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Fig. 2.1 Introduction amount and price of the photovoltaic power generating system?.
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Fig. 2.2 Schematic illustration of concentrator photovoltaic system with Fresnel lens.
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Fig. 2.3 Schematic illustration of convex Fresnel lens.
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Fig. 2.4 Compensation of chromatic aberration.
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Fig. 2.5 lllustration and photograph of optical glass mold press machine.
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Fig. 2.7 Fresnel shape grinding method of simultaneous 2-axis (Y, Z) control with diamond wheel.
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Table 2.1 Calculation result of tool path.

Workpiece Tool path
Yuw Zu Yo Zo
0.000000 0.000000 0.000000 0.000000
1.000000 0.005000 0.999990 0.005000
2.000000 0.020002 1.999980 0.020002
3.000000 0.045010 2.999970 0.045010
4.000000 0.080032 3.999960 0.080031
5.000000 0.125078 4.999950 0.125077
21.900944 0.427727 21.900725 0.427702
22.221706 0.000279 22.221483 0.000254
23.221706 0.233602 23.221473 0.233574
24.221706 0.477792 24.221463 0.477762
24.721706 0.603988 24.721458 0.603957
25.311732 0.256442 25.311479 0.256409

(mm)
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Fig. 2.9 Conventional truing/dressing process for resinoid bonded diamond wheel.
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Fig. 2.10 Photograph of niobium truer.

10 mm

Table 2.2 physical properties of truer materials.

Material Density Melting point Thermal conductivity
[g/cm?] [K] [Wi(m - K)]
Niobium 8.57 2741 54
GC 3.18 2000 100
SUS304 7.93 1400 16.7
S50C 7.85 1530 41,5
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Grinding wheel

; Grinding wheel

(@) Truing of wheel side surface (b) Truing of wheel bottom surface

Fig. 2.11 Truing method of the diamond wheel for Fresnel shape.
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Fig. 2.12 Overview of ultra-precision machine, ULG-100D (SH3).
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Fig. 2.13 Schematic illustration of ultra-precision machine.
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Fig. 2.14 Overview of the white light interferometer, New View6200.
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-~
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Workpiece (i

Fig. 2.15 Overview of the non-contact laser probe scanner, NH-3UP.
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Fig. 2.16 Overview of nomarski differential interference microscope, MM-400.
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Table 2.3 Truing conditions of diamond wheel.

Grinding wheel

Resinoid bonded diamond wheel

Grain size SDC1200

Diameter 70 mm

Rotational speed 8000 mint

Grinding speed 29 m/s

Inclination angle of wheel tip 60 degree
Truer Niobium
Depth of cut 1 pm/pass
Feed speed 10 mm/min
Coolant Solution type

Blue laser
Feed direction of XY table
z
Diamond wheel
Y X

Fig. 2.17 Measuring method of the wheel tip with NH-3UP.

Workpiece

Approximate radius : 99.99 mm

Fig. 2.18 Designated shape of Fresnel mold.
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Grinding
spindle

Diamond

Fig. 2.19 Experimental set-up of Fresnel shape grinding.

Table 2.4 Fine grinding conditions of Fresnel mold.

Grinding wheel Resinoid bonded diamond wheel
Grain size SDC1200
Diameter @70 mm
Rotational rate 12,000 mint
Grinding speed 44 m/s
Inclination angle of wheel tip 60 degree
Truer Molybdenum
Workpiece Binder-less tungsten carbide
Particle size 0.6 um
Hardness 95 HRA
Diameter ¢50 mm
Rotational rate 500 min!
Depth of cut 0.5 ym/pass
Feed speed 0.5 mm/min
Coolant Solution type

2-1. RBERERBIUVEE

2-1-1. ZFATHIYNLTIZKEFTANVEY FFRA—ILDYIL
—1T

Y b—A TRk OB TERIER 2 E Ui R A 1% 2.20 1289, X 2.20(@)12 R L
— A 2 IO DS R BT 32 pm & RE WD, YIb—A T %O eI IE
WIZHNZ E R0 D . Y Ib—A T HOA O S R ERR ORIE 2 3R A T2 3, fRD TR
INCHSTTORIET D Z ENRARETH - 7n, SRRl L ZE sumBEFE T
<A T D EMARETH D Z Endbnotz. Fi2, K221 TR TEBY Y L—A LT
BORAOREM ST 6 umRz LIEFIZIH LN THDHZ Ebbnd. £, SRIOLBET
XY — A TN 30 0 FREE L EIFHTIT O 2 E N TE L.

24



&
il

(um)

Bottom
surface

[um) BOttom
Side "7 surface 4
surface '

Side
surface

[um)

(em)

(pem)
20 - i t - : i 20
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0‘ -40 —éo (] 20 d:(} 60 tum o ~40 -20 0 60
(a) Wheel tip before truing (b) Wheel tip after truing
Fig. 2.20 Comparison of wheel tip between before truing and after truing.
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Fig. 2.21 Surface roughness profile of trued diamond wheel.
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Wheel and workpiece set-up
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Wheel truing/dressing |

!V YES

Tool path generation/compensation |H
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Ultra precision grinding | | Tool shape/geometry changes

i B

| Evaluation of Form accuracy

i B

| Complete |

Fig. 2.22 Flow chart for grinding of Fresnel mold.

26



&
il

Depth Z mm

0.5

o
()
a1

T
T ——

|

N

Radial position Y mm

05

0.25

0
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Fig. 2.24 Measured profile of ground Fresnel mold.
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Fig. 2.25 Form deviation profile of ground Fresnel mold.
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Fig. 2.26 Surface roughness profiles of ground Fresnel mold.
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Fig. 3.1 Schematic illustration of milling.
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wafer to cemented surface into conical with diamond wheel
carbide shank shape with wire EDM

Fig. 3.2 Fabrication process of PCD milling tool.
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(b) SEM images of tool tip
Fig. 3.3 Photographs of developed PCD milling tool.

Sample
chamber

Fig. 3.4 Overview of scanning electron microscope, JSM-6510.
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Table 3.1 Specifications of developed PCD milling tool.

Tool material Poly-crystalline diamond
Particle size 5 um

Diameter ¢ 24 mm

Number of cutting edge 80

Rake angle -20 degrees

Land width 0.03 mm
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THAZ BN S WIGETIE, BESSROREOD R WEH 2155 Z LN TE .

Workpiece

Fig. 3.5 Flat cutting with the PCD milling tool.

Table 3.2 Cutting conditions of flat cutting.

Tool PCD milling tool

Rotational rate 18,000 min™*

Cutting speed 23 m/s

Cutting direction Down-cut
Workpiece Binder-less tungsten carbide

Particle size 0.6 um

Hardness 95 HRA

Diameter ¢ 10 mm

Rotational rate 500 min?
Feed speed 0.5, 1, 2, 3, 5 mm/min (Depth of cut: 1 pm)
Depth of cut 0.5, 1,2, 3,5 um/pass (Feed speed: 1 mm/min)
Coolant Oil mist (White kerosene)

@ Zygoe Peaks Filled Plot

falleys Filled Plot

ate -:  Off

Fig. 3.6 Measured results of released tungsten carbide particles.
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Fig. 3.7 Surface roughness profile of machined workpiece.
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Fig. 3.8 Measurement area of machined workpiece with New View6200.
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Fig. 3.10 Effect of depth of cut on machined surface.
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3-3-3. PCD 2S5 ARITEICKDHEEEED I LRILIIKY]
HI| SEER

3-3-2 O FmbIEIFEBRIC L 0, fERLL7= PCD 7 7 A A T H% AW Bl &4 DB HEY)
HIMLIXAE#STHL Z R LN ER>Tc, KIZ, PCD 7 7 4 A LHZHWTERREIZH
BEAAx LT 7 LR ABIROBEEDIHIIN TEREZ1To 72, 7 LR AVIROUIHNE, §i
BECRLZY, Z fhRIRE 2 Sl TR EFECTH L. ML L7 LRABIOBRG R ZX
341 1R T. FEERMEIR Ol 21X 200 mm, U —7 OFEIT $28 mm, T L RIL
BEEOHESIT100um TH . MLRFO R AKX 3.12 12T, U — 27 IZIZFmE R DRk 1
A4 RCCFN (AAY 727 U8 ZEH L, miR T CamWREZ A L, mififEEE -
BB ZHT 204 7o 8oy 720 L TEZET ¥ v 71280 FEZED 1) 7=.
MFEDIN LR & AR ICER~A 7 e A —2 2 W TEHI L2235, £0.5 um LLUT O[R#HhE 12
2B XL LT, R IIINRT LI, 4 P TIcB W TR 2 BIHIZMTm T
1o 7z,

GIHIINTH% O 7 VxR0 2K 3.13 1237, 7 L RVIBIRSAIER &, $EmmoinT
HPEOLNTNWD Z DR TE 5. X314 12 NH-B3UP IC XV HIE LM THEO 7 L v
W i PR 00 I B A S R MELK7V*W&%@%k%éigﬂymf%ok.7
L RVEBZEDRREHEIL 0.1 mm T 5 D TIXFRRFHE Y OBZENG LTV 5. X 3.14 O
TR DRERE T S TERFRZEZMNT L 7ofE R A2 X 3.5 [ZRT . 7 LRABIDOTRIE L I
¢ 26.8 mm OHIPAN T 0.62 um P-V & BAFRTIRKEEN GO TWD. £/, [X3.16(a)i2n
TL727 LRABIO RO REH S %2, K 3.16(0)24MEE (5 3 k) OREH S O
EfERERT. RS iEPADﬁBT“ 18 nm Rz, AMEAERTBE5nm Rz & & A ¥ EL RakA —/L
ZHWTHHIN T T Lz IEFRBEDIER G LN TS, L LR D, 7L3b
B DA I T iﬂﬁﬁﬁ%@ﬂﬁ{%ﬁ) ﬁmuf 5. Fo, TOEPSNEE & AT, kLT
DOBFENR DT, FEM SN BRI/ 2B, TEORY (RO ERR 2 T2
DOEFEEZEBELTC, V—7HLETMLLEE, SHICTEEZ 30um EXELTCEe v b
LieZ b, o7 v Ty helholmZ ENERTHS EEDND. 3.17 27 LR VEE
DTy VERO ) v VA —BEMETE AR T, 7 LR LTy DI 86 um & KX 22K
PDEERGR SN, 2O X2 BRRIFITT R TORHFOT v S THER S L.

Approximate radius: 200 mm 0.1 mm

Workpiece

¢ 28 mm

Fig. 3.11 The shape of Fresnel mold.
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Table 3.3 Cutting conditions of Fresnel shape.

Rough cutting | Fine cutting

Tool PCD milling tool

Rotational speed 18,000 min™t

Cutting speed 23 m/s

Cutting direction Down-cut
Workpiece Binder-less tungsten carbide

Diameter $ 28 mm

Initial shape Flat shape

Rotational rate 500 min?
Depth of cut 2 pum/path 0.5 pm/path
Feed speed 1 mm/min 0.05 mm/min
Coolant Oil mist (White kerosene)

Vacuum chuck

Tool spindle

4
Collet

Mist nozzle

' 4
>

Fig. 3.12 Experimental set-up of Fresnel shape cutting with PCD milling tool.

Workpiece

Jig (Sialon)

Fig. 3.13 Photograph of machined Fresnel mold.
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Fig. 3.15 Form deviation profile of machined Fresnel mold.
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Fig. 3.16 Surface roughness profiles of machined Fresnel mold.
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Fig. 3.17 Nomarski photograph of generated Fresnel edge.
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LV ADENRORTOER L7225, ZOJRKRE LT 318 ITR-T L IITPCD 771 A
TEOKREDEH L TWD LA TEL RIRRIN 7 LRy VEEF &< 2 LITL KR
IRECTZEBEZLND. ZORMBAEMRRT 551EL LT, PCD 774 A LEOKHM %
HAXEY KA — AR EICLOVMT T2 ETHRRET ALV HIEREBEZLND. L
MUIRIN G, S A Y'Y REEBERIZL A YEL KB A —/b & R TIER ISR EE DS &
W, XAV EL RARA—AREFELLEREL, PCD 774 A LEOBRELDBRE SN
5. EBIZ, %< OMMTHEREZ B4 2 72 O IEMN TR AN 5 2 & THITRERME T+ 2
EVW o MR H L. £ TARERTIE, K319 -7 L9, PCD 774 A TLEHOER
FHIZEGERD T — 7 S A LSBT TEET DO LT LT 2 HEE2RE L. @B
BA OBMAERE & LT, EMIREE TR Z WA, BIIETRES I ZEMEIREE D 1/4 FREE L /&,
L7zi3o T, =27 OFLENOHAEFIZPCD 774 A LRZEAE LML 5 LT,
T Ly VENTND 5 713510 TR K EMEICR D720 7 Ly VEIORIT &
T 52 EMAEETHH EZZLND.

FEBRGAF I XL & RIARICER 33 IR T Th 5. kit THAERIE, FEBREM
T L7727 LRARIOWE R 2 E Lo R A2 K 3.20 IR T. 7 LRVBZEDRRIES X
97.7um Th U, | FFREHERE Y OBENE G, X 3.20 OWrm R O ERE LD O fiF
Mr L7z TRRRE 2= iR 2 X 3.21 (R, 7 LR AVRIDIZIRKSEE 1 ¢ 26.8 mm O#EPHPN T 0.39
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um P-V EIEFICRFRBREENE SN TWD . RIZ, A EFMTHO 7 L aRBoh
RO S O EREF 2 [ 3.22(2) 12, SV EES (55 3wy O S ORERE R 2[4 3. 22(b)
VR d. RS EHOET 24 nm Rz, AMEET52nm Rz TH YV, AiEIOIN THIEIC
INT LR L RIEE I o T2, A&, MTHEOY —27 OT7 LR)vxy VO ) < )b
A X —PHMEE G E 4 X 3.23 |2~ T. WEHOMLHEICZ O INT LR OK 3.17 & T
7 LAy DERO KT DNRIEISIH STV D DR300 D.

The Fresnel edges are chipped by the
diamond grains on the bottom surface of
Workpiece PCD tool.
Feed direction

Ten5|le
force Dlamond grain

Fig. 3.18 Schematic illustration of chipping of the Fresnel edge.

Collet o

chuck

Work spindle

Workpiece

(a) General view (b) Side view

Fig. 3.19 Improved Fresnel shape cutting of 2-axis control using the PCD milling tool.
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Fig. 3.21 Form deviation profile of machined Fresnel mold.
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Fig. 3.22 Surface roughness profiles of machined Fresnel mold with improved method.

47



Gl
il

Fig. 3.23 Nomarski photograph of improved Fresnel edge.
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REMHERILETSAF VI DEBTEICE TS
AN THFE O S

IR ERRMESRIL 77 AT~ 7 (CFRP)DFFEEHINNC & b 72> T, CFRP OJI TIZBI 3 2 A58
HEATND., LNLRRG, TO X RFRO% TN TIERREN R L ONRE. £z,
CFRP NEGMEITH L Z &0 h, IRTF ¥ — M2 HW TN LESLTEOREN TE R0,
Lo T, REAVTIIHFEDO = FI RO TEZ AT, CFRP o IE i BIHIIN 325k
AT\, ST RSB DM A2 BT 5 2 L a2kl 2 LT, THRRS T AR mkGE
DFENT K D00 T2RENIS KON T S~ D BB SV TRl A L7251, BB RE O
SORBHERAL SRR T 580 O34, TEHRRN G 2 2 9HHEFI~DOREBIZ O W TH LN E
L.

4-1. #& B

1960 EARIZ pR TR~ A F > Z (Carbon Fiber Reinforced Plastic, CFRP)23BH ¥ &4,
1970 FFARICIIMIZERE (Y 7FH D 2 KIEER) AN THE, L—y v 7 h—, AR—Y 7L
OFEEEME 2 B L7223 B WGl Shvih 7= 4. 2 LC, IT4E Tl CFRP OMERED(A)
BRI DIR FIZ & bW, B 1 TAERIC B S TEHR Y, BRIk E ORI
HEO 50%% CFRP 8525 & &b, HEESLENBEMN 7 L— K licy, 74 7%
AT NT ' AR NLCA)DBLENLHANER LTS 4349, X512, X4.1 ® CFRP ®
AT EOHEE D bbnd K 91T, 4% b SO 2TFEMMBHfF SN 9. Zhick b
725 T, FRITHEA =75 CFRP N LA TANRTE S UihH TV 523, CFRP OFEHIN T
TIEEAT 2 THRRE & N T2E), I TikEOBRIC O W TomMRITD 72 <, 1E¥EENE
BN A DR T Rl 22 I TR A2 RE TE HRPUCH D LIZFE VRV, o, IR K O A
MU —ZF v — MIHE IO 6, CFRP BSIKFE WML ~ U v 7 ZABIEOE G E CThH
B2, BERSIUSIERS, BWRHENRKE 2D, O XM TIESTEZHW-Tm
TTHRETHLINZE, MOHHIM & T, —RLTHBT2Z ERRETHD. LR
ST, AETE, RN THOPANL= RIVE CFRPIITH= Y KI L0 2 FEHO
YRINVBTEBIOCFRP O MY I Z7HELTHRIESNTWDL XA VEL NEEL—
& % VT CFRP O IEHEBIHIIN T 96 L O BIEIIN L3RR 217, TERIRE TER
ERRBEDEMT X %, I TIEECOUIEHEHL & W o I TR L OREH SN, 7o h
v N7 7 A N—= LW o PN LR~ DI OV TRAET 5.
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Fig. 4.1 Transition of shipment of CFRP (2002 - 2014).

4-2. RE=RMHMRIE TS XF v (CFRP)

CFRP (X 5~10 um 2 TdH Lt/ MED R FERME(CF) 2 AMRIHE Y, ~ MU > 7 ZHflE
BER S, A EREL LB AEMECTh 5. REMHMEIZT OFEOEWT, T2 UL
i 2 > 7= ™ % PAN (Polyacrylonitrile) 52, A=A KRR EEZFHE T2 DEE v F
(PITCHRICXBI &2 4D, BURHIR & TV 5 IR FEAEHED 90%1X PAN R TH VY, ZHhi
PHERESLIA NOHEHTE Yy FRED BERTWDHTOTHDH. T2, RIFJETHW S CFRP %
PAN R TdH 578, LIFRIE PAN SRIREMAEIZ A B LTl ~% . Z D PAN SREIEMIAMEIE, 7
7 U Vi#EZ 200~300°C T RALALEE X 721212, 1000°CLL B2 D RIEME AT A RS T C
MG 2 Z L2 L0 IRFILB L OEIMET 52 Z E TESLND 48, Z OB OMEER R
2L IRFBHEOIMEDNRE SN D . T OREMHEITLL T O X 9 Ao,

(1) HEIXEO U545 #%:78, CF: 18

(2) MIPEZIAD 2 £F, TREEIXFEFREE.

(3) MIIRMREIIE D 1/10 5. CHELREMHIZEND)

(4) mWEFHREZALTWND
PLED X 9 TR BERHE I T T 5 %%:ﬁ LTW5 A%, CF 721 CHEREMERR AL LA & LTt
NMTLHIENTERWEY), ~ N v 7 ZBETHEHO NS, ¥~ MU w7 ZRABITRBI L T
BAEALAERTAE 49 & BARTERAR “ONFAET D03, 2015 AEBLTE C I EME L EATIE 23 £ 12 H
WHNTWD. Fio, RIFEICEWT HEME(LERE CH 5 180°CRE(LAL = A % g 2

VH. INBIREMAHEE ~ N v 7 AR E A G DY, K 42874 — 7 L—T B
FBIZE > TEEMAT 22 L TCFRP &L E LTSNS, 22 TH Y 7L 7 &, K%
Wi — Mo~ bY v 7 2ARRZ SR SEIoFRMEICH H. RIFFETHWS CFRP H[¥
A3@ICTTA— 7 L—7 AC002(7 7 /=X —x V=T U )R THEAL,
Z? CFRP D tAa# 4111, 7V FUZIIEER 7 um @ PAN TR FEMHE % ik 0
L, TARFVHEAZERIEL DO THD. RPOH T AEBIRE IOV T 4-3 Hi Tkl
T5. ZOER L7z CFRP %X 4.3()loRnd A XIcEr L, V—2 & LTERALE.
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Fig. 4.2 Schematic illustration of autoclave molding.

(a) Autoclave, AC-002 (b) Fabricated CFRP
(c) Structure diagram of cut CFRP

Fig. 4.3 Photographs of autoclave, AC-002 and fabricated CFRP.
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Table 4.1 Specification of fabricated CFRP.

Carbon fiber PAN based CF
Diameter 7 pm
Weaving method Twilled weave
Matrix resin Epoxy resin
Curing temperature 180°C
Glass transition temperature Tg Approx. 200C
Thickness of prepreg 0.34 mm/layer
Molding method Autoclave molding
Molding size (Measured value) 257 X 364 X t1.7 (5 ply) mm

4-2-1. CFRP I DfEE =

CFRP N T2 2 RE A K ONER T R & % DL P IR

1) CFRP OB T.CiX, MTEDOU — 7 WiEIZbRE SN o T EN R 57
Ny b T 7ANR=CRYNELD E oz EixE<monTng 4, LaLan
5, INHREZAL IRV 0, TR TERMFOERE DT %E E&RICHEMN
L7l d7e <, fEEFITITLED X a ZICRE SN HERNOERE L2025
IRVRBUC D D .

2) A2 RT KD ICHIEE D CFRP ICREIA VAT 5720, MY I 7L LE
Thd. £72, CFRP O TIIAN b0 U Xy M K DG H DL/ ORI AN A
THHID, BBINTICE DRI MINLETHS. LLRRL, ZhETO
CFRP I TICEET A8F5EIE, BIAIX MY IV M LOAE W Te—EHOM TR b L
b ONRE L MR St IO EEMBE CHEICR D L Bbiid Ar v ML
KRR MINLO X 5 7e TEOEH & A R % RIREIAE F 325 001k 0 B ED )
o LEZOND.

3) KRBRICEALHFITH D T AEEIEIEE (Glass transition temperature, Tg)IZ DWW Tk 5.
CFRP O~ hU v 7 A& LTEHL HAWVBIL T B ERE X = Roe 4 E (R
B)TEDFRRE L TWDID, ESRESCEMEWE L Wo 7o/ fi>. Ll
WD, HT ARSI LRICENT D H T AEBIRE Tg BMFET D720, ~ KU
v 7 AREN T EE RS TGAITIE, ~ N v 7 AR#ed 5. £72, CF>— b
M OREREIME T 95 Z & T, CFRP OERIMECEIRE, KREREE W oo E
NIERER Kb D & & BIZBRFBET 7 I %= a V)BRBRELLT e d 419,
L7enRo>T, MLIRED LA ZMEIT 2N LEFEERETILERH S.

4-3. AR IE(ZKk % CFRP MIE@EYIAIEER A%

4-2 i Gk _ 7= K 9 iR A R T A 720, 2FEO = RI L& 1 FIEOEE L — 2 (W
HITH)Z Hv T CFRP O EH IHIINI LIER 21TV, LEIBIR E THREREBOEWNZ LD,
DT 2883 KON L SAAL~D ISV THET 5.
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4-3-1. EERAE

AREBR T 44 BLORKA2 IR T TEA—INOLHREN TV S 3FEO TEEZ W
5. TIAIN R —T 4 7 RI VI a—T ¢ 7 T B & T il EE R KON
BEZHTD 2L TERWMEBRMEZ S0, EBMEIONTICE O CTHEEBEICER ST
WS, LTehRoT, WHLEORERLELTHALLE. RIZ¥AYEL Fa—TFT 4 7= R
VIR EMRECVD) A A Y& RExy RIVBIROBHE A& A4 a—T 4
YLl bDTHD. ZHUIIERDESER X A Y E L FLEIZBIT 2N g7 &
OREOIFERIZH L THEZTH Y, IFETITEEEEOMTIZS AN SN TS 4. K%
DEAEN—2 (WFE TETEE S &I EicX A PE FIRRL 2 EBAFIEICE D X v X [H
ELTEbDTHSD. LEDO LI, TNENERDFEEROEBRO TEZHWS.
ITHEER 45 OFRXKNIRT LS 2 TEOMIE N L CEN & I AT 2 Emy)
HIMLCh D, FRGMEERAIITTT. YHIEHETT X TOLET300m/min & L. %
DEZ2FEEO=Y FI VTR UEOG7 um/rev) & L, EE/L—HXIL25 um/rev & L7=. 2D
FHE, B TR TIE&EY ETINL LSS, U0 < F o G Lm0 LA AET
LT, MTBERTEEMMETT5720TH Y, YIHINT & L~ THEIIN T 5 2352%
0BT/ NSWENCS 5. flF AL RS OB FAULARE, 1 325720 OUEIE X
T R_RCOTETREEE Lz, 72— MQE RIA4 =7 —&2 iz, ZoEmydnTH
O 0 < THREE Y —E 7T 7 4 B AT T, UIHIIRHLA 3@ )5 CHlE Lz, £7-,
IMTA%ED CFRP Wi DNV RT vy b7 7 A N—, TITIRx—varkxT JX VEEE
T, X 4612737 L DI L7z CFRP Fihiih 4 fil #1203 i ML S I E 28 THIE L7z

10 mm P, 10 mm 10 mm
(a) TiAIN coated end-mill (b) Diamond coated end-mill (c) EDR

Fig. 4.4 Photographs of employed tools.

Table 4.2 Specifications of end-mills and router tool.

Tool Straight end-mill | Router tool (EDR)

Tool diameter 6 mm

Coating type TiAIN Diamond coating Electroplated diamond grains
Hardness of coating HV2800 H\V10000 H\V10000

No. of cutting edge 4 4 -

Thickness of coating 1-3um 1-3um #60 size grains were used
Helix angle 30 degs. 10 degs. -

Price Cheapness Expensive Cheapness
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Feed direction

Rd=5 mm

Feed per tooth f

Thermography camera

0.6 mm

Ad

(b) Side view

(a) Plan view
Fig. 4.5 Schematic illustrations of face milling for CFRP.

Table 4.3 Experiment conditions for CFRP,

Tool TIAIN Diamond | EDR
Cutting speed 300 m/min
Feed rate 67 um/rev | 25 pum/rev
Axial depth of cut 0.6 mm
Radial depth of cut 5.0 mm
Cutting length 100 mm/path
Coolant Dry-air

Feed direction of workpiece during machining

>

=)
v >

4
Plane face Lz

Stylus type surface roughness tester

Surface roughness was measured in same direction with

feed direction of workpiece.

Fig. 4.6 Measurement direction of surface roughness.
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Fig. 4.7 3-axis vertical machining center and tool holder.
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(a) Thermography camera (b) Stylus type surface roughness tester
SC7600 (FLIR Inc.) E-35B (Tokyo Seimitsu Co., Ltd)

Fig. 4.8 Photographs of measuring equipment.
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Fig. 4.9 Observation image of tool wear.

58



0.06
£ 0.05
o)
>
= 0.04
- =
Width  of 2 003
flank wear c_%
s 0.02
=
-1;3 0.01 |
Measuring method of 0 4 L L 1 L ) L 1 |
width of flank wear. 0 0.5 1 15 2 2.5 3 35 4

Cutting length L m

Fig. 4.10 Relation between flank wear and cutting length on diamond coated end-mill.

Abrasive wear on rake
face

Abrasive wear on flank
face

Carbon fiber 7
(a) Diagram of abrasive wear

Rake wear

Rake wear

0.5 mm
N

(b) With diamond coated end-mill (c) With TiAIN coated end-mill

Fig. 4.11 Schematic illustration and photograph of abrasive wear.
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I. Burr and un-cut fiber,

delamination
l I1. Surface roughness
‘;";;’. ’,-4} ;.:_v_, 5 - e ;_
(a) Position of measuring object (b) With TiAIN coated end-mill

(c) With diamond coated end-mill (d) With EDR
Fig. 4.12 Photographs of finished surface after machining of L=1.6 m
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Fig. 4.13 Measured results of surface roughness.
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Fig. 4.14 Maximum temperature of removal chip in each cutting tool.
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IVORIED SEM Hitg A K 5.3 1T, LI, XA VEL NIRKLAZEH L7 TEA GRS
AYELY RO THD SD & Ay athf XaflirGbE TRILT W2 1X, SD600).

SEM Hf8 L0, XA -¥vE2 NiRKL, cBN ARKL & I T EFmICHEE ORI NELE ST
HTEWbMs, WKELTRLTWAEAYEY Fa—T 7 RIS L,
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Burr or un-cut fiber will be removed
Generate burr or un-cut fiber with outer face.

Generate sharp edge

(a) Cutting part (Generation of burr) (b) Grinding part (Removal the burr)
Fig. 5.1 Conception of electroplated end-mill.
Chip

Abrasive particle
o b 64 'me

CFRP

End-mill

Chip
(Abrasive particle)
> —

Flank face Chip pocket

(a) With general end-mill (b) With electroplated end-mill
Fig. 5.2 Interposed abrasive particles between the flank face and the CFRP.

Anode Cathode

—

Mask

Ni @
- ||| = =
WS

Diamond
wheel

(v End-mill Electrolytic
solution Abrasive
Tungsten carbide
(a) Generation of end-mill (b) Electrodeposition of abrasive (c) Completion

Fig. 5.3 Schematic illustration of fabrication process of electroplated end-mill.
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Table 5.1 Specifications of fabricated electroplated end-mill.

Tool Electroplated end-mill
Diameter (Base metal) 6 mm
Number of cutting edge 4 flutes
Helix angle 10 degrees
Material of base metal Tungsten carbide
Abrasive type cBN Diamond
Mesh size #600, #1000, #1500 #600, #1000, #2000
Knoop hardness HK 40-50 GPa 90-100 GPa
Heat resistance 1280 C 600 C
Thermal conductivity 1300 W/(m - K) 2100 W/(m - K)

SD1000

cBN1500 SD2000

Diamond coated :
end-mill 100 pm end-mill

Fig. 5.4 SEM images of fabricated electroplated end-mill and diamond coated end-mill.

5-3. ERAELLUEREE

ARAEL72@EAE T B VOINTYERE 279~ 2 728, X 5.5() =3 E Bl HIN T 928k %,
F 52 IR TINISMTIT-7=. 7272 L, CFRP IO F I S ORIEIZHBWT, dili5H
G0 AL &R 0.3mm OB, AR EH S RESS TR T & 2\ 2, Bli7 mEliAZ &
Ad % CFRP OIJETH % 3.6mm & L, THOERNZ 72\ FE 2l i BIH| S8R & [FIRF 21T
ST, AIFETOIEmMYIEINTER & OEWE, B MEIAAE Rd # TEROYTHD 3
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mmé L7722 EThD. L, BT ERNCEE S 7oKL T E 4v72 CFRP Ol
BEZH S5O RT I —FET T T4 HATTUET D7D THDH. RIE TIHIED
WEFLV—FEMH L7720, ITah7- CFRP MlEREZJE TE /ol Lo
T, MTIEEOkEE LT < FZ2HE LR, REBRTIITIRTOTLERTZ I A ATE
ThHHIZ, HE50)NRT X DI, BREAICI T S 7= CFRP Ml 282345 = L AN nlfE
ThbH. £, HHTDHYV—FZ T 7 4 H AT SCT600 (FLIR #£)iT 4-3-2 TH TR~ 72 LB Y
BWTZ L—AL— hTORENATETH D120, EEINTRICBOTHHEENTEETH 5.
3% CFRP LRI CHEM L7277V 7L 7 LRI D% 9 77/ FEE LT, A—Fr7 L
— TR LT THD.

TAEMSBIERTE & [AERIZ X 4.7 ONLIE 3|~ > = > 7 > & Accumill4000(ZRFE 1) C,
HL A H BBT-MEGALON-120(KIEFFERE) To 5. T HFK ORI DR EE (BEFE D HE) 4 f)
Wit o72bic, GHEHiZE=4 Y v 7 LAaRNLMTEITY, JECIE 3 oy vnE i
9257B (% A 7 —#b)Z v 7=. CFRP {REDHEIZITRIERD LBV —FET T T 4 W AT
SC7600 (FLIR #b)Z Fvy, MIESMEIE, CFRP O£ % 094, 7 L —2A L — i 800 Hz,
THEPLHS OFEHIRE L Z 300mm Th . MTHEOEREM S OREICIE, FiFE & Ak
\Z, X 4.8(b) D fitBt=iF mik < JE R E-35B (RUFREE) A L7-.

Feed direction CERP
Y A
1S /
x L/
Z AN Tool
=
N S
Feed per tooth f e
“« (&)
%0 5 I,
2 ?
Thermography camera: SC7000
Emissivity of CFRP: 0.94
Thermography camera
N Frame rate: 800 Hz
Distance: Approx. 300 mm
(a) Top view of face milling (b) Thermography image

Fig. 5.5 Schematic illustration of face milling and thermography image.
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Table 5.2 Machining conditions.

Tool Electroplated end-mill
Diamond coated end-mill
Cutting speed V 50, 100, 150, 200, 250 m/min
Feed rate f 5,15, 25, 35 pm/tooth
Radial depth of cut Ry 3.0 mm
Axial depth of cut Aq It varies by machining method.
Face milling 0.3 mm
Side cutting 3.6 mm (CFRP thickness)
Cutting length L 100 mm/path
Coolant Dry-air
Workpiece CFRP (9 ply)
Carbon fiber Polyacrylonitrile, 10 pm
Matrix resin Epoxy resin
Workpiece size 130 x 50 x t3.6 mm (Measured value)
Glass transition temperature Tg Approx. 200°C

-4, ERBERBLUBER
5-4-1. TEEH

X 5.6 (ZWIHEE A 200 m/min, — H 7= 0 O D & 0.025 um/tooth T 100 mm 1E i B HI
ML L7e#HOBEERETY RINDOALEOBEMETELZRT. ¥4 TVEL FBLO BN & i
A2t #6000 L#1000 2 AW TETIE, RRI7ZT TR Ay @b RBEL Tn
DT EDVHERTE, ARL=Y TN Ay XOBRERENPTRE L TWDZ LRbDND. 20—
75T, #1500 3 L U%2000 & o 7 HRz 2 VTV D TEICBWTIE, RRIOBE L T\ 5
H DDAy FJ@HEEFER & R OFESAHEIC DTN TIEH 2035 > T\ D Z & Abde
%. L7=H-7T, cBN1500 ¥ L% SD2000 TIHAEKIO H ZIEFNAE LT TWDE Z Elbi-o
2. WRIT, BN KIEDE M & 28T HIEERENR OE 2 4 5.7 (2o~ 38T i EERENR X4 5.7
OEKCRTEBY, TREOYMIRO T v DN OEREN S - & HH#EITL TV S EFTE
TOWEEE L=, X 5.7 OBER S TIE, JISB4011 (2 NEEBEUIHI, FESLE A OREE DI
TAZERWCRIT mEFEMRS 0.2mm Lo 7=8E, TEHEMCELZET D) %9, Ln)Hid
#HAd D7, L=0.5m T cBNI1500 23 LHAFMIZE L7 & WL, oM LEREEE ToHl
ERERZTRL TS, ZOMENS, T HERERII#1000, #600, #1500 ONEIZKE < 7
BT ENDIoTz. WIZ, BRRIFEEEOEC L kT E R O LA X 5.8 (2R T, X
ORIV LEMICT 2y RBRGFEL TS Z LoD, BN Rk E VW z854a, T EE
FEDET LT W ERbnDd. ZHUIX A YL RIS cBN ARRLOMEFE D E Y M R
THHLOTHDHEEZOLND. IED X ST, ARETLETIE, MLz T B
ORTHERMFRRIABE T D Z ENDroTo. LIS T, BRI TR 88 2 iR+
L1202, BRI TERMmIZEE STV DI E A2 Th R by, 22
T, UHHEHZE=2 Y v 73252 LT, BRAFEE SN T E0ENZ 5. 5.9
N TAEA 5 10 B OBIEIRET(F 5 ) ORERE R 277, ML EET 23 THUIHIHK
PN EL o TV D, THUIRRKINEERE, W% L, =2 FIVBIROGeEmS EL L,
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BLNHNETINT T 22 LT, MEB~OBWIALLT IR\ ELEZZDTHDS. LER-T,
CFRP {RECRK AL S OREIL, Y H i OBIEIHHL(FE 437 Fy)23UOR L Ze Wi CHIlE 217
S L LT

(d)Dia.600 (¢) Dia.1000 (f) Dia.2000

Fig. 5.6 Observation images of tool tip after machining of L=100 mm.
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5 | @ cBN600
0 5 / | BN1000
i -1;30.05 ! ! Ac
- ! = cBN1500
Flank wear P I
Vheen (Dia) Oy 0.00 i . . .
2TIS 0 0.1 0.2 0.3 0.4 05

Total cutting length L m

Fig. 5.7 Tool wear transition of electroplated cBN electroplated end-mills.
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Resultant cutting force Fxy N

Resultant cutting force Fxy N
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- cBN wears more easily compared T
 to diamond P
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Electroplated diamond tool vbp;, mm

. 5.8 Relationship between tool wear of cBN electroplated tool and tool wear of diamond

electroplated tool.

0 1 2 3 4 5 6 7 8 9 10
Machining time sec.
(a) Raw data (Without low-pass filter)
<] Abrasives are fixing on tool surface.
i Abrasives were dropped-out. -
0 1 2 3 4 5 6 7 8 9 10

Fig. 5.9 An example of monitoring of abrasive wear by measurement of cutting force.

Machining time sec.
(b) With low-pass filter
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3EIME L, T FEEMEZFHGME S UTHW . BFEIIN T Crd— IS RRRIR D N EW0E D
MR SILRIF L7255, LEER-T, bo b HHKITH S cBN1S00 AT R I/L
MTho b bREMSIT/NSVWEE 251X TTHHA, cBN600 &5 EH 1.8 i,
CBN1000 & LD LM 3L AETH D, ZOMEND EH, cBN1500 Tikikis milpgk 2
BEEEL T2 Evbnd. £0—J T, cBN600 3 LU cBN1000 iE, kiEn/h&< 725
WCONTEREHIDIETFTLTWADD, IAMEHL WA EEZXLND. £, XA T7E
Y Ra—F 4 7 RIVTOREMSN 0.7 um Ra TH 5D D% LT, cBN1000 Tl
0.6 umRa TH YV, IERLELY & BIRMENELN TS, AT, MZEHEM DR
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AOBEARTITE =

Small burr |

(c) cBN1500 (d) Diamond coated end-mill
Fig. 5.10 Digital Microscopic images of machined CFRP.
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e Surface roughness was measured
in area between L=5 mm from
machining start position.

Movement direction
of tool  Surface roughness was measured 3

«— times and average value was used
| as evaluation value.

Stylus type surface roughness tester

(a) Measuring position of surface roughness on machined CFRP surface.

2.0
18 | ‘\

6 L ¢BN1500
14 }
12}

Lo F Diamond coated end-mill /.

08 cBN600

apum

06

Surface roughness R

04 r ¢BN1000
02

OO 1 1 1 1 1

0 5 10 15 20 25 30
Mean particle diameter pm

(b) Measured result of surface roughness on machined side surface.

Fig. 5.11 Measured position and measured result of machined CFRP.
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(a) Relation between CFRP temperature and cutting speed in cBN electroplated end-mill.
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® cBN600 A cBN1000 mcBN1500 ¢ Diamond coated
%) 330 T
& ................ ‘ ........
}_LUL .... —_ ’ ........ _.__ _____
© 280 - o I -
B — -—
© -
g I
IS
f‘ézso -
g | A A
3 A :
E 180 D W iy
................................. ..
@
130 1 1 ' . .
0.005 0.01 0.015 0.02 0.025 0.03

Feed rate f mm/min

0.035

(b) Relation between CFRP temperature and feed rate in cBN electroplated end-mill.

Fig. 5.12 Measured result of CFRP temperature in face milling.
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Fig. 5.13 Comparison outcomes of new tool and worn tool.

cBN1500
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A / ..............................................
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A Diamond coated end-mill
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Mean particle size pm

Fig. 5.14 Measured result of CFRP temperature during side milling.
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Rotational speed: 50 min 025 | | i
Rotational direction: CCW 9 14 19 24 29
Radial depth of cut: 5 um/path Mean particle size pm
(a) Experimental method (b) Measured result

Fig. 5.15 Measuring method and result of friction coefficient on flank face.
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Fig. 5.16 Comparison of cBN and diamond versus CFRP temperature.
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POBIERBRIRT L 91, TN Fy OISR 5 £ TOTEEHOMRIIERE, Bk
LTV & b 28N TITo 72,

A

b W l
Thermography

camera

Workpiece
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Thermography camera

(a) Schematic illustration (b) Overview

Fig. 5.17 Experimental set-up of machining of Ti-alloy.
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Table 5.3 Machining condition for Ti-6Al-4V.

Tool cBN600, Dia.600
Cutting speed V 20, 40, 60 m/min
Feed rate f 0.02 mm/tooth
Radial depth of cut Rd 0.3 mm
Axial depth of cut Ad 5 mm (=Ti-alloy thickness)
120
=100

[00)
o
T

I
o
T

Resultant cutting force Fxy
D
o

N
o
T

0 UV TWPTT RN IVETD -Lu_iimmhmuudiﬁ&m&ln.h..

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Machining time sec.

(a) Raw data (Without low-pass filter)
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o

5 .}

O 1 1 1 1 1 1 1 1 1
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Machining time sec.
(b) With low-pass filter

Fig. 5 .18 An example of monitoring of abrasive wear by measurement of cutting force.
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V=60 m/min
(a) cBN600 (b) Dia.600
Fig. 5.19 Observation images of tool wear after machining of 70 mm.

V=60 m/min
(a) cBN600 (b) Dia.600
Fig. 5.20 Comparison of machined Ti-alloy.
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® cBN600-Chip

Max. chip temperature °C
S
o

100
A Dia600-Chip
0 . 1 1
0 20. 40 60
Cutting speed V m/min
(a) Thermography image (b) Measured result of maximum chip temperature

Fig. 5.21 Measured result of chip temperature in machining of Ti-alloy.
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T 5 L OB IIBIEELT 7 ) VR BEE A 2. ERRFIEIZK 5.17 OFEEEIE] T
HU, MIEHIEFERSADEBY THD.

Table 5.4 Machining condition for stack material.

Tool cBN600
Cutting speed V 20 m/min
Feed rate f 0.02 mm/tooth
Radial depth of cut Rd 0.3 mm
Axial depth of cut Ad 6.8 mm (=Stack material thickness)
Coolant Dry-air
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Ti-6Al-4V

\

Emissivity: 0.94 (CFRP)

Fig. 5.23 Thermography image of machining of stack material
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— )Ly R INYHIGA OB X OBEIEIN T2 2 s S A 2 K55 R ET
5728, TVEYMOSEHRAVIC LB/ E &2 8T 2 RO W TELRT 5.

QZZJ Incoming light (Parallel light)
== Reflected light

ai<ap

Magic-mirror

Fig. 6.1 Schematic illustration of magic-mirror.
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Thole. T TRETIE, BETIFEOILRLFEFEBRT L2012, R—rxzy
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Grindstone Mirror surface

(I) Casting (II') Polishing (IT) Completion
(a) Traditional fabrication method (Skilled craftsmen)

Mirror
surface

‘ Mirror
surface
D—
(1) Flat cutting (1) Magnetic polishing (II) Groove cutting
(b) Proposed fabrication method (CNC control)

Fig. 6.2 Comparison of magic-mirror manufacturing process.
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Light
source \ Screen

Incoming light \

Magic /\

mirror face

Reflected L
light

____________ . Workpiece
I
I

Fig. 6.3 Creation of Magic-mirror image.

6-3. EREELFLUVFEATE
6-3-1. MILEELLVFEHRAIE

N TAEE 21X 6.4() (2RI 3 Hilifl{El~ > =~ % % ROBODRILL a-T14 DSe (7
7y 78, CNC 7 V¥ N offe(Fo MERE) : 1 pm)a e, TR TAEY O F i EIH]
IZ TIAIN == — b 2 e iR AR — /L > R 3L (S 4mm, T HSE R — e85 2mm,
A2, RUNA 30 %2 Wiz, St EFIZX 6.4(b) DRESMFEE X1  NPS-06-¢10-R5
(FDK #, T HAENGA — /LR s mm) %, BT~ — A MZIEREME S Bk 1 (BRERRL 7,
SEEPRIPE © 100 um), WFEERL1-(7 /LX), SRR © 90.05 pm)ds K OVEEE(REPEAR),
FETEMEA B D MPL- CU3LABOD(FDK )2 =, SRS A O OIEEIHNC I 2 B H
WHAZ =7 = RIW(LEEZ 2mm, A2, UM 0 30°)% Hv 7o, (S22 Esk
1$fﬂf%1@éhé%/\7s>ﬂ\7s> AL CIX TAEMOMEICITE= %ﬁﬂ(czaoO)%fﬁu\
EAA30mMmM, JEE5mm oMk E Lz, & LEITHB T EAZHEEATCIC X v Tl H
T o, TEMIE XY T—7 0 EORA A 2ITH E TEAREICRD LD i:ﬁéézh
TW5.

90



Tool
holder

Magnetic
polishing
tool
Magnetic
polishing
paste

10 mm

(a) Machining center (b) Magnetic polishing tool
Fig. 6.4 Overview of machining center and magnetic polishing tool.
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(a) Artificial sunlight lighting, XC-100B
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(b) Gloss checker, 1G-410 (c) Stylus type surface roughness tester, E-35B

Fig. 6.5 Photographs of measuring equipment.
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Table 6.1 Ball end-milling conditions.

Rzmh pm 5 | 15 | 25
Rotational speed min! 6000

Depth of cut mm 0.3

Feed per rev mm/rev 0.2 0.346 0.447
Pick-feed mm 0.2 0.346 0.447
Total machining time min 19.5 20.6 -
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Feed per revolution /, mm

Surface roughness Rz um

Equal surface roughness curve:
AXb2+f’b2:(8R><RZTh)

Equal efficiency curve:
S=AXpXf b

s=12Rxa

s=8Rxa
s=4Rxa

\ |
J 8Rxa \/ 8Rx2a J 8Rx3a

Pick-feed in X direction AXp mm

Fig. 6.6 Relationship between surface roughness and efficiency.

14
12
—@— Rzp=5 um
[\
10 R
x ----A---"Rzm=15 pm
g K
| \\ — —M — -Rzm=25 um

Polishing time t min

Fig. 6.7 Relationship between Rz and t.
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Polishing time t min

Fig. 6.8 Relationship between Gr and t.
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® & X, p=5, q=5.8, B=0.375T M & ¥, p=5.2, q=6.5, B=0.25T ® & X, p=5.8, q=7.3, B=0.125
TOLE, p=78, q=9.4 L2 5.

2

-

2
z
P~ q

N

K 6.8 BLUOEHEEL B OLETOp, qiZ XV, MEX v v~ zm=04 mm OHE 21
%, WAL B=0 L R HWMRT 7 ¥ ORKEMFERIT1LE mm TH L Z e b o Te.
512, K610 BELORK6.7 05, WHEX v » 7 zm=04mm CTOEEESalT 19 720,
WHEEE )] P DFEFTARIIX 69 DL HIcEKTZ LN TE S,

P,(r) = 1.9(r — 11.5)? 6.9
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(a) Overview of magnetic brush (b) Distribution of magnetic flux density

Fig. 6.9 Distribution of magnetic flux density B.
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Fig. 6.10 Relationship between Fr and zm.

6-5-2. WIEMXIRE vDETILE

WFEEFRXERE v OFT BIZ DWW TR 5. AFEET 7 Ul C Iz 5 B finiEE) & JFUR
O 2B T DN ERET 2/ A G D T L LIZGEOR T 7 > OBEET L A2X 6.11 ITR
T 2T, MRT 7V ETEYEREOHEMEFANTOMEDORZ A Q & L, KM t=0
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WD 7T vl C(ZDWIHINIE % X=r1, Y=0)& 25 &, t BEIC T T 3 il i3 A s A3 E
ow, ANEFEE N TR COETTBETS. £/, & QIXZ OAMRESER X O H A ML we,
IR O HEREENC LY, RQ ETEEIT 5. Adk, HEAES) CIIREHEID 4 IE
Fifl, AEREE)CIEREREI Y FaEERmE Lz, 2o L&, SQICRIT D X flimon
B vx(D38 L VY #il 5 m oEEE w(t)iE 6.10 D L Y IR END. £T2, AWFFETIX, Sm=750
min?t, vp=5mm/min & U CHIEZITS 729, owlwr=0 & L, K6.10 D X, Y K7 z=aKT
% EWFEEFE SR v()i3 6.11 L 72 5. AEAEE owd L OHERAHE op XX 6.12 12 X
DEEBLNS.

Fiz, BEPR n IR T 7 2 L TERFREOHERE S EOLERIZBIT DR T 7 v
Hls & OEMBREREZ R L THWSEDT, K613 (RT T T UL b O r O LT
ITRCE, M612D XI5 HiE b,

v, (t) = wy 1 coswy t + (wy — wp)ry cos(wyt — wpt + )

6.10
v, (t) = wyr sinwy t + (wy — wp)7r; sin(wyt — wpt + )
v(r) = J{wwn? + (0w — 0p)?1,2 + 2{wyr (W — wp)r,} cos(wpt — )
2
= wp\/t)—‘:’rlz + (:—:; — 1) 5% + 2 {Z—'i’rl (::_:2 - 1) rz}cos(wpt —a)
X WprT2% = wply 6.11
= 60

Wy = Vp /607, 6.12
wp = (T X S,,)/30
v(r) = wpr, = 78.5r 6.13

Magnetic brush

Locus of orbital motion /
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Fig. 6.11 Transfer model of magnetic brush.
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800 r

600 v(r)=78.5r
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Distance from magnetic bruch center r mm

Fig. 6.12 Relationship between r and v.

6-5-3. Pmvt R DEH
6.9 35 L U 6.13 TH SALBHFEEIES) Pr(r) & BFESFIXEHEE V()12 £ 0, Pav(r)iZk 6.14
ISR T 7 S DR L D DR r 2B B E LTRSS,

P,v(r) = 147.8r3 — 3399r2 + 19549r 6.14

Tebb, X613 1737 L DI Pav EIZT 7 2 Hu(r=0) & 0 b LAMAICAB] T r=3.9 mm)
THR R A~

W TAEMZFET FI23B1T 5 Povt ODFICHOWTHRE L. TEWERE O 0 S T8
SAZAE AT TR OA Z R b O HHERR & L= B A TR DA 7 7 ¥ ONLE % X 6.14(a)
Y. =20 OE DR T 7 2L ONLE % 38 BRIIINLE X=x1, Y=y) &35 &, tBRIC
BER T 7 VO, M o THU O ZHbE T 58 rn OHBLE S A L& 5 C £ TBE)
T4, 22T, KA®X,Yo)& 7T HULLE B(xy, Y1) & O EGHRIRHE( LR AL 6 OB T )
AENI 6,15 TEEN, £/, EEM a 3616 TEINDZ D, Ft o2 kic e
LRV AIZBIT D Pov DIENZET D 2 ENDND.

r = /(1 cos(wt + a) — x0)? + (ry sin(wt + @) — y,)? 6.15
a = tan"1(yy/x0) 6.16

2T, RAIZBITD P OIEZRD D720, BT 7 VA A T 2 R 2RI
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BILRALETTIHLEOHEREr OFE rae 252D, WIENSR LIZBWT, X7 7
UL R E LB DR AXo, Yo) Z i $ D84 KO 2121%, ¥ 6.14(b)ITR”T L 9
2, MAZTLE L TERLOBRT 7Y & TIEMFEm L ORI 2485 < &, 8 r OWf
PENZIZBNTHAZHLET ¥R RO EERD G TWLEHSBA OGNS, ZDOH
MBI T 7 v OFLBET 256, A A ICBWTHSR T 7 VRE L TWDHT72D,
Z OIS DA E AR T 7 R R A O & LT 6.17 TRENDH. 22T, di
A, FUR O o EMEEEEZ R L TR, X618 L LTEEND. 7L, HAZPLLE
T 28 ro O B AN ZREZR B WG A (rtr<d)lE =0, A ZHLET5HE
DM D EE S A % 20T D56 (rr>d) 1 Ona=2n & T 5.

Omax = 2cos H{(r 2 + d? — %) /21, d} 6.17
d =4 xOZ + yoz 618

PLEICEDHBONT Onax 619 ITEATHZ EICL Y, WERHT 28 TE, Bk
Bl dt ~E 8L, 2TONEICBIT DA LT T U FiE O r OFHME rae 23K D
. ZhaXe14 TEMAT 2 &, EEORICEBIT D Pav OfEZ RO I, 20 P OfEIC
W77 MR T 28052 LIk o T, REORIZBIT S Povt DfizRHDH Z Ln
T 5.

T = O /@ 6.19

35

30
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15 r

P,v N/(mm - s)

10 r

O 1 1 1 1 1
0 2 4 6 8 10 12

Distance from magnetic brush center r mm

Fig. 6.13 Relationship between r and Pnv.
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AN Magnetic brush

Workpiece

Polishing path

(a) Transition of magnetic brush ambulation.

Magnetic brush Omax

Polishing path Workpiece

(b) Derivation of staying degree Gmax.
Fig. 6.14 Brush staying position at given point on workpiece.
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6-5-4. TLRMUER A DRTE

AR EEE(@Em=0.4mm OEE)YD 7 VA R UEBK 28T 5720, TAEMF LA

& T D AR OB S AT 2488 n 22 L S THAME 21TV, & nO%4a T
ODIﬁf% T EOWDBEEREERFFIZE>THELZ. 2L T, ZOMEEHEBERETCRLED
DuEX 6.4 OHEEM & L7z, Bl L7724 1o TO Povt O THIE & JIE L7-FEEM X0k
OIT VA NCEE K 2K 6.2 ITRT. RIS TIE, 6OV fEK=4.9X100% 7 1L &
NoEEE LTz, ZOWE LT VA MUEB K OEEMEZRGET 5720, WHEEOHEEM
L EBEOMER L O A X 6.15 ([T B EOHEEE & FEBRIE L ORZEITD TN TH
DT ENDIND. ZODLTIIIRRAE, AFES— A N NOBFERL SRR ER) 5 &
STEWEENBEICEELE G2 TWH DR EEZ LS.

Table 6.2 Average Prvt and Preston constant k.

Mm Pmvt N/m .
fimm (Measuredgvalue) (Estimated value) k%107 mg/(N>m)
2.5 9.299 1207688 7.7
5 7.943 1688214 4.7
7.5 10.985 2441011 4.5
10 7.738 2865904 2.7

16
Estimated value=MxP vt A

S L (k=49%109) P
e
% A
E sl ®
2 A
5 o @ Estimated value
£ 4L A Experiment value

0 1 1 1 1

0 2 4 6 8 10

Radius of circular polishing path r, mm

Fig. 6.15 Comparison between estimated value and experimental value.
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6-5-5. FEEILICHELREREE VD&RET

ATEE TICBW TR AR Povt 2541 & 7L A b Bk 28T 5 2 LI & 0 TR &
ZHNEREY 20 OREEEM Z2RDDZENTES. r=5, 10 mm OHFED M D% &R
o3AT & FEERC AR CRKIHEM La T - TIEMOM L #1X 6.16 (277, £L T, &
BRICAFEE NN T S 72 TARM O BEififb S 7205y & RSB RFEEER 7y & OBERIT IS 1T 2 b E &
%, FHRIC KV RO IR O D B A D Z & T, SEmbIC VB 722 F AR & 4 oK
Oz, ZORER, SHE LI EREETEE M 1T 15 pg/mm? Tho7-. WKIZ, REHHS &
WERS OMRE S 2 5. £, Rm=5umRz & 725 R—/Lx > K ILEIEIEMEIC L v TR
MONYEAIEAZIT 5. WIZ, n=bmm Th DSR2 %2 HWT, MLk BBV THE TR
LESES. 2LC, REMI EHBEE, MHERBEONEZIT-72%I2, [FEROBEM
T2TH. &%, LTORQRONC & W IIERS h OFHEE1TH.

h = Minass/ (Amir. X p) 6.20

Z 2T, Mmass I IHFBEE &, Amicl I8 ST AFBE IS, p ITHEMOBECTH 5. X 6.17 12,
R S LR S ORISR Z R T 6.17 LV, BEmEGICKLERFERS h1X 12 um TH
HZ LD, BN LEORAME SumRz 125 L, 3HEREOWI ZET 52 L THO7R
BEEBFOND Z ENghoT.

Outer of workpiece Outer of workpiece

(ng/mm?)
m50-60
m 40-50

30-40
m20-30
m10-20
m0-10

-15-10 -5 0 5 10 15 -15-10 -5 0 5 10 15

06 25 T8 g "|| Y
= - 10 mm

(@) ri=5mm (b) r1=10 mm

Fig. 6.16 Comparison of Distribution of M and results of polishing experiment.
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0.03 um Ra, 0.15 ym Rz
Gr=90 %

Surface roughness Rz um

0 3 6 9 12 15
Depth um
Fig. 6.17 Relationship between surface roughness and depth of polished surface.

BRI —AREITAEBRELIUVTDRERLEE

FRROFERERLID, EBCESEOAIRE R AT, ERFIEL6-5-1E TR LB Th
L. A=y RINVGENC L0 BRI EI1L 53 umRz TH Y, BEKAFESEX T AR
H52K Sm 28 750 mint, 259 B vm A3 5mm/min, WFEX v >~ 7 zm 28 04mm THDH. HFE S

AT THE O TR TOFEIHNZ B THFEE M 28 15 pug/mm? & 725 X 912, 5, 10mm D
MZzAagbtiz 2 EMBRASAATHSH. £ LT, SEHRERD S EBIROELIEIN T.(%
WHE X a:03, 05, 08, 1.0mm, Y1V iAZ&E : 0.5mm/path, 16V HE : 120 mm/min) %17
o7z, M 6.18@ICHFEIN LN Esiim 2 ~7. H—/Lbxr FIVEHNC X 2 UIHBED bR
Eangimib L, £, BEEm O OWUIHNCB W TAE LD AT A ML 2BHERIX
<] 6.18(C)IZ/ T &L 91T Atmax=3 um P-V (FERE X a=0.3 mm) TH Y, WIR CIXFRF#kTx 72
VY, EHORER T E 720 C2 e il O (Hii JEIREE Gr=90 %, 0.02 um Ra, 0.26 pm Rz) 7345
Sz, £7-, BEEE A7 UV — OB L 2 300mm & L TAZ U — NI R LTSS
%X 6.18 (D)9, HAEOEE 03mm & L TNMTL LHa, FERCHA DI TR
M OEATAROE PR TE D, £, ZOEEBOa L T A FO5H#IX 6.18 (d)ITR
T I E A Oa T A NEIXBE L E 40 WRETH L7280, G OWRME
ELTEHmEnad. 2L, PO LTEATaYy P T A MBRRELR->TWS, 2
EDO L - & BIRWEFTZ N T T 2B TER—#H IO EEINTNDZH, A7
A RITNRTDE 753‘%37‘:7‘:&5?&;6 7o, HHEOE X 05, 08, 1.0mm & LTHTL
TG, AR CHATEIDIC TR TE 22, HAMES 0.3mm & LTHLLESES
D &5 R ERRIIR OB iﬁéﬁ ICE RN, ZAUTIESIEIIN TR 2 5 & N okt L CE R
JEENKEL, BEEANCHDRBEEREECIEDLENRTE holzlzbtEZLN
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H. LIEAo T, B\HICH LT A 7 v MW R AR T 5 729120%, AEOEKMET T i%;
WHE X % 0.3mm BL NI LT iU Widianz Enbinoi. /)’t . BEBE% S DI | fesR
TELIdDay b7 A MNT=25%LL )& 15572 DI BB E At IZOWTEZD. X
6.18(e)l, EFEAt L2 NI A MTORKERT. ZOKED, 25 % o= FT X
NEBRLTOIE, BIETH Sum OBBENRLETHD Z LBNbnol.

a=0.5 mm
Magic-mirror
image (a=0.3 mm)

a=1.0 mm

a=0.8 mm

L uiAsLZ  10mm
FNODIIPL T

(a) Magic-mirror face

(b) Magic-mirror image

N

1 mm

5um1: S

At pm

| A-Asection |

.ﬁ:—/’—_—\;—

(c) Cross section profile of deformation on magic-mirror face

w
(@)

Contrast T %
= N N
ol o ()]

[E
o

0 1 1 1 1

0 1 2 3 4 5
Deformation value 47 ym

(d) Contrast of projected image
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Contrast T %

_30 1 1 1
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Horizontal position mm

(e) Relationship between deformation value and contrast

Fig. 6.18 Results of fabricated magic-mirror.

6-7. RATULRABEAD C2 EHERKDBIEEDIRE

RO 7 — A AL T 4 FERIZBWT, HMNBIROAI T 0t X Th H#EUIHITML L7z
Yit, X 618 T &2, MMBIRNES TIENFRE 72D E WS TZfENE T, 2
AU 6.2(0) 1Rk X 91T, =v RIAndFaICHEA RIS, ERGmICETRZ T, U
— 7 OEREIINDD AT A NANEAT D0 THS. LiEn-> T, KETIEMMSERD
mIE—EELTHI N LEEREFIELRET S, I 5IT, AIfTE TIEEHIT LT
~A 7 v WY AR OB AT - 7223, ARECI, MR X O T e X 0 Sk
DR #EHIR T D AT L A 54:(SUS304)5 B~ o 7 v U FEAR D AIFL 2 G 7 5 .

6-7-1. MhBIKR—TEILED-ODITEEEFE

ARFZEZ T DU ITIE(IXN 6.19Q@))ITTED T — 7 ~DAT A M IR|RKERD,
DHDFEFF A ~O LEAEERRFIZIZA T A MJIFEO T/hanweEx bhd. Zhtky,
AR S 7z MR OB S (BEERBRICKBIT 232 F T A MDA —L 72D, LEd-> T,
MTAFDOAT AN EHERFT 5 2 ENARETH HIK 6.190) 12" & 5 R THERTLEEZ R
FT 5., FHTFIECBT 2 TEOEERKIILUTO LB TH5D.

Q) EFHLTRYINTO X DI RIC Zo £ TEAT 5.

() XZZFEM28hAERL, MIMGIHIT 5.

(3) ZO DATEIZHEEIL, (ITxIFRZHEIEIHIZ4T 5.

4) EFLTRIMVNTEITY EEHIT, 1R LA 72y b 5.

VLED X S ICARFETIIFEICTEIZE A T L TWA 720, IMLHo T Z ks FasikE
FFEsnsZ&T, MYBIROEEEZGI#ET L2 ENARETH 5.
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Straight end-mill 0.5
e —
|_
Workpiece 3
. g0
e p— T o
e = ©
""""" e, 03
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Position of projected line mm

(a) Past groove cutting method

|

i

1

;J N I Driling | I Curved cutting
Y m fr 4
D e IV Changing Zo = Il Curved cutting
I i __J

(b) Novel groove cutting method

Fig. 6.19 Comparison of past method and novel method.

6-7-2. ¥4V OMMBIKOEREFRETIL

6-7-1 H TR _72 L B0, MTHORZA NP EZHIEL, UV—27 OEAH t OE X %3
BT HZ LT8R LOEREEZGIHT LN THD EBbD. £ 2 CTRIF
FETIEMBROMITEE 2 5. ZOHREOETVKITX 620 DL STk, BE&ES Tr &
PREIOHERHOES t OB TRrEn, X621 & LTERSIND.

o(r,P,t) :M(RZ —r2_2r2In Ej

3 6.21
47kt r

ZIT2RITEORE, rlddET O ORE PIIXr OMEICKITHAT A M), EIXV
— 7 OREMERRE, v TR T Y U ABITIE 03) TH D, K621 AT HZ LT, BE
LIEEREIBLIOHLNUDHELIZAT A NPk LT-#EAR t 2622 & LT
KT ZLENTES.

2
t(r,P)zs\/M(Rz—rz—Zrzlngj 6.22

4nES
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Fig. 6.20 Model diagram of bending of disk.

6-7-3. RS RAMHDPDAIE

AHHIERIE TN T R 2 DIER D 72012, LGS AT A N DEETHLEND
5. F 2, Ke19b)D TR T & LRI, MDD 2 /8% —2DAT7 A NOMENRLETHD.
AEITIEITEA =IO TEI X a JICiREINT — X 2RI TE&HEERE L. £0
MM EER63ITRT. e, ATAMNOWEZv =0T ZDXY T—7 0 EIC
FxiE L7- 3 pk oy UIHIE) /15 9257B (¢ 2 7 —) & H\ -,

XU 1 (T HE)SHEOMTTHD TRETDAT A N P, DRERKREEZRT. HA
ot OFBEICHND AT A N AOMEIFK 6.21@) R T & 1S, LR D AT A kO
ERWHZEE LI DEDXIICLTEEDHED AT A N ORERFZM 6.21(b)IC
RT. ZORRICEY, R62BICRTERREBLZLNTES.

P, = 18.1 x E,%* 6.23

WIZFE 2 (X, 2)EETH D TR, MO AT A N P HIEICHOWTIRNS . AfFT
MO FINEERT 5720, TEORESLT v B I 2EIHL, ¥ a7 S0k
EHWE. F£72, FEMEIEIZ1T 9 729012, KX 6.22 ZHWTHEFLOSOLE r 2T 5
WEDRE S (70 b TEO Z HmOESHE) 2RO 2T IUTR B 2008, 2 2 TIEFERR
\ZE &6 % 3um, A7 ARJPe% 8N, EES%Z3mm & L7z, DL EOSEMFTHE L
AT A N IORPEFERZIK 6.22 12T ARNZEWT, —mEHRITIEETOE S 0B b,
ERRN TR &, B TRIIZRT. TRIEMTRAT R N HOBIZRNZ ERDbN5.

Table 6.3 Groove cutting conditions with straight end-mill.

Type of machining Drilling 1 | Curved cutting II, III
Workpiece SUS304
Thickness t mm 5
Tool Two flute straight end-mill
Diameter D mm 2
Rotational speed S min 4500
Feed speed Fz, Fxz mm/min 0.1,051,2 70
Depth of cut mm/path - 0.2
Interval distance mm - 0.2
Axial depth of cut a, wm/pitch - 5-10
Smallest thickness Az mm 0.2
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Thrust force Pz N

Thrust force Pz N

25
P Drilling time -

20 1
15 H, N
10 H

5 a

Average thrust force Pz: 15.6 N
O 1 1 1 1 1
0 100 200 300 400 500 600
Machining time sec.
(a) Measured profile of Pz in the drilling. (Fz=0.5 mm/min)

30

O 1 1 1

0 0.5 1 15 2
Feed speed Fz mm/min

(b) Relationship between Pz and Fz in drilling.

Fig. 6.21 Measurement of thrust force in drilling.
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14 0.28
12 0.27
0.26 ¢
10 IS
% 0.25 3
o D
8 <
3 . S
s . 1024 E
5 6 . =
fu— N =
IE N . 4 0.23 I5
4 —— Thrust force II N, 2
N 1022F
- === Thrust forceIll N,
2 4oz
— - = Shape of bottom face N
0 Moo
0 0.5 1 1.5 2 2.5 3

Groove length from center R mm

Fig. 6.22 Measured result of thrust force Py, in curved cutting.

6-7-4. <4~ oMM DEIEEER

ATE £ CTORERZ LT AT L A5 4:(SUS304) ~D~ A 7 b MR D AIFIEER 21T 5 .

X UHIZAR =Ly RIS K D FEAIRIEE 6.4 17T 3 2OFKRMTIT, 6-6 Hidr
— A AL T 4 EBREFREOHAE 5, 10 mm @ 2 BEHIRR S A, T E 55 Sm 1% 750 min,
£V HEE vm (X5 mm/min, AFEEX v v 7 zm 1% 0.4 mm TSN L2417 - 72, WA
DN & Rk S Rz & REDEIRE Gr OERZ X 6.23 1T~ T. ARG, SUS304 D5
BB 2 YEERIAFEEIEIC K D Rz & Gr Of/IMEIX 0.2 um Rz, 60% ThHh 5 = ENHnDd
F72, Rzg=lpm & Spm & TIHMMLEERIZ 252 EOENRH H Z 03000, iR —/L
TV RIVINTEFERIn=lum DL D THDHZ Enbnol-. 612, 61 Lk~5Z
& T, SUS304 3E =wdi & bl U TRESWFEEMEREDY 16 S TIR 925 Z & vbnoTe.
WIZ~A 7 a MR ORI Z1T 5. THAERGIEIZK 6.19 OUERGIEL FHFIEE %
FAWTHm L7z, ITEFIZERES D LBV ThDH. i, HORIIZ6mm THY, Hill
TETNT T 2BORELFREIL 3um THDH. FHETIETIE, FUUVNTTHL TR 2
HHIMGIHITH D TR, MU B DO AT A OB 2/ < Ui, M
AR AR — L2 DAl REMEN DD, L~ TC, K 6.22 OFERL Y, TREI, Mok
DAZARNNITINTHD72D, TRIDATA N ZTINICTERL, RUVINTH
DT EEYHETA 6.23 L0 013 mm/min & L7z, ZAHDOFKMETMI LEZY—7 O
OB R % [ 6.24(@) T . 1EKIE, FHlTFIEL ICERIC L2 ERTRBD bR,
WA EBTRBR 2 X 0 57206 RIE OB E4 2 X 6.24(0)12, FHRTIEOREE X 6.24(c) iR
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T RERIEIT 6-6 D —ARX T ¢ ERFERRICEEBLO—IHDO a2y N T A MRRKRENT LR
s, ZO—JT, FHFIETIIKEHFAOTL T A NR—ETHY, BETFIEOH
PERDND. ZOBEGENHOLROTEET M EAEHF RO T A REK 625 8LOX
6.26 (ZR"Y. FESFMO AL T A MIKREBLEO A L B, CHrmmalfs L7z, fikL7zs
BOIERIETEmM R T2 b7 A2 MUK DAL =272 > TWD Z R0 505, #r
MPETETRATOWBE T2 b7 2 MIUZFERETH D, L LR, KEhmoay
FZARTHE, BRI Ta P T A MBREEL TS, ZHUT R AVIITL(ERE )25 M
MMEIHI(CAR I, MYV EDLLED AT A NOZELIZE 26D THY, TREOE &
MOTINCREL poTe LB, ZNEMFET 272012, MIIR & it dnk < )
Edr CHIE LR RZ M 6.27 IR T. ZORENS, FREOE &S msmHl & H~T 0.1
um KEWZ Endbooiz. LLEORERELY, fERELE M THHRFENE SO —7r~ A
7 a MR 2RI 2 DICHTH D Z E PR TE N, TO—FTLEEETHmO
I BRZBEDO AT A N N —HSELEEMEREO DN M T, bz Miho & s
Wb XSS D BEHERBOEN TSI OWT LR TE 7.

Table 6.4 Calculated Cutting conditions of ball end-milling for SUS304.

Rz pm 1 | 5 | 10
Tool Ball end-mill (TiAIN coated carbide)
Rotational speed min 7,500

Feed speed mm/min 0.089 0.2 0.283
Pick-feed mm 0.089 0.2 0.283
Depth of cut mm 0.2

Total machining time min 60 | 126 | 243
Coolant Dry air

Table 6.5 Groove cutting conditions for SUS304.

. Novel method

Cutting Method Past method Drilling [ Curved cutting
Rotational speed min! 4500
Feed speed mm/min 70 0.13 70
Interval distance mm - - 0.2
Depth of cut mm/path 0.2 - -
Axial depth of cut mm/step - - 5-10
Smallest thickness mm 0.2
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Surface roughness pm Rz

Surface glossiness Gr %

14

12

10

70

60

50

40

30

20

10

!

\ Rzmv=10 um

—@— Rzm=1 pm
:| Rzm=5 um - & - Rzm=5 pm
I
_||| —- Rzm=10 pm
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Magnetic polishing time min
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(a) Relationship between polishing time and surface roughness
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(b) Relationship between polishing time and surface glossiness

Fig. 6.23 Results of magnetic polishing experiment.
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(b) Projected image by past method
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- Ball end-milled surface
0.57 um Ra, 4.8um Rz
Gr=13%

Magnetic polished surface

0.03 um Ra, 0.22 pm Rz
10 mm

D Cr-64%

(a) Magic-mirror surface
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Fig. 6.24 Photographs and projected image of machined workpiece.
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Fig. 6.25 Comparison of cross section profile in vertical direction.
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(a) Spherical lens (b) Aspherical lens
Fig. 7.1 Comparison of spherical lens and aspherical lens.
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(a) 3-axis controlled method (b) 4-axis controlled method
Fig. 7.2 Comparison of 3-axis method and 4-axis method.
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Fig. 7.3 Model diagram of proposed 4-axis controlled method.
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Approximate radius: 5 mm Table 7.1 Parameter of aspherical shape.
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Fig. 7.4 Image of:desired shape. Material Brass
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Table 7.2 Magnetic polishing conditions.

Rotational speed of tool St 1,500 min!

Feed speed 5 mm/min

Pick feed in Y direction 0.2 mm

Rotational speed of workpiece Sw 135-1080 degree/min
Polishing gap zm 0.3 mm
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(a) Overview of 5-axis machining center. (c) Shape measurement tester.

Fig. 7.5 Photographs of experimental equipment.
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J/VLI Shape measurement tester |

Shape measurement tester

Fig. 7.6 Schematic illustration of shape measurement on machining center.

1-4. REHEREIUVEER

4 AL AT IS CIN L L 72 IR BRI TR O B2 mg 2 [ 7.7 1R, 3 Mkl AT
BEETINL LY — 7 SAMBLUIRER Ch > T2 1o DA T 5. TRIRAIK LR TH 2R —/L—
VR IVEIBNG K B TR E SN, SCEBRST 2 BROSIHEAELN TS Z L atb

122



w1

M5, Fio, WHERTEEZOREM S OlE AKX 7.8 1ZRT. A—xr K ILEIHI% O
KM Z1EL 8.3 um Rz THH DT LT, WFEZ ORI Z1E 0.36 um Rz &K 96%E S
TS, ERAIRRE ORI ST — 7 ikt U CIERFR E 7o > T b 01, BIHIFIC
VDOV IREINAE LT THDHEEZOLND. RERICHW -~ = 7 2138 B
THY, e~y =2 T2 Z EA_TEM, 77— 7 NV EORIPEMER 7= OIEE 2 &
RFT LK RolzbD OIS, L LaERD, ZOX D RREMED/NT DX HARIEET
MTF 52 L THRETEDZ ENboo7=. 3 HhHIEGFEEE & 4 dlb ERFEE TN L7-3F
BRI AR O IR MR DO i A X 7.9 1T T, Z O REAZEIFRIT AR — L= K ILEIH|
BOWRNEDREETH Y, BEHERN D OFRETIIRW I LA FERE I NV, AEROE
KRR IS —FEERT O Cd 5728, TRIRRRENIEDY &, MEENKRE <, ADLE
T RIS W E WS 5. 3 EFENIETE Ti, BIREEAEIL 53 umP-V TH Y, U—
7 HLESCOMB RN R E , SNETIIHHBEN NS W ERbnd. LR T, RER
WIFBE CIEIMHEE BN IS E NI K& KAFE L, FRXBEE OB NI WE W2 D, 2DO—F T,
4 TGRS A I, TRIREEZEIX 2.8 um P-V &, 3 HIBEIRFEE L & H~CRIRS E O B ITK
AT%IHI SN TWD. Fio, U= L DAEMTE TRREEDO N T DX /SN &
WoD. LIZRn->T, RETIRE L TEOBEMEEZ —E L 45 4 S EEL, JFE
AR & OTCIRFEZ DT A A Ml 2 B ENELE L LTHENTH L Z Lhbholz

Fig. 7.7 Observation images of polished workpiece with 4-axis controlled method.
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(a) Surface roughness profile before polishing.
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(b) Surface roughness after polishing (Polishing time: 20 sec.)
Fig. 7.8 Comparison of surface roughness with 4-axis controlled method.
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Fig. 7.9 Comparison of form deviation profile.
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