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REFEIRD E Vs lENEE STV D 2.

IO RMEE R T 5720, CFRP A~ TR 2 F7e 13 <
MHEB I b T\, BATIE 1983 FEOEAR S PN X UM T+ 5
LONRENTHD. £/, 1983 4D A. Koplev H DV &IT Lo, 1986 FFD4k: 5
M0 X5 C 2 RTTYIHING X BHFFEA T4 CFRP A OFEE AL & Ul NIk AN B
FIETHHIME~ DL D, FARMZRGIHNMRIEDI & 2N S vz,

T RIWZED NY I 7ML 28R T, ZRm& A YT R
(PCD: Poly crystalline Diamond) LENH R Th 5 Z & 3HENL S A7, ZRIE D /337
LM O &I, TRNBROZ Y RIARHR LR LN, RERALANE
FAV 7= CFRP M UITHIEEH T RSB S5 72 EOM T HIE%EICBET 2R 083 D &
Nz, LovL, $REIE~ORBIZBET 28RS R WEIRTH 5 D72,

—J5 T, 1990 4EfRICA Y CERP # D2 FLICBIT D22 Pk ctrbin T &
2. ZOHR TR RN OMIZ, U A E 2T L THOMO 7
PALH B MEIT SO KU VR0, THEICHEER 72 R gL 4 f 1.9 5 %% CFRP #4 %¢
FLEAO T AR Sh-. 2o, TR U I3EIM 2 E LOIEI 217
5 RJE I IR B BN E YA £ 72 1 IR B DI V0D, Tlhod [ inkiE & RIRHC T
A RV & AR S EEIHI 21T 5~ U VI TR ik "Y1 0%k 2 7
J71EC CFRP MK 9 DN T EDREE, fest S, FEfEm oFBERHIe, T
N TR O s B LD ED BTz,

1.3.2 CFRP M DOMIF5E

CFRP M3 28 LWL HiEE LT, ek beRMEFE 0N i H i
TWD U —H Yz MINLESR CO, 20D N A % iz L ——(LASER) I LiEA
HEHZBROR TS, ZNHDOMMIEE, 774 AMETITOILTWZ R I IR
FHEONMTITSHTE, Ho@mm M IRT 22 X )TN ED LTV 5.
L L7 s, HEOBAa 2 ML, MLAFERFIRICHIFIN G D & - - EN
bbb, UA—F Ty NNTIETIEEICKEEMH LR T T 77V b e, &
ORI 2 & EEREMIT DI TMLEITH) 7T 7Ly 7V vy MRS,
TR DR EGS L O EEZIH C&, EEORNGBBRBROMINTES Lo
RN DD, L, MLERHIAKSERIUC K DM EBEESEC, RIEDEWEE
WX LTI T L2 5AHRE & EmICERN TEA LTEERBEENMET T2 & v
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ST H 5. LASER M LIEZBWTH HRBIROM LN TE % &9 FlAN
HHN, WREBENEEIM O EFmIZBE LTIy +—& 2= > MLk L RO
MENEESND. £7-, BIRDO LASER B —AZWHIMEFRICRHNT 5720, #
I D IR FEHERS L OREAE A Th DRI N B 2 2 B % % T B b9 25 Lo =R
N, BUEZNSORBEZIT 5 72DI12% < OBFFERHED LIV TV D ODNELR
T})é 105)—138).

RO XS FIART+—F V= b, LASER MM LEDATRY I
BATO HiEE LTHAYEY N @R tRICES LIcESs LEAMEHL, KA
THIEN 24T 9 X 91 T4 5 FiEbIRES LT g B0,

ZDXHIZ, CFRP MITxF L CTEEA RN L HENRESINTEY, L= A Ml
WA HIE L THFENED 5T DA, BEOMTa A & AR v 7z
NEOKFEEAT > TV DHFFEIT D 7=, INT HEORELEZ X 5 2 & IXBURA
HCThD, Fiz, MLKHICA U HEBRATEEIC X D00 L% OMERESIZET S
e S 7200,

TR 2O TWAINT LS LT, CFRP M & BFEEMEHEIC TI B4 AlS
&) BERADERFICEILIN T 21T 5 FENMTbR TV W9 = 6 DifFFED
HEUlX, ROMEREEOM ETHSD. MLZEHEM B TIX CFRP M OfF#EC Ti A4,
Al BEB% L OFFFEIC T 7 A LRI 55 TG SN DT80, 7 7 AT HOR%E
AN T T DB, ROMERE O 2 X5 72 DI B R 2 B A b (A4
v )V LTHRAEN TN W = k524 o 7 ZHINTIZBWT G, EH)
A5 L0 < FHEHMER BRI D RS, THE A — 7 —HESEIEI S B 54
BHZR L CTHILT 25 B8, ENENOMEIOIN TR HIZE DY THRENZD D0
ECTATANNZEM LUHIEGEZERECE2HEHOFAEELHET R ES
< DBFZENHED SN TNWBBIRTH % 149199,

1.3.3 CFRP M OBRE~DHE

IR, BB COIRME L, (L RBHEHOMEN K E S ER STV 5S.
N—A  THEORRERER —A > 7 787 TIE, BID L 5 ITHEKRB EEOK 50%IC
CFRP A SN TEY, HEROBEIKRBIOT) E RS OB 20%, 71
THA 7 VERTHH SN D T LIRFEOHIRED 7% RE STV, EIRER
He, fdgnfdd, fEH, VYA 70, BEE, RECEET LI 7 A 70T AR
> F(LCA: Life Cycle Assessment) D@L B 1L, TERM LV, CFRP A ITEREEIC
RILWHEEEDN TS, ZORRRBLEN D b RFEBHEOTTEIIS B R E <HE
RKTHHDEBZLNTEY, MEFHELSLHBHEEZIGDSL S OFEESIT
TR 2RI A OIERP SN TS, L LARNS, FBEIROZDIZITY YA
7 NA~DEY I DNMSERAIR & 725 T 5 DA,

TERTIE, CF B 0% < IRBEI ORI IR LA M ThIL TV =23, EU f54 159
2k, REHHE, EAMEHZBWTEH, DN TORHIREINS FHICH D, 2011
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FRBUETIEL, EMICARELEINDENTHDH. SR%ITIRFBKE - HEHEHREE

DFFEOREH & 3L, TV E T S 3T & 7o iiZEi% O FEFE(End of life product) D1
MR FIAEND. ;@J: D7D, BN AL U s R TR BB AL
BT D VYA 7 L~ OBEREE - TN D EEZ BN .

VYA I NDlEE LTRESNTWD FIEL, FEERME, 29E, BER
AL, BERFRIKIESEH DY, OV YA T IVIENEFEHENL S 000 8 HBUIR
T p PIID Yy o 7 L ERT- CERP M B ERY H S 7= R EMHEGER) DR
EHbi/ha <, FrioaEAMEE LTiE, BArT¥EBMERIAE % H\ T CFRTP (Carbon
Fiber Reinforced Thermoplastics) & L’Cﬁfﬁﬁ“éjﬂf%’ a7 U—hreUH A0
SN RFIHEAZBLA L, @ HMELE L THWD 2 Eiix 72 FIEDHESL S LT
% 1O Y g g L e S LR HEIEITCAE U281 0 < T oA A BT ED
HENATND.

72, UIHIKEO CFRP UV < T ORBUCLET HFEN —EH TRESNTE Y, K
L7280 < FIFIHIRRE OB L€ 10 fFOBMEIC/RY, TORBHE L LTI
FR(T ARA MNTELT 28D THLEVWI G L H L. F0d, (FEEH~D
Y E DM, EAEER OBERR, LA OB m~O 4 ¥ L OHERE R O
VBN DD, 20T, R I TRBLFOMIEIZAET 2890 308t D
BRI B TR R R LA BRMEARA R THDL E V2D .



1.4 AHFFEDO BHY

ATEE CIZEE L2 £ 918, 54 CFRP M OFHBE XS EL —E&THDH. O
T, ZRALINLER 2 RoCUIEI T OHAIMEIZ B3 258 DWW T TIZFEMITAT O T
W3, =2 R I E AW W DI T OREEIME O FEMIZ DU TIEBFER R 23 72
Wy RICER L.

B2 EIZB VT, IREMHEOBLM H A RE L=y FI WX % CFRP M3 L
T hy MEBIOF Ty MEEZ O THREIEIC OWTINLERZITV, £0
IHI A J1 = X BTV TEEIC R 5.

HI3EIZBWTL, FH2EOMREARE 2, CFRP M LEE HomBesR2m
T&AT5 729, TEBRSTEMEED T RGBS L O EiFmiEiRicEk JF 28I
DOWTEBRIIZFHET 5.

ZIM T TIE, TEBIROFRMESCHH 02 LA E 2 BT 2 k2 2 7T
TIERBE DM L D0 %, TEFEMOUGEERR LTINS, L LR s, HiE
EERT O ZJRWFREZE M 2 R DS LRG58 5 5729, WA ZRFIHNREETH
b, AN —F—DOBEEBLERARTHD E VS EBEFENEESIND.

ZITHEAEIIBOTCL, WHO T 74 ZABEIZT T RTRER T X v T A R 4
A TDOAE Y RVZBZ LT-. BI% L2 A By RV EHEEE 2 AR E R O F
Z TR L, BRI s R | 2 s AR s X OV Al & o 7o B A 5
2 HHETH D MY R TIE, =2 RI AT THO NI - 72 T EM L
WRIZOWTEE L5 2T, BA% Lo EdEE OMREFEAT 217V, CFRP M%7 5%
W~ BB A I T SRBRIC & v FHI9 5.

1.3.3 HHICEIR L7218 v, JT4F CFRP M OFEED & £ 2 T LR O ok Bk
Mom b, BTV YA TNV EFEECSTEHEICERNEET > TS, ZH DR
A S R TH D, CFRP M 2N T U724 U280 < TR EXS
RIZOWTIIZEDHEA TWRWEIRTH D, Z OB L /ARREIZX LT 10 £%
PIEICIEELIRET DL 0HELH D720, TNHLDUENRE THIHEEZLND.

T TH S EICBWTIE, ZILERRFCEY < F2EILL, KE~ORBE K/NR
I2&ED D T LA ARER TR I JUMRRERLEE 4 B %S L7z 179178, FIREIZVAICHS <
FEM AT FiEZ AW TAREBESEHA O TREZ#G L, MEE TEET Va2 AW TA
EEBRZITOVER TEOFEMEZRGE L7212, BA% LR E ORI 21T\,
Gl < F ORISR E2RERDOERE T & el UEREREE~F JIE 25 LU CFRP
M R4 DRI~ D B & 3§ 5.
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Table 1-1 Mechanical properties of various steels ©

2000

i Density Young's modulus  Tensile strength
Material 5
(g/cm’) (GPa) (MPa)
Mild steel 7.8 210 300
Structural steel 7.8 210 450
Chrome-molybdenum steel 7.8 210 1000
Aluminum 2.7 70 150
Aluminum alloy
; 2.73 70 280
(2017 : Duralumin)
Aluminum alloy
. 7.77 73 450
(2024 : Super duralumin)
Aluminum alloy
. 2.8 75 500
(7075 : Extra-super duralumin)
Polyethylene 0.9 0.3 10
Polyester resin 1.3 2 40
Epoxy resin 1.3 50
Glass 2.2 75 50
Wood 0.5 10 100
Glass fiber 2.5 75 2500
Carbon fiber 1.7 230 3000
Aramid fiber (Kevlar) 1.4 130 2800
Unidirectional glass fiber
. . 2 40 1200
reinforced epoxy resin
Unidirectional carbon fiber
1.7 140 1500

reinforced epoxy resin
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Table 1-2 Mechanical properties of unidirectional composite materials"

CFRP GFRP ArFRP
Sec. Carbon fiber Aramid fibre
E glass fiber
(HT standard) (Para type)
Density g/em’ 15.5 2.07 1.38
0° Tensile strength MPa 1700 1100 1400
Tensile elasticity GPa 140 40 80
Poisson's ratio - 0.29 0.3 0.3
90° Tensile strength MPa 50 35 28
Tensile elasticity GPa 10 9 6
0° Compressive strength MPa 1600 600 280
Compressive elastic modulus GPa 130 40 77
90° Compressive strength MPa 220 140 140
Compressive elastic modulus GPa 15 9 6
In-plane shear strength MPa 90 60 45
In-plane shear modulus GPa 5.6 3.5 2.1
0° Interlaminar shear strength MPa 120 80 70

Fig.1-5 Stress-strain diagram of composite materials and metal materials®
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EHROTHDLZ LD, RERICEKE TH D & B Uiz, REBRCHEM L7z It
IR Y —F 75 7 ¢ #EE(NEC Avio Infrared Technologies Co., Ltd.) % Fig.2-7 (2,
fEEk% Table2-4 (7. B —E7 T 7 4 AL, MG TN THOTREEN
UEEOIRE 2 RET D, £ 5 L UIHIERE ORIEICEE U CidmBhiill EdE@E & LTk
AR R R B ) E 2 1 2 B CEVER sof & R IREHINE 217 WO HIDE IS R 23 iy
EEMERLTWND. T8, MEEMTOBRIEZITY, MEELZHTWD. 2, W
EERCOMIERIEL, BVE 2 URE S ORmEE 2 E L%,
R VIIRE LI BUHRE G CRIER SR O X miE 27 E L, BVEXTORIERE &
R EEFFOEA R U272 2 F THOHRE G O BSR40 L OEE Lil#H Ol
FEFFOENF T2 72 D & 5 I SR O IEE A 4572

OIS D 2 WE T 58, THEIFHNOHESNDERE2 T 7 CHIE S+,
T—Aua IR FET L. REBRTHEMALET 7 % Fig2-8 17 L, fhkk%
Table2-5 |Z/R 9. F£72, FEEkICHEH LT —# v —% Fig2-9 IR L, ZDOftkE%E
Table2-6 (/"7
MI%@ﬁ%ﬁ@ﬁifﬁﬁéME_ﬁﬁbt%ﬂﬁ%ﬁﬁéﬂ*“%ngm

, H#E% Table2-7 177, REFIPERICLY, BHFFEHE Ra & EIlTFEE)
*ﬂ é DN KAE & 725 Rmax ZHIET 5.

224 FEBFHE

EBRTIE, RUNADORLDLIFEEO A b L— Mo RI &2 HV, REME
BB 51 D 7 D 3 FRFHD CFRP A IZxf L b U 2 > 7 &47\, GIHIHERL ), YIHTE
B, A BTmtER A RET S, REBEHERLS DT & TR CAABNEEIMEICES ZIX
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FEZOWTEHMIE T 5. BIEISA X, BIAIEEE 70 m/min, 15V X 250 mm/min
TYIVIAAE3Imm O 1 KHEL Uiz, INTHICVER T 2 UIEIHEET ) & BIEIN TR
DREIXF Ty MEBIOT v 7y MED 2FEEIZTTH . 72 THEEEREA~
DL EE LYIHIEREE 70 mm &35, UHEERSUOREIZE, OTHF—
A3 N T BE G2 ) 3 I OAfiE(Fx, Fy, F2)ZHlET 5. Fig2-11 IZ%
Br ORI &R, UIHIEE OWIE 1T Ar-Cr BANEXT &, RIS R RS I i 2
Z O LN TIRE OZBL A FECTHN D, £, BVENIREHEEZEmD 572012
MM R CUIHIEREEZ 5 %09 2IRECTEET H. T O, BE s T A
GIH LB HARREIC A D K D TEE AL o 72, Fig.2-12 [ZEVE 6B L OURSMR
RO R e E ONERREZ R~ T, BRI T — 44— LTI o
Z A 0.1 B CEIHHREL ) & UIHNREE 2 [RIRFICFoek L 7%, fifry 7 &AL
INT 24T O . AL BT PR B OBIE X Fig.2-13 (SR kRIS, GIHIT A% LB A
(272 D 0510 3 TR AL, A, KR TlEFE i S HESR 2 A OIE 21T 9 .
7B, YIEIFEBREEN, MEROFEBMEEZER LEASM 3 H0Y KL TIT).

GIHI G R OE W% Fig.2-14 123, —RRMZ I T3 2546, Uy hO
GBI OBA R Z TR0 BN Z T E 0 < FHEHMER R W\, (E EiFms R
T s, —hH7 vy 7Ty METIE, EEDRDRM ETD LW I2RERH 5703,
UHABBFZNEDW O DAL DA RBHENEWEE ST RE b HDH. ZO L5 R
SEFAEEEITECH D720, —HICELEEZ ST ERHLWEIRTHD V.

23 ERER

AREBRMERIL, XU by MEET v 7 by METOM EFmMER, 4 BT &,
OIHHRET ), SIHNEEE, T HERE, B0 < FBRZHE LI-EELIAICHAT 5. S
5T, BT TR ) D CFRP M OUHIFHEDZE LR 21T o> T R AT 5.

231 FoUrdy MEICXDBER

2.3.1.1 fEEFmEER

Z0 7y MEIC K 29I O BT O T % Fig2-15 1277, T ORER,
RUNA 0 EOLE, REOZF SSLbNEE TR ETEHEHFD Z LN TE
2. X, RUAAPENTD, GIH A ORER T T3 U TR Rk 2 F=E (2
TSR TWDEDEEZLND.

AL IF 30 2T, RBIHERC 2N 90 FE & 45 FE- 45 FE DA EKIEIT 7 /8T
LAEE . A UNA 45 EOGEIEFRBREEICT ASIHLREE, UM 30 K
EHART ANSEENEE HEHN S o Tz

THAUNAB LY, REMHEAOENNZLY, 7N HEORB R 5 R
IZEH LEEE A SEM TEIZ L=, R UNA 30 EDOLE % Fig2-16 12, Alh
45 EDOYA % Fig2-17 123, Ui 30 DA O 7 SN0 HOES % JIE
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L7=& 2 A, RAFMMEBLA 90 FEOLATE, KEH 58 0.15 mm 225 0.2 mm DL
ECTEX TR, REMHERCR 45 - 45 EOLAIIR 0.2 mm OALE LV T I
HFRAEL Tz, AU 45 FETIX, RBHERLT 90 FE DG EITIZ T AL HiT
FKE) 51024 mm OALED Gl X, RFEREMERLN 45 F£- 45 FE DA H590.24 mm
LV THPBEETEY, 2 FAEEMOSE, —JEODEA0.24 mm/ply) T 7o
B IR FEHEHE D IR BREHERL )N E DD 7 ) TV T OBERNEEL TWDL LD LE
ZHND. TOZENLRBMHERIIZE Y ZF RN ORAELFINELL, Al
NANKEL D ETHTAIHLIIREND, WEHFHTEVERNE ZA, Fick
ENLHE—BEOT ) L ORI THRAT S LRI T,
ZNHOFKE LT, Fig.2-18 TR BN HNIEMD B L 72 UIHIRE DR %
aviEh LEGHELIY, CFRP MOUIHEIZIT - 785G, SIVHA & #ealb 238l
% & RIRFIZHEAIM CTd D CFRP M AT D IRBMHMEL ~ N U 7 2D 5 2
EMEZLND. ZIUTLXY, XU Ay METIIEY ERY THEIOYRAZR S
ORI NEL 720, HOINRFBHHEFR OB E PR T L AR REEC 725
LD LEZ LD, CFRP MITHEHES A9 2 1IN TV D 03, JEH G
DOFEFEITIRFMHEE ~ Y 7 A OREHOREIZKEIKFELTND. D0,
REHEHEE ~ N 7 ZAOBEEAITHLBIEOBEAMIPEETHL. HlxIE, —
X972 CERP D J& 8 AWHRER) 100 MPa & % 2 72812, — A7 R % U4t
AR DB IRIREE 135 80 MPa Th Y, =ARF URHEDHIMEVME L 725729, GIH|
2 DOEML TR LC9 < 72 5. D72, B AU E A E A M Y, CFRP
MEMIRETHZEICL-T, BREICER(NT 2 N—R7 T v 7))k LUIHIA
EATT A AREME N E WV E B Z 5D Y. Fig2-19 IS T4 U= @RIk o kg
FZ T, Fig2-19 (R T X 918, FRCRFBMAMEORFF /13590 & S D KIG RS
DS B O T CREHEENHEZR T, 2ok i, UHIFFOESR - RED
TNEHIZK Y, JEHERBENFE SN, REMELE~ N 7 A0 mEIC~v A 7=
I PENECTEEEZONS. £, UIHIRICHHRIIS NG D BB A I X
D, ZHODRMBINE~ER L TW5 & THETE % 305,

2.3.1.2 A BT S EERS R

B O & & 'IICAT O 2O BT O RO B EE L S Ra ORIE
EATo 7z HLEORIEITOIEIT Mk LE A2 5 051 3 23T Ttz ook X 5t
EROVHIEEITo7-2. R % Fig2-20 (2~ 9. 77 70 AB,CIZZnEn o4t
MERLTEY 0, 90 B, 45FE-45EDIETHDH. T ORGSR, REMHERL M A
B Sl KT REN K E <, YIRSk U CEAICES] L7 90 FED
e 3 B OMEM OF TR b HOFREEM E Ra /NS o7c. IRWT 0
BB/ NS <, 45 - 45 BRSIA ie b i B SR REL< o7, ZHUI TR
BRI T2 Z <RI CEmA RN, £72, RUNAPESTEATH
PR FEMEAERC A 0 JE DALRARS A & ERFRFAERL M) 90 FE DALEAES B TILHIME /R 221X
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RO LRI, L L, RBMGHMERL R AS 45 FE- 45 B O, C TiZaha Uivf
NREL D IZ ot EFm#H SN EL L Tiho 7z,

ZORIAE LT, 45 FE-45 EEY O C DA, REDE TEAD X H 72
IRBIBHEDIR TR FEL TWDLZENEEL TWVWDLEEZEXLND. ZOUL 45
EHHTHEESNTWAEORIEE -, FMCMAmBREZBET -0, £
T B CERFBMHMERL R 45 BE- 45 FEOHEM C 12k LUIEI 21T o 7o ot BT o
SEM % Fig.2-21 [IZRLNA 0 ED TEE S 1 27~ L, Fig2-22 (2R LA 30 D
THFES2%ZRL, Fig2-23 ICRUNMA4SEOTEES 3 2Ry, ZORE,
FHBHEDOK T IC KD EBEAOERN T ELRUNMA TR L TWD Z ENgnoTz.
T/, AR LS R THRNEE TRV, TR, —RERY 70
DiE Y BE(AREERTIL— Y720 DiE Y &S 0.056 mm/tooth 72D T—[FHZY 7= ) D
EVET0.112mm/irev) E A —E L TWD. LaxLans, REANCKRITAAT
TWSZ & RITBAECTWADEN OmEIEN A —72 /2007 LE 0112 mm & —
BT L7gu.

WAZ, TR FBHEHERL DS 45 JE- 45 JEOMEA C TR UNANRKEZ R DIZO1
B IS BNE L T o RRZFHET 2720, 3 FEOMEEM T3 LT,
K K IV THIRI AT > 72 % oW h# 2 Fig.2-24 [IZR LA 0 o TEES
1 Z7~rL, Fig2-25ZhCthnf 30 EOTHF S 2 2/~ L, Fig2-26 (2 Ui 45
FEDTHEG 3 Znd . £ T HE & GITRFEMHEAL A 0 B J7m & 90 BEJ7 M Tk
ENRZ = DINERDRE SITEWVTIS 20, IRAERE CTHDH T ENTND.
LV FEMIC SEM TR ZBILET 5 & IRKRMHMERL 25 0 BEEJ7 M & 90 EEJTm o I
FHEHOEWHAETH Y Fig2-27 IZRAUNA 0 ED T HEE 1, Fig.2-28 IZa i
30 FED T HF 2, Fig2-29 ICRUNALAS EOTERSZI ML LR TEND K
N TEHR UG < RFBHERLN 0 EEOLE1E, 910 < F23HME & ki
DORENATE, HERE L TWAZ ENRD. T LI-—5od v < 8 T AY)
NHIZESTHUEL SN Z ERBRTH DL EEZX DD, Fiz, KFEWHED
HAME BT HICEEICER L TEBY, TASR TS E WD Ko, R
RN LE 0 S FTRHEWMONT-LIICRZD. T ORBHHED LA K DM
ML E T — N E SN2 b D EF 2 5. —JF, REMAHEELR 90 & CTlImRFE
HHEDO W 2ME B & 72 D &, MIMMEIXR LN oTz. Ll 45 B, -45 %
FmOGE, A EFm EICABREIN TS Z Rl THY, —EDMET
=2 &8z TW5., ZofhfEUEIEEEREDED L, REMHEOK T E
TTCWVWAHMETE—27 202, KITPELC TWRWVLETIE, BN/ —
272D 2 EDERTE . £, ZOELD XD RIRFEBHMEOK T ORSITITLE
DRENAICHLTH20um 75 40 um THo72. LorL, HERTHHH G
DAKA T ADI RN 2 um THHZD, TN FOEREZRET D Z LN
NEETHDLZENTRHRIND Z LD, REMUEOHEITITNE LIEMBRL IS
ICRWATREMEMN B 2 bND. F7o, FBICKVEARDEI R GE LKL D
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ANH DD, ZORFEERIZOWTIIRHATSH 52, IRFFEHEOTKITIZ OV T,
IRFREAE &~ N U 7 ADREORENRE)— T &R0, YIHIRHZA U 2 B A
H(T £%>%ﬁ@%iﬁﬁﬁﬂ%%bfwé&%ﬁLTV\.:@EI&LT
AIECTHBR L O, F Uy METIE, 810 B30 R THEHT ﬂ#é
UHAA T DIEINELS 70D, T ORGSR, HrHIIC %@ﬁ@&%ﬁ,fﬁb%
IR T LT, REBHEOTAMWNRE L 25, AT, EVITL- TN

NETH O IINERT 5728, Gl R &Ml L T2 IRFBRHEDO — T #hiF 5
[~ DR % 55 %féﬁﬂW%#é ENEBEZOND. ZOMEHICLY, RFEWH
HEMBLEAANLE LD TEIOEB CHEAM SN D, BUHNREIC /25 Z & AR
5 DOHA(1991) PO HHEZRTE D S O T, WEHIAF A3 GERP Tdh - 7273,
CFRP [ZBEW T L LR Abin b E&Ex bivb.

ZDOZ NG, —EEEFIZ—FHNYIY LD BRI R EHGHE DO AW T
#@D%LtAﬁ@%% HNE MG < B THNPIEE SO TRk SR Ofil
Wzl & CWARBEEMEREWE S 2 5.

2.3.1.3 GIHEEGUABIERE R

RFEREHERL ) & TER UNAOEWD, L EFEMERICE XIETRECZONT
BIHHREL ) 2 0E LRl 21T - 785 B % Fig.2-30 \ZRd. 77 ZIoR7 i, #l
ELTYHEIEI I CTH D, 80550 () Fx, %43 71:Fy, EESJ1:Fz O 3
PDHENENDORKEE 70y F Lz, £72, Fig2-31 K TERNCE S TTOE
ﬁ%%mbtﬁ%%ﬁ# ZOFER, IRFBIEHERL MY 0 EOBAIC T ER LA
WM OHT 07 Fy DO RELS D Z EHA L2, Z Ui R 5 iR 4 kil
IZXF L TEAICEVIADTCD EEZX 6D, IRBEMBHERL 45 [, -45 DL
X TN R BHES TS SN BTN S 1 b5, GIHHEH 3o 2 ff
B O— g O & AR 2RI oo o, RUNADKE &,
R SEREHEBEL A3 & 250 43 ) Fx ICHIMEZRZZRITRO b ey, 612, &5
71 Fy 1220 T, RUNADOKE IR0, RIFMHERMIZBEIfR 7 < P72 22503
RO LR, ZHULT R TOMGEM ClRl— DO RFBHEEZFEHA L T D Z ENE
BLIZEEBZOND. O OUIHIRGU) TR ERME B AR ORI < B E2 5
FBEEZLND. FEESY ) Fz TIE, A UAANENT S &2 OPUnFsEmL
7. T8, RUNAITIEES ) FZ ICRESEELEES ) Fz M EN45 2
ETRBOZF LB RHEZ, LPLEBNOFEWVLE T AR EEZb0 L
ZEZHID. FD, LTEBRIIRBO I ANIHITRKREIEELTWDL EEZ
SiLn. F£72, Fig2-32 [ TENENOAE NER-HAIL, LEBRICmST
OIHHRHU SR 7R 22 B DFE D B AL 7R\ N T2 @Mﬁ#ﬁ VR FEASAERL M 23 K
SLHELTWDHENZD., ZNHDZ kﬁ% RUNAN 0 EDLAIX Fz D)
IZE R ECIE T X, SBICED DI FX E I Fy I Th, RLIAD
B DT MR ZRNBD NN X 7 D v MEZE W CFRP # O
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MY IUZIMLETIE, RUNAOEDENZYA TOARL—MIz I VA
BDEHTHDLENZD.

2.3.1.4 TEEE#E

ARERTIE, TEHEBEREOREZR/NRICHZ, CFRP M O#FHIME %24 512
Wiy THEREOBZ B TX D LOBEEZITo7-. LHREROREL BT
BT ENTE DR E MR, TERTHOBERIREZBIZ L. 3% Fig.2-32
AT Z ORGSR, UIHIEEREDS 70 mm & B2, RFBEHRHERL N 0 BE DA A
TRLNAOEDOT Y RINVTIMLEITS 255 O/ 20 um i b REVME L 72
STz, R T EFMOYIMHEYE & XL DEREENAH 03 mm THDHZ L 525
B L7=%A, ARlIOURITCAE U BEREIX /15 FU ETH Y, RERTII T HEE
FEORBIFNEETEIb0OEE25. REOTAERTHERLOK %
Fig.2-33 IZR UM 0 EDO T EFEE 1 %, Fig.2-34 (24 Uivf 30 D T EE S 2,
Fig2-35 IR UMM 45 EO T HEF S 3 2-d. ZNOORERLY, KT mEREE
IR TNSWNWZ ERRTEND. £z, FRmICH 2 DT T 8ERE O
HIJE Tdh 0 RFEBROEEFE & IR 2.

TORER LY, TEKFHEEBEEICOWTERESITH &, TERKTHEERIC
BWTH REMHERL M OEENRKEINEWNWZ D, £72, B KREL AR5 LT
A AR I/ N S < DN H D0, RENAICLHEEEHT 50 TY)
R & WREIM OBERREF A E S 2252, R UNDOAEEIZ L Y ULARE O AR A5y
BINHZENEELTNDEBEXDLND. £72, RULILA 0 EDOGAITTRE
BEAREOVMEETFmEERBICZ SSEBARE 220, 0720 T BRI R &
B EICAE CDIRBHHEDOTI VIR L, Wb D 73N H & OBRITME D T/
SWNWEFZRD.

2.3.1.5 YIHNEEERIERS R

BIHIEHT) ORIE & RIRFICEIHRREE ORIE Z 1TV, EEIME~ DR EIZ- OV TRE
i %47 > 7=k R % Fig.2-36 [Z/nT. 77 ZI3HIE LIkl E 2R 2 OREE,
1R SEREHERL ) 90 JE DS OIHIEE MK < oo 70, & HIZ, YIHRREE O IxY)
HIHL I O T H 5371 Fy Om L [EEETH 0 BIHHREL ) A3 @ & BIEHEREE
L IRDEWVD ZERHMEIC R o T2. 2D, YIHHREIZUEIKEL I OR T
ROREREE 72> 7) Fy OEBEZZ T L0 ZERPEIZR>T-. 12
ChADEWERLE, RUALA O ETUHIRENRbEWELIICR A DM, bl
HIHEHT I RIER ISR 72 22 BT L e v o 72

X BT, IR R 2 i COHINREE 2 € L 72k R % Fig.2-37 12”7
MITEIHEE N E N> T2 UNA 0 EOT )y I V&2V, REMHER M 0 o
A A Z I L LB OfERE 7T, 2O TIE, BESHETHIE LA
IF OGIHREE 1T 100°C THLHDIZR L, KFHFR IR0 < ORI
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130°C Z# 2 CWDZ ENRnolz., SLIZKFATO 2 [T HRE LY <
TOHRLEEERSTWND I NSNS, LiL, INLEOYEmEOIEE X
80°C 7° 5 100°C Th o 7=. E DO HEM L UIHI LE~DOBOEE /NS <, bl
DTN E S EIRICR D Z DRI T

5k A OGA, U0 < FTARKKFICT < Wil EE28) 0 < FRWN DL T8I
EWEIR B L OG0 < R TCTEEEEN A UBEEBEN AT S, T L RIERHIE AN
WCEEY MBS A CYIENEEN ERH LI B2 65N 5. —J7, il B & il
C TIE, YHAAERIFFIZEIY < F° & 72 D IRBHEHEDS I L TN D70, BBl
(2D BN U 2 SR BRRHE DI & & HICKRKTICBD I &b 720, Bl

FREBFOBIEREEE I BT A, THERSFmE D B4 C 5 BEERD 2035
BLTWLIHDEEZILND.

23.1.6 1V < THFHIEIZL LITTEE

REFHEE I L O T AT, (B m MRt ogiEet ), YIMNEE ~D
WNH D ZENHMEIC -T2, FZT, ZNHOMEIMERTI < FIcBXIFTE
BIZOWTRHMZ L=, 3 FEOMEMICx LT, £ RI LV TUHIZIT-o 72
BIZEN L7890 < 9°%, Fig2-38 2l oED T EE S 1 Z2~L, Fig2-39
IZRUNA 30 EO T HEFS 2 2/R- L, Fig2-40 [ZRUNA 45 EOTEHEZS 3 %
R RBEMEHERL A 0 B O A D5 AL, B CeBMEZOIEI L5612
IWEOGIY < T, &5 DERICL D EfERITARG ) < ITho7z. L
22 L7223 DU Ot B ok I3 E MR 0 < T2 P9 556 &R
L7t D THoT= .

1R SERRHERL [7) 90 B D AEEAAS B Tl Fig.2-39(b)=° Fig.2-40(b) D X 5 (ZHIAN VR
W2 5855 H DD, Fig2-39b)NI T L 5 ICEMHER OG0 < F2EAE L.
AR IS RRHERL A1 L2k LR EATICOI N A DT T 2 72D ERIC LV~ R U 7
ADEML THIENEL, ~ Y 7 ZAOWED /T DOXIZ LY BIEOHOREMCIX
732 < IR FBHEHE &[RRI STV D ABEMER B 2 b b 728, BRI <
TOFEAELTLEZEZDND. Fz, RHEROUIY S FRAECDHKE LTI,
~ N REGOHRTEHNERL, v~ N 7 AN E LS AETICEXA
TR I L7221, SIS K0 BRSEMEMESS 231 AU W S v 7z mlREME A |
EEZOLND. DD, YD T LR EHHEORE SIIRK THUARET
HH3mmU T Th5. £7-, M B O X 5T RKOEY < FTidl, fit
A A D XD R E IR OFEHERWTRIG) » < 32 AR LG AU A3 s <
20, A ETHESSENRBIICRD EBEXLNEN, TOWY Tidhhro7z?,
R FERAERC A 45, - 45 EOHGERM C OB, MARROEI < FTho7e by
< TORITIRFBHHMERLR 90 EEOLGA L HARIFRENL ZNLL LD L ONIE
TEL, BFHER OB 0 < 970, MM 0 < F°0 X 5 ik~ ik ThH - 7-.
ZOH T b RFICBEEICAEH M & R L7z b D1 Fig.2-38(o) o LEES 1 OFE ¥
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ATDT RINVTIMLLESRETHoT-. Tk, b C 2345, 45 ED
2 MM THEZENERTIHDEEZLNDLN, thoRkthAazETS
T RITIE, 3 B ouln < PR EIBI L. alivad 0 EDGE,
BI3A I D TR BT 7205 o SRARAE O R FEIRHMERL 7] & PATICE R HET D 52 5
o7, ~ b 7 AL RFEMHEOM CTRBFBES AT, -45 EERLW O R R kE
DD B S AL, 45 FERLW O IRFBREGHEDSL L RV e Sz b DB X b b.
IRFERAEEL T OEVNZ L HE 0 < FTORRIZOVWTE, ERoOMEEMICA T 5
HD KD IRRBIBHEDR T PNAECTZBICER LT-NEE S L ICHEE LZ. LvL,
NUNAEETLIHAE, U0 THRIRPBHONZELRDN, Atz HT5
Z LT, UNAHRKREOMEAEN LY B LA mIc s bz, BN
WOy FINEIZR LD TERERE L T D AREMENRE 2 54, Fig.2-38(c)
THLNTHLOEIY < T8, EHBIZL D XA THE S Fig.2-39(c)X° Fig.2-40(c)
D LD BREBHEROG) Y < F LRV SN ARBELE X 6N S.

23.1.7 FU Ay MEZXDBROKRIE

INOLORROBLRIY, XU by MEIC KD REMHEN & THRUNA
DEFEVNE I THEIC OV TRIE L 7.

BTy METYRAZRHCAE U HEEBATEICK Y, fh EFE A 2 & e
U0 < T80 F LI ARIRIZZ2 v EH SN A AN R o iz, 2zl tinf
OYERN 532 Z & CUIRIIC R AT 2 UIHHRBLI O EE Sy )] Fz BREL 72
Dt BT mEREIZTANNONRELTZEBLXOND. Lirh, AR KREL R
HTETONNNIHLOENEL Y, BETHMENELS 25D, Fiz, 45 ER\O
WA B BICERD X D RIRFBEHEOIRITI N AL S, 512, ZOF AT
B TS RERICI DERHBEN R E TWAD Z DR TE .

TEIROEANZ L D UIHHRBLIGEY 4371 Fy, 45371 F2)SoUIHIREE OE X
IR 72 22 5LI3ER O IV o 723, IRFBIHERL N B2 D355 F O ZEITE L.
F7z, G0 < It EFmiRicB RIETRET NSV ENZ S, T < FIER
DMERRS B O X 5 IZHA7 R IZ 72 54, YIHHERL B X OWIHINERE 23 MK &
AR NN G
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232 Tolhy MEZXIHER

2.3.2.1  fE ETFmEmeER

Ty Ay MEIZ X DUEI% O BT OREF % Fig2-41 [T, ZOFER,
HNL o727 LR E 7200, TERUNA 45 EO T EFRE 3 2 H LIKHE
WRAERL I Y 45 FE-45 FE O C ORI AT o T2 H & Th o7, L L, &R
(2T SN DFAEN DI, X vy b & RFBHFHERL M B L O T AR
BB LIETEEN N SWE WL D, £, Ty 7 hy METIETHERL
AUANZH DT R BREHERC M 0 JE O A 21T L7234, Fig2-42 IR TERIC
SHNAT, EEFBESEITT 2 T RTmARIE SNz, ZORKE LT,
R FAEAMERC T & T HE D BN AT THDLZ EWCMA, Ty 7 hy METIE
Fig.2-43% (278 4R 1 B SEREHERL (70126 USEAT IS0 NS HEF T 5 7= O Ak ME R 12
BUVIAHRT V. BIN AR EIVIAATER, Fig2-44 (R UIHIF QR EEO X
2, YIS T mzEd < W ETF 2 X IO AN LETT A0, &
FREHE & AR DOV~ B U 7 2 TERDAEL, BRIFBESET L2 O
EEZLND. M A 2T L% ol EiFiE %2 SEM 882 L7k R 2 "7,
Fig.2-45 \C T H¥% % 1, Fig2-46 |[C LEX5 2, Fig2-47 IZTEXK S 3 ZxR_d. Z
DR LY, 3 FHET X TOLETH LT Lo RFEMHED AL O H 23 R T
T, 20, EHEERICL VA ETE ELE0 S FRFHEmWMSNDL L) 7
ECUIHIA ST L= Z LT 2 5. Z o B OB+ 13 Fig.2-27), Fig.2-28(a),
Fig2-29@)IlR L7 X U By hOSGAELEEHILTEBY, XUy hOBED
10 BB DB D < F & R DM I DR TS A, RFEHED LA
MBEHLEbDOEEZEZOND. £, REMHEOBR TSN AL BT Rk
SNFED S FREIEL TR, ZHUIF T Iy FOLATHELLZED,
HAWRFZH AR E 2o 72010 <3788, I NI L » THE EFEMANCH LE S Sh
TEbDEZEZTWD. ZORBEWHED NS L TO BRI HONTEE S OB
s NCH D LIt TS HER SN ZEICER VRSN~ R 7 AT
HHBIEDOFREME D FICE 2 bILD.

T Ty NETIE T NSLE DI Ten, XUy MEDBIZ T S H
WP Th o o i5b B LM C oRJ@fHi%, SEM THIE LIofiR%E, L
B&F 2 % Fig2-48 (I~ L, THES 3 % Fig.2-49 IZ-7 9. Fig.2-48 (T3 K 912,
UM 30 EOLGEIIRBEIZT S HIFAE Uo7, M B 0G4
5 C OGA S BRIt BT m 25 o ivic. (5 B TIXERE s ok i
PH CIRBRRHEDORIBEN A Uz, Lo L, 50 C TIERE OHBEILRD b7 h
STetz®, ZOFRKMITITERQAUNATIERL, REMHA AN KE EEL TV
HEZEZXBND. —F, Fig2-49 [T R UM 45 EO T EEK S 3 Oipa, ik
B TIXERE ORI 72 S P R SEAHE DO FIBED A U T 2 23 Hei iy B 4F 71 |
FH 245 A7z, Fig.2-49(b) 2T 7 S b WE Ul iilbs ¢ ofE, REafs

-36.



TN LNHERTEDLN, TORELTCHWDIESIIZ T H Y FOFE LR
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DEKRLTWDEEFZD. 7Ty 7y METIERERBEO R E W BT s
YA, 910 B BEOREEREN/INS V. —J5, XU by METIIULA AR
DFREFREIIREZ VDR, BREREO/NE L2580 ER 0 RIE ET w57
DI INNEENEL R EPER L TNDEBEZLND.

2322 fEETEHEIBIERR

B mEIRAE % E BRI T 5 72, A B O R R S
Ra DHIE %17 - 7=k R % Fig.2-50 (IR d. Z OfER, 3 MEO T HATCTREH
HEBL ) 90 FE DM, B O BT ML S DM b/ NS o 7o, Al T i A R R fHE
DOEAWI & 72 5856120%, A EFEHIDNNEL 2D 2 LW -T2, F
7o, AL B RICRBREDO AL, 10 S FTOME LT~ MU 7 ZDOEHALA
H EFEICERE L WM A TiZ L pum i TH Y, BEICH D & BIF7R
BT EAE LN TV DMMOFER L EARFFRETH DL Z Enffo7-. 4 C
IZBL T, TEBRIZEFRS 1 yum LN TH O ¥ U By MEOEE & X
IRt BT AESS Z ENTE e, 3 M C TR ETEASE O
TEJRK E UTC, AL BT HEICEASD L D IRIRBMHEDTK T 3D I2ino7- 2 L ZT
Hivd. ZOHEE C Off: RIFEAZFEHIC SEM #8152 L7k R4~ 7. Fig.2-51
IZ T EF S 1, Fig2-52 I THEE 2, Fig2-53 [C TE%EH 3 #/~9. Fig.2-51 |
AR EFEHES RaD 1l ym 2B 2720 ENA 0 EDO T HEE | CIIFFEDET
LD XD IR RBHHE ORI DGR TE T, XUy METORER L g L7z
BE, RUNAOEDTEFRS 1 I L ML B I &8 XL Ot B i okk+
DEBIERERE DICHEREZERPBO N1, A EHET L4545,
Fig.2-52 TR 94 UALfd 30 FED T RS 2 CTl, REHHED B Lo 72317 1 3R
TE PR EFRZEONTZ. L L, Fig2-53 IR TRUNMA 45 EOTH
F530%E, HEFHBERGITIRGTH LD, RELHET, hitehrobnd
REDELTZ., Zhix, TEFS3IZMEH LAY U Iy NMETUHIZITo 1256
ERBEDBENECTWE LD LEEZHND.

3 FEEOMEM K LT, £ RINVTUHIZIT- 2%, Wiz e~
7 AN LT R ZRT. Fig2-54 IZLEZEK S 1, Fig2-55 IZLE¥5 2, Fig.2-56
[ TH®ES 3 Z/R"7. Fig2-54 L0, 5 A BXOMEEM B Tl v o v b
DH & T H R ZRITFRO b T, B Lo 5 b ik S RO
M Tohole. M ClIZOWTHEEROBM R H Y, 7 v 7y METRA LA
0 ED T EES 1 TUIHIZIT - 7256 CHih LT _EORE OJE TIRFMHEDO K
TBEL, ZOWRSNF T Ty MEDEE L RERIZK 20 pm Toh o 7. Fig.2-56
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FERB IO Fig2-26 IR TH T By MEICK DRER L i LT Pk 22523

By, M Cc 2R D L, ERd Fig2-55(c)DFER & [RIEET, BT m
FIZORY PR TE. 2050V DORIT 1S umBETHY, Eikoi@ b g
g2t B mESEon-b oL E 25, LrL, TEES 3 CHEM C 2
TL7GARBIRFBHEOREB LRI SNIBERAELT. ZhbDZ 2 LD,
£ B Ra 2V/NESWSEE THRBEIGE CTRENEL D Z EHMRIZR - 7.
D=, Iﬁﬁﬁﬁﬁhfﬁﬁémﬁifﬁ%@iméw F7-, GIHIG WA
B LSBTV T Y, B EH S Ra 13— 0E R %2 R & M 72 2R

@%h@mottw B NI R BAEHERC R O RN K E WV &9 2 L3
Mo 7.

2.3.2.3  HIHHEH A RIERS R

RFEREHERL ) & T ER UNAOENS, L EFEMERICE JIETREIZONT
BIHIRE) 2 JE LRI 21T - 7265 R & Fig.2-57 12" 77 7R EE, Ml
ELTYHIEI I THh D, K050 () Fx, %43 71:Fy, EESJ1:Fz O 3
DHENENDOERKEE 70y b L=, £72, Fig2-58 28 LEINZE D TTOE
NERHE UEREZ/RT. Fig2-57 X0, 2EMICAHD OGN & TR
ORI NS NENWR D, Fo1ERDE, EVST) Fx WRELS ol D
FCYy, RFBHEHERCR 90 FEOMEM B TR EVMEIC 2> 72, U8l AN
JRSEREHERL [V L CEAICYI D ATe 2 LB IO, T HED J51a08 R SRR b
ICH L TEATHLZENRRELSEELTWVDILDOLEZLND. KREMHERLM
0 FEDREEAM A OSBRI M OB LR R L, 3 FEO LR TOHIET)
ZRTHED 371 Fx L8071 Fy 83 % X9 iR o7, ZORKE L
T, Fig2-43 IZbaRL2X o1, UHIFIZERIT K D ERIFBEDNE L7, #
U7 IR ekl & A B & @F'EJTIE DEeE L, G10 < T OENIL T R SR FHE D
KAOTHEFEANZ TERAH LA TONEZZ ERRERL T EEXLND. £
D=, WEREOAET — X TIE IO ERSHRT 2B G 8E Uiz, &5 ) Fy
(ZDWTIE, YUNAZRFIT W L 7o REEIEMEO I Y < F 2 HrH T I ER 4 2 18
jﬂz%ﬁ&bét&b EVSHEX EHA_XSTTOENNEhoT-b D EEZX NS,
WEY S Fz 1%, RUNARKELIRDE, TOHEHLREL AR, ¥Urhy b
EOGE ERBEOEAN R ONTZ. LrL, BEO T SSLHEORET DI Tz.
3 FFEO THBNCHE L= OIHIRST ) 26 )1 TR LTSRS Fig2-58 75 7
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2.3.24 T EEE#E

AREERTIE, THEFEOEE A i/ NRIZI A, CFRP M O#FEIM %2 54 5 12
Wiy THEREORBZEH TX D L IHIBEEITo7. LHEROZEZ BT
52 ENTEXDDMERE IR, BRREAZBIZ L. R%E Fig2-59 127, =
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XA T H A O B HE & SN D EREIR K 03 mm ThdH I & A BE LTI
A, AEIOUEITAE CT-ERERIZ 115 EU ETH Y, RERTITLEEEORE
X, XU iy MEOBE LRERICHABH TE 20 EEZIHNDS.

FEERO T HaR T HEBEFEOREF % Fig2-60 IR UHA 0 EOTERKS 1 %,
Fig.2-61 IZR UvA 30 £ T E%& 5 2, Fig.2-62 LA 45 O TEFEE 3 2T,
INHOFER LY, P BRI NS WZ ERRTHERND. £/, Fim
(2 L% DRk L T HAUER: OAFHIIE Cd D RFEBROEEFE & 13RAFR 1 2.

ZOfER LY TERITEEREEICOWTEREZITY &, Ty 7y METIE,
BIHIRTT D A im0 o 7o fl3lb B OS5I TREEREN KR E S RAMHMICH 528, it
A ABLIOGEM C LT 4 um DN TH Y, IRFBIHERC A X D58
IhENWEEBZHND.

2.3.2.5 HIHRREERIERER

GIHIERET ) OMIE & RIRF I GTAINEREE OIE 24T WEREIME ~ D R8I DU CREAT
BT TERER % Fig2-63 12R7. 77 7IXE L@l g 2R3, ZOfE, 3
IO TR TTHRNREIX 70°C 225 90°C O Th - 7o fadbhilic Az s &
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UHNRE AR L, ZOMREY, UIANEE ZRFMMERS n & CIHIERET) o 2
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VEALTIDYI PRSI ERESNT. £, Ty Iy FETIRREMMER
M 90 FE DR B OGEITHIHERBTALL] U < FRER SN, ¥ Uy ME
& R FMHEBLA A F U T HUIEIT N R 5 Z L TO0 < T ORRICEBET
52 EDRHIEIC R o7z, T C TR DTN < 37 & kBRI
STWRIETHEERY, XUy MEOSGE EZBITA N2, ZD
FERL G < FRRME ETERAS I XIET BNtz b, F s,
G0 < FORHEREI 22 258 TOHIRGT ) 23| <, 810 < 2 i AR
(272 B3 X BIHNREE MK < 72 A2 L H 7.

23.2.7 T Ty MEICE BABROKTE

INBDORROBLELY, 7 v 7y MEIZK D REMMER R & TERQUNA
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TR LB ARIC /2 D BRI S BB i b iz. IRFRHERL A ) & 3
L BT ED 7 S HIFRE I WV RIS, R UNA 30 EOSHE TRIFTH - 7.
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S77.

2.3.3 CFRP A D] A B =X A
CFRP M OUIHITE LD EBED 7 S B DRAEA N = A L EERZE{T-o1=. YIH
oz KT 2 EIEHEH S O BIER % Fig.2-67”12" 9. Fig.2-67(a)icia Uil
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Cutting direction a

(a): Material A (b): Material B (c): Material C

Fig. 2-1 Relationship between carbon fiber orientation and cutting direction (Top view of

material surface)

Table 2-1 Mechanical properties of CFRP materials

Material type A B C
Carbon fiber orientation 0° 90° 45°,-45°
Number of ply 17 (0.24/ply)
Thickness 4 (mm)
Tensile modulus of unidirectional fiber 235 (GPa)
Resin type Thermosetting
(Curing temperature of resin) (130°C)

Tool No.1 (0°) Tool No.2 (30°) Tool No.3 (45°)

Fig. 2-2 Cutting tools
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Fig. 2-3 Milling machine

Table 2-2 Specification of milling machine

Control axis XY.Z

0.001[mm]

Least input increment 0.0001[mm]

0.001[deg]

0.001[mm]

Minimum travel range 0.0001[mm]

0.001[deg]

Pulse coder

Position detection Resolver

Inductosyn scale

X 6000 [mm/min]

Feed rate Y 6000 [mm/min]
Z 2000 [mm/min]
Table dimensions 950%520
(Work dimensions) (800x410)
Spindle speed 60~4000 [rpm]
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Fig. 2-4 AST-ZM type tool strain gauge dynamometer

Table 2-3 Specification of AST-ZM type Tool strain gauge dynamometer

Measurement points

One point (multi-channel available)

Response speed 100Hz
Bridge resistance 60~1000Q2
Output Impedance 10Q
Gauge factor 2.00 Constant
0.2V(RL5kQ)
Sensibility (10x10 strain)
3mA(RL30Q)
OUTPUT V 45V +5mA
Output
OUTPUT I £5V,+£30m
1,2,5,10,20,50, 100
Sensitivity adjuster x100ue,OFF

Precision £0.5%

Power

AC 90~110V 6VA

DC 10.5~15V 0.35A

Dimensions and weight

49Wx142H*264D mm

1.5kg
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Insulating tube
Ar e

Cr

Fig. 2-5 Ar-Cr thermocouple

Fig. 2-6 Test materials with thermocouple
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Fig. 2-7 Thermography (NEC Avio Infrared Technologies Co., Ltd.)
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Table 2-4 Specification of thermography (NEC Avio Infrared Technologies Co., Ltd.)

- 40°C~500°C
Range 1 - 20°C~60°C
Temperature measuring range Range 2 - 40°C~120°C
Range 3 0°C~500°C
Range 4 (OP) 200°C~2000°C
o . Range 1 Under 0.06°C at 30°C(30Hz)
Minimum detection
) Range 2 Under 0.08°C at 30°C(30Hz)
temperature gradient
Range 3 Under 0.12°C at 30°C(30Hz)
Measurement accuracy +2%

Detector

2D uncooled sensor (Microbolometer)

Measurement wavelength 8 ~ 14 um
Instantaneous field of view angle 0.6 mrad
Focus range 30 cm ~ o
View angle 21.7°(H) x 16.4°(V)
Frame time 1/30 s
Display 5.6 inch

Number of pixels

640(H) x 430(V)

Emissivity correction

With (0.10~1.00)

Ambient temperature correction

With

Background correction

With

Fully automatic function

Level, Sense, Focus

Isothermal versus display function

With (1~4)

Image processing function

Thermal and visible image synthesis display

Multi-point temperature display (10 points)

BOX'5

Temperature difference display

Visible camera

1.3 M Pixel color

Laser pointer

Class 2 (Under Im W) Color Red

Video signal output

NTSC/PAL, Composite video signal, S video

General-purpose interface

IEEE1394, USB2.0, Compact flash memory

Operating temperature limit

- 15°C~50°C

Impact resistance

29.4 m/s2 (30G) (IEC60068-2-27/JIS C 0041)

Vibration resistance

29.4 m/s2 (3G) (IEC60068-2-6/JIS C 0040)

Degree of protection

IP54 (IEC60529/JIS C 0920)

External dimensions

110(W) x 110(H) x 210(D) mm

Mass

1.7 Kg (With battery)
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Fig. 2-8 Amplifier (KYOWA CDV-700A)
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Table 2-5 Specification of Amplifier (KYOWA CDV-700A)

Bridge resistance 60~1000Q2
Bridge power 10VDC 4VDC 2VDC 1VDC (Under 30 mA)
Bridge
Output
voltage
Sensitivity 10V DC 5V
(Strain :100x10) 4V DC 2V
2V DC v
1V DC 0.5V
Over £10V(Road 5KQ)
Output A ) )
0 point adjustment range +0.1V
Output
Over £10V(Road 5KQ)
Output B o )
Sensitivity adjustment range 1~1/100
Non-linearity +0.01%FS
Strain P
_ _ 100, 200, 500, 1000, 2000 5000x10™, OFF
amplification
Sensitivity adjuster DC
_ _ 10000, 5000, 2000, 1000, 500, 200 times, OFF
amplification
precision +0.1%
Response frequency
DC~500kHz (+1, -3dB)
range
Transfer characteristic (4D) Butterworth characteristic
Low-pass filter Cutoff frequency 10, 100Hz, 1, 10kHz, F(Flat)
(L.P.F) Amplitude ratio of the cut-off point -3dB+1dB
Damping characteristic -24dB+1dB/oct.

Noise

Low-pass filter

Noise (Input conversion value)

10Hz 3uVp-p(RTI)
100Hz 4uVp-p(RTI)

1kHz 6uVp-p(RTI)
10kHz 12uVp-p(RTI)

Pass 60uVp-p(RTI)

¥ 1uVp-p(RTI)=1x10% Bridge voltage 2V
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Fig. 2-9 GRAPHTEC midi LOGGER GL200

Table 2-6 Specification of GRAPHTEC midi LOGGER GL200

Channels 10ch
PC Interface USB(1.1)x2
Internal storage media Flash memory 3.5M
Data Duration 100ms~1h/10ch
Thermocouple type K,JLE,T,R,S,B,N, W
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Fig. 2-10 Stylus touch type roughness meter (Mitutoyo SV-2000)

Table 2-7 Specification of stylus touch type roughness meter (Mitutoyo SV-2000)

X axis 100mm
. Z1 axis
Display range (Detecting 800um/80pm/Sum
element)
7?2 axis (column) Moving range 350mm
X axis 0.05um
Resolving power Z1 axis 0.0lpm (800pum) , 0.00lpm (80pum) , 0.0001pum (8um)
72 axis Ipm
Movement speed X axis 0~40mm/s or Manual
72 axis Manual
Measuring speed 0.02~5mm/s

Straightness accuracy

0.15pum/100mm

X axis operation

Joystick operation

Approved standards

JIS’82/11S°94/J1S°01/J1S°82/JIS°97/ANSI/VDA

Evaluation curve

Profile curve, Roughness curve, Waviness curve, DF curve,
Waviness motif and Roughness motif curve

Analysis graph

ADC,BAC, Power spectrum

Curve compensation

Inclination correction (whole / any), circle correction, ellipse
correction, parabola correction, hyperbolic correction, conic
correction, stylus arc correction

Profile analysis

Level difference / Circle / Angle / Area / Coordinate/ Inclination

Filter Gaussian,2CR75,PC75,Robust-Spline
Base Size (WxD) 600%450mm
Base material Gabbro
Exterior dimensions Body 716x450%966mm
WxDxH Display 330x270x124mm
Mass Body 140 kg
Display 4.0 kg
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End mill

Fz
Fx

prd

Depth of cut (a.) Cutting direction

Fig. 2-11 Schematic of side milling method and cutting force direction

End mill

CFRP

Tip distance: 7 mm

/~

O

l Infrared thermography

-

-

-

W
L

Distance: 1.5 m

O

Thermocouples

Clamp hole Depth of cut (a.)

Fig. 2-12 Schematic of measurement method of cutting temperature (Top of view)
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Material Surface

Cutting direction

1. Start part, 2. Center part, 3. End part

Fig. 2-13 Measurement point of surface roughness

Cutting direction Cutting direction {
(a) Down cut method (b) Up cut method

Fig. 2-14 Schematic of cutting movement
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Material A 0° (Tool No.1) Material B 90° (Tool No.1) Material C 45°,-45° (Tool No.1)

Material B 90° (Tool No.2) Material C 45°,-45° (Tool No.2)

Material A 0° (Tool No.3) Material B 90° (Tool No.3) Material C 45°,-45° (Tool No.3)

Fig. 2-15 Finish surface conditions (Down cut method) (Tool No. 1: Helix angle 0°, Tool No. 2:
Helix angle 30°, Tool No. 3: Helix angle 45°)
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(a) Material B 90° (Tool No. 2: Helix angle 30°)

(b) Material C 45,-45° (Tool No. 2: Helix angle 30°)
Fig. 2-16 Relationship between depth of carbon fiber fluffing and carbon fiber orientation
(Down cut method)
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(a) Material B 90° (Tool No. 3: Helix angle 45°)

(b) Material C 45,-45° (Tool No. 3: Helix angle 45°)
Fig. 2-17 Relationship between depth of carbon fiber fluffing and carbon fiber orientation

(Down cut method)
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Cutting chips Cutting chips

Fig.2-18 Frame-by-frame image of CFRP milling of bottom angle view (Down cut method)
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DBR 8.0kV x100 BSE 2013/02/11

Fig.2-19 SEM image of delamination after machining
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5.0

_ O Material A (0°)
E_ 4.0 O Material B (90°)
é B Material C (£45°)
w 3.0
%]
=
!
§ 2.0
3
€ 1.0
=
7

0.0

Tool No.1 Tool No. 2 Tool No. 3
(0°) (30°) (45°)

Fig. 2-20 Relationship of surface roughness (Ra) and tool helix angle and carbon fiber

orientation (Down cut method)

- 500um

Fig. 2-21 SEM image of finish surface of material C (45°-45°) machined with Tool No. 1
(Helix angle 0°) (Down cut method)
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DBR 8.0kV x100 BSE 2013/02/11 500um

Fig. 2-22 SEM image of finish surface of material C (45°-45°) machined with Tool No. 2
(Helix angle 30°)

DBR 8.0kV x100 BSE 2013/02/11 500um

Fig. 2-23 SEM image of finish surface of material C (45°-45°) machined with Tool No. 3
(Helix angle 45°) (Down cut method)
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(a) Material A (0°)

(b) Material B (90°)

(c) Material C (45°-45°)
Fig. 2-24 Finish surface parameter (machined with Tool No. 1 (Helix angle 0°)) (Down cut
method)
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Fig. 2-25 Finish surface parameter (machined with Tool No. 2 (Helix angle 30°)) (Down cut
method)
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Fig. 2-26 Finish surface parameter (machined with Tool No. 3 (Helix angle 45°)) (Down cut
method)
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DBR 8.0kV x300 BSE 2013/02/11

(a) Material A (0°)

(b) Material B (90°)
Fig. 2-27 SEM image of finish surface machined with Tool No. 1(Helix angle 0°) (Down cut
method)
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(a) Material A (0°)

(b) Material B (90°)
Fig. 2-28 SEM image of finish surface machined with Tool No. 2 (Helix angle 30°) (Down
cut method)
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(a) Material A (0°)

(b) Material B (90°)
Fig. 2-29 SEM image of finish surface machined with Tool No. 3 (Helix angle 45°) (Down
cut method)

-70.



250
O Material A (0°) OMaterial B (90°) B Material C (£45°)

200

—_
(W)
S

[a—

)

S
1

Cutting force (N)

N
S

o L0 i [ i

Tool Tool Tool | Tool Tool Tool | Tool Tool Tool
No.l No.2 No.3| No.l No.2 No.3|No.l1 No.2 No.3
(0°) (30°) (45°) | (0°) (30°) (45°) | (0°) (30°) (45°)

Fx Fy Fz

Fig. 2-30 Relationship of cutting force and tool helix angle and carbon fiber orientation

(Down cut method)
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Fig. 2-31 Relationship of resultant force and tool helix angle and carbon fiber orientation

(Down cut method)
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Fig. 2-32 Relationship of flank wear width and tool helix angle and carbon fiber orientation

(Down cut method)

1.0 mm/div 1.0 mm/div

(a) After machining of Material A (0°) (b) After machining of Material B (90°)

1.0 mm/div

(c) After machining of Material C (45°-45°)
Fig. 2-33 Tool flank wear width of Tool No.1 (Helix angle 0°) (Down cut method)
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! : it 1.0 mm/div Il Py ' 1.0 mm/div
(a) After machmmg of Material A (0°) (b) After machining of Material B (90°)

1.0 mm/div

(c) Aﬂer machlnmg of Materlal C (45°-45°)
Fig. 2-34 Tool flank wear width of Tool No.2 (Helix angle 30°) (Down cut method)

1.0 mm/ div |5 Y o R ) i 1.0 mm./div

(a) After machining of Material A (0°) (b) After machining of Material B (90°)

1.0 mm./div

(c) After machmmg of Material C (45°-45°)
Fig. 2-35 Tool flank wear width of Tool No.3 (Helix angle 45°) (Down cut method)
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Fig. 2-36 Relationship of cutting temperature and tool helix angle and carbon fiber orientation
(Down cut method)

Tool (Tool No.1)

Cutting chip

Fig. 2-37 Distribution of cutting temperature (Tool No.l: Helix angle 0°, Material A: 0°)
(Down cut method)
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(a) Material A 0° (b) Material B 90° (c) Material C 45°,-45°

Fig.2-38 Cutting chips machined with Tool type No.1 (Helix angle 0°) (Down cut method)

.1!

I. ll!l!’i
(c) Material C 45°,-45°

ﬂ : 1| 2
(a) Material A 0°

Fig.2-39 Cutting chips machined with Tool type No.2 (Helix angle 30°) (Down cut method)

: ; il

(a) Material A 0°

Fig.2-40 Cutting chips machined with Tool type No.3 (Helix angle 45°) (Down cut method)
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Fig. 2-41 Finish surface conditions (Up cut method) (Tool No. 1: Helix angle 0°, Tool No. 2: Helix
angle 30°, Tool No. 3: Helix angle 45°)

k.

1. Start 2. Center 3. Finish
Fig.2-42 State of milling of the Material A (Machined with Tool No.1: Helix angle 0°) (Up
cut method)
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Corbon\ fiber

Material A

Z e .

L
s

Fig.2-44 Frame-by-frame photo of CFRP milling of bottom angle view (Material A: 0°, Tool
No.1: Helix angle 0°) (Up cut method)
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DBR 8.0kV x300 BSE 2012/10/30 100um

Fig. 2-45 SEM image of finish surface of Material A 0° (Machined with Tool No.1: Helix
angle 0°) (Up cut method)

DBR 8.0kV x300 BSE 2012/10/31 100um

Fig. 2-46 SEM image of finish surface of Material A 0° (Machined with Tool No. 2) (Up cut
method)
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DBR 8.0kV x300 BSE 2012/10/31 100um

Fig. 2-47 SEM image of finish surface of Material A 0° (Machined with Tool No. 3) (Up cut
method)
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DBR 8.0kV x50 BSE 2012/10/31 1.00mm
(a) Material B 90° (Tool No. 2: Helix angle 30°)

DBR 8.0kV x50 BSE 2012/10/31
(b) Material C 45,-45° (Tool No. 2: Helix angle 30°)
Fig. 2-48 Relationship between depth of carbon fiber fluffing and carbon fiber orientation (Up
cut method)
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DBR 8.0kV x50 BSE 2012/10/31

(a) Material B 90° (Tool No. 3: Helix angle 45°)

DBR 8.0kV x50 BSE 2012/10/31 1.00mm
(b) Material C 45,-45° (Tool No. 3: Helix angle 45°)
Fig. 2-49 Relationship between depth of carbon fiber fluffing and carbon fiber orientation (Up
cut method)
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Fig. 2-50 Relationship of surface roughness (Ra) and tool helix angle and carbon fiber

orientation (Up cut method)

DBR 8.0kV x50 BSE 2012/10/30

Fig.2-51 SEM image of finish surface of Material C 45°,-45° (Machined with Tool No. 1) (Up
cut method)
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DBR 8.0kV x50 BSE 2012/10/31
Fig.2-52 SEM image of finish surface of Material C 45°,-45° (Machined with Tool No. 2) (Up
cut method)

DBR 8.0kV x50 BSE 2012/10/31

Fig.2-53 SEM image of finish surface of Material C 45°,-45° (Machined with Tool No. 3) (Up
cut method)

-83-



P - fdr=[1]

i

1 1 1 1 1 (=]
[T [ ) S T sl PR R TR )
] ' ' ' ' ()
' ' ] ' ' o
T re— T T iy
1 1 1 - 1 1
h = : h £
............. Rl b= EER R EEARE IS
1 1 1 1 1
; —_— ; ; ]
" =i ] ]
' '
==r=o==a-==F===-1- q====F-- - -
1 1 1 1 1
' ' '
T T T
1 1 1 &w 1 1
[T e . - = ) L) Sy
' ' 1 '
1 1 1 1 L 1
! ' ' !
et T i [ [ i [
1 1 1 1 1
1 ] 1
' ' '
==r=o==a==fF===- =d==a=-=F==-
1 1 1 1 1
' '
T T
| | A =l I |
[T P U S . T [ S - -
' ._M 1 '
' B '
1 1 1 1 1
! T ' !
et T i [ e i p
1 1 1 [ 1
L L e L
1 ' ] 1
==r=o==a==F====f--r —=a--fF=-=--1
1 1 1 ﬂr 1 1 o
' T ' ' —
T T T
1 1 1 .-lMI._H..I,.I 1 1
[T F U E I — [P I
' 1 '
' ' '
1 1 1 1 1
! ' !
et T i [ ol Al p
1 1 1 1 1 1
1 ' 1
' ' '
==r=o==a==F====-1=" A==
1 1 1 1 1
' ' '
T T T
1 1 1 1 1
[ TR P - [ ) S
' ' '
' ] ' '
1 1 1 1 1 1
! ' !
STETTTATTITT T =55 i [
1 1 1 1 1
1 1 1
' ' '
==r=-=-=n- == =imf = ==F==--
1 1 1 1 1 1
' ' ' '
T T T T
1 1 1 1
[T --la & [ S,
' ' ' '
' ' '
1 1 1 1
=
! ' !
||||||||||||| =t--r bl R
1 1 1 1 1 -l
=

BEEEL (W]

Gog'l-

GLLLL-
00000z W2, 0005

0125mmem, x30.000

(a) Material A (0°)

fh-r - @f=l1]

] ] ] ] ] ] T
JRREY IR U RSN ) T R R— [ R I [}
1 1 1 1 1 1 [xn]
1 1 1 1 _H/._
1 1 1 1 1 1 Ly }
1 1 s..Nn-W-._I 1 1 1 m
TTrTAT T T aTTrTor T T m
' 1 1 1
1 1 1 1 1 1 A
] 1 ] ] ] ]
1 1 1 1
e P Bt G --
1 1 0 1 1 1
1 1 1 1 1 1
T T T T T T
1 1 1 1 1
PR IR R R S RV I | N -
1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
i nain Rk i 0 s by I i T
1 1 1 1 1 1
1 1 1 1 1 1
] ] ] 1 ] ]
e ] e --
1 1 1 1 1
1 1 1 1 1
T T T T T
1 1 1 1 1 1
PR I | R - --L [ R I
1 1 1 1 1
1 1 1 1 1 1
1 1 T 1 1 1
1 1 ! 1 1 1
TTrTTTTT T bt cna |ty I i T
1 1 1 = 1 1
1 1 L 1 1
] ] _..ﬂ...."_l_. ] ]
EraA R e BT SRR i
1 1 1 1 1 1 B
1 1 1 1 1 1 —
T T T T T T
1 1 1 1 1
JRREY R R RPN I oy RN I U RSN
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
TTrTATTTTT T T7al weain s S T
v " il E " \
1 1 T 1 1 1
] ] [l " ] ]
1 1 _M 1 1 1
e -- e --
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
PR N | R ILIIWI_I [ R I
1 1 1 1 1 1
1 1 _-W 1 1 1
1 1 1 S 1 1
1 1 [ 1 1 1
i nain R i Ilwl-ll T T
1
' i [ i i
e o~ Ty --
1 1 1 1 1 1
1 1 1 (R 1 1 1
T T L— T T T
1 1 1 1 1 1
PR IR A RSN S - [ R I
1 1 [ 1 1 1
1 1 e —2 1 1
1 1 1 1 1
1 1 1 | 1 1 m
-ttt TTT Pttt r-ATT T Tt aT
' ' ' ' ol
1 1 1 1 [

BFEEL [Wi]

000°000Z W2/ 000'S

589 -

GLLL -

0125mmcm, x30.000

(b) Material B (90°)
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(c) Material C (45°-45°)
Fig. 2-54 Finish surface parameter (machined with Tool No. 1 (Helix angle 0°)) (Up cut

method)
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(b) Material B (Carbon fiber orientation 90°)
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(c) Material C (Carbon fiber orientation 45°-45°)
Fig. 2-55 Finish surface parameter (machined with Tool No. 2 (Helix angle 30°)) (Up cut

method)
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(c) Material C (45°-45°)
Fig. 2-56 Finish surface parameter (machined with Tool No. 3 (Helix angle 45°)) (Up cut
method)
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Fig. 2-57 Relationship of cutting force and tool helix angle and carbon fiber orientation (Up
cut method)
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Fig. 2-58 Relationship of resultant force and tool helix angle and carbon fiber orientation (Up
cut method)
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Fig. 2-59 Relationship of flank wear width and tool helix angle and carbon fiber orientation
(Up cut method)

(c) After machining of Material C (45°-45°)
Fig. 2-60 Tool wear width of Tool No.1 (Helix angle 0°) (Up cut method)
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(a) After machining of Material A (0°) (b) After machining of Material B (90°)

(c) After machining of Material C (45°-45°)
Fig. 2-61 Tool wear width of Tool No.2 (Helix angle 30°) (Up cut method)

floon et ."-‘\' k RN R A, T ot \z;qn\ﬁnF
(a) After machining of Material A (0°) (b) After machining of Material B (90°)
N ) ™ T Ny

(c) After machining of Material C (45°-45°)
Fig. 2-62 Tool wear width of Tool No.3 (Helix angle 45°) (Up cut method)
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Fig. 2-63 Relationship of cutting temperature and tool helix angle and carbon fiber orientation

(Up cut method)
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(a) Material A 0° (b) Material B 90° (c) Material C 45°,-45°

T 6 A [ ]

Fig.2-64 Cutting chips machined with Tool type No.1 (Helix angle 0°) (Up cut method)

(a) Material A 0° (b) Material B 90° (c) Material C 45°,-45°

Fig.2-65 Cutting chips machined with Tool type No.2 (Helix angle 30°) (Up cut method)
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(a) Material A 0° (b) Material B 90° (c) Material C 45°,-45°

Fig.2-66 Cutting chips machined with Tool type No.3 (Helix angle 45°) (Up cut method)
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(a) The case of end mill with helix angle

(b) The case of straight edge type end mill
Fig. 2-67 Cutting geometry *
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(a) The case of down cut (b) The case of up cut

(Carbon fiber orientation 90°) (Carbon fiber orientation 0°)

Fig. 2-68 State of crack propagation on CFRP with mechanical shocked
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<Tpof=. LaL, WFEICHIMZZR] ?ﬁah&m :hi%zﬁﬁﬁ&k#%
CHILTRY, RFEMHMERLMA LV EMEICR > T2GEIZB W T HEGOMER 2R
L. :@%#E@Lh%#%é & *AﬁFyiﬁ<ﬁzéﬁ ERRIT AW
TNFHIN AT > TIHIDOEHNE = Z> FDT=OTEES ) Fz DIINEEL T 5
ﬁ@,;®ﬁE%ﬁFz CEDBERNAE L WE N T HOW /571 Fy BE< 2o 7z
LOLEEZLND.

3.3.2 UIHNEE OBIEHE R

3 FHEOHERMICRT L, 6 FEO T FI 0T HEFEREOYEEE % Ar-Cr
BNV A Oz HNERE A& Fig3-15 1t BIHEE L T EM I B4R 72 <
b C b <, WICHEM A, 5 BOIEE 72> T 5. TEMHERNC X
L CIIHERME T L I2EITH S5 B DD PCD 23 bRV EINIEE Tk L% 90°C
AL DOBAE L 72 o 7. ZHUTIE, PCD OEWEVREMNEE L -0 LB HiL5.
EHICTEBRIZE2ENEZRALNNIT 5720, UIHNREAZ K IR T S®72 PCD
THAEZERLAUNAOOEDOENRIILLZMT 21T -7, ZOREE, YIHIEE X
90°C FRE L 72 W R UNAM THOLGA LT 2IRETHL Z ERbhoTe.

F 7=, HSS T, GIHNRRE Mo T B THRENCE <, i34 C T 220°C it
fFELipoTND #ﬁ A U C lox L CE{bERic X 2R & R o 21k
HSS THIHI L7254, YIHNEEIZE L2 140°C & 30%FREILL 722> T b, ZDH
GUIM OB W CTRIBE O TR THEAL TS, B TR L ZnEX—2
IZ TIAIN 2—7 ¢ > 7 L= TETY, M EICEDL S TUHIRE VK IR O
%, LIPLZEOERITNEL, BELE20%RETHDH.

#£-> T, CFRP # OUIHITIZ T ERIRICEARTTHEMFED 50N UIHRRE 2 £ 459
HEBKTFTHDEFZD.

333 TESMCBIIETIEMBBLIOTERRORE
BIHEHT ) oM ERE R 2B FE 2, 3 FEOMEM OF THUEIEET IO K& o
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TG df C v TR HEmaHMIaER 21772 o 72/ R % Fig.3-16 ITR”"T. 22 TD#H
MHIEREET 3.2.42 O T HEMAIWTERE TR 72 L B0, RBEFHED 7 L H O
MFIBE A 2N & 72 35E, KT HEEREIE2Y 0.2 mm (SET S840 2 AR EL,
WU ISR LR T 2 PR32 5k E L, MSMITE L2 WA
OIHIEERE 30 m 2 ERRE LUIHI A H IR LTz,

AREBROFMER LY, TAFEMPRLELSEOLNDLDIL PCD TETH S Z LA
fElZleo7-. ZORKE LT, BENE Y 7 — A X TR 10000 HV H Y, o T
H LI LT 10 < WS FESm A A P RTURHARBRE SN TWD Z &
DT HND., THAUNANEZS 2 FifEHO PCD THAZMH LM, miEitic
OIHIEEREDS 30 m 122 L C &8I HEREME2Y 0.2 mm #8727, £/, M LE
& B I T EEEREOHEITIZUIHIFEEE 300 mm LA SEEC 2 & THEIT LIEH 124
ERRIMITZ D EHETES. L2L, RUHAZETLIHE 9m UKD/
AN KE L2572 30 m LIBEORWEREC T EFEMZIZ 5 AREENRE 2 b1
5.

F£72, HSS OEEAIEM O T EIZ A~ TR IZ 238 < 7> 300 mm TRk A&
FENEAS 0.5 mm (23 U7z, BIHIRHT) & OIEIEEE 23 oo ag T <> PCD T H & [F] %%
TH-o7-Z L HSS IZB L T 300 mm OYIH|THIT HEEFENE S 0.4 mm (ZEL7-.
Z2{k HSS T E.x HSS OR# @ EizE bR AfiE 3 = & CTHEMRZ KL TR0,
HSS T H & L _EIHIRF I CUHNRE MRV R CTh o722 &b, THEMbE
WEHERI L7=23Z 0@ v TlidZehro 72 2P, ZoJRIAE LT HSS DR H RO
MNEEBELTWDEEZ LI, HEFRIZE Y NEOAREENEE LT, R OREN
BRWGEITITIIRA TIE W EE 2 5.

HAE T H & TIAIN =2 —7 ¢ > 7 TRIX, W3 & HICUHIERE 1.5 m © L R4
TEFENETH 5T HEEFENE 0.2 mm (C3E L7, T EAHE o &\ R T H o T 4
1%, HSS TE &~ 5 5Ll BT o 7273, BN N8I TIAIN OREE R 2 # K L
7oHiE TIAIN = —7 ¢ 7 TEO T BFHEMIL, REQH A L TWOh 7y s TE &
Eoblphrolz., HSS THEWANTEHEMPRS o H K E LT, TERMOME
FEMENZ ERFET O, UNHOFHEINES RN ENREELTNDL LS
26D, L, TIAIN OB Z R L7546 T TEHEMMPEL Lo 7.
CFRP # OYJHITIX, BIALHD, @EERRBEBMEICL D 77 Ly o T R EERERE
L EEBEZLND. 2D, TEHRBH TOMEES TIAIN 72 & O E 5 E
DNHEEFM CEEFE L, WEREEN DN T EOREM OMEICRE S 2, TEFMN
7P b D EBR L. ZNHDOFEND, LERMOEENED S RWRY,
THEHHEMOUGEIZITEN SN ENPEIZ o7, L LR s, WEREA AT
AT, T HEKT mEBEFEEE MO X 23530 Th 5 720, UIHISMIC L - T,
EROIFNC L0 TEFEMPELEIND AJREEREZ 2 6D, Zhud, HSS TA
DEEIZEBNTHREEO Z ENF XD,
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3.34 T EHFEMBEZOXRTE TEEREOKRT

F A BERE S O T EEREDIRIESD: Fig3-17 ([ORT. IO EEcERd 5 L,
kb LEEFEMOEN->T- 2 FEO PCD LETIX, fho T L L EERERE A FEF I
INEL, HINA EOBERICENBAE L TWARWZ ERBHLNICR -T2, £/, TA
FTFEIERF O T RO -2 Bl LIRS R, WEBEAE AT ->-556ThH, L
BEFEOREICIHAME R AR ITRO b7 - 7=, HSS B X O%4L HSS @ T HikiF
AN HA DT Z RO TWRWEIEEREL TEHEY, 1 73Z 300 mm OEIH|Z1T -
72753300 mm K DB O MNZRWEECLAERFMAINZ TV EHEETE 5. L
BIZBWTYH, FRCEREOE LWENL TN A DS GI KN ORI LEAN TE
5 EDICERE L. 8B TIAIN o—F (7 TEOEE L FREET, 8O
FAT U TIHR LT TR TEEREDHE A, BEFEDIR LWL I, 8 T ARk Y)
FURFERRIZ R LEEA N TE D CTEELZ.

S DICFEHNCBEREIZIR OBE 21T o T/ R, 6 o= I MZIETLTED
RUNAEELT2HEEDI> R 2R OB/ HER CE 2. F2ECHALZEY,
CFRP B VLR SEMEHERL 7] O3\ T X 0 BIHHRGT 0 T HEERESE, 70 2 U)HIREE: %
RTZEBHLMNTR-TEY, 2050V IIRO TEERIZIL, TN EL
bolEZOND., F2ETHH LM@Y THD LT 5701E, TEHFMART
i U 72 BV 5 6 O3 C AT 2 IR FEIHERC M 0 FE D g & Ei 72 5 C L
BRI HEBREE N R KIZ > TV D b D LB B, T HMKIF mEEFEE /N S
NN R BHEHERL ] 90 EEDE CTH D EE 2 bND. Fiz, IREMHERCH 90 FEDJE &
0 EDREOMICHEN DI T 45 JEE, -45 EEIFEE ST D 7= O FERENE DME R
LTWolmbDEEZOND.

3.3.5 WRENEIAREE 2R JIETHEGRE =8 mm)

AREBR T, BEREROESZ2 MM REOCERE LT, TENEIFHD
YRR DR EZIT > T D. LLARNS, ZOHETIIRET L L OER
AT OUIHREE S HIE T X R\ 7= OMRIE T N2k LIE T UIHREE O 5228 % 3l L
7=, WEZAT - =45 %% Fig.3-18 \Z"d". BiEE TOFEBRGER L FET, kb C
N RO EIEIRE 20~ L, RHEET 90°C T, HEmEE T 80°C i & 72 1) Fhguip
TIE 110°C T Th - 1. — HHEE B I3 b AR EIHEE TR EEIE 82°C ¥fE,
HEER T 70°C ITf%, FIRERT 90°C rfE T~ 7=, 7ok, BERA A OUIEIEE XMt
b C A B ORNCALE Lz, FRIMEAG LR GRS E (Y —€ 77 7 1) T
DOIRE AN TIX, #EIM OO IHNRE DA% 77 7127 vy S LIEh, Z
DOFER, BENEE AW CTHNE L7284 L REEOBEIMIC /e > 725 2, $HIR R
DOYIENEE IZBHME 72 72 RITRDO LN o7z, ZIULDOFENLHRENEIN L7256
OUIEIINTIREE X, MBI ORISR EERMEIC X D8, FRICRBHHEOE S IO
BT BT HE DL A5, Fig3-19 (IR R IR R 315 & TR
DA AT o TR R . 2 2 CIIUIHNEE 23 i & @ - T i3 C ToRER
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DHIRERE U CORT . B CTHIE Lz T RN O UIHIRE & e~ 2
10 < T ORENBIRICRD Z ENfR-T=. ZOEBRTHE LYY < Hi%H 72
MR THY, ZOFRRIZOWVWTHE 2 ECTHRLHEREFETHTZ. Fk,
AIEE COEBRTIX, 4 mm OWJEORER T OGO UIEIRE 2 B EX CHIET
HOHRTHST=, WEFTMOFEEZZE L THERBEE PR OUIENERE 213t
AT L0 B2 D039 10°C 59 20°C DFETH Y, WENHEWGAIE, Z0#EN
INEL B bDEEZLBND. TD), ZHE TOERTHOWZRE 4 mm Oft
A ~OBEXT O E HIETHIVIIE WL D EEX LD,

3.3.6 BIHIATE ORPEIRE DZEL

PCD = R I VL EIZ K % U OREEA 3 FRERIT kb3 2 B A 8 O8N 2D
WT, SRUIHIBEL & BIHI% OF B Chelt L7z, #5R %, Fig.3-20 (B ENPEAH,
Fig.3-21 ([ZWIN = R )L ¥ —fE %~ §". Fig.3-20 3 L OV Fig.3-21 £ 0, i OfE O]
& LU CIIRBBHERE OB WIEIZ 2~ 72, £72, 2 ToMEM IV TEEEER X
O = L —fE1X, DT TIE 6% 5 8% DEIPH TR T3 2 F2H 6272 -
7o, IRFBIEAMEOTRE 1T 3 FHEOMAM 2T TR DN, HRMEES L ORI L ¥
— DK FTRIZERPBO LN N2 D, 2D OEIIT R B E ST
HNNA U HE—=THHTRXRBNEOLENRNE B X G D. REWRMEDTRELZ
b5 d, T RIANEHWTCRY LU TIT247572% O CFRP #1%, —&D
BN CTHENMETFT 52 E NI/,

WA TEMFEIC X DE W Z IR D 7282 Table3-2 (2~ U1 T H & #8686 T H &
22k HSS T E &R\ 7= 4 FHEAZ MV, IIT% OGS C OREERIPEE DI %%
KHTz. ZTORER%E Figl3-22 \ZRT. BREBIZTIE, o7V 7%8010 fl & LS
SNTEEDO R KE & R/ MEOF P T/RL WD, 7z, THEFLOHETEZIRD 72
AT DO R OREO T B2 8 E LRI L2177,

Fig.3-22 L W 2a Uivfs 30 D PCD T EIT VX TR SBREER T L TW\Wb. £70HE
HH AT PCD LETIH6MWREERTLTEY, Az aT 25 LEICHERTEOR
RKEBRBETH =AM ZR T2V D EEZBN5. F72 HSS TETIE 9%
FREE, TIAIN 22—7 4 7 THTIE 8%REHE & 720 PCD TH & b~ME TP KX
ZEDRWMEIZ oo, ZORKO—2IZ, BIHEHIIORE S NET oD, HIH]
PP 3 K T 300 N & #8 2 7= HSS T B ClE, INTt; O EHRELIL N K& Do 7z,
T, HAWTT D BRI I LR 300 N OF BT E 2, THICK > THZ
LTS EB X b, B DR FHME & FEGHI T D = AR T8 O 5 1
B L DMIER L, RN EREZAE L SEDLEOIIIARIITHLIEEZDN
L. ZOWELHIZEL T, F2ETHLMMNILE, tEFmicELs~A1 71
7797 DERPRKRESEELTCVWDHLEDOLEEZLND. HEAERT D CFRP # D
W iE % Fig.3-23 |\ 7. krm 2 8l53 9 5 &, REFEMHMERLR 0 EOJE TIE, kH#
FHEDSEWT L QD Z E SRR CTE 72, L L, IREMEKERC 90 FE, 45 B, -45
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FEDJETIX, REFEMHEOBMWTIIA & 77, RFMME L =R RBNEO R CTHIEEL
2. INHORRIY, RBEMHEE R URBIEOR M E 7 T v BEITT D 2
Sk, FEHR L OREMHER OBEERENMET 5720, BRIC K D Mtk
BEEBELEZLDOLEE 2D P

AREBOFERLY, ZOERERKENIE, 47027 T v 710X bE8EHK
DFPAIIREL RDbDLEEZOND. ZOZ LD, TEMBOBENKE
AL WL EZZOND.
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34 fEE

VLE, BRI D B e D PR SRHHHE 2 6 L 72 3 T84 0> CFRP M1 LT LRA 7
ETRBREZEZ Ty BRI VT REZMEM U COIEIIN TR 2 S~ 7o /2R, LT o
ZEEHLMNI L.

() TLTEERIEIHEmMmE TCOUHIERICRESZEL, BNZA 7O PCD LETLA
Fan xRS ETE S,

(2)  UIHBEPUER T ILA 30 £ PCD TEOLE IR IRV,

(3) YHNREIX TEMFENRKE EEL, PCD LEOUIHREEIZEY.

(4)  HSS TEICZE(bHEEE3 2 = L CUIHIREL ), UIHREEZ T 5.

(5) TLTERMIITEHEMIREZEL, TERMOMENSWIGAIC TEEFMIT
Fu.

(6)  LHEPEEFEITIRFMHEOFEEEL & Bl 7 7] D 2D 58\,

(7))  WEFR~OUHNREOREIT/NS V.

(8)  YIHIIN T4 OBEM AR B e 1 T B HIIN AT & MR T3 5.

(9) PCD TEHZMMH L4, YIEHIIIT% OISR RO T IZ/h 0.

Vb, REROFERIY, ENXA 7O PCD TEHEZHAWSDZ LT, REMICTE
FOWENTRETH S 2 & BRI > 7-. PCD THIL, 7AWV HIL TV~ HSS
THOBMTH & 20 fFULEO T EFMARIAD S0, THEAENSFTIE
HoON, BRAMIROEEZE LGS, MTaA N2 FF5Z EI3H0ARETH D
EEXD. TORRIL, #EIB A CFRP M CTh IV, RS, FBETIE, IRFMHER
ERRRDGAETHLHEIGCATRETHDL EEZBND. 51T, PCD TEAZMATHZ &
C, CFRP ¥ L% OBMAITREMR T Z2MET 5 Z L08R Th 5 2 & b IfEIZ -
7.
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Table 3-1 Mechanical properties of CFRP materials

A B c
Material type .. ) ) .. .
Quasi isotropic plain weave Quasi isotropic
Ply 26 17 21
Tensile strength
2060 1660 5880
(MPa)
Tensile elasticity
137 90 294
(GPa)
Bending strength
1620 1370 -
(MPa)
Bend elastic constant
127 86 -
(GPa)
Interlaminar
shear strength 103 78 -
(MPa)
Elongation
1.27 1.59 1.9
(%)
Volume fraction
60 60 60
(%)
Resin content
40 40 40
(wt%)
Impact value
) 15.3 6.0 13.0
(J/em®)
Absorbed ener
% &Y 5.3 1.7 4.0
Q)
Table 3-2 Specifications of end-mill tools
) Helix
Tool Tool bace ] Diameter Hardness
) Coating angle
Number material [mm] [HV]
[deg]
1 Co.HSS - >290
2 Co.HSS Nitride 1300~1400
3 Tungsten carbide - 12 30 720~800
4 Tungsten carbide TiAIN 1500~1600
5 PCD -
10000
6 PCD - 10 0
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(1) HSS (2) Nitride HSS (3) Tungsten carbide

(4) Tungsten carbide (5) PCD (6) Straight edge PCD
TiAIN coating

Fig. 3-1 End-mill tools
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Fig. 3-2 Milling machine

Table 3-3 Specification of milling machine

Control axis

XY.Z

Least input increment

0.001[mm]

0.0001[mm]

0.001[deg]

Minimum travel range

0.001[mm]

0.0001[mm]

0.001[deg]

Position detection

Pulse coder

Resolver

Inductosyn scale

Feed rate

X 6000 [mm/min]

Y 6000 [mm/min]

7 2000 [mm/min]

Table dimensions

(Work dimensions)

950%520
(800x410)

Spindle speed

60~4000 [rpm]

- 109 -




Fig. 3-3 AST-ZM type tool strain gauge dynamometer

Table 3-4 Specification of AST-ZM type Tool strain gauge dynamometer

Measurement points

One point (multi-channel available)

Response speed 100Hz
Bridge resistance 60~1000Q
Output Impedance 10Q
Gauge factor 2.00 Constant
0.2V(RL5kQ)
Sensibility (10x10 strain)
3mA(RL30Q)
OUTPUT V 5V £5mA
Output
OUTPUT I £5V,+£30m
1,2,5,10,20,50, 100
Sensitivity adjuster x100pe,OFF

Precision +0.5%

Power

AC 90~110V 6VA

DC 10.5~15V 0.35A

Dimensions and weight

49Wx142H*264D mm

1.5kg
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Insulating tube
Ar /

Cr

Fig. 3-4 Ar-Cr thermocouple

Fig. 3-5 Test materials with thermocouple
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Fig. 3-6 Thermography (NEC Avio Infrared Technologies Co., Ltd.)
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Table 3-5 Specification of thermography (NEC Avio Infrared Technologies Co., Ltd.)

- 40°C~500°C
Range 1 - 20°C~60°C
Temperature measuring range Range 2 - 40°C~120°C
Range 3 0°C~500°C
Range 4 (OP) 200°C~2000°C
o . Range 1 Under 0.06°C at 30°C(30Hz)
Minimum detection
) Range 2 Under 0.08°C at 30°C(30Hz)
temperature gradient
Range 3 Under 0.12°C at 30°C(30Hz)
Measurement accuracy +2%

Detector

2D uncooled sensor (Microbolometer)

Measurement wavelength 8 ~ 14 um
Instantaneous field of view angle 0.6 mrad
Focus range 30 cm ~ o
View angle 21.7°(H) x 16.4°(V)
Frame time 1/30 s
Display 5.6 inch

Number of pixels

640(H) x 430(V)

Emissivity correction

With (0.10~1.00)

Ambient temperature correction

With

Background correction

With

Fully automatic function

Level, Sense, Focus

Isothermal versus display function

With (1~4)

Image processing function

Thermal and visible image synthesis display

Multi-point temperature display (10 points)

BOX'5

Temperature difference display

Visible camera

1.3 M Pixel color

Laser pointer

Class 2 (Under Im W) Color Red

Video signal output

NTSC/PAL, Composite video signal, S video

General-purpose interface

IEEE1394, USB2.0, Compact flash memory

Operating temperature limit

- 15°C~50°C

Impact resistance

29.4 m/s2 (30G) (IEC60068-2-27/JIS C 0041)

Vibration resistance

29.4 m/s2 (3G) (IEC60068-2-6/JIS C 0040)

Degree of protection

IP54 (IEC60529/JIS C 0920)

External dimensions

110(W) x 110(H) x 210(D) mm

Mass

1.7 Kg (With battery)
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Fig. 3-7 Amplifier (KYOWA CDV-700A)
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Table 3-6 Specification of Amplifier (KYOWA CDV-700A)

Bridge resistance 60~1000Q2
Bridge power 10VDC 4VDC 2VDC 1VDC (Under 30 mA)
Bridge
Output
voltage
Sensitivity 10V DC 5V
(Strain :100x10) 4V DC 2V
2V DC v
1V DC 0.5V
Over £10V(Road 5KQ)
Output A ) )
0 point adjustment range £0.1V
Output
Over £10V(Road 5KQ)
Output B o )
Sensitivity adjustment range 1~1/100
Non-linearity +0.01%FS
Strain P
_ _ 100, 200, 500, 1000, 2000 5000%10™, OFF
amplification
Sensitivity adjuster DC
_ _ 10000, 5000, 2000, 1000, 500, 200 times, OFF
amplification
precision +0.1%
Response frequency
DC~500kHz (+1, -3dB)
range
Transfer characteristic (4D) Butterworth characteristic
Low-pass filter Cutoff frequency 10, 100Hz, 1, 10kHz, F(Flat)
(L.P.F) Amplitude ratio of the cut-off point -3dB+1dB
Damping characteristic -24dB+1dB/oct.

Noise

Low-pass filter

Noise (Input conversion value)

10Hz 3uVp-p(RTI)
100Hz 4uVp-p(RTI)

1kHz 6uVp-p(RTI)
10kHz 12uVp-p(RTI)

Pass 60uVp-p(RTI)

¥ 1uVp-p(RTI)=1x10% Bridge voltage 2V
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Fig. 3-8 GRAPHTEC midi LOGGER GL200

Table 3-7 Specification of GRAPHTEC midi LOGGER GL200

Channels 10ch
PC Interface USB(1.1)x2
Internal storage media Flash memory 3.5M
Data Duration 100ms~1h/10ch
Thermocouple type K,JLE,T,R,S,B,N, W
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End mill

Fz
Fx

prd

Depth of cut (a.) Cutting direction

Fig. 2-9 Schematic of side milling method and cutting force direction

End mill

CFRP

Tip distance: 7 mm

/~

O

l Infrared thermography

-

-

-

W
L

Distance: 1.5 m

@

Thermocouples

Clamp hole Depth of cut (a.)

Fig. 3-10 Schematic of measurement method of cutting temperature (Top of view)
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Flank wear width

I €
(a) ex. Fluffing of carbon fiber (b) Measurement point of tool flank wear width
Fig. 3-11 Judgment standard of tool life

Fig. 3-12 Test materials (Thickness 8 mm)
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Cutting force Fy (N)

Machining surface
(Test surface)

55mm 7
- -
- CA
i No.—-S : 11 Omm
G .
E No.-B ! I 10mm

¢ Arrow: Impact direction

400

300

200

100

Machining back surface

(Test surface)

Fig. 3-13 Test material of the Charpy impact test

O Material A
O Material B

B Material C

HSS Nitride Tungsten TiAIN PCD Straight
HSS carbide  coating edge

PCD

Fig. 3-14 Relationship between cutting force Fy and tool materials
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240

5) O Test piece A
E 200 OTest piecce B ——
§ 160 B Test piece C
*]
3
3 120 H — N
” —
£ ] ]
£ 80 [
=
@)
40
O 1 1 1 1 1
HSS Nitride Tungsten TiAIN PCD Straight
HSS carbide  coating edge
PCD

Fig. 3-15 Relationship between cutting temperature and tool materials

0.6
——HSS

- Nitride HSS ]
E —4—Tungsten carbide
E —<TiAIN-coating
5 ~-PCD —
R
§ Straight edge PCD
g
=
=
=

Cutting distance (m)

Fig. 3-16 Relationship between tool flank wear width and cutting distance
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(1) HSS

(3) Tungsten carbide (4) Tungsten carbide TiAIN coating

(5) PCD (6) Straight edge PCD

Fig. 3-17 State of tool flank wear of the tool life distance
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06 120 O Upper OMiddle B Lower
= _ _
5 100 — | | —
= |
fae —
2 80 o |
g
B
) 60
-E
= o
5 40
20
O | |
Material | Material | Material | Material | Material | Material
A B C A B C
Thermocouple Thermography

Fig. 3-18 Relationship between cutting temperature and material thickness (8 mm) machined
by PCD (Tool No.5)

PCD tool

b bn |
b =
Fig. 3-19 Cutting temperature measured by thermography (Test piece A, thickness 8§ mm,
machined by PCD tool)
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p— p— (\©] (\@]
(@) o0 ) [\

[E—
N

Impact value (J/cm2)

[E—
[\

10

Absorbed energy (J)

o

—e—

Ho—

—e—

H—eo—

Material
A

Material
B

Material
C

Before cutting

Material | Material | Material
A B C
After cutting

Fig. 3-20 Comparison of impact value before and after cutting

—e

—e

—e—

o

H—o—

Material
A

Material
B

Material
C

Before cutting

Material | Material | Material
A B C
After cutting

Fig. 3-21 Comparison of absorption energy before and after cutting
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p—
(\O]

Falling rate of impact value (%)

HSS

Fig. 3-22 Decreasing rate
(Material C)

T1AIN coating PCD

of fracture toughness after machining

- 124 -

Straight edge
PCD

of each tool material



Fig. 3-23 Fracture surface of after impact test
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BA4E RNEHEEIEEEZ O IR~ DOF LW T ORE

41 F XN

TR, WLZEHEHAM D2  IIMERHED B 70 5 BFEM B E B (A2 v 7))L THW D
NTEY, TOEAIMTITEE L T, BEAMEIORIKRIN TIZ LT, @I LRRE
FEDRO N TWND. K2 OB T D RiE R FEILFEN R D720, HAGbE
HIVTW AN @ T 2 UIHISEOBIRIE 5 <, MEOMAERIZ L - Tiddbmd
DUEISENFELRRWEE L H S .

IS OREARIT D720, TERIRO RE LOH - 2N TiEDBEZR R PR 72
FEPRRZRIN TS, FRZ CFRP M OF LW TIEE LTH 1 BT L) I2IR
BhUIHIE, FREGINNE, ~Y DAV TiER R RIEREN SN TR Y, YIHEEE O
IR, tE B S o b, B2 NIBRBESN DR EOMEN 2SN TS O,
LL, HEEOKRE SO, T a2 o EORIER RO IR VIR T
5.

Z T, UHIREZAIC L2010 < TOoWRh R e @ 5@ & LT, NERIKRD
5 1 o B 2 R 3 2 A C, BERRADIC U LT B 1 (a1 o 205 E e & PRk EE e
AR RACHE Y T TRELC U7 el i (RS o] il 455 2 B L7 20

PR U 72 2 (& 2 A Sl [ i 8 & B L, ANEEE IS L 2D LI T & A e s )
HIE EREA TS,

AREETIE, A AR i & N FF O RS AR O IEEh S, BERn0ES) &
—H T D DFEBRBFH A AT o 7RIS, ARLEEITIS T D UIHIINI TR DWW TR &2
1T-o7-.

4.2 EBEE

AREITIE, BEF U7 RS Al EEhE & OB, NERIROFEM i ERR, %
BRI IR TIER L OB ERATIC O W TR 72810, B & 7 5 FEERIEE O 26 72 3500
2179

4.2.1 FEMHEEZ AV 7z BlEEE

REREER Y, RERROBHEEOWAGOEICL Dy FHlBOHRIZ LY
AT D, MM 22O DOBREN X v N N FE do [mlfE L72 & L, EEIX Y28 do [
R SN2 E ORERER % BT 5 DI, AEL do/de #8-HAT 5. Fig4d-1 12583
£ 21T, BRENF v L EEF ¥ O B TR R (K & BEE LD By TR E To
HEHZZN T b 1, & Lzl &, BfATldn & ro O —E THLERRE a &
HLL 0D, Fio, HEMRITER S ISR U Ch A MHE % Bl 5 D T
ToRX@.), X@4.2), KENTRT LD RIEESERKIT S 2.
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rgt1,=a (4.1)

T df =1, do (4.2)
(4.2) XY

dp _To

a0~ 7, (4.3)

Figd-2 1%, ZEFRFHEERTT 4 7 XA DB T DWEF Y ORiEMg 0 & vy
FHIFREROHR 2R LTS, —HERM I EOLA, BRE)S v 2% 120000045 L 72,
—JAHADOHEEA B FET D, Tabled-1 1%, AREBRCHEH LI-AEHEEDEILTH
%. Fig4-3 1%, F(4-3)& Tabled-2 KV 3R 7= Al [0l = dil 2 15 0O BRE) % - [B]Hi5 44
EAHELOFRER LD THS.

AEEH [ R EER A L A A OEENC LY, Ellh D O AT EEEEL Ni, 23—
ETH->TH, RUANHT) SN DR Ny (ZE ISR 5. FlblElEsa
Nin & L72 & &, BREIE Y28 0 deg.[0ldis L 72D B U /LD [EHEEL Noy O B4R % 2 (4.4)
(9. F7e, RU VRS & BIHLEEE O BEfR O Btk & (4.5~ 7.

Nin [rpm] = const

a
Nowt(8) = Nip 2 (4.4)
V [m/min] = leut (4.5)

1000

D : R U VEA[mm]

Fig.4-4 1%, R(4.4), 4.5 L VRO =MW HER AT 4 7 XA DT
A0, UHEEDOFEMMARZ b ER LTS, FULEREEZ 6 mm & L7254 T,
3 FEEE O EHhE#EEEL 1000 rpm, 2000 rpm, 3000 rpm (2 K 2 HIAL A OUIEIEEEE 25 L
TEY, FHEHENARE S 2T EUHEEOELEDHEZ TNDZ ERbhb.

FEMAIINC 7 T 4 )DLV HEF N —ETH-TH, RUVEEEHEOE/IIZ LD
RUNLOEI Y AR E £ SR EET5. XVHEEFEZ—ELLEEDO RV
[FIEAEL Now & R U AE) Y AL & f OBRE X (4.6)I27~7.

F [mm/min] = const

flmm/rev] = r (4.6)

Nout
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Fig.4-5 1%, H(4.4),4.6) LV RO =ZEFRHEH(R T T 4 7 X2 A N HWTS
ARV AYY AL EOFMN /22 b E2R LTS, KU VAL Ny & 810 IAA
= OIS EBIORBRTH L Z Enbhns.

4.2.2 AERBERFEIEE

ARGEERCRASE U 7o ANl e s i (8 & Fig.4-6 (Z"d . Figd-7 [T HHT ¥
YT AL NI T T A AEEEEICET T S0, T X v T A2 N ISR A
HEE 2 EET D, £70, REEONBIEEL Figd-8 [T 7 . AEHEHERIFE M
HIC KV IAEL, BHREETHEIND. FIWIRY—TRary by v
IZE DRSNS

FEM M HLE, o HL O [RIHRREE & 7 A O R EEZEE) O DO B) X %[RRI RO i
PR 2 A 3 5 REE IR EEEE CH 5. BRI EC, /MY TE s
OAEE DO REEAESEES N K S IG DN D Y. AFFETIE, EEFEO R ERIRD
¥ o B A A L 7=, A5 BB ORI X % Fig.4-9 7> 5 Fig.4-12 (2R d. E¥fhE /-
(IO A A EHER E SV, EEEICREEZ{T/ 572 Y. Figd-9 & Fig4-10
FNT I EFEMHOTEEN 3 55 —HEMMAEHETH L0, FEHORFR L FEERD
REDOZEDE NI XV IBEARE LN R > T D RO AL A 2 & o
NSO B A& A Fig4-13 (TR L, A FEFE M de i C3EMm M s B, —IErgM e, Y
BEMGH B & Fig.4-14 12”7

4.2.3 AREFEBEESEEMEE DR

Wik L CW ARSI O IER - TR S, R EREE EfidEE Ic o ) v 7 %
1T7p o7, MRFRGEZLLTO L HIZED, IE LB O —E % Tabled4-2 1271
R

s M1 1 1 (EEEEDSD - - @ - @)

D M : Modulated rotation] X ¥ R &AL %A /<
@ EOMr : FEH B E DO HEEL
@ - DAfT 22 IH LoD B L
% TBREhS L {CHEIB =1 :n] O n DfHE
@ —otfr - AERNES

AN [FHR B2 S O BT 21772 5 7o), b AR OEN K E WV =FEHFM
WHL(R T T 4 T Z A TR FRA A TEAR SR AR 2L E TR OIH R A 1772 o 72
BEHIA 1A% 72 BREAA R T & D S45C 23 E L, THEIZEZR 6 mm O — %72 HSS
KU JL(NACHI #) &2 U7=. YIEIZRMEE L CiE, E#hERE% 2000 rpm, 59 3
FE% 80 mm/min & L, M311 REEEPIHRFohEEE 2 H Lz, T HEEV)E & mEE
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NAZHEFAMSESDZ &C, 2 BEOGIFHIHGT)@E 0 (2@ < GIEI Sy 2 &l
@< AT A NNOJE B O EEZTHZ EEHINE Lz,

Fig.4-15 1%, REHEHREEEEEIC L 288 vy AT 2 Mo E&EHZHIE L
TRERTHDH. KL, BEE)F-vEIESA D 0°, 120°, 240°DALE CTHIHI by &
FARNIPNEL o TWD., ZH S DNLEIL Figd-5 L0, RULEEEENE L,
RUNLDY Y IABED DI ETHD. RUNVEERESEWGEAETEL, YIHEE N
WA THY, YIHEE EFICE0EABOTHREEN ERT D2 LT, BAK
SRR LT B2 6N5. £, Y10 IAHRBEORAT K > TOIEIWrmfE s
L7722, s, UHI MV BEORA T A NJODICER -T2 B2 605, B
B YA 28 60°, 180°, 300°DALE TIE, YIHI ML & AT R RN HRKEL R
STWDHN, BIEFEBRARZZ L EWOBIRNEE TS L TES.

Fig.4-16 (IR 5EH {1, ZEILINTIZI W TR AR EihEEE 2% 00> 6 120°F T
[mldis U7 Sz < 9 Cdh 5. Figd-17 1%, Figd-16 lITR- L7280 < F
HTC, ZOEINEDBLORKE R EITOYERGETH % . Fig4s-16, Fig.d-17
E 0, BRE)Fv OEERMA A 0°, 120004 T < F3E< 720, K 60°DNLE T
D < FREL o TNBZ ENbND.

Fig.4-15 OYJHIEHL I LBEE L TAH L &, 10 < F2EL 22572 0°, 120°D)LE
TUIEI V7 EATZ A NI L TW5E. £z, G0 S TREL o572 60°DAL
B CUIHHRHI I L TWD. o2 Enb, YRR &0 < PR SITIEH
HYERH D Z LD,

DT, NEREBEEREIENEZO S TES & EAFICELS 220135 5.

424 BEEN AT LWEBASILEE

AREERTIL, FEHhEERFIZ 26T 2 OIHIREE 7S, BIHIFRETIC 4 KT R8I
WCEEHEIC B S KOG A2 1T 9 . %ﬁ_i,ﬁy48km?mﬁgﬁ%7k
Fig.4-19 | R T OHHRIU I OB Z BEEN AT L) v 7 S LR AT I HEEE
VY, REREMROIHNEIC X 2 OHEST DA O ri il 21T > 7. Fig.4-20 (ZEs
AT O L, JE LTEUHIETL OWIEEZ Y > 7 SR b L7c Y o 7 Vg
BoRT. Fio, BERED AT OMLEEE Tabled-3 (TR L, A TIEE O E
Table4-4 (Z7~x79".

425 YHITE

ARFEER T, BIR L7Z3EE 21T 5 CFRP M OB LRHEZ BT 57280, —
%%L@%éﬂfwéﬂ@méwﬁyw%®b)wkLL&%LtIE@@ﬁ,
XM EEFEME N7 TIAIN 2 —F 4 /TR, XA Yva—F 4 7 TH, L4
A ¥ & N(Polycrystalline Diamond: PCD) LETH 5. R U LIE, ML O
LEEEL, HE 6mm DA~ L— MUE W=, £70, REEOEEMATIZIT HSS
R U L% V7=, Table4-5 124 B U L DHEER, Figd-21 \[2F OB AR,
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4.2.6 HLEAF

AWFGE T, MZEsrkls LT SN TV 5 CFRP, 4 (TG4, ~ 7 3
U AMg) B M & LT Lz, £/, REERERD)HIE E O BEMRITIC X
H(S45C) & Fl L7-. Tabled-6""1%, — A A &30 2 BB OB R4 % Lt
B L7EbDThHD. Tabled-6 LV, MIEMENKE < B2 DM B MM & L
THA SN TWD Z N5, Figa-22YL Fig4d-23CFRP # & F 4% A4 DY)
HIZME A2 R L2 DO TH Y, UIHIRUENSEMICE D R D2 Ebod. BUE,
P ZEREAE ST B O N A BN T, FSLIA L DS A fLIZ BMEM 2 Bl A bE TELT S
BHENKEL R TETWD. HAIRHEN B2 DM B O BEREM ZEILE1T O 58,
B DM EHCIGET D RSN ARIRT 2L E R H 5. Figd- 248N+ X 912,
BRI ORI K o TRE S 2 ZRILGAFOIBIUE D B D, @ DS DFE L
WAL H D Y KT, SMIZEHEM LR COMEMREZ BB L, £
i L7 e > W T 5.

(1)CFRP:AHF 22 Cffi Fl L 7= CFRP # ORI % Tabled-7°Iom4. B O X 9 12,
EOFMITHMHENRI U THD I EEGEHMEL D . R FBHHE T RGHE T 1\ & e
XU CHEMATE TRISOHMEEN LR HIMEEZFF>TWD., ZOWEZ R LE
WO 0 CFRP O BERBS 1L, AR MR (UHM) 2 66 1 L, BR 35 e Bd 1) 1%
0°,45°,90°,-45°T 21 @ L 72 PIEF MBI CH 5. ~ b v 7 A3 LD =
R¥ TV REREEP)TH 5.

Q)F Z B AR TN L7 F Z U 5a(Ti-6Al-4V) DR BHRF4: % Tabled-8 12, b
PRS- By E % Tabled-9 (9. JLs6 TilE, &K 882°C (2725 L =R T CLE
H72 a BN BFRICARET 5. ZHUIK L, FH A4~ ) v 7 A% 3 FE T,
ofH, aff & BFEDIAE, BHAHD. TNTh o i, afp B4, BAEL IR
%. Ti-6Al4V [T b — %172 atp A4 TH Y, MIZEHBETM & L CiEA < A
ERTn5.

F 4 o EAEOYEIMTRFORE E LT, BMRERN NS ALFEMICTEETH 572
D, GIHNZ E 0 BAE LB OSBNELS, BEffEa2iEI LT, £, Mt
BRI D 12 BETH D0, ERYOTINITIZHR b <, Yk
B iid v & A ik 2[R s 5.
(3)AZ31 B L NAZILAMFIE T L=~ 7 % v 7 LB 4& DM EHRE % Table4-10 (2,
(bR 5r-"E By L % Tabled-11 ([ ZR9. #E~ 7 3 0 0 NI 7258 S 3R +43 72
DT, TV =LA, HE(Zn), v B (Ma), Pa=v AZ)REETML
T3 2. Al & Zn 13E L <BELHETY, IWEEFNOEEINEZEZ LY
TLBRDIRENR DD, AZ31 1%, R, R, #$fEthe L TR MEHSNT
WAHY T AV LAGE&ETHDH. ZUE, M-S, I, ITHEONT R TENTA
&ThDH. AZ91 IFEEERAE L LTRSS TWD., BHMA LY L AERMNZ
T I L O EME A M B, MEZEOEEEL LTHEAEINS.

73XV LAEEOUEIEImBO TR, UIVIARLED ZRELLTHIENT
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&2 TERBZ O TS BB RN & S o TH RV, BIRHRSILT L 2
=ULDEE LT 5 L 12 BE LS. A BT bR e R Lo
TRETHL. GHINTTHERZET L/, UV SFTORKTHL., v 712y
D3RO TEME 2GR TH 5720, HH 720 LARROG Y < FI3UHIRIC L - T
BHHKT D R ST EHSRVEDIZT D, 810 < FIHE LRV T
FTIBRET D E Vo L LERRLETH S .

4.2.7 EBREER L OHIERS

FEERIZIT Fig.d-25 (TR E8ERIE 7 7 4 ZBE2EH LTz, 77 4 2ABoOtiEL
Table4-12 (279" Bi%E LI R PR U) IS E 2 7 7 A AR EERICH Y A1) 7o kR
F% Fig.4-26 |77

ZEFLEF O YIHIEHT /) OWIE 1L, Figd-27 \Z~3 AST-B BGIHIE it & vy, £
DLk % Tabled-13 12”9, ARFEERCHH L-8hEHE, #8014 T 25 EIHE] &
V7Y, BTN TI(AT A RO 2N OTHRTF—=VIcL > ThtbEans.
GIHEE OREITIE Ar-Cr BVESK AL —F 777 0 O 2 FIEHAZMHEH L.
Z ORIEITIEIRGTME & REHCIT 9. Ar-Cr V%% Fig.4-28 (R L, 2%t
OEUT Tl % Fig.4-29, Figd-30 IZ~F. Ar-Cr 2ExHTI=v ra e LT
NAW =B 7abrFEl LEEE&Z e A WEMEHLTED, JIS #
D KEEX TH 5. IRERIEDFPHIZ-200°C~1000°C T, {EE L EGEESH & DR
BRBEMROTHD Z b, RERICKETH D &AW Lz, BVERNETIE,
7% CFRP D4, B e & XTI 72 5 X 5 Bed L T B8 AN E SR
PTNCHESAET D L0 ITRET D, REDEW Ti GeF 0S5, BB
S EC 72 D K O I IZ N % BT OIAT T, CFRP D4 & RIEROHIE 1T
9. REBRTHH LY —E7 T 7 ¢ 2&E % Figd-31 12, £ OHALk% Tabled-14 IZ
RT. T T T o R L, FEEAMT TN TR O TR U O % J &
T5. &9 LI-UIHNEE ORIEICES U COIEABhi @ E & U CHRIMER i R )
TEHEE 7 A CEVEE T & [RIRFRNE 21T WEM IS BN N E AR L TV 5.
T, MEEEM TOBREZITV, MEMEEZE T\, 2ds, miZEEM COMIEE
%, BEXZ A LIUER R ORmIREZHE L%, BHEEL LICRE LK
SHEEE G CHIEX G O F ik % JE U, ZVERIOREM & R G O A3 [H
U272 % & THEHEEF O £ %20 LT OE T LliE OREFHOMEMNF iz
5 X I ROMIEE 2157

GIHHEHL I 2 E T 28, TR SHIESNDESE T v 7 CHlE S,
T2 a =R fFE LT, RERTHEH LT 7% Figd-32 1T, fhEkz
Tabled-15 (2~ 3. LEHENF O OM D SNT-EEEZ AL, HIES ST —#
7 H—(WR300) & AT EE~H T 5. £, WERHIRET D /A XefrE
ToHIdr— 2T ¢V EEA, @EEE ) A X ERETD.

ARERTIET —FilgidEiE & LC2 o7 —2n —%2 T 5. UIEIKE)
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ORER A= T — & 1 7 —% Fig.4-33 IR L, {IAE% Table4-16 1Z-F. 1p FOR
f@TH 7Y T PT R DT D AREREIHNEIC L 22 b D A A SR ] E
TELHEZB2LNS.

BIHNEE OREICHEA LT — ¥ v ' —% Fig4-34 |2, O k% Tabled-17 12
Y. BVEST O R, — MR A ST v v RIS T D 2 & CHIHIEE 2 E T
5.

AN A% OFAER A O L A = o S JE 2 U 7 it 3 ikl S I E 2R 4
Fig.4-35 12, fi#%% Table4-18 |T” 7. KEMIPESRIC LY, FIFFHH S Ra &
BT S OWNRKAE L 725 Rmax #ET 5. —&MET 2%4, 7L
Bix2 oL LTHEHELAHIOEE 5.

AR A O TR RBE B L 7-Bifg e s 4 Fig.4-36 |2, fiAk% Tabled-19
(2R R E L B IR T SE RN ST AT I ATV, IR HIERRIZ L 0 N T m
BLOEMORERZRETH.

4.3 FEBRFGIE L EBREMG
AETIE UM T ORBRTTER L OERKEZHAT 5.

43.1 FEBRHE

XU DI, B HARCOZ AN TIR TIE, THEF S 3(MG-EBD), 4(WD-2D),
6(PCD-GDN)DEAE 6 mm DA I L— N R U L& 3 2% . CFRP #F OB T 134K
JE4mm T, FZ(TE®, ~73T T LMg)EemEroRERA IZHRE 10 mm O
bOEMMAT 5. CIHEEDL), YRR, MT/IRROME R L O T REFEDO IR
D, EEIRFHMEZIT O . T D DOFRER LY, UIHI LRI L ORISR EL L,
BLREM B 2 S RN T EITV, ZRENOMEIOMAE 25§ 5 UIEI S
% EBROCRHME T 5. FFRHNS, UM T CELEEY < FE2ERILL, B
THIEZTR . ZICKY, REREBEEREIENEIC L 2810 < TR b & Rl
5.

Wiz, BFEMEOEQADOEEANTER TIE, #JE 4 mm O CFRP #f & HKE 10
mm O Ti FeOHEETIT72 5. LEFK S 4WD-2D)O RULZEH L, Figd-37,
Fig.4-38 (TR T EHABSDOEMEI TR LTV, UIHIEGT), L/, 810 <&
FEROREZITRD. iz, @EEDATEZHERAL, TIGE&OU0 < TR SN
LR ERE T D, LREBEENE LD TEIZOW T, RS X 588217
vy, LHBEERELZHRET 5.

BIHHESL ) 6 L OIHBRE ORI E F 1L, SHERE % Figd-39 ITrT & 5 108
ot LIRIRFIZAT 5. GIHIERGL) & LT, @lh)E 0 128 < B kv Ll Fmic@< 2 7
A NMFEORIEZITY . UIHREEE, FUARNLEHIHEOBREZMET 5700,
X & T Fig.4-40, Fig.4-41, Fig.4-42, Fig.4-43 (IR INLEICALET 5. ek
FF73 CFRP D56, ENEXIein % k272 2 & 5 BeS L T 2B M SNERS T 23
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FTOICHET 2D L 5 ICELE T 5. BENEWTi 64 & Mg 54806, ENEX ik
DRHENZ 72 5 K 5 MmN N & & LD IATeZ T, CFRP OA L [RRORIEZ1T 5 .
BESEH L CH—E7 770 2HTH5Z LT —2DEEMER L2 X 5. 72
B, WEEEMOEBIEIZOWTIE, BiHE 4.2.7 TR X 92475 . WIHIEPUIE LT
HEEthofonsEesds, 7o 72 B LIRS YT —4 e —CEL# L PCl
TRLERT 5. F7z, BEEI AT OMBG LT 7 THIE L TR EN L OEE
I, WA TS 2 L PC2 TALEL L, U NEE COUIHIRIL I O 2L 2 RET 5.
ZNHOREE, TXTREFHIIT .

INTRIAR OFEAME, I RNE O, INTRER B I OO RO E %
175, £7-, ILARFEmB L OER &M TRNAEOBIZEZITRV, REWHEDE Y
(T >y N7 7 AN OFESR, [RFEMHMEOTITIEHEDOTHM BT 5.

B S, Fig4-35 (29 filgt 200 S JERCEH L, o o Wi
HAR IS K OV IR & (Ra) 2 s AFEIE IS W 5 . BT PR & O iEF%6 % Fig.4-447
(R SEEROREIL, Figd-36 IR TEGHIE R Z AV, H/h ZFEICL DM
L CHMET DM ENET DM E2RD, P LIEE B ET 5.

432 EBREM
B FEBRICH =B R M 2 2ESRR 5.

4.3.2.1 CFRP #H5M

CFRP #4Clx, ARZ kAl E 0@ W AYIEEST) S BT mICs L3
WRELRHANL. FEEON, BHRBEENMEONT-EELHER L, TEMHEEY)
HI S DO GIEIEHL ) S AT BT ICE JIE TR B W CRHMEZ 772 9.

AREBROYIHIZAE %, Tabled-20 (2797, A S Az il & oo FEAh 325k T,
T.H¥&5 6(PCD-GDN)ZfEH L, BIHIHKEL ) & A RIS 2OV TR E CHe
i LR Z21T72 5. £70, WHUIENECTH IR —SMFTUHIER AT/, R
[IRRSETE &t U, AZEE DO/ ROV THGET 5.

TEMFEDOENZ X DFHMEZERIL, LR —RERYS7-0 0D &% 0.04 mm/rev
D—ESME LT, UHEEGT) &L B SIZ Wi LR 24772 9. R
Y VT T E%E 5 3(MG-EBD), 4(WD-2D), 6(PCD-GDN)% £ 9% . ARFEBROFEHM
7R FEBRSM % Table 4-21 (2R3, UIHHERHU ISR RIHERS (2 L 2 KB /1 21L& Fod
L, LEBRIZED2UHETIOZEZRES .

DY DR 3SR Tk, T.E3&K S 6(PCD-GDN)D KU L ZH L, Tl
Bk BB ST GE OURIRGU) & BT S 2OV TEHMIi 21772 9 .
IS % Table4-22 &, Tabled-23 |Z/R9. UIHISEERIEIENL, FEROHBMEEZS
BLASREIEOMYIKLTITY. 2B, AERITIITRTHALTHS.
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4322 <=7 XVULMBEMBTLEM

Mg H4(AZ91) Tld, ATEMER FHILEE OO S UIHIRGT) & ETHICk
FIFTHELFD. WHUHNE TS RE—&M4 TOHIERZIT2, ANEEEER
HEE L L, REBOFGIMEICONTHRIET 5. A LZUEITEIE, TEFE
%5 5(D-GDN) & 6(PCD-GDN)D 2 fEFH CTH 5. Z 2 TlE, BIHIEREIC L A2 % ik
BT DR A 2 KHEL L7z, 250 T — @ & L, PLAHYIENE L M311
AR o [ml i bR A L 7= B2 LN % Tabled-24 (SR UIHISAETIT72 9 .
F/o, TR LAY &Y, GRS JIE TR EOFHNIL Tabled-25
(R EIHISRE CHEREIT O . UIHIFEERIEHUE, ROFBIELZBE LASM 3
O KL TITH. 72k, RERIITXTHATHS.

4323 FF =1 A(TEESMBRILEM:

Ti &4 TlE, M311 AR E R = fldE & 2 N COIH| LR & O)HIS oy
YIRS SR BT EICB JIETRELRH L. £z, RRIZEL < FIRIRE
b LOTRERIZOWTHRHMli 21772 9 . GIHIZA: %, Table4-26 |Z-~9. CFRP
METi &40 BFEMEIOERGDOEEINT 2175 2 L 25E L, CFRP M DY)
HISRE T W S CRILER 21772 5. £72, T.EK S 6(PCD-GDN) T 25k
HFUCHTE L7272, Tabled-27 TR HIHISM T, THES 2(ADS)D—fixi)7eid
R VERWTEANTATIT S . UIHIEREIEIL, SROBBMZERE LAS
3ROV IRLTITY. 2B, AERIFITITHATHS.

4.3.2.4 EEMEOELRAEDLEEILSH

CFRP #4 & Ti &40 ERA DTN T IR CTlL, Tabled-28 |2/ UIHISMH T
1T 9. 2 Z Tl Fig.4-37, Fig.4-38 [Z/” T & 9 72T T CFRP #1017~ & Ti &4fH]~,
BEMEIOERE DY RN TEREZIT72 5. WHBIHENE & REEFEEROIHIEIC
K DR ATV, KRIEE DA OV THREES 5.

BBt O ER S OE RN TER TIlX, MWEFEEOm LA 5 7= OBila 4
Ze ~— 2|2 TIAIN Rz fi U7z TEEK = 4(WD-2D) 2 3% . DIHIEER A%
%, REROFHBEMEEZEE LALLM 3RO L TITY. B, AERITTT
WATHD.

4.4 EBRHER
AEITIE, AZE TR L 7o AR AR i & L 2 BALERO R A2 HHT 5.

4.4.1 FHEMBEAETCORIMIERER

IZU®IZ, CFRP, Ti A4, Mg ad%, TNEHKRTHEIL LR 2RIz 5
T5.
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4.4.1.1 CFRP M ZRILMER

AN R B A R T, BIHIERET ) &N TN S IZ oW TR TR R A
BIEI AT RBI L. [H#EE N=1000 rpm, 2% ¥ & £=0.1 mm/rev DI ERE R %,
AT A N J1% Fig.4-45 (2, UIH| FV 7 % Fig.4-46 (29, ML/ S Ra &
HIE L7k B % Fig.4-47, WIE L7= Ra ONDOFKETH % Rmax % Fig.4-48 |ZR
9. [Al#EREr N=3000 rpm, %V & £=0.04 mm/rev O A 7 A /] % Fig.4-49 (2, GIH
NV % Figd-50 IZx L, MLV S Ra % Fig.4-51, JHIE L7z Ra DNDH
KAETH % Rmax % Fig.4-52 (2”7,

IR, A7 A NS, Wl b2 & B IERL L= ianid v, M311 Al
FEEN R IS oo dz. RNT, M312 1 & M411 BUAE CREEE O BIHIREL ) & 72
v, AYIEIER R bE L o7, M681 BT L AYIAE & [R5 -o0m VM E &
ol ZOZENLMABMLOENRKE RIEEIZ EOHIRFLUIDME T 5. 2
1%, REREOFEHAEEOERB L OERAEZEL VDIt EZLND.
M311 B[ & M312 AU 1T, [F U =3ERMEHECH 573, M312 BU4EE © =/
FEWRRTT 4 TRITH LT, AELOZEN/NIV. £72, M411 BEEES M6l
BAEE O E GRBROFENZ 2 D, BN/ NS WS, Y LEOEERE
EDEWRD NS L A2 D72, NWHEHNE L FREOHEIZR T2 FR 5.

INT RN & 1%, REHRYIENEEZ W5 A I B2 T RNER S 255
A7z, Figd-47, Figd-48 10 M311 BIEEE L IUHOIHIE A 3% &, Ra 134
30%, Rmax 1T 60% (K L T\ 5. M311 BEEE O Rmax OE2NALAGINIE &
BLEHFCTHDZ L L, M311AEEED Ra & Rmax DZERK 0.5 pm /SN2
EMD, LN OHMEDOHR T E L EN DRV ERR2NE TH DL EE R D.
M312 AL E, M411 AL E, Mell BUEE O S, ML RWNEMH S 2N BAFC
ST, ZDOZ EMND, CFRP MIZXF LT, REHRYIHEIZ X 2 YIHIEE O E 1
IREARDS, RBWHEO T AW EEG T LR BHDLEZEZDND.

WIZ, CFRP MOZEAMTICH L-YHI TEAZFHRS 720, & LEMEICKT
ZYIEHEST N ORE &I TR N L S OFli 24772 > 7=, Fig4-53 12, LEES
3(MG-EBD), Fig.4-54 |Z T.2.%& 5 4(WD-2D), Fig.4-55 |2 T.2%& 5 6(PCD-GDN)®
IR 2R3, ZhblE, & LEMETEIM Lo, #EMITmb 5 A
FANIEYHI MV OB E R LIZH D TH D, Figd-56 (2, LEBIZ I D0
TR S ORIERE R, Figd-57 12, ML AEmEEROK 2R LIZHD
oy, THRHERICOWCEa—T 1 7 OB AR T 5729, Fig4d-58 12N
T4 O TH%ES 3(MG-EBD) & T.H¥& 5 4(WD-2D) & Bl%2 L 7= k5 R %2R~

ZORER, FUHITED AT A N E8IE| MV OHERBIZIEH 5 &, Fig4-53
O THF 5 3(MG-EBD) T, HIERLE DK 1.0 0254 2.0 B F TOH 1 #[HE
25, T EAEDBHIBICESAL L T 6T X CTOUNADNHEIM IS 5 F T
Kl T D, Dk, K205/ 3.5 0 FETOR 1L.S B, T XToUiinH
DHIM 2T L CW A EFUIHNRRETH D, — MBI EF IRIE TIZUIHHRET
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X —EIZR2DITx L, AT A MIHHILI P IRAICRELS 2> TS, HIHI

ML 7125 PR BDARA T LItZ ER LT D 0, Z08EE A5 &, 1IN
ecm 7252 Nem ThoH-w, EFLUHNREE 52 5. Figd-54, Figd-55127-7 2
FEOA ML — IR ALTIE, RUALDOREHETOTRTUNHNRASL ERT
AN —EIWZIeoT=. L, UIEI b2 13, R lZHEML <Y HilT bt
Wﬂﬁ%ﬁ%<@ot\ﬂWﬂMMViIﬁﬁhﬂmﬁbfwékﬁighé.
FrlZ THA& S 6(PCD-GDN)D 54, TEHNSEIZPCD Fv 72w UffiF LI TET
HDI=, AT WARNEN, Zhick v, 910 < FRHLITHERE LHEE
WEEZRRPUC 72 o Te EHERI S D 728, BIEIBHAR ) DR 2 IZEIHI R L2728 B L
TWo72bDEEZBND.

Fig.4-56, Fig.4-5712, ML XL S 36 L OV TR i & S o fEmAs 2
-iFg4%Lﬁﬁ&9 , ML S 1T T EE S 6(PCD-GDN) 3 i b B 4T &
720, WWTLEFEE 3(MG-EBD), 4(WD-2D)& 725 7-. Fig4-55 1IR3 X9 IZ
MTAROEEIL, LTEOEWVICEDAZRIIMHER TE 2V, il T3 LN
L& ERBRIC TR S 6(PCD-GDN) TRAF L7220, LAV TIE, FAROIMENZ
HRHE O FIBER 75 SRR T & 5. LAE S 6(PCD-GDN) & 4(WD-2D)D T B0k
DEWVWELTRIAOTIWAOENRET OGNS, £, THES 3(MG-EBD)
TR —N RINTHLHTD, FHAVEHETUN AL SHDH. EDORETITIR
WAL S Oy, /NEL< RV, HOREOKRFBMERIBEN D NEZEZ N5,
ZOZEND, MINHNENETOHF] SR, MTARNEHSICER LTS EE
2Hb.

Fig.4-58 1%, ZFINT 4 B O TEUINHNENEHO TRERZBIZ LD
ThD. TIAN Ra—T 4 v 7 B L= T ER S 4WD-2D)Z X, R fFaLet
Zh L TV WL B S 3(MG-EBD) Cli, L EHKF B L9 < v EoEERE
DRI HER TE 5. THEEKS 4WD-2D)Tlx, RIFHEOBRIIEE E ~— &
DRI BEFENHER TEX 5. ZhUE, HNEHLE» SANEEIZ M 5 122U fE
WRELS 7D 2 EMEER LD EEZBND. TLEES 6(PCD-GDN) TlX, &
FEITMERR CE o Tt

CFRP #f O YISO Fdk & J~ 2 7212, GIHHRET) &0 TORNEHL S
FFAMfi % Table4-20 (2 /R UIHISMECr7e o 72, T OFER %, TlhEizHE AT A K
J1DOEAtR % Fig.4-59 |2, FfmElHERE & UIEl h v o OBfR % Fig.4-60 (2, Effinlis
BTN & Ra DEIMR % Figd-61 (21, £72, 250 ENUIHIHCETS &N
TORNEH SI2E ZIFT O 1T Table4-21 OUIHIZMETIT2R W, T DM R %,
EYELE AT A NDOE%R%E Fig4-62 12, X0 &EYHE NLvs OREf%R% Fig.4-63
12, XV & EMTANNEHS OBEM%%E Fig. 4-64 127,

Hyw9m%¢iﬁm,x§xhﬁi FHRRHERENE > TH 72 722 R
B BT, BIHIFEDENIC %@%%%_%af%&ﬂot

Fig.4-60 (2R3 K D1 ,ﬂ%@m&@ (O vk, EEHEEREL O
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2 X BB 5 T2, — T, NEHREERGIHIE TIX, FHhFEHEREAMEY Y 1000 rpm
DEFENZEDENEFE L L, FEFEHREA G < 725122, GIHI F L2 23K LI
ROIEIE E DENESL ootz T, REERERC L DFEZENEELZH O
EEZOND. RNEHRBERYIENE T, FEEESENE L R DIEE, INEEE &
BEORIBZAENRKE LS D Z ENEE L, UHITOAMPERLTEEEZEZON5.
INHDZEND, REFEEERYIEETIE, TlhEEsk & IE] b v 2 BRI S
D EDHREC o Tz

Fig.4-61 (/R $HI T AN & OFE R TIE, YIHIJFEICH B9 FllnEs o K
WIEAIS, T ANEM S BRI 72, £7=, E#hE#ERE 1000 rpm TiX, Yl
HIFEDEWIT LD 21T 720D, FEHEHEENEm R DHIFE, TOENPKREL R
D, 3000 rpm TIiX 0.4 um FREDFEL 7R oz, ZOZ LD, REHEMEERTINIET
I, EHhEEREHEINC X AN TN S OE L Z KT X 5 Z & BHREIC 2 -
7.

Fig.4-62 |23 K 918, [ UEHFEERL TH —HHS 720 Ok &0 ERR 55
B, ATANNCERNBEC D Z ERWEC -7, LarL, YIHIFEDENC
LRI E Dol FHREREN R D552, AT A NP/ 2R
WAECRDPSTED, EVEDPRELSBRDLIGEITIE, TOENEZ LN LRI
Tpot-.

Fig.4-63 (23 K912, UIHI MV ORERRE S AT A M ERERT, X0 &
DIFEVZ LD EERRKREZ N ERRAMIC -T2, 2, X EEmcky, T
H—[al#4 72 0 OUHEAMERENEZ 5 2 ENRRO—2>ThHrEZLND.

Fig.4-64 (2R3 X 912, T RNEM S OfE R L UIHIRPL) & FEET, %) &
DRENRKE L, BV &E0.1 mm/rev 2L FOUIHIZRMAT, BAFRM TN S &
Tpot-.

Fig.4-65 (2" L 912, EVFENRLRLGEOMTNT &, T HICHE
E LTI TRNE O/ T A — X R TR Z 1T o 72, TORESR, %0 &3N3
HI1EE, MEANEICHSERILIEBNENYSX 917272, T, X0 ~—
7 EWEIAL, BBALRFIC R U VDI NEEZ R < EAORRICHEIT LTEBRICAE T 2858 ThH
5. Fio, BV EPEWEAIZ, B0 ~v—7 PEFICHR TS, T A —Xihif
ThHEETICRERBNE L. ZOAOEST, IMLRNENEEZZ T TV
LEBZOND., ZDOZEND, CFRP MOZEAMILTIHEEXEY TR AEHTH
HEEAA.

44.1.2 Mg &&MBEHER

Table4-24 O FEERSAF T L L74%, iBR A 2 D125 LINLXN 2 #8152 L
T H % Fig.4-66 1, LN S ORNEREF %A Figd-67 IZR7.

Fig.4-66 |29 L 51T, AEEEBERGIHNE TITILHYIENE & e, BAFZ2I0 T
NNHEZSE ST, F7l2, THES 6(PCD-GDN)DBAIZE DRRNIHE TH -
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7o. TH%ES 5(D-GDN)OHE, MLIINEICED ~— 7 PR TE, Z1T,
FHHEHEREN R E <D 2 & T, KRS 7z, Fig4d-67 (-9 X912, ILAN
MO S Z2HE L=fER, THEHES 6(PCD-GDN) Kb BIFThHh-7-. T,
TN OBERRE—F L. TAEES 5(D-GDN)IE, MLANEDOEY <
— 7 OEBIZEY, MTANEHINRKRELS otz 5425, REHRBHADIHEIE
ZHWD Z & TN L RNEOREEN & 2 D2 FRAMIC R o7 LU D,
ABEEOBNELLEIZ, THEBIROBEWLIIM T NNEIZE LIET RSB &G
H#EIC 72 > 72, Mg B@(AZ9) DA, RNERUIHNED DR EZTET 72 DI,
UHI TEOMFESCIPIREBE T O LENH 5.

WIZ, Tabled-24 1Z/R L7=YIHISM:C, YIHERPL ) ORIE #1772 > ok R %
Fig.4-68 [ZAZ A N )%, Fig.4-69 (ZHIHI hv 7 Z7~73. Figd-68 LV, AT Ak
INFEIEIFIEIC LD ERIIBD SN o=, TERRVRRLEE, AT A b
TNCERE PR TE, TEEK S 6(PCD-GDN)DHAIZ/NE L 725 7=, Fig.4-69 (2%
T LI, Y M 2%, REEEERYIEIE C T EE S 6(PCD-GDN)ZfEH L7-
LA, DInIERE L. LEE S 5(D-GDN)TIE, TOERIIFRD Sah
ST EEHEREEICER 5 &, AT X N EGIHI ML 0%, K 50%DPE D3 i
MTET.

BIHIGEDS, OIHIHREIIC I JIE B AT~ 5729, Tabled-25 (27~ L 72 HIH]
M CEBREITR -T2, FOREE Fig4-70 (. TfliE#zEIc# 59, 250
BN —E THIVUTYIHHRTU NS Z R RO b2 W2 E PRI e > 7.
—5, EEEREES —E T, B0 BN RRLGEITIT, PR EREARBO LT
CORERLD, Mg AA(AZ9D)E AT CTiX, FahEdsE I O8I HEPT I
LW Z ERHLMNC o7, £z, Mg A4(AZ9) T T RN mEH & & YlH|
P ORI &<, TR S & UIHETIE, UIHI T R oRR % K
XL RITFTLZEDHALNTRoT-.

4413 Ti &M ZEILER

CFRP #f & Mg 4O LERT, MLANEHIDNRBE TH-o 7 TEE
5 6(PCD-GDN)&Z M L, Ti &&OZFAMTHERZIT/e-7-. TORER, HEHED
GIHIZEC, INTARIC TERPHE L2720 ERZ F ik L7z, Tabled-29 (2, YIHIZ
RN TROIHERNZ R~T. £72, EEEICHE L2 TE% Figd-71 12, #riEnF
DINLT RO T % Fig.4-72 127”53, Tabled-29 (T3 X 512, FH#hE#EREL 1000 rpm
T1ED & 0.06 mm/rev UL EOYIHISEC L ERN L, 59 & 0.08 mm/rev Tl
Fig4-71 IZ: 9 & 512, Bl A D PCD v UAHTF RS N ERITHE L. Filnds
2000 rpm TIEE Y & 0.02 mm/rev TH LEMNYHE L72. Figd-72 1R T L 91,
TEYHEREOM TR, I TEHEEONRBELTND I LR TE. WIH|
BEH 2T LR R %2, kv EE 2T A N OBR%E Figd-73 12, %0 &L N
kv ORR % Fig.4-74 (ZoR~d. AR L7 TH X, AR O UIHIHET ) & Lz,
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AT A RINE, B EEINEAI L TWH D0, YIEI RV 2 i, 0.06 mm/rev TREUK
[ZEEIN L 72, PTHEOBRIC, B0 FREE 0 0N RTE 20, TRICX VKA
I SV 7 AL TERHR LS 2 5.

Fiko Xk oz, THEHFES 6(PCD-GDN) T, TiA&DOZIMLAR#ETH D &
T L7=72, T EHE S 2(ADSHIZAH L, Table4-27 (278 LIZUIHISR: T, LA
BIEE & RER RIER B EIE TN L AT > 72, 2L L& O TN EHL &
Ra Z 7 L7-FK5 8% Figd-75 12”9, Fig4-75 123 X912, Ti &4 <TlE, U4
FEEOEWIC LA I T RNEHLE OZRITFRD b o7, UIHISEHEOEV,
T AN S ICB T TRERNRE NI ERREIC -7, & bHINTRNH
SN BT > T UIEIZREIL, EdhalEREL 2000 rpm, 251 & 0.04 mm/rev DSR4
T o7z, HAUIEIED EHEERE 3000 rpm, 259 £ 0.06 mm/rev TiE, I
ICH L KIEDFAE L7720, IMLEF I L, EhE#EsE 1000 rpm Ti, &
D EHIINT 5 &R S 08 BAFIZ /e o 7. F#hEEs% 2000 rpm T,
BV EEIMTRNEM S OBRMEITRO bivie - 7. FihE#zE 3000 rpm T
%, 25D BNV T RN EHL S B L 7=,

AT, M313 FURSsE AL Tk & C, TR - H Ol 21T - 7245 5
% Fig.4-76 (27”9, Figd-76 |\Z/r 4K 912, IMIREmIE, YHISEICHL TR
& 7po7-. LavL, FdhaE#EE 3000 rpm, 250 & 0.06 mm/rev THEHIF O BE &
& LN PRRA Lz, INTREEmE, %< OUEISE TR L 0N TAAE A E
b U7z, ¥z, E#hEEREL 3000 rpm TiX, T X CTOUIHEIGRM Tl & 334 L,
WHIMNEG L. ZOEND, %KD Ti A0, TfhEdsE
3000 rpm BL_EOYIHIZRETIINETH L EE 2 5.

BIHIELE O E ks B %, Fig.4-77 (\Zoxd. E#EHEE5AY 1000 rpm & 2000 rpm T
X, —EHEYS7-0 OED ENE L R DICHONUENEE XKL o=, EHhEEE
3000rpm Tix, —[AfEYS720 D% EITH O FTUIEIRENE L o7, —[Hl#EY
O OEYEELR—T D700, FUHIGHET, EVERENRRRD. T, £
V) AE VA (N=1000 rpm, £=0.02 mm/rev ) TIE, YIHIFFREINE L 225720,
THEGHIMEICACEBEBICIVUEIREN ER L-bo B 265, 5D
B 23O A (N=3000 rpm, £=0.06 mm/rev) T, YIHIHFIZAE U D AMIBHE 2 7= 2
EDRYIHNRE EHIC SR o7 B2 oD, ZiuE, YIHERFUI(OIH] kv 7))
OHPERRN O S, YIHITOAN LA CHEETE 5. £/, TR L TiEE
OYIFITIE TR AR N L IX R D THEMN TE S, ZOMEDIC
X0, G0 < Folm & TERm TEEE DA U2 DICUHNRE O EHIZS 70
SlbEZBND D,

FTo, RERPEEREEIEEE T, RSN S < 72 D13 EINEE & JEGE OB 22O
RN RKRELS RDZENREELZLEEZEZONET. 20D O RN EHA
2000rpm ChaE M L&A R LIZEZEZHND.

OIHNREE DS, T HEFEICE LT THELZIFIMERE, Figd-78 1T, Tl
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[AI#A%L 2000 rpm, 15V & 0.04 mm/rev DEIHISA: L, FflEEREL 3000 rpm, 50
& 0.04 mm/rev OUIHISAM: & Tl AT > 72, Figd-78 |k T X D12, REHEFD
IREE L, Edh[EHE%K 2000 rpm, 3000 rpm T, 4 NEAZEO RY AR THE ~—
VI EBIE L., vV OB A T 5 &, EMhEEEE 2000 rpm TIE, B
FEME 23K 0.4 mm Th o 7. — 5 FHHEIEEE 3000 rppm TlX, Ti G4 & Bl 5 &k
EMN, v~ BIRIZIEN > TS Z ENHERTE D, ZoREMCLY, 1)
HIRFIC S R 2R R BN YRR E N ERIC e s T b o B2 b b, F2,
TARNEMEOEMDORRE BEX OIS, RIFHETIE, =IO & H I
NI X 5 R OBEFE IR TE 2o 7=, LA L, E#hE#EEE 3000 rpm DBE,
BAMVAETUNHAOHFR SN Kb TN D Z EBNHERTE . YHITICEEED D
MEREZHRYIRTZETREBLEZbDEEZ OGNS, B, FENEHL 25T
BAEECERENRE W &8, LN S OBE(LIZEN -7 L RFDO—D
ThorLEZ2xbiLD.

DIHEPL N 2 E L2 %, Figd-79 ([CUIHISttEE 2T 2 M T o BEf% %,
Fig.4-80 (ZHIHI S & BIHI b v 7 OBtk & 7R3, Figd-79 IR T L 51, AT A |
F30%, EHhEERECH SR 0 BN 5 L UIEIHCEUD b el L CEgn L 7.
Fig.4-80 (/R4 K 912, WA b7 OMIER RS, AT A M EEERT, Fdhnl
BRI D TR BOEINTHAI L TRES o7, Hilb 44.1.2 TELE L7 Mg
BEDOBETHRIEORRIC/ 722 & s, GIHBEPIIT%R Y BN KA TH
D, Y EEINCK 2 NEOEAWEHREOBEIMIER T L0 THL EEZX LN
5.

442 BEEMEOERESDOERLERGRE

Table4-28 |27~ L2 UIHISGAED 5 &, F#h[EIHEEEL 2000 rpm, 125 D & 0.04 mm/rev T
AN T AT S B D, IMTRNEH S ZR00E LI2kER % Figd-81 17 . AR
OIHNEDFE M Z RGET 272, IWHBIHINETH IERAIT 572, Figd-81 7”7 &
N, MRS, YHITEDEWIC L 2AMERZRIIRO N ho Tz,
F£7-, CFRP# & Ti 5&TlE, MLRNEME RaDZEN 10 um L EERD, FHL
SEMNETT. ZHUE, HHIM OBAIFFEDREE L TWD B2 biLd. HHIM
BN RT-SA, Ti A4 T, mETEL LR —UHISGETOM T ANEA S Ra
2%, £50.8 um ThH o7 Z Lizxf L, BB L HRADOERALLIT o2 5A T,
Ra 72549 1.4 pm & HE L L7z, CFRP M TIIMLANIEM S Ra 234J 1.3 um Th o7
DK U RFEAM B BERE DRI ETT - 72854 TiE, Ra 237 13.6 um & 72 V) Kl
WZEAE LT,

INLAIGAR DBEL 24T - 1= F5 % Fig.4-81 (2”9, £7=, CFRP # & Ti 540,
B 2 5 O T2 N LR D /3T A — 2 dh#k% Fig.4-82 12" 3. Figd-81 IZ/RT X
I, BIHIFIEDEWICT L M L/OBIRIS, BfEl 2R3 onirro7c. Lk
L, YIHIFEICH 59, CFRP M OIITIROAY OfHTIZ, ®mERY 2Lz X5 7
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FEAIRT, FNEOIERPFERTE 2, &5, MIRNE TIE, REMHEOFEES,
B ~—7 LTRSS T TH SRV RENHER TX 7=, WMEOEDFRIKZ %
L3577, CFRP M &, Ti A@DEREH 2 Z D /T A — 2 lifi 2508k LR R
% Fig.4-82 12”9, Ti &&ANZEE~, CFRP M CREBENIER L TWD Z LS
MZ7e o7, CFRP MIT, /T XA —Z e —E/RCTMMNH 7=, T,

IRFEEHEDHBEL T D b0 EBEZOND. INDDORBERE LR, Tids
DOEETIE, $595mm 25 6.05mm TH-o7=DIZxt L, CFRP M TliL, 6.1
mm 75 6.15 mm & 720 JURENE L PR LTz, CFRP # HUE D [Al—HIHI G4
T COZRFMLTIE, INLIRER i OGR R F kO B 22 FIBEEF 13380 i o
7o, 0=, TIAE&OYHEIFFC, Tiader b EIn 5810 <353, CFRP # O
INTORANE &R L, HIVED X5 R CHEH SN Z ENRINTH D EfHEZL LT,

AR EHEREIHINE CRALZAT - 12BRIC, B FLIN TR Ol 5 5. % Fig.4-83 [Z/R 7.
FEIX, RUAFNENTIAEIZOVIAALTTIREO LD THDH. Figd-83 17T &9
12, 20 & 0.04 mm/rev DUIHISMTIE, TiA420U0 < FRELS BN STIRRET
RUNLDOIENSITAM LTI S TE Y, CFRP MIHEE LEIL TV DR T2
T ET.

Fig.4-84, Fig.4-85 [ZHEH S NT= Ti A4 080 < T2 737, BEIRLEZUID < T
U 2, CSREEMEE Tl LBIEL L7z, Figd4-84 IR T L OIS, TIA4ntyn <§
2, IREMHE S BN A EN R TE 2. 72, Figd-85RT L1, Tids
DY) < FREIZ, BNTELMETEZ. Znbld, Tid4od <32 CFRP
MOMTANEEBNLTEALLELDOTHDLESAD. ZORED, TN
SEENEEDERDO—DOTHDZ ENHFEIZ R~ T-.

2T, W RSB AEEIA, YR 0.15 mmrev TOZEFALIN T EER
AT o7, BIHIEDE VI L5202l 570, PHUIENETH EBRZ1T
STz
TR AN E 2 HIE U725 5% Fig.4-86 (2~ 9. Fig4-86 (29X 912, M314
R 25 35 [ i - il [ G U, CFRP A4 O XN L & 2SI BIHINEIC TR
30% B AFIC i o2, E£72, XV & 0.04 mm/rev DSAE T, CFRP A O/
LS89 13.6 um ThH o 722Dt L, AUIHISAETIEA 5.8 um 720, KIEIZINT
RNEH ENEES N, —F, TIEE2OM T ANERS L, FLHETEEDSEAIC
RVMEIZ R o722y, REHRUHNEOS A, %0 & 0.04 mm/rev DUIHIZEOS G
L deE S L.

ZEFLIN L # O Lo g & Hi % Fig.4-87 (/R T . CFRPM ORI E BT 5 &,
WHBIERE T, IMTRERICEN T & 5 RERHRTE 2. Zhicxt L, R
[IEREIHE CIE, IR TIEE LS BN L 95 EBNIMER TE oo, FhE
NONEREZRE LR, WHUIENETIX 6.12mm TH o723, AEHEERE)H]
ETIX6.05mm & 720, SREEDOILRBIH S vz, REREHRYIFNE THRIALEIT-
BRI, Tiaentlh < TR S 28T DEkt 55 % Figd-88 |2/~ d . B0 &
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0.15 mm/rev TiX, Ti G400 < FM< oW LEEH ST D Z &3 ER T
X7 ENENOUIEIHETER L Ti 4080 < 3%, Fig.4-89, Fig.4-90 |2
R, Figd-89 29 & 518, IWHGIHNETITE 28 200 mm ## 2 2 IEFITE WD
Bl < FRER ST, —F, Figd-90 IZrT & 518, REHEHADIEIE T 10 mm
2520 mm EEED/NE 2P0 < FThHoTe. 2D X DI, B0 TR TS
nN5ZET, Y < FTHEHMENBAFIZ72 D, CFRP # OH1 TN O & $if] ¢
=, MIANEHEINEETETLEEZD.

G0 < FORREIIC LY, G0 < FTOHFEE VD 2R &3 2 HEE ) oHm
AWMz o5 EEZ, YHIREUIOWEZTR -7, WHEIHRET, 2N LTE1T
> - BROUIHIIRGT I #ER % Fig.4-91 (7. JIERLEZE D 0.1 RRENDS 09 B F
T/ CFRP M ORI T T, 0.9 MRRENS 3.3 HE T, Ti 402N Tk
ThD. NERBEYIHNET, FHIMNT 21T - ZBEOYIERE I HER % Fig.4-92 (2
R HIEBIAE 02 RREND 1 #FE TH CFRP MO ZFEFLIN LI T, 1 BEED)
H34BETHTIAEOFEANTIRNTHDH. ZNLORRLY, AT X T,
GIHIFIEIC L D AR 2 FIR D o 7. YIHIFEICH 59, CFRP # Tl
#1160 N, Ti &4 TlEk 660 N TEFIRREIC /> 7. GIH| hv 7 TiX, CFRP #®
AL CITAME R 2RI 5T, 30N-cm TEFIRAEL 272, L L, Tid4
DOZEALTIX, YIHIFFR ORGE & & HIZOIH v n38n Lz, E£72, SIHIGEDE
WT, ZOEMOMEE N2> TEY, PHUHRETIHMEE ORINAKRE <, &K
B2 350 N-em Tdr o7z, —J7, REREEGIANE TIX, £OMEE BESNTH Y,
B RAEAY 290 N-cm C, JLHAGIHIE & 5 20%DBIH] b v 7 K E 72> 7=. BIHE
MLZ0X, BIMOJRR & L TO 0 IABLBEOEINC LS5O0, R UV AEHBOER,
RUNVEBRENFETLNS. L, ARERTIE, WUENETEY & & YIHIEE D
FHERFRCTHoTZ 00, TUHIZERNBAET L Z LITBEZH . 2029,
1o < FIRR, BIHI bV AT ARTF LB X b, RERUENEICE, £
AT DR N S D Z L NI o 7.
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4.5 FEE

B2 M & LTSNS CFRP M « =~ 7 XV U LB 4 - THX U AEELE, £
HOEREDEMEHIX LT, REEBHRGIENEZ AW TN L &1772 - 7255 5,
DT ZSED 2 ENTETE.

» AN AR A A
(1)  AEREHEEEHEOERZAEETDH LT, —REEH D OFELELO D
[FIFRNZED D .

() FEEEER R RO ER L R LT LD, A ORIREE (LT 5.

(3)  AEEEEEMEEAR L THoTh, AN SNDEMEERAKE < 25
FR, GIMIHE ORIERIIR X < 72 5.

@ EEEEROEMNRZEIC LY, R YD A RS E M E T .

() AEEEBHRLININC K 0, SIMIRE I E R A B S R T B

(6)  FEEBHERGINIAIC LV ARSNDEY < T, 5SSO BT L E O ET
ROl

- CFRP

(1)  REEEEE T EhEE O I, M311 BASSS 5 [ml s s @ s Ol H 7 -
fE B SRIERB SN TR TH S.

) fEFmHINKRDBFE72% T EIX PCD-GDN TETHY, EHBEFFOKRHE
WRHED r SSEH B3 AE LIZS V.

(3)  [FA—EY BB\ T EHEEEEEINC X 5 AT 2 MEFLU EYIEI vy 0%
{LIZfEsRC 9, UIHIEEE & UIHRET ) O BIfR I3/ S v

4)  [F—FEEEEEIC W TED BN LD AT X ML) L UIHI h v O
MARPEAFETH Y, =0 &E UHIRTORERITRE V.

(5)  UIHIRMHIC L 23HE LY, £ EFmHIITEY BICKDRENRE L, KiE
DEICEDARGTIMLTH EFEHINRIF LD,

A SRy N

()  FfhEHEEEAS 1000rpm TH 4000rpm T HAL EIFEH S IR E RER RN &
26, GIHIEEEE & B L & o BRI/ S 0.

2 HEFEHI RS REEE725 T EIXPCD-GDN TETHS.

(3)  WIHBEEUE, BIHIEEOE N XY TEROEWNIC L 2 EERKE D,

(4) PCD-GDN T EZ MW= AREEBERGIHNTEIC X 2 8H FI ToMAd B S
%, DLAUIHNE & TR S0%E T 5.
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BN < 720
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« CFRP—F % > &4 0 SLAEM Tl S FEAS
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VI bR & v, A EE EEEEE OGN0 S vz, RS, INTRANEE
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Fig. 4-1 Pitch circle
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Fig. 4-2 Gear angle and combination of elliptical gears

- 149 -



Table 4-1 Specification of elliptical gears

Gear radius Center Angular velocity ratio
Name Large circle | Smallcircle | distance | Peak value | Bottom value
[mm] [mm] [mm] do/do do/do
3 lobe type
ellipse gear 25 15 40 1.67 0.60
(Negative type)
3 lobe type
ellipse gear 21.5 18.5 40 1.16 0.86
(Positive type)
4 lobe type
, 22.5 17.5 40 1.29 0.78
ellipse gear
6 lobe type
. 25 20 45 1.25 0.80
ellipse gear
1.8
NI VAANEEYAAN Y
1.4 \
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Fig. 4-3 Relationship between angular velocity ratio and spindle rotation angle with each

modulated revolution device
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Fig. 4-4 Relationship between cutting speed and spindle rotation angle with three lobe type

elliptical gears modulated revolution device
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Fig. 4-5 Relationship between main spindle speed and feed rate variation with three lobe type
elliptical gears modulated revolution device (Conditions : Number of main spindle revolution :
1000 rpm, Feed rate of Z axis : 100 mm/min)
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Fig. 4-6 Modulated revolution device

Fig. 4-7 Original spindle attachment of modulated revolution device
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Fig. 4-8 Sectional view of modulated revolution device
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Fig. 4-9 Three lobe type elliptical gears (Negative type)
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Fig. 4-10 Three lobe type elliptical gears (Positive type)
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Fig. 4-11 Four lobe type elliptical gears
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Fig. 4-12 Six lobe type elliptical gears
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Fig. 4-13 Actual inner structure of modulated revolution device

3 lobe type ellipse gear

| (Negative type)

Fig. 4-14 Actual elliptical gears (Two lobe type, Three lobe type, Four lobe type)
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Table 4-2 Prototype model name list
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Fig. 4-15 Fluctuation of torque and thrust force
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Fig. 4-16 Cutting chip generated by modulated revolution cutting method

20um

Thin portion (0 °) Thick portion (Approximately 60 °)

Fig. 4-17 Fluctuation of cutting chip thickness with modulated revolution cutting method
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Fig. 4-18 High-speed camera (PHOTORON Co., Ltd.)

Fig. 4-19 Waveform input device CONTEC ECH(PCI)BE-H2B
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Fig. 4-20 Visualization sample of cutting force with the High speed camera video
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Table4-3 Specification of high speed camera

Lens Mount

F mount, C mount

Imaging system

CMOS Image sensor (Color: Bayer method One-chip color area sensor)

Recording method

IC Memory system

Recording capacity

Model 1: 2.6GB  Model 2:8GB

Maximum resolution

Frame rate Horizontal resolution X vertical

resolution

50~3,0001ps 1024%1024
5,0001fps 512x1004
6,0001fps 1024x512
9,0001fps 640x480
10,000fps 512x512
12,0001ps 512x384
15,0001ps 256x512
20,0001ps 512x256
28,000fps 256x256
30,0001ps 256%256
36,0001ps 512x128
50,0001ps 256x128
60,0001ps 128x128
75,0001ps 256x64
100,0001fps 25632
125,0001ps 12864
150,0001ps 12848
180,0001ps 12832
210,0001fps 12816
250,0001ps 12816

Density representation

Monochrome model: 10bit, Color model : 30bit

Electronic Shutter

1/NoF~1/1,000,000s

Video output

Analog video

RS170 Standard video output
(NTSC/PAL)

Power-supply voltage

AC100-120V/200~240V(AUTO-RANGE)

Power frequency

50-60Hz

Power consumption

2.1A(AC100V)

Dimensions and weight

Camera body

158.6x131.4x280.6(HWD)mm 4.9kg

Remote

105x140x20.8(HWD)mm 0.55kg
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Table4-4 Specification of waveform input device ECH(PCI)BE-H2B

Bus PCI Local Bus Specification Rev2.3 (+5V)
Address 32-bit memory address, 1/ O address
Interrupt level INTA-INTD
Bus operating clock 33MHz(max)
Number of slot 2 slot

Table 4-5 Specification of drill tools

Tool Tool bace , Number | Diameter | Point angle Model
] Coating Manufacturer
number material of edge [mm] [deg] name
1 Co.HSS 120 NACHI COSD
2 wW.C Non 118 SAITOH ADS
3 w.C - MG-EBD
2 6
4 w.C TiAIN 140 WD-2D
0SG
5 w.C DIA 120 D-GDN
W.C+PC PCD-GD
6 Non 120
D N
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Tool No.1 COSD

Tool No.2 ADS

Tool No.4 WD-2D

Tool No.6 PCD-GDN
Fig. 4-21 Tools
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Table 4-6 Mechanical properties of various materials

Sec. CFRP Steel Alalloy  Tialloy Mg alloy
Density
; ; 1.5 7.8 2.8 4.5 1.8
[10°kg/m’]
Tensile strength
1.63 1.37 0.47 0.96 0.25
[GPa]
Specific strength
s 10.9 1.8 1.7 2.1 1.3
[10°cm]
Tensile elasticity
136 20.6 75.5 107.9 45
[GPa]
Thermal conductivity
3.1 75.4 1879.2 61.48 54
[W/K-m]
Linear expansion
coefficient 0.9 12 23 - 25
[10°/K]
Specific resistance
P 10" 107 10 107 10
[Q-cm]

2<CFRP is epoxy resin composite, Fiber content 60vol%
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Table 4-7 Mechanical properties of CFRP*"

Layer Ply
[ply]

21

Fiber orientation

Quasi-isotropic
[0°45°90°-45°]

Tensile strength

4900
[MPa]
Tensile elasticity
230
[GPa]
Bending strength
8 g 3800
[MPa]
Bending elastic modulus
210
[GPa]
Interlaminar shear strength
194
[MPa]
Bending elongation modulus 187
[%] '
Volume fraction
60
[%]
Resin content
40
[wt%]
Impact value
18.4
[J/em2]
Absorption energy .
[J] '
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Table 4-8 Mechanical properties of Ti-6Al-4V

Tensile Reduction of Vickers Specific
Proof stress Elongation
strength Area hardness intensity
[MPa] [%]
[MPa] [%] [HV] [kN-m/kg]
980 920 14 20 320 200

Table 4-9 Chemical composition (%) - mass fraction of Ti-6Al-4V

N C H Fe o Al V |Ru|Pd|Ta|Co| Cr | Ni| S | Etc. Ti
5.50 | 3.50
0.05 0.08 | 0.015 | 0.40 | 0.20
~ |~ -1 -1-1-1=-1-1-]+-1] Rem
Max. | Max. | Max. | Max. | Max.
6.75 | 4.50
Table 4-10 Mechanical properties of AZ31 and AZ91
) Tensile ] Specific
Density Proof stress | Elongation | _
3 3 strenght intensity
[10°kg/m’] [MPa] [%]
[MPa] [KN-m/kg]
AZ31 1.78 250 165 16 140
AZ91 1.81 230 160 3 127
Table 4-11 Chemical composition (%) - mass fraction of AZ31 and AZ91
Al Zn Zr Mn Fe Si Cu Ni Ca Mg
2.5~ 0.6~ 0.20~ | 0.005 0.1 0.05 | 0.005 | 0.04
AZ31 - Rem.
3.5 1.4 1.0 Max. Max | Max. | Max. | Max.
83~ | 0.35~ 0.15 | 0.005 | 0.10 0.03 | 0.002
AZ91 - - Rem.
9.7 1.0 Max. | Max. | Max. | Max. | Max.
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Fig. 4-25 Milling machine Fig. 4-26 Set up with modulated revolution device

Table 4-12 Specification of milling machine (FMR-40)
Control axis XY.Z

0.001[mm]
Least input increment 0.0001[mm]
0.001[deg]
0.001[mm)]
Minimum travel range 0.0001[mm]
0.001[deg]

Pulse coder

Position detection Resolver

Inductosyn scale
X 6000 [mm/min]

Feed rate Y 6000 [mm/min]
Z 2000 [mm/min]
Table dimensions 950%520
(Work dimensions) (800x410)
Spindle speed 60~4000 [rpm]
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Fig. 4-27 AST-B type tool strain gauge dynamometer

Table 4-13 Specification of AST-B type tool strain gauge dynamometer

Measurement points

One point (multi-channel available)

Response speed 100Hz
Bridge resistance 60~1000Q
Output Impedance 10Q
Gauge factor 2.00 Constant
0.2V(RL5kQ)
Sensibility (10x10 strain)
3mA(RL30Q)
OUTPUT V +5V,+5mA
Output
OUTPUT I £5V,+30m
1,2,5,10,20,50, 100
Sensitivity adjuster x100pe,OFF

Precision +0.5%

Power

AC 90~110V 6VA

DC 10.5~15V 0.35A

Dimensions and weight

49Wx142H*264D mm

1.5kg
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/ Insulating tube

Fig. 4-30 Fitting example of Ar-Cr thermocouple (Ti-6Al-4V)
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Fig. 4-31 Thermography (NEC TH6300R)

Table 4-14 Specification of thermography (TH6300R)

Temperature measuring range

Normal range:-20~+250°C
High range:200~1000°C

Minimum detection

temperature gradient

Under 0.2°C at 30°C (Normal range)

Measurement accuracy

+2.5% or +£2.5°C

Detector 2D uncooled sensor (Microbolometer)
Measurement wavelength 8~14um
Number of pixels 160H*x120V
Focus range 10cm~oc0
Instantaneous field of view angle 2.2mrad
View angle 20°H~15°V
Frame time 1/60 s
Display 2.5 inch

Degree of protection

IP54(IEC60529/JIS C 0920)




Fig. 4-32 Amplifier (KYOWA CDV-700A)
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Table 4-15 Specification of amplifier (KYOWA CDV-700A)

Bridge resistance 60~1000Q2
Bridge power 10VDC 4VDC 2VDC 1VDC (Under 30 mA)
Bridge
Output
voltage
Sensitivity 10V DC 5V
(Strain :100x10) 4V DC 2V
2V DC v
1V DC 0.5V
Over £10V(Road 5KQ)
Output A ) )
0 point adjustment range £0.1V
Output
Over £10V(Road 5KQ)
Output B o )
Sensitivity adjustment range 1~1/100
Non-linearity +0.01%FS
Strain P
_ _ 100, 200, 500, 1000, 2000 5000%10™, OFF
amplification
Sensitivity adjuster DC
_ _ 10000, 5000, 2000, 1000, 500, 200 times, OFF
amplification
precision +0.1%
Response frequency
DC~500kHz (+1, -3dB)
range
Transfer characteristic (4D) Butterworth characteristic
Low-pass filter Cutoff frequency 10, 100Hz, 1, 10kHz, F(Flat)
(L.P.F) Amplitude ratio of the cut-off point -3dB+1dB
Damping characteristic -24dB+1dB/oct.

Noise

Low-pass filter

Noise (Input conversion value)

10Hz 3uVp-p(RTI)
100Hz 4uVp-p(RTI)

1kHz 6uVp-p(RTI)
10kHz 12uVp-p(RTI)

Pass 60uVp-p(RTI)

¥ 1uVp-p(RTI)=1x10% Bridge voltage 2V
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Fig. 4-33 Data logger (GRAPHTEC Thermal Arraycorder WR300)

Table 4-16 Specification of data logger (Thermal Arraycorder WR300)

Channels 4ch
PC Interface USB(1.1), Ethernet (10BASE-T/10BASE-TX)
Internal storage media RAM 1M memory
Data Duration 1ps, 10us, 100ps, 1ms, Sms, 10ms, 100ms, 1s
) Setting of measurement condition, Measurement data, File
Function
convert (CSV, GBD)

- 174 -




Fig. 4-34 GRAPHTEC midi LOGGER GL200

Table 4-17 Specification of GRAPHTEC midi LOGGER GL200

Channels 10ch
PC Interface USB(1.1)x2
Internal storage media Flash memory 3.5M
Data Duration 100ms~1h/10ch
Thermocouple type K,JLE,T,R,S,B,N, W
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Fig. 4-35 Stylus touch type roughness meter (Mitutoyo SV-2000)

Table 4-18 Specification of stylus touch type roughness meter (Mitutoyo SV-2000)

X axis 100mm
. Z1 axis
Display range (Detecting 800um/80pm/Sum
element)
72 axis (column) Moving range 350mm
X axis 0.05um
Resolving power Z1 axis 0.0lpm (800pum) , 0.00lpm (80pum) , 0.0001pum (8um)
72 axis Ipm
Movement speed X axis 0~40mm/s or Manual
72 axis Manual
Measuring speed 0.02~5mm/s

Straightness accuracy

0.15pum/100mm

X axis operation

Joystick operation

Approved standards

JIS’82/11S°94/J1S°01/J1S°82/JIS°97/ANSI/VDA

Evaluation curve

Profile curve, Roughness curve, Waviness curve, DF curve,
Waviness motif and Roughness motif curve

Analysis graph

ADC,BAC, Power spectrum

Curve compensation

Inclination correction (whole / any), circle correction, ellipse
correction, parabola correction, hyperbolic correction, conic
correction, stylus arc correction

Profile analysis

Level difference / Circle / Angle / Area / Coordinate/ Inclination

Filter Gaussian,2CR75,PC75,Robust-Spline
Base Size (WxD) 600%450mm
Base material Gabbro
Exterior dimensions Body 716x450x966mm
WxDxH Display 330%270%124mm
Mass Body 140 kg
Display 4.0 kg
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Fig. 4-36 Image measuring instrument (Mitutoyo QVH3-H606P1L-C)

Table 4-19 Specification of image measuring instrument (Mitutoyo QVH3-H606P1L-C)

X axis 600 mm
Measurement range Y axis 650 mm
Z axis 250 mm
EI1X,Y axis (0.8+2L*/1000) pm
Measurement accuracy -
E1Z axis (1.5+2L*%/1000) pm

Maximum tracking o
L +80° (Diffusing surface)
inclination angle

Minimum display 0.02 pm
Vertical epi-illumination Color LED
Lighting system Transmitted illumination White LED
Program control ring lighting Color LED

2XL is the distance between two optional points [mm]
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Fig. 4-37 Stack material of CFRP+Ti alloy Fig. 4-38 Stack material of Ti alloy + CFRP
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Fig. 4-41 Relationship between CFRP material and thermocouples position 2
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Fig. 4-42 Relationship between Ti alloy material and thermocouples position
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: [
Fig. 4-43 Relationship between stack of CFRP + Ti alloy and thermocouples position
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Table 4-20 Cutting conditions of evaluation experiment with modulated revolution device

Spindle speed Feed rate
Model number | Tool nuber
[rpm] [mm/rev]
Regular
M311
1000 0.1
M312
M4l11 No.6
Regular
3000 0.04 M311
Mo681

Table 4-21 Cutting conditions of evalution experiment with the kinds of tool materials

Spindle speed Feed rate
Model number | Tool number
[rpm] [mm/rev]
No.3
2000
0.04 M311 No.4
4000
No.6
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Table 4-22 Cutting conditions of evaluation experiment with the kinds of spindle speed

Spindle
Feed rate
speed Model number | Tool number
[mm/rev]
[rpm]
1000
Regular
2000 0.04 No.6
M311
3000

Table 4-23 Cutting conditions of evaluation experiment with the kinds of feed rate

Spindle
Feed rate Model
speed Tool number
[mm/rev] number
[rpm]
0.1
1000 03
) Regular
sl No.6
0.05 M311
2000
0.15

Table 4-24 Cutting conditions of evaluation experiment with the kinds of cutting speed

Spindle speed Feed speed
] Model number Tool number
[rpm] [mm/min]
1000 120 Regular No.5
4000 M312 No.6

speed and feed rate

Table 4-25 Cutting conditions of evaluation experiment with relationship between cutting

Spindle speed Feed rate
Model number Tool number
[rpm] [mm/rev]
1000 0.18
1000 0.045 M312 No.6
4000 0.045
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Table 4-26 Cutting condition with Ti alloy (Tool No. 6 : PCD-GDN)

Spindle speed Feed rate
Model number Tool number

[rpm] [mm/rev]

0.02

0.04
1000

0.06 M311 No.6
2000

0.08

0.1

Table 4-27 Cutting condition with T1 alloy (Tool No. 2 : ADS)

Spindle speed Feed rate
Model number Tool number
[rpm] [mm/rev]
1000 0.02
Regular
2000 0.04 No.2
M313
3000 0.06

Table 4-28 Cutting conditions with stack drilling (CFRP - Ti alloy)

Spindle speed Feed rate
Model number Tool number
[rpm] [mm/rev]
0.04 Regular
2000 No.4
0.15 M314
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Fig. 4-45 Relationship between thrust force and cutting method
(N=1000 rpm, f=0.1 mm/rev)
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Fig. 4-46 Relationship between torque and cutting method
(N=1000 rpm, {=0.1 mm/rev)
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Fig. 4-47 Relationship between surface roughness Ra and cutting method
(N=1000 rpm, f=0.1 mm/rev)
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Fig. 4-48 Relationship between surface roughness Rmax and cutting method
(N=1000 rpm, {=0.1 mm/rev)
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Fig. 4-49 Relationship between thrust force and cutting method
(N=3000 rpm, f=0.04 mm/rev)
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Fig. 4-50 Relationship between torque and cutting method
(N=3000 rpm, {=0.04 mm/rev)
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Fig. 4-51 Relationship between surface roughness Ra and cutting method
(N=3000 rpm, f=0.04 mm/rev)
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Fig. 4-52 Relationship between surface roughness Rmax and cutting method
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Fig. 4-58 Tool wear of various tools
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Table 4-29 Tool breakage situations (PCD-GDN)
0.02mm/rev | 0.04mm/rev | 0.06mm/rev | 0.08mm/rev | 0.1lmm/rev
1000rpm @) @) A X X
2000rpm X - - - -
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Fig. 4-80 Relationship between torque and cutting conditions (M313)
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Fig. 4-81 Relationship of surface roughness Ra and materials and cutting method (CFRP to
Ti alloy) (Cutting conditions : Table 4-28 1=0.04 mm/rev)
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Fig. 4-83 Frame-by-frame image of the CFRP to Ti alloy during cutting
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1.0 mm./div

Fig. 4-84 CFRP's cutting chip adhered to Ti alloy's cutting chip

Fig. 4-85 Wear-mark on the surface of Ti alloy cutting chip
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Fig. 4-86 Relationship of surface roughness Ra and materials and cutting method (CFRP and
Ti alloy) (Cutting conditions : Table 4-28 {=0.15 mm/rev)
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Fig.4-87 Relationship between hole state and cutting method
(Cutting conditions : Table 4-28 {=0.15 mm/rev)
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Fig. 4-88 Frame-by-frame image of the CFRP to Ti alloy during cutting
(State of dividing into Ti alloy cutting chip)
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Fig. 4-89 State of Ti alloy cutting chip (Regular cutting method)
(Cutting conditions : Table 4-28 =0.15mm/rev)

Fig. 4-90 State of Ti alloy cutting chip (M314)
(Cutting conditions : Table 4-28 {=0.15mm/rev)
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FERSMEIE, FEBR 1 B L OSERR 2 TRV, EER 1 OUIHIZ{% Table5-16 (2R
T.OEEBR 1 T, 2FEEOSED BT L, & 3FEEOUEBREEZAWD. 2 Oy
GME, Fex OBEOWIR R Z KRICEELED TND. —HKHNT, Ltz
Iﬁfkétb,lﬁﬁ%%ﬁ%%ﬁb,ﬁ@%%%ﬁﬁﬂEﬂM&EE<mmb
TW5h., ZHCky, AT XML 2 LEOER, JrEz2i 5.

W, FEBR 2 THWIUIHISME % Table5-17 (23, ZEBR 2 Tl 3 FEDXY &
2L, & 3FEOUHIEE AL WS, FEBR 1 OFE LY, B E LI TREO
HERR ool 2, FEBR2 TIEEVEZEIRELTWD.
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5.3.3 BIEFIE
RIETIX, FNENOFGEE OHIED HESWTHBAEITS .

53.3.1 10 < FEINEOFHEFIE

Gl < FEIROPEHEL, 2FEO T EEZRHWTHS. EBR 1 TlE, 241
Bz iz, YHIRTOM®EM OERE X, Z20E L%, NLgoMEMoEE
Xy Z2fEL, G DEHWHERGRR2E)Y < FofEE X 2 R05. I, L%
WZEX L7290 < FOREEZEL, N2 EBEOUD S FEREY L EHRTH.
X(5.2) & A, ERRICER L7290 < F& Y 28RN0 < FORER X T
BrL, 1005 L72b0&200 < FEIEE T, DNoRTRILHEICH WX
Thb.

510 < FIEILER(%) = §><100 ............... (52)

FEER 2 T, BB D 72020, EBR 1 LIxR R FN Gk EFT 5. CFRP
DO L ZALIZH NS RYLOANENS, TRl d3H(5.3) % A CHEER R 72 bR
EERMAFRICEVELS. ZoEZEGmMNRI < FoEfEvV L LT, (54T
RTARIS, BEERIARE V ICHEIM OLE CIRE LHEGRIISRO-ERE W &, 2
72810 < TORERA LT 5. ZHUT L, EEOZRILINTIZ L NEER SR
LR AIEEOMERMNE 7 A NV ZHFIBE ST S T OHEREL, FEERIC
EUX L72810 < FofEREB L L, XGSHZHY, ZoEILEZEY < T oRE
BB ZHGmNRED < TORER A TRL, 100FL7eb0E2E0 < FREILE &
T 5. ZOfRRERKIC, U FTEUEED ST 7 2 E%T 5. Fig.5-34 1256k 2
DY Y < FREIEOEH FEEZRT. £72, UFORTRITHEICHWELTH
5.

V=mr®-h (5.3)

W=V -18 (5.4) 3% CFRP M DILE : 1.8
10 < FEIR%)==x100 (5.5)

o

Vi R [mm’] r: AREOEE [mm]

h: EOES [mm]  W: EE [g]

5332 IV T REEESAOHELE
U0 FTORIERSATIE, ZAMNTIZE 0 Y1 7 o EEEO RIS
FoUIN LT %, HBOHFEDOE I THRIL, ZBFINTHIZE T 2472810 <
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FORGETMTH. BEFEL 72 ¥ 21 g B LR LICE<5. &
OICEFHEMEEZHWT, ot < T OREEZITS. ZOBEBRL, BT
Y7 b, Win ROOF & \"C, Fig.5-36 (239" & 9 AL EATVY, Wi &
17729, 728, WEIR 1 ROEEICSE 1 mmx1 mm OFE T 10 &0 21T
W, TR < FE S OERSITRI S T 5.

5.3.3.3 EMEHIERE

BEMERNEX, Fig.5-15 1IR3 mEgHEER(QVH3-H606P1L-C)Z H N TIT 9. A
EERTIX, REORPEEITV, NEIRE X OUIEIGEOENR, BEIEICE
FIFETREZET 5. WEHIED, WERKBICH L TRZED ZFRM i/ L e
LM & =24 TEw, ZOMOHPLEREMEZHEREORLEZZ D, T
FLLDCHIEREICNES XU ET S —HoYREEEHE &35 HFIETHIE
21T, ZORROEME LT P

5.3.3.4 T RWNEHSIHIESE

ZEFLIN T 1% OHER 2 W U, Fig.5-16 (2o fig U8 mof S e 42 v ¢
SN O FHTEEIHL S Ra ZHE T 5. AR TIX Fig.5-37 IR L 212, 4 &
DM S ZPE LERMEZ M TRNEM S Ra & 5.

5.3.3.5 REBEHAKE D RIBERIE 715

IMTFIBROMIE & LT, HEFE B L 2 RESHEOFBELZET 5.
THOFREE L OREONRERE VICAE LD REMHEOHBEORE S ZH/ETS. £
DR FENE A TableS-18 (2R3, Z DFR IR I ML HEL, W@ EOMFFER FIZIES
SHEEME TEDTZ D TH L. FHEER 23 030 mm LT OSGG A& S RIF&
L, 031 mm2>5 0.50 mm ETOHEOZE R, 051 mm U EOLDOERR L ER
LTWa. i b Bt Bidm &, RE 2 B mof] % Fig.5-38 12777 Fig.5-39
IRT LI, RERAEVITE LTV D AL AL DEALA R ERHEOHBET TH 0,
FERPLEIEREL L, TR O S HBET £ TCOEMEZHET 5.

5.3.3.6 BIHIEHLA OBIE G &

BIHRHT ) 8 L OBIHIEE ORI E kL, KREERE % Fig.5-40 I3 X912
Pae L1T 9. GIHHERL & LC, EhFmic< Ji(A 7 A MapE) &, #lE 0 (28
< JIEIHT BV 2YDORIEEAT 5 . BRSO ORlER, TEEIH N OHELND
Bk, To7 @ UESET —2 o —CEH L PCl Citdkd 5. 72, &
S AT ORI, PC2 Tridkd 5.
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54 ZEBRER

AHITIE, BT Lo g [ BUAE B 2R L AL E & Fh 2 R U L OMERERE OF5 SR &
O LEIAR OFE WU SRR IE W DS HEHIME I 36 X T 2T OV TR L 72 5 5%
ZAEAICE T 5.

5.4.1 WEHR5IRELERZAEBEOMREFNM ER1

TR 1T, BHIE L7 NSRS | BUAE BE 2 FLAE i & el R U L O PEREREA 21T -
7o, MEEERHMIOIEHE & LT, AR < FEINE S, BN LZOI < FRID
FER AR D 2 A IE LT,

54.1.1 B1Y < FENR$E

B L 7= N o | AR BB R AL AEE &, HERI RY LET L I T HAMH L
A, U0 < FRINKROFAE 21T o 72, iR % Fig5-41 |- d. ZORER LD,
BIHEE 36 L ONE 0 3 EE B WEIHIZRETIE 60%LL EoE) ) < FEIEHEN & -
7=, HIHIEEEE 20 m/min DA TIE, £ #HE2 90 mm/min DGE & G0 <
FEUCRITEL 72 o7z, ZOMOEIAISEMAEZ R THUHREEN#HS 725 Z & T
D < FRIFERME T LTV X5 2EADRZT 5050, UIHIGRECH LT
S50%R1% CTHDH. TN &b, HHIGEEOEWIEID < FREIERIZE 25
HENIT/INZIWVWEFEZD.

5412 BV TRIELESMA

B0 < FEUCRA EODE Y HE 45 mm/min TYIHIEEE 20 m/min DYIHI A%
A, ZBALERZAER SN DU K TR EOERSMAOREEZITo72. — Y
AAZBNRIUNTAERT S, 910 TR OERAMR R % Fig5-42 1R L, F12E
MRV LVET VIR TRETERT S, U0 TR OEBSAMREREZ Fig.5-43 12
AT, VARRNRIAEFER N LYY S FTRIZHET 5720, W LHE
ICREBEDIRETYIHI 21T 7=, F£7=, Fig.5-44 [CHZeRI R Y 50 | AT H
T, LELIEGAICENRTELU S TORIERSAMBREEZRT. 22Tl
AR L7280 < FITx LT, 810 < F R SHNTENY T & T2 #iPH & G L 74
RERT. O ORRIIMMZRE D < FITHER LRELITo 7272, B3I 10
um L EDOEI Y < FIeonTHEEREZITDh R,

ZOFER, R A AN RUATIEESN 6 um L O < F083%< 4
S AL, FRCE S 3 um BREDOEID SRR L E ARSI IEmMRH L Z &
RS T, R R LET IV BITETHS %2 Lo 56T, — ik
YAZRRIAD 6 um LLFOEYY) < FAROREFIZERITRD bienoTe.
HZER R LET L | BT R CREBOG A LEBLIEGAEKT S &, 810
KTEZ 9 um DL EOHEIFAKT 280 < FIoxh U TFREE TE TV 573,
ZILL T OWMZREI 0 < FOYE, AEICR LTR 173 BREICEE 7. 91Y
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TR 2~ L CWAEIHIG OGS, Eik 5.4.1.1 @8]0 < TR ORE R
Tt L7290 < FEIRITK 70% TH o722 LD, SR80 < $FolEiw
N#EETH D702, U0 < FTRIROEINERNME T T HMHEICH D EEZHIND.

5413 T —/V RV AT AT N—)ORE

Bl < FREUEEZRE LR LY, i RY veT L 1 8T ECI3yEIS
HIZH 59, 60%FEEDT Y < FEINRIZE B o7, Y10 < TR I OEH i
ZPEL, BEARERUD S TRIOHPFAZHE LD, KIEOEBMTH D,
A28 < FOEICERERN R 99%LL FizidB Lideno7z. 22T, 91n<
T ORBEH LXK & LT, Figs-7 CA L7z T o — L RV AT A(ZT /3—2)
ZHEMALTEOE D ICEMEERIC K DA T ERZ1T 7. UIHISIRE, 50
B 90 mm/min, YIHIEEE 60 m/min (ZFXE LT=. £, KRV AL AR RU L
RV, SMTEBEHFATORR LR EITo7. Z2TlE, a7 mRoOEEE
A, LB CORARMZIZE LYY < U 0 TR O T 2 A E
25 50 mm BEALVIGATE L7z, AREBRTIIE 0 < FRINERZFEMEE L L, 600
B O T EFT>7=. JTHTO CFRP E &% FHHl L%, MLk OEEZ HE
T 5. G0 < T ORIRERITHERGN E 7 VX E Sy ORRE R %2 [BIIE & LN
THIEELEOEGZEY < FHIERE Lz, Z OSSR % Table5-19 (2777

ZOMRLY, EMERERHWTEEVIZEZIES Z LT, 99.5%DFE WY
SPTREINKEZE LN, =T =)L RV AT AT 23=)N2 k0, G910 <[
WM LB LY < FOKRKIERZ KIFICIfl ez, —JF, FMTEEDH]
ETHE, U0 T OEERIINIWRE TH 72, (o T, ARUIENEIIEERSE
BEEIZXH LT, HELWIIRZAT LI ENHLNICR ST,

HLEICL 2000 < T OWMENREELZ, SHED A T2 B CERMIC#r Lz, —
72 A4 2~ R UV TOIRERBEINI U X 5 ZEFLIRAEZ Fig.5-45 [T~ 7.
BA%E L 7= NER AR BEUNHI 5 DKk 1 % Fig.5-46 (27”9, Fig.5-45(a) X UIHIBR LA 2 7014
DOIRAETEI Y < FRIRFEFIC DT D FRBL T\ 5. BIHIRERH] 5 705 o M Pei s %
JER UT-AR T % Figs-45(b)Zrnd. SMTLVERL TWAIZH DT, fHEAY)
D < T OHERE L BEHIZIREI D < T ORI MR TE 5. STEREDIHI T Tidk
BERIG) ) < T ORINDIEFICRETH D 2 L BSHMIC 72 > 7-. —J7, Fig.5-46 X
TEAEZ =T =V RV AT A (27 8—2) Tkl L 7= NEREEELIH] )7 o
g0 < FIRENREEE 0.01 FREIREOERSRSIT@R), (b), (IR T. RIEETIE, U
HIl & RIRFIC TREPODHOERANA~EID < FREREI SN TNWD Z ERERTE .
F7o, THREDZEMEZEROBETRE &R L2 2 & T, 810 < ROl 2h
RO o 7.

Fig.5-47 \Z/R T K912, YA A b KUV L HARPZER R Y LTI 2 v
STORAEDMH SN TS, ZNHDOZ End, H2el K L TNEEED]H|
FREHND Z LT, SRR D < FORAEZMEH LEghR T <30
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FUNAFIRETH H Z EDHREIZZR D, ARBFFEO BRIITK LR Y 72 < ZERIZT DT
-bDOLEZ 5.

542 HZEH FUABRISEEIMEICS XIETRE ER2)

EER2 TIE, EFA 2T ENSETF VAR THETAHEAL, ZAMNMT AT
2. TEBROBONPZEIAFOG)Y < FRIRICS JIFTHEL, FULEID <
TR IOSMRMOPE, S ITMTIIRROFEMEIT > 72, I LRIR ORI HE
Hix, BEEE, MLAWNEHES, 7360 3HE TITo72. & 612, [FRERCUIE]
B AZWEST 22 L2k, 0 < FEIEECI LB~ JIX 3Rz >V
THERETD.

54.2.1 THEBR LGV < FEINEOBEH

THBIRN RS, 3FEOTZEM R LTV 2 T ENSET L 4 BIT A
FTEMERAL, 910 < FEIERICOWTRHME 21T - 72, BiHE CREE E i 55
BRNLE DT = — L R(mT RX—= &5 2T, 910 < TR B
W2 B L 99%LL EDEINEREZE LN D Z EBER LT, RFERTIE, =7 —L K
VAT AT N—=EFEHET, TEORNEBRAYY < FRIRICB XIET
WELHE L. 7NV 2T ROR% Fig.5-48 12, ©7 /L 3 M T H % Fig.5-49
R, F2, BT VI TENGET IR T EFTEIIEARY, AT E
IR EBRIT T E a5 YA AN KU MZEHWIROET L 4 T HoRER
% Fig.5-50 |{Z/R"7.

T L2 BT H X, 20 3#E 90 mm/min TUIHEE 40 m/min OHAITHK B
BWEIY < FEIEES DTN, FOMEIT SSURETH -T2, £ HEENRE <
2% 2 T S FEIGRIR T T 2@ mn A Hi, ZAUIUIAREEICERZ <
W T CThHoTz. Fiz, UIHEEERELS 725122, U0 < FEIEESE T L
7o, BT AT ETIE, 910 < FEIEMED» S 2R R O—> & LT, ik
BrofERTELLIEL OIS, UINFNEEORNENEEL THWDE LD EBZ X LN
5. BT NA2QBTHOLA TR, BEE LX) ENEHIZRY ERT 290 <F
MDREIZIRD &, YN FEHETOWS| IBMEN =D ) < FEIEE N MK 725
EEZLND. Lo, SEIOMBERLD . Kb RSN EWETEISA: &R BIE]
FETo D < FEUGEZ I L2546, 02134 10%0 5 15%FRE TH 0 B
WERZRNH D EIIEZT, TET VIR ITEOBRTERLZEY, YHIZHN
G0 < FEUIGERICB X TREIL, hEWEFZD.

WIZET IV 3T H X, 2503 180 mm/min DA, UIHEE I RIFR 7
<Y < FEULEN 70% % 8 % 7=, Z OMOYIEIZGMATH, ¥ < FEIEIL60%
EHZTEY, 70 2 MTEOMEE L ERIBIZEY < FEIERES M L.
ZORKE LT, HNEBRPEORNASGOEITRER LY, NEOB AN/ NS WE
FOL3T B CIIIN i EOREN RN E RSN TWD. ZD7,
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G100 < PARR & RIFFCRICEBRINCE b0 LB bND. £z, TV
2 BITHOMER EREET, UIHISRERE D> T25ATHYIY < FEIERIZ I
ZERNBD LN, 10 < FEIGEICUIHISEAITEE LW 2 L B3I
Tpo7-.

ET AT H LA, EFT 3BT HTH Y < FREIERM ELZZ &b,
HZERIRY LT, BTV 1A TENSET VIR TEHORR A TR
THRERT 285G, 910 < FEINRICIZTENEBRAKRE S S5 L0 D
ZEDHREIC o T

FikETOHRER R L L2 R, NEICFBVRERIT T RALZEA
T 572 A4 A N KU ABRISGEWNET VAR T B CEALEZIT- 7. /R,
& 270 mm/min CHIHEE 40 m/min OYIHIZAE T 75%LL Eog) v < $[EIY
RuEeFRBLE., T VARTETE, ERoETV2RITH, =5 3T HLE
FE2 0, EVHENEL RDLGAIE < FTREERm ELE. ZoRKE L
T, BT NVARMTRITIFEAVENS D K2 RYAVBIKRE L TCnbs Z &, Ak
O EEAT S VWEH EIZ2 0B ZENEEL-LOLEZLND. T,
BIHIRFIZ T S Wil B2 BEH SN 2800 < SR EHERT L2 & 2 ie s Lo
FERDRKESHBEL NI LDEEZLND. ZOD, BV EENENGE D,
U — Rz > THRHIICEID < FZ2BOMICEZNT 5 Z ERAREE 272, Z
DX RFERIC o bDEEZLND. F2, TV 4T HICEBWTH Y]
HEDIEWIZ X 5 2RITFRD b o7z,

BILOKE %, ElED AT TRE LR % Figs-51 lORd. 72 8T
BT V4 M T HAMEH LT, 2593 270 mm/min, YJHE#E 100 m/min T
DOYIHIGMECRAMLEZITOERED A T TIRELZHDOTH S, T/ 28T
HEe7 0 3T HTE, YNAARHZ TEEKS i & geEIs ORIZBRE 2 T & %85
PR DTV, &5, U910 < AT AEERICHEVIEAE T 51505 O1EA
XD, SMUATRBIL TWD Z ERERCTE 2. — 0, 7 V4T EHTIIZEIL
BRARIE % O oI NIC L 0, RO B R OU D <323, <
mEDY — RITIR O TR DICHFESNTEEBINTWD Z L3R TE T
S LI ETIZON, ML RNETIVREENEED, V—RFRNOBOE
NHNRANZEI D < T ORI TZTWD Z EWNif-T-. FDi=dh, T /28
TESSETFNVIRTELRALY, £FLARTHETIE, KEFT~0H0 < F DR
BNIEF Dotz Fi2, TV ART RO < FREIEN A B L-ER
ELT, U0 FHIRICHER LT, Figs-52 IZET/V 4 BRI T HACHRILEIT- 72
BICAERL L7200 < PEBOIHISERNNIRT. ZofRE Ly, mnfogy <
ML L ARSI, LrbEMHERICES 22 2 LT, Y10 < FE2HFNICEILT
b0 EBEZILND.
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5422 BV TRIELESMA

ETNA2MTENGET VAT EFE TOLTLAET, bWV < FTREIEEDE
Do TCOIHIZRE O ) < TR SRR 2~ 7. BIHISRMEE, =71 28
T EE26 0 3 90 mm/min, YIHLEE 40 m/min O34, 5/ 3 BT BiX6 0 &
J& 180 mm/min, BIHIEE 70 m/min O34, €7 /L 48 T H (326 0 3 270 mm/min,
DIHIEEEE 40 m/min OEIHI G TRERDOEBLR 21T o7, RO 77 713(a) & (b
T @IZAERESNDEY S TR IEBEDSMOMRZRL, OITIERG| LI2GEIC
LELENTEOV S TORIEE M E Y. ZNHDOHIERIZED, AL
O < F L, LT REIPNIEEBRRETH /-, BIOKRE I EZMIEL
TR E T ZbOREIE, et < FICER LIEZIT-o 7272, bl
DLSPFEEN10um UL EDEI Y < FIZoNWTIEERZITbRVnbE DL 15,
T2 T BEofE R % Fig.5-53 12, 7/ 3BT HOHER % Fig.5-54 12, E
T4 T BOFER A Fig.5-55 IZZ2NEhnd. ZoORER, E7 V2 MTARELELE
FO3BTECTERSNDYY < FIE, T 1T EOEE L EEIC 3 um L
TN K PFRELNZ LR fR-7-. BT 2BTHEHEESF L IBTETIE, Mk
AR, BAOEOEm S 2 RERBIRTH D720, Y10 < FTOEI EZDEREES
DHERI L mZ 2> D EE X DND. ERT U0 < FITxt LT, 4HEEER]
BETHoT-UI0 L TOEEEZRD E, EFA2HTEOEAYY < FAKEI ST
LTl um LT < FOHAEIT, §60%EINAARAEETH 7=, 8110 < 7=
WEROFHFERICEB N TEH, K S0%REEDEIRIZEE > TNDH I Enb, K
2910 < FORINKENEROEIINERE BT 57O INERARTHD EEZD
b, Fi2, R0 < FOEBERINASKNECH-7-HINE LT, NI O
MEWET L 2 BT ETIE, WG OBITHER THLNIIR>TND LI, K
FEEE T OB EED > T21ED>, B Ak TR ELNNAE L TN Z &R
JFIRE L TEZBND., —J, TF/AIBMTAETE, £KT D 1 um L FDOEIY
SFITHL, K60%LL LR T 5 Z LN rEETH-7. F£/2, 1um 25 3 um £
TOYY < T HAEMEITHR LT 40%0> 5 S0%FEEEERIIAAETH -T2, ZD
JRRE LT, 7/ 3 AT RECTIUIN A OEMES, WA OfHNTR R 58
ST L 90Z, BHOMAE CHENSE N ERRTO5ND. D, E
TV 2 BT B & _GIHIRFS, o8 < FRRERMICERTETWH DL
Ezohb. EFTAIBRTREOG) < FEINEITH 710%THY, 72T A
K 20%0 B L2, LavL, BT 3 AT EAHWZSAI, Mil7e 3 um
IFOE 0 < IR A ATEETH - 7228, 4 um DL EOYI Y < F DA,
G100 < FARREICK L THEBIZL > THEILTE 72810 < &2, K 50%LL FTh
ST, INHOFELY, 7N ZMTETIIUNABMOENME /hSnizd, 4]
HIZA T IC O K E SIC X » TTEEIC L D910 < FEINS NEEZ R A E T T
WEHREMENE 2 BID.

i E TS TRIORZER R Y VDB AT T2, NEICTF BT Z5% T
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T e AT 56—y A A N R VBRIZENET VAR T B CHEALEZLT
STFERERET D, T 4 T ETIE, AWRESNDH7RE0 < F O,
A TR ZER R Y L & P U2 R 3 um L o810 < F LRk &N,
T 3IBRIT H LK) 30% D 7o T2, Z oA S L2 g v < FHTxk L,
3um BL O < FOGEE, K 70%0r < FLEEFIT 5 Z LN A[EE Thd o 72, Tkl
R0 < FOAERENED LB E LT, ROV A AR RYILEFRBEDF
AR TH D Z LT b5, Figs-20 (2 Lizk o1z, TERNEDOIHD/N
LN HAMRGA]TIH D Z & T Fig.5-52 TR L2 L 9 ICEMH#EIR DR L7-EW
I S FMELS AR ESNTZZENHEL WD EEZLND. ZOFENLETIL
4 T EAEMH LGS, Hietln < FOEREZMHITE 5 Z LN LTk

o7z,

5.4.23 EMERIERSR

TEHROENDSINTAIRICE JIETELT57-0, & LA TUIHIZME
BNCE M EDORIE 24T - 7o B EEORIE T TAEKEM DA TIT o 72, iRk %,
T2 BT BHOLEA% Fig.5-56 12, 7/ 3BT EDEA% Fig5-57 12, ©F
VAT BDYA % Fig5-58 (R d. ZORE, €5V 2T HLEST L 3RIT
BCTBANMLEZIT-o72854, EFHEZ4um 20 Sum OFHFHTH-72. —KHT
RSN TWAHAETF L 2T EB IO ET /L 3BT ETIL, SIHEENZ(LL T
HE M IR ZZRIIRD bR otz £, KV HEICX ) BEMEORE
IZIEDDERALIDN, 45 mAiE TR L TWDHHEND, E7 /L2 M T HE
FOETAIMTEDOL S Ie—KHOHFZER R VEHER LI5S, ITROE
MEIZOIRI G B JIETRBITIEF TN SN E DL FR 5.

—J5, —fRER KU VB Z L7z T V4RI T BECi, BEMHEN25um L F L
720, ETAL22BMTHEET VIAMTHEE LN BEMISEWII TR E L1
7o, BHENBEFCTHo-BIH E LT, TENEBERNS—B2Y A A MRV
AR THY, iRz = TR LTHH72D, TROPENZ ERKRELE
BLILEEBEZOND. YRR THERZIT O &, X0 HEDOZELITKR U TILH R
7R BITERD DAL WD, UIHIREE AN E < 72 2 5AICEMEN M E L. 2,
UIHIEREE N < 70D 2 & ¢, THEAEICA U D IRAAEIHIE : 10 um LLTF)A3Y
KL TWo7ebDEEXLND. ZOFENL, 7/ 4 MTHEHEZHEH LGS,
OIHNREE S E < 70 5 EEMEN RAFIZ/R D 2 L BSAfEIC R o 72,

5.4.2.4 T ANERES

TEROEND, MLAIERICES XIETRELZR D720, £ TETUHIS
BN TR ONE OFEF A E Ra lCOWTHIEAIT-7-. 7L 2 BT A
TOMIRNEH S HERS R % Fig.5-59 12, 7 /4 3BT HOM TN S O
fti % Fig.5-60 12, €7 /v 4 T HTEIIMTAELIT > IBEOWERF % Fig.5-61
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IZRT. ZORR, HKTETXRYEELZ EIF52HET, MLANEHOHINELS 22
HERMN RO, BIHEREZ B 72356, LRI S OZ I B fif 7 22 5
ITRBD BTz, BV HENHEL 705 LN T RN S N RIBIZZ (LT 25 2
EPD, INLONER S ITE D HEDOFEL RESZIT L2 NIRRTz,
ZHUTED EENHELS D2 LT, —EEEY 72D OXY ERREL 2D, BRERK
B2 5. 207, IRBMHEOTE AWDKREEIZ720, )05k L7 RBHHEIC
XU O 3@ X, @BEEINECZb0EEILND. TNUHDOIIZE - T,
IRERRME A OIHLA L TN O E S BIRNEL TN DE D EEZE X NS, R,
FTFN2BMTELEETFTNVIBMTEITIHHNT, ZOMERT FIVZHEEILT
WD Z LD, KFwICE 2 mTIHRAHG S LBV E LTV D AlREMED
+E 2 b5, BIHEE 70 m/min, 59 3E 270 mm/min THI T L7ZEED TN
T DEEF- % Fig.5-62 (=3, IR NE OB EAHL S Ra 23 5 um Bl TH - 7=
XA TR O ZER KU )L 2 FEFE T, Fig.5-62(a) & (bR REIC PN E S — T
LINTWD K ) @R TE 2. AL TIE, UIHIDHETe I DAL R FBEHERC A &
THUINHNOAENZE LT H720, ZOXIICHRHRANIZEND EEZBEND
) —F Fig. 5-62(c)TRT L DI, BF AT ETIE, —#Te LILOREZRERT
LR TE DN, MLANEOHMSHEDORE, H25um THY, o T ALk
K 50%00 5 S ATz
ETNL2BTEHLEET VIR TETHE, HARERLIFRD LN N7, 20
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Fig. 5-2 Ex. Outside dust-collection method
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Fig. 5-3 Mechanical structure of inside dust-collection system
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Fig. 5-4 Drilling system (Left) and cyclone type dust-collector (Right)
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Fig. 5-5 Drilling system and hollow type rotor
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Table 5-1 Specification of drilling system 1

Feed rate 60~1200 (mm/min)
Spindle revolution 1~5000 (rpm)
Work table size 440x400(mm)
Monitor size 120x160(mm)
Filter size 200%7%80°

Table 5-2 Specification of drilling system 2

Shaft inner diameter

Air Consumption flow rate | Consumption flow rate .
o ) (spindle shaft and hollow
pressure of dust-collector of air shield device haft motor)
motor
(MPa) (L/min) (L/min) ST oo
(mm)
0.5 300 >100 8

AN

|

L
b

LA
Ve

()
:;‘,

"\h‘.‘! A ‘(,‘)f A A KA .1

Fig. 5-8 Cyclone type dust-collection system
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Fig. 5-9 HEPA filter

Fig. 5-10 Air compressor

Table 5-3 Specification of air compressor

Frequency 60 Hz
Voltage 200V
Current 142 A

Number of revolutions 1700 rpm
Out put 3.7 kw
Air tank volume 22 ¢
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Fig. 5-11 AST - type strain gauge type tool dynamometer

Table 5-4 Specification of AST-type strain gauge type tool dynamometer

Measurement points

One point (multi-channel available)

Response speed 100Hz
Bridge resistance 60~1000Q
Output Impedance 10Q
Gauge factor 2.00 Constant
o _ 0.2V(RL5kQ)
Sensibility (10x10 strain)
3mA(RL30Q)
OUTPUT V 5V +£5mA
Output
OUTPUT I +5V +£30m
1,2,5, 10,20, 50, 100
Sensitivity adjuster x100ue,OFF

Precision +0.5%

Power

AC 90~110V 6VA

DC 10.5~15V 0.35A

Dimensions and weight

49Wx142H%264D mm

1.5kg
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Table 5-5 Specification of amplifier (KYOWA CDV-700A)

Bridge resistance 60~1000Q2
Bridge power 10VDC 4VDC 2VDC 1VDC (Under 30 mA)
Bridge
Output
voltage
Sensitivity 10V DC 5V
(Strain :100x10) 4V DC 2V
2V DC v
1V DC 0.5V
Over £10V(Road 5KQ)
Output A ) )
0 point adjustment range £0.1V
Output
Over £10V(Road 5KQ)
Output B o )
Sensitivity adjustment range 1~1/100
Non-linearity +0.01%FS
Strain P
_ _ 100, 200, 500, 1000, 2000 5000%10™, OFF
amplification
Sensitivity adjuster DC
_ _ 10000, 5000, 2000, 1000, 500, 200 times, OFF
amplification
precision +0.1%
Response frequency
DC~500kHz (+1, -3dB)
range
Transfer characteristic (4D) Butterworth characteristic
Low-pass filter Cutoff frequency 10, 100Hz, 1, 10kHz, F(Flat)
(L.P.F) Amplitude ratio of the cut-off point -3dB+1dB
Damping characteristic -24dB+1dB/oct.

Noise
Low-pass filter Noise(Input conversion value)
10Hz 3uVp-p(RTI)
100Hz 4uVp-p(RTI)
1kHz 6uVp-p(RTI)
10kHz 12uVp-p(RTI)
Pass 60uVp-p(RTI)

¥ 1uVp-p(RTI)=1x10" Bridge voltage 2V
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Fig. 5-13 Data logger (GRAPHTEC Thermal Arraycorder WR300)

Table 5-6 Specification of data logger (Thermal Arraycorder WR300)

Channels 4ch
PC Interface USB(1.1), Ethernet (10BASE-T/10BASE-TX)
Internal storage media RAM IM memory
Data Duration 1ps, 10us, 100ps, 1ms, Sms, 10ms, 100ms, 1s
) Setting of measurement condition, Measurement data, File
Function
convert (CSV, GBD)
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Fig. 5-14 Electronic meter

Table 5-7 Specification of electronic meter

weighing 220 (g)
Minimum indication 0.001 (g)
Plate size ®110 (mm)

Main body dimensions

206(W)*x291(D)x241(H) (mm)

Body weight

3.8 (kg)

Power

AC100 (V), Out put12(V),1(A)
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Fig. 5-15Image measuring instrument (Mitutoyo QVH3-H606P1L-C)

Table 5-8 Specification of image measuring instrument (Mitutoyo QVH3-H606P1L-C)

X axis 600 mm
Measurement range Y axis 650 mm
Z axis 250 mm
E1X,Y axis (0.8+2L*/1000) pm
Measurement accuracy -
E1Z axis (1.5+2L*/1000) pm

Maximum tracking o
L +80° (Diffusing surface)
inclination angle

Minimum display 0.02 um
Vertical epi-illumination Color LED
Lighting system Transmitted illumination White LED
Program control ring lighting Color LED
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Fig. 5-16 Stylus touch type roughness meter (Mitutoyo SV-2000)

Table 5-9 Specification of stylus touch type roughness meter (Mitutoyo SV-2000)

X axis 100mm
. Z1 axis
Display range (Detecting 800um/80pm/Sum
element)
7?2 axis (column) Moving range 350mm
X axis 0.05um
Resolving power Z1 axis 0.0lpm (800pum) , 0.00lpm (80pum) , 0.0001pum (8um)
72 axis Ipm
Movement speed X axis 0~40mm/s or Manual
72 axis Manual
Measuring speed 0.02~5mm/s
Straightness accuracy 0.15pm/100mm

X axis operation

Joystick operation

Approved standards

JIS’82/11S°94/J1S°01/J1S°82/JIS°97/ANSI/VDA

Evaluation curve

Profile curve, Roughness curve, Waviness curve, DF curve,
Waviness motif and Roughness motif curve

Analysis graph

ADC,BAC, Power spectrum

Curve compensation

Inclination correction (whole / any), circle correction, ellipse
correction, parabola correction, hyperbolic correction, conic
correction, stylus arc correction

Profile analysis

Level difference / Circle / Angle / Area / Coordinate/ Inclination

Filter

Gaussian,2CR75,PC75,Robust-Spline

Base Size (WxD) 600%450mm
Base material Gabbro
Exterior dimensions Body 716x450%966mm
WxDxH Display 330x270x124mm
Mass Body 140 kg
Display 4.0 kg
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Fig.5-17 High speed camera (PHOTORON Co., Ltd.)
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Table 5-10 Specification of high speed camera

Lens Mount F mount, C mount
Imaging system CMOS Image sensor (Color: Bayer method One-chip color area sensor)
Recording method IC Memory system
Recording capacity Model 1: 2.6GB  Model 2:8GB
Frame rate Horizontal resolution X vertical resolution
50~3,000fps 1024x1024
5,000fps 512x1024
6,000fps 1024512
9,000fps 640%480
10,000£ps 512x512
12,0001fps 512x384
15,0001fps 256x512
20,0001fps 512x256
28,0001fps 256%256
Maximum resolution 30,0001fps 256%x256
36,000fps 512x128
50,000fps 256x128
60,000fps 128128
75,000fps 256x64
100,000£ps 256x32
125,0001ps 128x64
150,0001ps 128x48
180,0001ps 128x32
210,000£ps 128x16
250,0001ps 128x16
Density representation Monochrome model : 10bit, Color model : 30bit
Electronic Shutter 1/NoF~1/1,000,000s
Video output Analog video RS170 Standard video output (NTSC/PAL)
Power-supply voltage AC100-120V/200~240V(AUTO-RANGE)
Power frequency 50-60Hz
Power consumption 2.1A(AC100V)
Camera body 158.6x131.4x280.6(HWD)mm 4.9kg
Dimensions and weight
Remote 105%x140x20.8(HWD)mm 0.55kg
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Fig. 5-18 Model 1 prototype hollow type drill

Orifice Length of — Length
; en

width tooth

\

Inner L~ Outer
Relief L '
diameter diameter
S angle

Eccentric ratio

Fig. 5-19 Sketch of hollow type drill Model 1

Table 5-11 Specification of Model 1 prototype hollow type drill

Orifice Length | Relief Outer Inner Eccentric Number Base
Model Length
width of tooth | angle diameter diameter ratio of tooth | material
3.7 11.0 90.0
1 13° 6.35 mm 4.0 mm 14 % 1 wWC
mm mm mm
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(a) Super-fine grain size WC

(b) Ultra-super-fine grain size WC

WC Ave. grain size:0.5 um WC Ave. grain size:0.1 um
Hardness: 1,850 HV Hardness:2,300 HV

Fig. 5-20 Compare with super-fine grain size WC and ultra-super-fine grain size WC>?

Edge round = 2~3 pm
T o v
A

Flank face REICRES

B 1
o R
v W 16 e A 0 [ Ly ) T e D B AT o A, S | e A e e st

(a) SEM photo by hollow type drill (b) Tool edge of general WC drain size

Edge round = 1~2 pm Edge round = under 0.5 pm

DALMY s T e I L T A R

(c) Tool edge of ultra-super-fine WC grain size (d) High quality tool edge (ultra-super-fine
WC grain size)
Fig. 5-21 SEM photo by tool edge
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Fig. 5-23 Result of strength analysis of inner hole eccentric ratio
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Fig. 5-24 Flow simulation analysis model (Model 1)

437403
303663
349022
306,152
262442

L 218702
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1 131221
874806
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0

Velacity [m/z]

Fig. 5-25 Results of flow simulation analysis (Model 1)
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Fig. 5-26 Flow simulation analysis model (a: Model 2 and b: Model 3)

420.065 444050
386.15 400367
| 843044 365882
200239 311397
257433 266012
214528 222426
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128014 | 132466
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Fig. 5-26 Results of flow simulation analysis (a: Model 2 and b: Model 3)
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(a) Model 2

(b) Model 3

Fig. 5-27 Two kinds of prototype hollow type drill
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Table 5-12 Specification of two kinds of prototype hollow type drill

Orifice Length | Relief Outer Inner Eccentric | Number Base
Model Length
width of tooth | angle diameter diameter ratio of tooth | material
3.7 15.0 90.0
2 13° | 6.35mm 4.0 mm 14 % 1 WC
mm mm mm
3.7 7.0 90.0
3 13° 6.35 mm 4.0 mm 14 % 1 WC
mm mm mm

Fig. 5-29 Experiment device of flow visualization

Table 5-13 Specification of cyclone suction machine

Rating (V) AC100
Suction power (W) 450~50
Power consumption (W) 1000~160
Body dimensions (mm) L363xW253xH252
Basic machine mass (kg) 43

Dust collection method Cyclone type
Dust collection volume (L) 0.4

Fig. 5-30 Cyclone suction machine
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| 50

Model 1 Model 2 Model 3

Fig. 5-31 Results of flow visualization by smoke

Fig. 5-32 Prototype of model 4 tool
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Table 5-14 Specification of prototype of model 4 tool

Primary Secondly
Length of Tool edge Tool edge inner
(tool edge ) (Chamfer point) | Helix angle Length
tooth diameter diameter
orifice area orifice area
2.98 3.7 6.35 3.9 10.50 90.55
30°
mm’ mm mm mm mm’ mm
Shank outer Shank inner Chamfer Base
Point angle | Number of tooth | Tip relief angle
diameter diameter angle material
10.0 7.0
140° 2 15° 100° wC
mm mm
Point || = Length || Chamfer | / | Helix T
Length
angle of tooth | | angle angle “

()

Tool edge
inner Tool edge Shank outer Shank inner
diameter diameter diameter diameter
Tip relief Primary Secondly
angle (tool edge) (Chamfer point)
orifice area orifice area

Fig. 5-33 Sketch of hollow type drill Model 4
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Table 5-15 Mechanical properties of CFRP*

Number of Ply 21
asi-isotropic
Fiber orientation Qu P
(0°,45°,90°,-45°)
Tensile strength
4900
(MPa)
Tensile elastic modulus
230
(GPa)
Bending strength
ending streng 1800
(MPa)
Bending elastic modulus
210
(GPa)
Interlaminar shear strength 104
(MPa)
Bending elongation modulus 1 87
(%) '
Volume fraction
60
(%)
Resin content
40
(Wt%)
Impact value
18.4
(J/em2)
Absorption energy .
Q) '

Fig. 5-34 Test materials
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Table 5-16 Cutting conditions of Test 1

Feed rate (mm/min) Cutting Speed (m/min) Test number
20 1
45 60 2
100 3
20 4
90 60 5
100 6

Table 5-17 Cutting conditions of Test 2

Feed rate (mm/min) Cutting Speed (m/min) Test number

40 1

90 70

100

40

180 70

100

40

270 70

O ([0 [ N[N || bW N

100
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CFRP material

Volume ————> Weight

CFRP material

Weight

Theoretical gross weight of cutting chips: A

Gross weight of collected cutting chip: B

Fig. 5-35 Calculation method of collection rate of cutting chip

Fig. 5-36 Image analysis of cutting chips frequency distribution
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Fig 5-37 Measurement point of inner surface roughness

Table 5-18 Judgment standard of delamination

Evaluation Judgment Standard
© Maximum exfoliation length under 0.30 mm
o Maximum exfoliation length 0.31 to 0.50 mm
X Maximum exfoliation length more 0.51 mm

Excellent

Fig. 5-38 Ex. Hole state

- 266 -



Fig. 5-39 Measurement method of delamination
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(Cutting force)
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PC 1 PC2 |

/ / \

Fig. 5-40 Schematic of measurement method of the experiment
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Fig. 5-41 Relationship between chip collection rate and cutting conditions
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Number of cutting chips (Number)

Chip length (um)

Fig. 5-42 Distribution of cutting chips length (Case of general twist drill) (Cutting conditions:
Feed rate 45 mm/min, Cutting speed 20 m/min)
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Fig. 5-43 Distribution of cutting chips length (Case of without suction of hollow type drill)
(Cutting conditions: Feed rate 45 mm/min, Cutting speed 20 m/min)
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Fig. 5-44 Distribution of cutting chips length (Case of with suction of hollow type drill)
(Cutting conditions: Feed rate 45 mm/min, Cutting speed 20 m/min)
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Table 5-19 Collecting dust-volume ratios

Inside dust-collection method

Outside dust-collection method

Dust-volume Dust-volume
Before (A) | After (B) Before (A) | After (B)
(A-B) (A-B)

328.05 [g] | 180.15 [g] 147.90 [g] | 331.03 [g] | 183.13 [g] 147.90 [g]
Generating

147.90 [g] 147.90 [g]
dust-volume
Collecting dust-volume 147.11 [g] 47.33 [g]
Collecting-rate 99.5 [%] 32.0 [%]

(a) Defused cutting chips

FS S
¥ "N
- oW Sl

(b) Enlargement cutting point

.

Fig. 5-45 Outside suction by case of twist drill (Cutting conditions: Feed rate 90 mm/min,

Cutting speed 60 m/min)

(a)

(b)
Fig. 5-46 Inside suction with air shield system (Cutting conditions: Feed rate 90 mm/min,
Cutting speed 60 m/min)

(©)
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E\ Ll . \ ‘ L} . 4 * 4 LS. v .« e
Hollow type dr111 General twist drill
Fig. 5-47 Cutting chips compare hollow drill with twist drill (Cutting conditions: Feed rate

90 mm/min, Cutting speed 60 m/min)
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Fig. 5-48 Rerationship between chip collection rate and cutting conditions (Model 2)
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Fig. 5-49 Rerationship between chip collection rate and cutting conditions (Model 3)
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Fig. 5-50 Rerationship between chip collection rate and cutting conditions (Model 4)
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Model 2 Model 3

Model 4 (Start position) Model 4 (Middle position)

Fig. 5-51 State during drilling recorded by high speed camera (Cutting conditions: Feed rate
270 mm/min, Cutting speed 100 m/min)
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Fig. 5-52 Relationship between cutting conditions and cutting chips (Drilling by Model 4)
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Fig. 5-53 Distribution of cutting chips length (Model 2) (Cutting conditions: Feed rate 90
mm/min, Cutting speed 40 m/min)
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Fig. 5-54 Distribution of cutting chips length (Model 3) (Cutting conditions: Feed rate 180
mm/min, Cutting speed 70 m/min)
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Fig. 5-55 Distribution of cutting chips length (Model 4) (Cutting conditions: Feed rate 270
mm/min, Cutting speed 40 m/min)
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Fig. 5-56 Relationship between roundness and cutting conditions (Model 2)
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Fig. 5-57 Relationship between roundness and cutting conditions (Model 3)
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Fig. 5-58 Relationship between roundness and cutting conditions (Model 4)
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Fig. 5-59 Relationship between Inner surface roughness and cutting conditions (Model 2)
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Fig. 5-60 Relationship between Inner surface roughness and cutting conditions (Model 3)
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Fig. 5-61 Relationship between Inner surface roughness and cutting conditions (Model 4)
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SHSAN G TR

(¢) Model 4
Fig. 5-62 Inner surface condition of hole
(Cutting conditions: Feed rate 270 mm/min, Cutting speed 70 m/min)
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Table 5-20 Results of measurement for delamination (Model 2)

V
(m/mm)
F 40 70 100
(mm/min)
90 Front © | Front © | Front ©
Back O | Back O Back O
180 Front X | Front O | Front O
Back X Back X Back X
Front X | Front O | Front O
270
Back X Back X Back X

Table 5-21 Results of measurement for delamination (Model 3)

V
(m/mm)
" 40 70 100
(mm/min)
%0 Front © | Front © | Front ©
Back O | Back O Back O
150 Front X | Front O | Front O
Back X Back O Back O
Front X | Front O | Front O
270
Back X Back X Back X
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The case of excellent hole state (Front view) The case of poor hole state (Back view)
Cutting speed 40 m/min Cutting speed 40 m/min
Feed rate 90 mm/min Feed rate 270 mm/min

(a) State of hole (Model 2)

The case of excellent hole state (Front view) The case of poor hole state (Back view)
Cutting speed 40 m/min Cutting speed 40 m/min
Feed rate 90 mm/min Feed rate 270 mm/min

(b) State of hole (Model 3)

Fig. 5-63 Comparison with excellent hole state and poor hole state.

284 -



LT T

(a) Core (b) Generated core during drilling
Fig. 5-64 Phenomenon of hollow type drill-specific

Table 5-22 Results of measurement for delamination (Model 4)

V
(m/mm)
. 40 70 100
(mm/min)

%0 Front © | Front © | Front ©
Back © | Back O | Back O

150 Front © | Front © | Front ©
Back O | Back O Back O
Front O | Front O | Front O

270
Back O | Back O Back O
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Fig. 5-65 State of hole (Model 4)
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(b) Relationship between torque and cutting conditions
Fig. 5-66 The cutting forces of Model 2
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(b) Relationship between torque and cutting conditions
Fig. 5-67 The cutting forces of Model 3
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(b) Relationship between torque and cutting conditions
Fig. 5-68 The cutting forces of Model 4

- 289 -



BoE WS

AWFIETIX, 5% S BITIRIAW B CER N A E LD CFRP M EHZXF LT, =
RINEHANEZ RN I UM 24T o7-. £ 2T, IREMHERCY T 0597 HIPEIC B X
IE T OV T ERINC T 21TV, F OEIEIEEC T B T EMEN I LT

HEZH OGN Lz, BN LE T, TEBIRORREOH O 2R LIS E 2 Bl
55 KA R JFIETIN I AGEE DM EdH 50T, TEHFEMOSEENMTHOILTWDH
T, Fox T LWE Y izl d=, IO 7 74 A (T RERT 2 v F
AV NEATOAE Y RVERFE L, MHREFHMIIE & O E OF I OV TEBRIC
Pl AT o7, E£72, BREEREA~ORY AL LT, CFRP MEORMIN T 21T 5 B
IZAT 5810 < T ORI EE ORI 22 BT IEIC O W TRET 21T - 7. BRI
SPTORKF OB E T/ NRICED S Z L alfe/s THB L OEBEE AR L,
ZOMEREL, EERBEOUEICK LAY TH 20 ERIZFHMIZIT72. b
FERFEM 2 BRI AR, UTOMREZ/HFLZENTELEOTI ZICHET 5.

1 T, SREBMHETR LTS S BHCFRP) D 510 F I DWW Tk ~_ 72 %%, CERP
FARE D B RO T 5V B3 2 B e DB E TERAE L. 2o
TH LWINTIEZEDOB R T, (KD 6 ORBERSCERERESE OXPRE L OB~ DL
DALIATDOWTIR N, AR EFRE BREZH LN LT,

F2ETIE, BAGMEEEFL A& S CFRP MEIOBHIPEIC DWW TR 21T 72, %
SARHERL R E O Mtk & R - 7= — s fE s % CFRP #EHZ X LT, THAL
NAORLDEEA ML — MM FIvEfv Y I 7T K 5 WrscBIEn
TEAT-T2. Xy MEBXOT v 7y NMED 2 FFEOUIAIF WA, #EIrEC
B XTI RELERAGHE L. EROER, ¥V o0y METUHIZIT 256, &
SERBHERC 7] OSBRI MEIZ 36 JIE TR IR < R FEHEHERC A1 2%t L, I N AT
[ZEVVIAT R SERMERL 7 90 FEDOSGEICOIHIIEGT), BIHNREMELS 720, R iHE
L& 7p S BT EPEIRDSBAFIC /2D 2 L M LT, £72, IRFBHHERLR 45 Eo
Bas, b B CREMHEOH T OB EARNAE U, TEBRN B X8
%, TERUNAD 0 EDOLAICRBEICRFBBRMEOTIV IR LICI VAT L7 L H 3
AT NWZ EZHMIZLE. 7y 7 hy MEZBWTY, REMGHMERL R O 2203 g7
PEICB RIETREBIIREWZ E2HMEIC L. £72, Ty 7y METIIF U U v
MEDIZ B & LE_YIEIEHT ), YIENEE MK L, THRRICEDL &9t EFmERE
DT S OFRAEN DL, H EFEHES /NS NWZ ERAL NIRRT, Zhb D
R LV, CFRP MOUIHNZIBW T RAF 724 BT ZGLIET > 7y MERER)
THY, KEBRCTHEALZLEOT TIZRENAIL 30 EOLBERNAETHLZ L%
RElIZ LT, F72, XU s by METUEIZIT O LA 3R CNA 0 EOLENRLH
HTHDHZELHMIZ T, SHIT, REBROERIY, I NiboEEx s A 0=
A D, YIHECHL ) ORIERE R & T BRSO %2 iR L7,

3BT, 2 mOMELEE X, REMHMERLRA 0 B 45 & 90 E-45 £ UD

-290 -



TV TV T WG CFRP Ml KO, STV 7'V 7% 0 B 45 BE T mIC
Féfg L7- CFRP M4 @ 2 fifEIZx L TEAMMBEO R 5= RIAVT MY I VI INTLEAT
Ste. 22T, LEMEESHEIMEICKE XIETEEICHOWT, FICLEFEMBLIOTLA
EEREDOBLE A B LS RILICEDR DR RG220, EROBF 217072, E
BROFES, HEM T b 2 RBHRME ORISR G 7 1EIC B 597, PCD T HZ{f
M3 %2 & COEHREL, DIHNRENMELS 2D Z L2 L. FRCENZ A 70
PCD THZEHT 52 & CLEFEMMPREMICHETE 2FHLMfMIC L. £, L
BEMIIITEREMOBEENRESEELTWDLZ L2 LM L. TEERIC
1%, IRFREHMERL M & B DB IR < KA, IRFERHMERL I LV [F— CHREKT 1 -
Th, BREENERDZ L ZHAFKIC L. &5IH 3 ETIE, MLEOMEREZL
IZOWTHREEITY, MIHEOMEEM CIE—EDE CHRIER TASH D Z & 2RI
L7c. ZOHT, PCD LEAZMH L25GE, M LZOWBMAFEOR T 28ETE 5
ZEEHRICLUTZ.

#4E T, YHEEZEICL 290 < FOSMRR @) 23EE L LT, REF
R OFE T o B2 F - DR, BRI N U VT B 1 [ 205 R & R0 R
FEIk A2 AZ ALV I3 A ATRRIC L 7o e [ (R Sl [ s s s i R A PR L
7o, T OB O EB)FEES, FERR0ER) & —B T 2R A T o 7. F Tz,
AAEE CHUZERE M & LT &b CFRP AN Mg 64, Ti &4 LMD
Fe70 2 RAEM B FEE (R 2 v 7)Y RO BIEIIN TR DWW CRERAICEHME 21T > 72.
FEROFER, NEHEERFIAER T 2MMAEEOIIREZER T 52 & T, —FHERY
720 OFEELOFHFMENZI L, By THOPERENKEL 25 2 &L THEEL
DIEMEENREL RD T ENHERTEZ. ZHICXY, RULOUHARENEBIAIC
AL LAEKRESNA00 S T ORERICEANEND Z EDPMRTE ., REEIZTID
CFRP #8t, Mg &4, Ti 64 MBI R 2 BFEMEIOEREDE(AY v 7)
AN TA2AT > T fES, CFRP MEFOZELLIN T ClE, —FEFEMEEM311)Z Hv =5
AICOHHETU MRS 220, A BT mH S b/ S0, RIS, =0 &N SWEEICE
DEENHZEICEND Z L Z WM LZ. AU AZEFE-/2\ PCD LHETZHALE
B, IMLCEREORBHHED 7 S BN EURNWZ LR TE 2. Mg A& D%
ML TIE, RENAEE-72\ PCD LETOZEILLIZGAE, WHIENE L X
E RFHEH S 235 50%/h S < 7oz, TideD LN L TlE, AEEER i E 2
AWiGa L, WHBIENE & ORICAfERZRITRO G- 7-. CFRP #MEHE Ti
e ERAE DY EMEMEZ FRRFCZEL LR, REdRiREaEE 2 A b 2 &
T, U0 < FHEHMER M EL Ti 40810 < 375 CFRP MEIO XN BE S E 5
ZERLKHEHTE D Z EDNHLMNI R o7z, FDi=s, CERP # O REYEKZ I T
XDHZEEMAMIC L. CFRP M E Ti A& ERADLEZELTIE, Tid&Icx L TH
N OIHIGZ WD Z & TR ENTA 5 Z & 2z LTz,

% 5 B CIE, CFRP M EIOBMIN T CRIE & STV ARG EERID) Y < 9723, fE
EEBEOTICB KT T ELNET L7720, BRI Y < T ORAIERE T

- 291 -



EOBREEITo 7. ERESND9)0 < 3%, U LPEGEE TR CTEIN S 2 %S|
RUAEEBZE fLAEE L HpZe B N U LA BR%E L, AEE COUIHIRECIEERESE~DF
MM DOWTERIZHRF 21T o 72, EROER, #E2T 20HIEINE HnizGE,
TT =V RV AT AN T N—=NE0HT 52 LT, BAET L0 T DK 99.5%
HLETELZEERMIC L. 1, FER R AOE)Y < FIT—RIRY A AR R
UNTHAKT 280 < TTHR, HEL D RESWEENLETEXHZ L LML,
FrlZ, O ORI < T2 mRhE THIT 5 Z L DR T, AEEOFEH
PEZRER LTz, 26 0FEMNG, CFRP MEZ I LT 5 EERREOUGEIC—EDH)
B b, 512, TEBREZKETZZ LI2E 080 < FolEIEENE 4
HZEERLMNI L. AEDED < FRSIHB MO R E /NS WIEEIT, @)
RTH Y K FTOEENTRETH Y, BricET /L4 TERG Y < FEINER L OEME
AL BT EANEH S SO TAIBIREENB CTHD Z ENMHRTE . £, ER
DFRERED, =T V=V RUVRAT AT R— D)L etz AT 5P 2ER R Y LET
NATEEZHHTZZ LT, KA~OUY < FHREOHHIB L0 < F &2 @&Bh=RT
BN % Z ERHREIZR YD, SORDIFEERREONZERL LD, ®FE, mafiolL
DA[REIZ /e D L TS ND.

-292 -



Bl

AT MO TN IS 720 THRE W 72D 7 B2 R R IR < G L B
FI. F, KmXZRIAEE L CIRBmEEX E LIEARZOMREMARESE, /MRIESLH
£, TEM—pkEdz, 4 HETERTOILREEBRICEHNE L 5.

ARHFFE D B 4 FEV TN A RIVE N Iz BRAJF T BH 36 B [H 00 Bl 1 B i s EEA b Sz S 2
DXAFE N2 &GO TE VD F Lz, RBFFEOSE 5 BTG PE LA PR
PFEERO TH O3 0 M) OmEEFEEO IR E W &L gD TF
WO E L7z, ZOREREY L THEREM~OBHOELZR LW EBNET.

N T#EMRSH, ©—7 ¢ —7 ¢ — RSt UHT #Bath, kst r v ¥
v — L D% F L O Dublin City University Dr. A. G. Olabi, /(U732 ZHeE, Z#ihe
HEELTOLVEHOELZH L BIFET.

BB 0 90, KFZEIC VW& £ L, RERSLE 2B ET5, Al
fEe v & —n5AT, KEGH Y b —F RS EHFERE, I 2SR KEEE, KA
RFFATREE B MAATAE, WERRRAE, W, WONIH EFEE O K FEEA,
TR IR EH OB A H L B ET.

- 293 -



	0.表紙
	1.目次
	2.第1章序論
	3.第2章本文
	4.第2章参考文献
	5.第2章Fig_file
	6.第3章本文
	7.第3章参考文献
	8.第3章Fig_file1
	9.第4章本文
	10.第4章参考文献
	11.第4章Fig_file
	12.第5章本文
	13.第5章参考文献
	14.第5章Fig_file
	15.第6章結言
	16.謝辞

