Chip brezll)kability

Elongation breakability

Fig. 3.16 An example of radar chart for macro cutting (SUS304) >
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DIRERR T D HEEIME & 2 O #EEIME A2 T 2 2o Ot A I LIBIET 2 ME R H D,
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M TASIC X 0 OIHDIN T SN2 S8R T & 135 20 LA ME S =720 Th o,
TE~OBEELZFNT 272D OMmFCid~ 7 a bl & FEkC, YIEIT) & UIEREEE & REh S &
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wIZ, ﬁbt%é REEAGIE B & MR~ D BRI 21T O . BIHIHRGT 2 A BRI 2 22
FT H1DITiE, 7 v UIHIOFHMN & Rk, I EFRBIICEREITLIERVWEEZ 2 LN
508, @W@Hﬂ@# REA e 2LV EELSES 2 L TCER SN LD L EL,
W CH D705 ERI ZREHK LN DONRZ . L—F—F ¥ — N TR 22 FetEiEM <
e, M TZ2EZR2@SENEETH L0, K0 —RAITEME 2 S0 OB EHERE
EEHNDZ ERRkOBND. FEMEMEMEHIIE O IEFIT /N S W2 DR OBPEA T ITIZ &
AN Ko TUIHDNTREOYPHIM OB D LIZ S&2RL, HEHESCT WY 7 RERmE
DIFEERZ L L.

DBNWTI T v 7H#EROLLT I EAMNARDO AN LT SIZOWTHRFT 2 72DIC1E7 7
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[ Properties of work material ]| [ Evaluation factors of machinability |

*Hardness * Cutting forces —

— -Tool damage
*Young’s modulus * Cutting temperature ——
*(KpC)?3 Crack extension ~ —

—» *Work damage
“(Kyo)! * Thermal crack —

Fig. 3.17 Relation between properties of work material and evaluation factors of ductile machinability
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UENS, b= —F v — FDOEELZ DM BRI Z, S, o 73, BREE, 1/K e
O 4TEHR & LR 2 #HIMETEE & OBfR & Fig3.17 (28T . TN O BRI & 45 dih
Z7my hLL—F—F ¥ — FORF LB D% Fig3A8 IR, ZOLExTmy M58
BHRFYEE 1T NiP 2 %L L7l D D2 B . NiP i EERE SN T35 CULAMICRIH ST
WHIRI T, FESEMEE 2N DEEMEMEAM B LTI B emttEch v, ERIERETKRD 5
TV LSRRI OEH Be I3 EGERICEH LB I TEB D N T &I 0N 720z
W, BELLTUIRDLELTWDEEZILND.

Young’s
Cutting modulus  Cutting
temp. forces Tool damage
Hardness
Work damage

crack 1/K, ¢ extension

Fig.3.18 An example of radar chart for ductile mode cutting
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ARIRTHW TR EAM B D L — 2 —F v — MMERUZ L EE M BHRFEAE & 25 T O v 72 i 5t
GIEL Y JE &%, Table3.4 (/"7 . AREIZ T H O MHIMERE UL, @EICZ OMBHI ST 2 i
HIPEZ RS 5 2 L 2 BV E LTWD T2, M EHZI T 2 BHRRMEE I BN F2]) L 72 fi©
1372, A—IRREELTWDIAWREZ AW, SEOERTIX, @EEMEoR L 5%0
RBIERDP B SN TV DM B2 EDTAEEZIT o720, DM EHIMRD TEHIMERFm W=
SCRRS D 72 S UIEIIN TS "I RE & I o T FHFI AR 2. L LZORICED, EREITo4A
TOMBFCRERYIEL Y JE S O 285, 3BT — NEIEIIN T2 vl RE/R 5803 8 5 = & D,
FRIZHER CVD-SIC 72 E R sO CTREE 23 = WA R ST EIHDIN T2 0 b O3 R & bz, L
2 LAREE T 75nm, CVD-SiC T 39nm & /NS W 7223 43 I YIEIIN T3 Al 68 72 AE% £ — R UIHI 8
WAL, £ ORI TE M SilL, ZAETORAUIRY E I3 92nm &
ENTEEN, SREIOFEBR T 128nm EHML TWDZ LN Gn5.

AEIOFEBRIZEB O TEAUER Y JEEBEMEOSE LB HE & LTE, EBRICHW B8RS
TN I TEBNFEE O @I T A L7272 C, B R B o WIEIIN T2 3o T o
RN RE R ELEXHEE2BND.

WA L 0 B U 72 BEHIPEFE LT, U a=TRBifEmY ) 3y, FEHT T A EN
PR MK <, EEHIME DRV E B 2 DN DA, EBEOFRYLAR T L —FUIHNIC X 5 R
IR EX X2 =7 T6918nm, YA 7 AT 1532nm EIEFICRKE L, BiEHI Y 2T
1% 128nm & WA R E RS Hilz. EEHIFEE @V CVD-SIC e kcAE, 77 v v
— 71— R 7 EIXEBE O TIZ L DA I Y JE X723, CVD-SiC T 39nm, & A % T 127nm,
7Ty —H—ART 13mm L ZNIFERELSRWVVEZT->TEY, HORBREOHBENRSH S &
ZEZbD.

Table 3.4 Difficult-to-cut rating and experimental critical depth of cut

Hard Young’s Temp. UK Difficult Critical
ardness
Materials (Hv) Modulus Property (MPa* 1(? 510 To Cut depth of cut
v a*m )
(GPa) (KpC)™*? Rating (nm)
NiP 500 60 21.4x107 0.19 2.0 (4759)
Optical glass 570 71 63.9x107 1.25 16.4 1532
Synthetic 5
. 900 80 108.7x10 1.43 31.2 127
fused silica
Glassy s
b 1663 23 47.3x10 2.00 31.0 13
carbon
Si 1050 170 6.1x107 1.11 10.5 128
CVD-SiC 3500 600 3.9x107 0.32 42.2 39
wC 2500 570 4.1x107 0.20 27.5 75
ZrO, 1300 250 34.8x107 0.14 10.4 6918
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Cutting modulus [1.00) Cutting
temp. ‘ : forces
T .
P:cr)r;l)grty Hardness
Thermal Crack
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NiP 2.0
Fig.3.19.(a) Radar charts of NiP
. Young’s .
Cutting mo duh% s [1.33) Cutting
temp. ‘ ’ forces
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P::(r)rll)le):rty Hardness
[5.09] (1.80]
m
Thermal ' ’ Crack
crack extension

/K, [7.71)

Synthetic fused silica

Fig.3.19.(c) Radar charts of Synthetic fused silica

Young’s
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Cutting
temp.

Cutting

‘ forces

1.8

gf(r)?)%ﬁy Hardness
[2.99] (1.14]
Thermal ' Crack
crack extension

1/K, [6.75]

Optical glass

Fig.3.19.(b) Radar charts of Optical glass

Cuttin Young’s Cuttin

g modulus [0.38) g
temp. ‘ forces
06
Temp.
Property Hardness
Thermal ' Crack
crack extension

1/K, [10.80]

Glassy Carbon

Fig.3.19.(d) Radar charts of Glassy carbon
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Young’s
modulus [2.83]

Cutting
temp.

Cutting

’ forces

Temp.
Property Hardness
[0.28) [2.10]

’ Crack
extension

1/K,c [6.00]
s

Fig.3.19.(e) Radar charts of Single-crystal silicon
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temp. ‘ ’ forces
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Temp.

Property Hardness
[0.19] [(5.00]
Thermal Crack
crack extension

1/K, [1.08]

WC

Fig.3.19.(g) Radar charts of Cemented carbide
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g modulus [10.00]) g
temp. ‘ ’ forces
oo
Temp.
Property Hardness
Thermal v Crack
crack 1K, [1.74] extension

CVDsic

Fig.3.19.(f) Radar charts of CVD-SiC
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Property Hardness
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1/K,¢ [0.77] extension

7rO,

Fig.3.19.(h) Radar charts of Zirconia
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HAHTD, TWAZAICRET S 2 & CLEFALEREIENIS 10380 5 R T T4
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Fig.3.20 Relation between Difficult-to-cut rating and critical depth of cut
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Fig. 4.1 Fabrication method and application of aspherical molded lenses
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Fig. 4.2 Grinding operation of molds for aspherical lenses and molded products
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Fig. 4.3 Flowchart of fabrication of molds for aspherical lenses
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Fig. 4.4 Schematic illustration of touch sensing system for gas bearing in spindle *?
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Fig. 4.5 Typical error detected by touch sensing system in grinding operation
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Fig. 4.6 Detail of surface finished with error detected.
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Fig. 4.7 Measured runout for aerostatic bearing with restrictor

Fig. 4.8 Measured runout for porous aerostatic bearing
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Fig. 4.9 Simulated surface finish
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Fig. 4.10 Stiffness of V-V roller guideway
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Fig. 4.11 Inspection for linear motion of axis
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Fig. 4.12 Measured linearity of motion in directions
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Fig. 4.13 Ultra precision cutting machine with 5 axes

Table 4.1 Specification of Ultra precision cutting machine with 5 axes

FiH
ERAR XY 7 V-VZAHYERN
BEAR Y +)=F7E—4
X 450 mm
E | B8 Y 100 mm
g A 150 mm
X, Z 1000 mm/min
RKREYRE .
Y 500 mm/min
R/NREHRAL XY, Z 1 nm
Mm2AHR B G ZHEZESMZ
L Y ' +ELR U E—S
BoE B.C IR
@l B 1080 deg/min (3 min-")
iz | RREYRE . -
rn C 36000 deg/min (100 min-")
R/NRE B B, C 0.0001 deg
- E1EH (C) 2000 min-!
BARERR E2X 8 (B) 300 min-!
NCEE FANUC Series 30i-A
T K B B il fE s 3k 58 (X-Y-Z-B-C)
BWREE HHREE 4000 kg~ 200 kg
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FLRR D TIEANA U F VA & IR EN DA U H H RIBIZIRB L7 D TH 5.

Table 4.2 Mechanical properties of 2 kinds of carbide

gravity [hardness|fracture |deflective |compressive| coefficient of coefficient of
toughness| strength |strength thermal expansion | thermal conductivity
g cem’® Hv KIC MPa MPa " IO'f K (20-8007C) W/mK
Material A 15.4 2600 5.0 1470 4792 4.0 42
Material B 14.7 2000 2.1 1320 3830 5.1 63

A4 DI T 40 % Table 4.3 (Z/R9. EfbE#EE%L 500min”, H1HAATE S 400nm, 50 HE
1.0um/rev IZEE L, Z0O & X DOEHRRUIY E ST 400m TH 5. FHT 5 TR —ERIE
BRifi L XML EREOT WA 0° OHFERZ A e FLREZ W, T — NOJHIR
27 Ty 7 ERENHT 20RO A0 T L WAEFRFO T EIXHAMZEE LA EIIEH L
TR, IITRRIMERB oK E2xt 8 &3 572, #i= 2mm, RAKERA 60° O
ERERZ M T Uz, INTEE R EBRORE TREAZEE L OUBREED P-V : 0.1um £, Hl
RO Ra: Inm fRE A BRI T 21T > 72, £ 28R ORME & EAPE & RERICRTIN TR %2
WEENC & 2 i B TosiE S, FIRREE lym BEE TMTENZ b0 2 L. ITix
FEOFETHRT LI, MTIEHE EForin Tmz 35X ClRELE LT T 2475721, 3
WIETERBESIC TEREEZRE L, MEREZEE L EA LN T e 77 220 TH
tEEFMTEITo72, ZODRKTH 2HOME BTN TEHETLERND D.

Table 4.3 Cutting conditions of for carbide

fEM TR HiEmaA ey FLAE

J—=X¥f% | 0.5mm

T 0°
A 10°

ES Bl 500min”"
BI5A 400nm
o) 1.0pm/rev
BIHIZR P T AN (EAT R )
el WKL S A > 7 L AR
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Fig. 4.14 Optical microscopic image of finished surface of material A

Fig. 4.15 SEM image of finished surface of material A
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Fig. 4.16  Optical microscopic image of finished surface of material B

Fig. 4.17 SEM image of finished surface of material B
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Fig. 4.17 Backscattered electron image of finished surface of material B
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Fig. 4.18 Tool wear after cutting for material A
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Fig. 4.19 Tool damage after cutting for material B
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Fig. 4.21 Diagram of linear motor slider

75



Fig.4.22 |2 LHE B OERENROBEEH AR T, Xy N Vil Loae /it LTT — 7 HE#
Ehb. MTALRRVY—RE—F, o TV T, R=LRL, Fv b, 7a—T47
2=y NET—TNVICEENDMED D TS OEREENLE L 722 . Fig.4.23 (ZBRERH
EERLUEMEXZ T, 7077 ACTHRESNIMEFRIINCZNMLCr—% ) —x =
— A OEICEHBR LT —F 2 AiRSES. TE—XORERIIN vy 7Y 72 L TR—1RLIC
BEL, 77 MINCEE SN Ty M XV aigERICARIND., 7r—TFT 4T a=y
M2 &V BT EB LA O R4 1T ST — TN EE T S RS L N % AR T DR L,
BRI E ORREENTE 2 > TL D71 DMERDHERIIN T A L VE 5, E 512 VIEHRORKEE
EROIIETTIEIR Y v a v v—T 7 A U@ EETET, Wl R ERDIGE TR T
ERANAR

Fig. 4.22  Structure of ball screw slider

2o SE 1 I EENLY |

.............................................

Ehil

1> — ¢ FRREEE.
bt

E7214—F\v7

1 J=7245—)L |

RET4—F/NvT
Fig. 4.23 Diagram of ball screw slider
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Fig. 4.24 Differential interference contrast image of finished surface using ultra
precision cutting machine with linear motor slider
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Fig.4.25 SEM image of finished surface using ultra precision cutting machine with
linear motor slider
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Fig. 4.26 Differential interference contrast image of finished surface using ultra
precision cutting machine with ball screw slider
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Fig. 4.27 SEM image of finished surface using ultra precision cutting machine
with ball screw slider
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Fig. 4.30 SEM image of chips generated in cutting operation using ultra precision
cutting machine with linear motor slider

JEVEE— R B atEE— F~D@EB AL, BRI ES TC—EMICFHIiTE 2 L3N Tn5
10). D72 DPTE DR Z JEMEE — FEIHICARIE T 5 72 DI TN T o0, #kife I B SR BIER Y
JESLUTOMEERY T DLERH D, ZIVIHEMRESE & L TR MBESSIN T 70 77 A L
[FARIZ, D0 TAEEA OBRRENIERFICEE 2B 2R -T B2 615, SRIOMTIZE N
THRESINTUEYESIEIFEC 40nm TH o= BR M TELZ R L. 2 DOBREEINL
FEITBRERICIEWDRH Y, ZOEWRMN TLAIICBITAFEFOENE LD LEEEZLND.

Fig.4.31(a)(b) (2N TIZH W =K BEEE N TAE O Y HE 0.5mm/min (Z351F DALE R OFRE
ZoRT. ZORPRT LT A CTid 2nom THDDOIIZK LT, MTHEB TiX 30nm 212
H72%. Figd32 ICENEFNONERDRELZOIEROURY B 2R3, SEOFERT
%, BIHY B X% 40nm IZF%E L, XZ [ARE 2 Sl T T 21T > 72728, T A TiX
I Y B S 548) 36~44nm O] TEE L, MMTHE B TIiHA 0~100nm D[ TEH) L TV 72 AJHE
RSB D, IMTHERE2ZET D EIMNMTHE A BT 290 E S OLSEIZEN,T— RERN T
Holzolzxt L, MTHEB TIXERURY E S 2 K& BT — FOEIOREIZZ2 Y 27
ZEERLTWD. ZHUINMTHEB OATTEOBEN AL, M TRE Pt L 77K

80



ThoH LB TED.

INDORRIY, IMTHEOESRELE HoICEETIUE, BESE8ICB80THIEEE— RY)
HIZEISAIRECTH D Z &N Db, 7272 L, dEMREORAEIINLELEIC /2503, MEA 4T
FE AU JE X 2% 40nm 75 100nm DO OB WUIHI AT REREIE L 27222 &R B 2 5N 5.
ZD XD MR A RO A, I LIS S M L2155 Z L 2 Alig & 351
INNAB Z MRS T D120 DER TLE LT, mUVMIBIROBEZH ALY TV ALERNDD.

40
£
(=]
T 20 |
5 2nm
S
(V]
o 0
£
3
s 20 |
[72]
o
o

-40

0 1000 2000 3000 4000
Time (ms)

(a) with linear motor slider

€
£
1
o
c
)
o)
£
c
.0
‘®
o
o
0 1000 2000 3000 4000
Time (ms)

(b) with ball screw slider
Fig. 4.31 Positioning error of ultra precision cutting machines

81



FEBTHI i~

AN L2 T

0 40 75 100
UIWES nm

Fig. 4.32 Actual depth of cut using ultra precision cutting machines

82



4-6. &

AWFFETIE, ZTHETUHUNT AR L SN TEIOBBAS IR LT, EME— FEET
DYIEIN L O FREMEIZ DWW THRET 21T o 72, RER TILEBEA S KT B 2 Ed 2 720l
DRI D “FBEOBEG e AW, 6, MTHEORMEN RIE T B2~ 2 7o EH)
FetE D B 70 2 RO BRI T A AW T, T — FERTOUHIIN LER 21T - 7.
KEDOHREZELODLLLUTOEY THS.

LB E GIHINT L7 & & Ot BB R ALEEEREA (290 ) OWRMREICKE < B
£%U D, FRTD L EOTARFER TR b IS N7 BEREBIA OB K & 7
£%1 5.

2. fHE Hv2600 OIE ST ORI T 247\, 350m OUIHIEEREEIC B W TUIHIRIRETH - 7-.
MTLIEXAYEY N THOBRE ISR T OBEO L TEWR L, FORok T BT
3.0um TH-o7-.

3. BEAMAZYIHIIN T L & X oM B SO I EERE BRI O TRINE N K X WA, #EElk o
THEBAEREHE & BERE B A O K X 7ol EZE N S EUSTET D720, BERBIAITH 5 231 F IR
WCRERD LNEEL, ZOBICTANEELZSZITA.

4. FEHEICHEDOBFBWEBHAESOUHIINTEICBW TS, EET— FE TN T21T21E, 8
L 72 TREEN RS & ud e ) v g 23 gE & 5.

5. BBRED X 9 72 FE SR D T s VR EME A B O BTN TR X, I TSI IR A & IR 4
RBETS VT CITEELS, FEFICEWESMEZFRHLEDLEILENRD 5.

6. Wi 2mm, i KMEEA 60° DI 2 F OIS 44, / — X262 0.5mm, il [E#5%5 500min™,

PIA IR X 400nm, 50 BHE 1.0pm/rev THL L7z & & OFEME— RUIEIIN T % F289 2 iF
FAUIEY E &L, 40nm 7> 5 100nm OHFFHTHH EEZHND.

83



FHH5E EEUHI=v MZ X 2MEMEMEME O EMS T — KR8]
5-1. IIL®IZ BEMIIZSWT

AR, JEFETHEER R OB R AR TR T 2 EMIBIRICRE L TR Y, T O A R
THHETLELOEREL, b, ZHEoBmz R LAIMBEEDO &V b 0RKD 51T
W5, T AR SIC T SN D WMt EHIEE & Y62 2 SN M BRI A R S,
)77 7 V= ary TibEERY M EROLOKA B TRHHIA TS, Ll
S OREHEMEAMEHI AR U TR W EEHINE 2 R 372 O BFBE I To ki 7 e 2 TG S
%75 EWHIIE RN T m e =N LIS SR TWARWVWORBIRTH D, FO— 5 TINLOLyE
THBIEEIN TOMIGEPH 2 5 5 720 ORFZER T, % < ORMEMEHI 3 L C RS &
A YTy FTHEHZHWZEEET— FEEN TORER RSN THD 7V @BREEN TR TS
BIHDIN TIEILEARE B 22N T CH 8O IR £ CRMFER A ER L2 T HETH Y, 16k
OMTANZHART MU E S E WM TREEICE TRET 2 Z ERARRM T HETH L. ZUZ
EETHERWINTREOREBIE, TEITUNHEROMNE O IRNEOFF S & OGRS H 2
Thd. MxT, TERNEOESPRBBHEHIM R mICERHEICETINLSZ LiIcky, Ake
PHIM & DBAMEDIR S ZWMETALEN DS, 20X HRERINZ D20, BETHTH
ML LR b, BEMICZE TN NOHM S 2 EHTEXWE L L CHBRS A v
T FTENBEREEDEIINTICBNTEZLS HOOATWS.

BRSBTS DHF9ETiE, BEMEMEME 2 I T4 2 B8y gliu H 2 VI T AL 2 3%
MELTWS &, BWEREZ ERETHMEIREEENEOND LI, ZORR7 T
7 72 ¥ ORGSR E O 2\ Wi S et TR AAIR TE 5 Z ENlENDO LR TWS > . =
O Mtk — IEVEERS T 5 U Y JE S IXERSR O E Y JE & de & PRI, & FRAE A1 B0 de 8 % FE 4
DML TROT-FEERBRE SN TND . 2L D de %KD 585 TIE L ERNE &2
BRI LA NS AR, BN Tl 2824 % 2 & CREMIN T iE & fatE g
REPLNIL, ZORFOUNIARRS ZEHT I FEPIONTE ., LMALRRLTEOE
WINT %47 5 54, WD THROWER R YIEY JE S8R Z2 I TRRAAD D& TR E CTHEFFT2 2 &
DB T, Zaiill- TEBERE 2 RN TR A /D O T O FEBNKNEE & W > 7= A 2 T
W5, s IR A B AR @ L2 TR, TR LS HIRE &2 AT L 2R 8 H )
HEB %2 52 5 2 & TR EFEEREZBZREN SN TND 7. 2 2 Cldaik T HE
FENREINTEZ b THEIN T Y FRAMICITFRENE I TV D, MMM R %
T L7=FEFNEEEE T EZ AW b0 62 H Y, B THOFRE24E0 LUNHA T & oY)
MVESEZ/NSSTHIETEEET— FIMTE2ZER LZBRENSATND >, LnLansd
B2 26 & T 8] A 2 RI3N T3 T & AR T~ A28 L & W 72 3EZ i 2 T
5.

Z ZTHEOFETIL, B OBREEIN TR Z IV CYIEIN T A K 85 72 8868 A 4 o6k U CREMEE
— RUIHIIN TS RRAL AT RE T D B 21T o 72, EBRICITHEBRE AL 0 B 7p 2 8BS 50 TH% %
WS, BAFRRERIE, BIRT 2 Z L0 TE HMIEHEMN T O P Ci b EN A E R DI &
EEIMEREZ A T 2 EEZ AW IZOHIREICE W T Oz, BEEIN T OEEMREO ik
L0, MTAIZIEEOLERDIEE T Tz, EFITEODREBNFEENEECH DL Z &
NGy Ino Tz, O OIEMET— RUIEI 2723720120, 0TI T\ kS BE K ONEED M
RENRME L INDZ LI DD, ZOBRMEZIE T 5 2 ENAREZR M THEITZIFEELL
WXL TWDEEFFEAR., 22 CHEMEE— FOUHIIN T2 @HEICHET LI E2HE LT,

84



&0 LAl TR A B SR I B W T b EME T — NYIEIIN T &2 45 5 72 8 O LA BL S & 0O B 38
{17~

TR BE O TREEBIZIZRZ LS ST T oM LE— RAH Y, MalEikEE R4 U7~ ass
Bk otk —RFE, MMEERZEERE L CUBEZERTIEEE— NITOEIND. £0O
7o ORE AL 2 R 6D TRV ICOIHIIN T 5729121, Hhor 7 v 7 B3 AE LR NWET
T2 L, BWME EFESLOE SN D IEMET— REECOHN TAKLEL 2S5, 20 5
DE— REFTHEBEMEICOWVTIEZ S O RN RSN TELR, WO THEERY
JEEDMEIZL Y RELSEET DL ENRBROENTWD. Z OB ST U JE X (De) & M
N TEY, ZOMEEIMEHZ L > TR 22, WTFHNOMEBE 10nm~% 100nm F2E£ & STk
DIEFIT/ANE V. ZOYRY E S LUT 2 #ER L T — FCUEIINT 2, MHIULAZIN T T
179 1= OIIX TAEMM OEBEEE, BItE, #EImOMY, BEEEREICE > TREEEELZT
B8, MLEHETHZ T RERER O L2, —FTHEBMT.O XL 5 728 HYLARM
TIEIZBWTIE, EHEtEM R CTh > THMmD TR THEAELNATWD. BN TILT A
IR E W — EME T LA, BRI 2 L CTREAZHE S5 Z LIk > TILIE
MOREREZITOMLFEOZ ETHDH. ESEAALZMTIIM THBEIZL > TENIND
THENFHRETH D~ EMBECTMTENDL W, HICFE LR ES THEZ2RETLZ L
MAEETH D EEZLNTWD. ZZTUHIINTICR T 2 TEUNHNZMEMTO X 512
—EMETNTYCH LTS Z L k> TINTHOEREIER L TR ES 24 R Lz E
FMLTELEEZEXOND. ZOFHERUEIMTHEE LCEEDHINNTZEZE L.
ARETIE, EEUHINTZEBT 5D KRGt 2B E L g ENTa=y F&2EE
RIELT, o=y NMIEZICHET 2 3 SOENEHIET 5 Z & CTENEOIALR T %
ZALIHLZENARETH Y, TEMRFFERNULAA T I AEICBEI T 5700 TEALEN Y
HIM OFREIRIGERE LN BUIHIT 2 Z E BN AlRETH D, L L HEHIM o £ m IRz
F o T T ELREFTICEEIRE 2 o 0, THFAENBEIM R 2B L2 WATRRIER S 5.
FoThRz=y FOBHH LB 282 HAE L, TENESEHIMICLZE L TERETE 55
a7z,

85



5-2. ZEMEE— NEIHIID TSI 1T 28000 T

5-2-1 MBI D%

Fig.5.1 ([N T O Z T, N TETH S D REL o0 FERARLN TE -,
—ODIEIHIN T X 9 22 UIAA I L, & 9 —FITRKIN LD X 5 RENUALIN LT TH 5.

Fig.5.2 (258 Y)A AN TIE ORI % 77 9. @i B1A 00 T BIEDIN T8N o & 91z,
TAERE O E R D ZFIH L C TRON A EHFEHIICH LT BRI AT T 5408
RS, T72bBRHIICK L CHIERYLA A TIRRE T T/EMM O ESNHERE I L » THOIR A
EWEEIY & ORNFIHES) 2 A S CTHEIY O B2 EEOBRICADLERET 20 TH
. MLEFUEALEIZEDEDONDN, MLEFENMEEOUNALEIZEHE TE D7D L
KNEL, HETD2ZELAEETHD. L LR b TH LA I TI/EEBIC 22T &
NIRRT IR Thh 5729, I TREEX TI/EEB O N E 721 3TBMEEOREL KRE %
O, BREIIIHE OB R DREE ARG T e TERY (R .

—FCIENURAZINTIE, BRI TICRFBEEND L2, (LEOIES P &2z THHEIMIC
MORL & F7 UAT U 72 IR B8 CHERHES) 2 4R S B LM To 5. Fig.s.3 (Z/E YA A AN Tk O
A Z T, BRRLFFENREE TR I N TE O THAM O Tk BRICEN S CGEET 5 72
D, RS BE X AR OB EREIC KX 2 B A ZTIT< W, Z D7D AL ORI Lo
AT L BICRLS RO TEHWINLEMEREZHGD Z ENARETH L. T b HRHIY T
DIEEZBWZ DM THEEE TERET A ZEDHRETH L. LML LENENORRRIIZIND
LNERET L2 ENRERI-OUIALEZ THT L2 ENEHL <, —EOIIINTEEZ /NS
LT iEZe s, Ko T—20RRIZ M A EINT/NS L7720, UhAAREN/NS LD
7O TREFRE R, 12 CTHERERRR CHI L A2AT O 72O M LR OMERIEA TE RN L b
TEERNTR D N D BEHER RO TR RAEETH 5.

Cutting
Controlled depth of cut machining
Grinding
Machining
Pressure depth of cut machining Abrasive
Fig.5.1 Machining classification
abrasive

grain
. cutting

edge
| grinding

wheel

work piece

work piece

(a) cutting (b) grinding
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Table 5.1 Main specifications of ultra-precision machine tool

Guide system X,Z V-V + roller
Drive system X,Z AC servo motor
X 220 mm
) Stroke
Slider Z 150 mm
Max. feed rate X,Z 1500 mm/min
Max. cutting feed rate X,Z 1260 mm/min
Feedback resolution X,Z 10 nm
Repeatability X,Z + 0.05 pm
Bearing system Orifice air bearing
Drive unit AC servo motor
. Max. power 0.22 kW/6000 mm
Spindle ; 1
Max. rotation speed 1500 min
. Radial 0.05 um
Rotational accuracy -
Axial 0.05 um
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Table 5.2 Experimental conditions in static indentation test of constant pressure unit

Leaf spring Thickness gauge 1 Thickness gauge 2
Pressure in radial direction (MPa) 0.538

Pressure difference in thrust direction (MPa) 0.20, 0.22, 0.24 0.24, 0.26, 0.28, 0.30
Position of tool post Stroke end Stroke end, Stroke middle
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plate spring

Fig. 5.10 Mechanical equilibrium of resilience of leaf spring and indentation force.
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(b) thicknessgauge2 (thickness : 0.05mm)

Fig. 5.11 Schematic illustrations of leaf spring and support plate
for static test of constant pressure unit.

94



constant pressure unit constant pressure unit

jig
N
pin in
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Q Air slider a
e ey i
pin displacement direction pin displacement direction
(a) stroke end (b) stroke middle

Fig. 5.12 Places of tool post in static test of constant pressure unit.

Table 5.3 Conditions in static indentation test with low pressure difference

Pressure in radial direction (MPa) 0.4
Pressure difference in thrust direction (MPa) 0.04, 0.05, 0.06, .0.07, 0.08, 0.09, 0.10
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(b) Thickness of leaf spring=0.05mm
Fig. 5.13 Relationship between displacement of tool post and work table.

10

Thickness of leaf spring : 0.2mm
5 TAYR4d VI )2 C . v uLmm

N

N

Thickness of leaf spring : 0.5mm
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Fig. 5.14 Relationship between cutting force and difference in thrust pressure.
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Magnet base

Load cell unit

Fig. 5.15 Verifying stability of thrust force of constant pressure unit.
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Fig. 5.16 Cutting force for small difference in supplied pressure.
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Fig. 5.17 Modulation in height of workpiece due to inclination.
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Fig. 5.18 Modulation of surface to be cut and following cutting tool.
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F > cy = cawcoswt (5.1)
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caw = 1 (5.2)
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bR, FZCTEEYEl2=y & Fig5.19 (IR T EHICET LT D L, TEMERED
Z imoiEE G REAIXNG3)TEL LS.
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_ c E _ i = [

o— / air slider
= [ —,r] =
m
7

Fig. 5.19 Simplified analytical model for vibration with viscous drag.
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m F F
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Table 5.4 Conditions in dynamic property evaluation for constant pressure unit.

Pressure in radial direction (MPa) 0.25

Pressure difference in thrust direction (MPa) 0.03 , 0.06

Indentation force (mN) 346 , 6.29
jig plate

constant pressure unit

pin
air slider

[ 1B
Zo N LR =

main spindle

e
[]AI“

X
YA H Position sensor

Fig. 5.20 Modulation of vibration test with viscous drag.

Displacement Z, (um)

_35 A 1 I 1 I 1 I 1 I 1 I
0 0.01 0.02 0.03 0.04 0.05 0.06

Time, (sec.)

Fig. 5.21 Z displacement at indentation force 3.46mN
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Fig. 5.22 Z displacement at indentation force 6.29mN
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Displacement Z, (um)

——measured value

——calculated value
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Time, (sec.)

Fig. 5.23 Comparison between measured value and calculated value
in Z displacement at indentation force 3.46mN
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Time, (sec.)

Fig. 5. 24 Comparison between measured value and calculated value
in Z displacement at indentation force 6.29mN
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Fig. 5.25  Stability region of face turning with constant pressure unit
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Table 5.5 Conditions in dynamic property evaluation for constant pressure unit.

Pressure in radial direction (MPa) 0.25
Pressure in thrust direction (MPa) 0.03
Indentation force (mN) 3.59
Spindle rotation (min'l) 20,60, 100,200, 300,400
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Fig. 5.26  Relationship between calculated stability region and actual movement
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Fig. 7.1 Simulated model for forming substrate into solid immersion lens
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Fig. 7.2  Cutting profile of simulated model

Table 7.1 Cutting conditions of Si substrate for FOSSIL

Tool Single crystal diamond
Nose radius 0.01lmm
Rake angle 0°
Clearance angle 20°
Spindle rotation 2000min™"
Cut of depth 300nm
Feed rate 0.5pm/rev
Coolant Mist (Kerosene)
Work piece Silicon substrate (200pum thickness)
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Fig. 7.3 Overview of cut surface

Fig. 7.4 Microscopy of cut surface (X800)
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Brittle fracture area
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Fig. 7.5 Brittle fracture model for Si substrate
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Fig. 7.6  Surface texture of Si substrate
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Table 7.2 Cutting conditions of cemented carbide for aspheric mold

Tool Single crystal diamond
Nose radius 0.5mm
Rake angle 0°
Clearance angle 10°
Spindle rotation 500min”'
Cut of depth 400nm
Feed rate 1.0um/rev
Coolant Mist (Kerosene)
Work piece Superfine cemented carbide
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Table 7.3 Main specifications of V-groove on optical glass

Guide system V-V + roller
. Drive system AC servo motor
Slider -
Feedback resolution 10 nm
Repeatability + 0.05 pm
Bearing system Orifice air bearing
. Drive unit AC servo motor
Spindle - 1
Max. rotation speed 1500 min
Rotational accuracy 0.05 pm

Table 7.4 Cutting conditions of V-groove on optical glass

Tool

Vertex angle

Rake angle
Spindle rotation
Cut of depth
Feed rate
Indentation force
Coolant

Work piece

Single crystal diamond
90°(V-shape)

0°

200min™

600nm (Set on NC program)
1.0pm/rev

0.25mN

Kerosene

Borosilicate crown glass

[7 717

Groove pitch = 1um

I7 7

Fig. 7.10 Schematic of V-groove on optical glass
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10pm

Fig. 7.11  Surface texture of microgroove by microscope glass

0.0100 0.0200 0.0300
Fig. 7.12  Nomarski micrograph of V-groove

Fig. 7.13  Continuous chip of optical glass

119



	151212_博論要旨
	学位論文-本文

