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1.1. AFZEDY &
1.1.1. 88k & ABDATE

LV EBWAEIREDZOIZE ) OFEEZHO LTRSS 725 2 L idEA 2FLER”H 0 H
DL R T REZ ZF R T2E ) ABEALL T0D, AMPRLESLORLHICE TS
Dz T 5 LEMEITREIC R VIR OFEMAARMTE D, FHAPFMAT 6D
ZEELT DAY v P HRE L, FlAIIMZEHE, $hEC A B EEOR X FRE BRI
D EDIRVREITENG BN T Z E AR D, ZRIC KD RE 2 2 RS I < 72
5 EWND T TR < S OHIERRBEAF ORK & B 2 5TV H{bAREHZ LD
(LR FOHEHZ MG T 2720, FEROICF 2 DEEZPEICT H 2 L IR 5,

1.1.2. &L TE

T OMMELCBEZ R E FEEL T 212X EN O OME - BIREEZ D52 &
WE—IZEZDND, BRI Z AN ATEOREE 2 G2 b 7 ARG
=HAEERETOND, L OfEICE YT 2RE(LTDHZ ENTE, LHIND
WTZERE-CoE S I b ST D, EEEICHNS S 25681013, BELFEM %
5 Z L bBEXOND, BEFEM &ITBEIMRWVEM, @GR CRIME A FE 27 o
el 9 BAS LT HE ) DESCEENIAE LR WRHBE R > TWbHRMTH D,

BRITHIER ECoOMEE DL < EENLEMBRRLNEAIITONTELZ Y
o0 IR ZAT T D, 2D b, JIFHRE S f < WE AR BRI CREME DN E LT
%o BEHDOE TIXZ DR THBEDOE VAN T Ul (GRS BB STV,
NAT VRS Z LI X D SROEHEEZRS TN TE, B EREMNMT DL
MTE D, —EANTILSIIRIREE S 300 MPa LL_EDFM 3 /N1 7 L8 & FEEFL, 980 MPa
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VIED & OITH&E RN E FFEN D, —MRANCITRENm< 722 EEB LIZ <720
THERED D72, INLHEICENTZ A T BT DM BHBHFE Bl bIThiu T\ 5,

1.1.3. 7V =0 A GeD RN TIE[4]

TNAI=yLEe (TAI=0L) OFAER CBiid) (32014 125 ThH %
A Z[5]. BREMICE & b 2 EALFEM & L THER SN TS, 5IIETRE Y 200~400
MPa F2EE, v 7 E D 70 GPa & /I RetEIIEN L 0 £ 5 b DD, BN 2.7 glem®
EERENOK U3 Th D78, WRIMERCIIRE 2 ZE T 5 LBEHRIIKRE WV, £T7 1
REUARSMEVLEMTHELINGENE T AI =T MM EEE B2 LT
HAEWRaARNT v AFEN L2V E S, Figll O X IZBEC o HEEDOR T
A IRFIRN U R—= ) T p— A BT T L—Ah RT7TE—LEO#ETH & LTS
<EHEINTW5[6,7],

Seat Back Bar Rear Bumper
Tunnel Member Reinforcement

Front Fender

Bulkhead Panel

Service Hole Cover
Front Bumper Reinforcement

Fig.1.1 Automotive components made of aluminum [6].

(AR ]

TV =T LD LIEDF T | 0B 13 BT iR HE T i ORISR 035 5
o, EROHIM L0 b KIFRB B HIFIN TV D, i< DITffEMiE7T v Iy
VEOBMARNETH 120, IHETIHMRED G SO BB, SEEm, 2o
YR TSRO RER & L TRl &It B,

Fig.1.2 @ X 9 (ZHFHIN T34 500°C (2N L 7z AR O CTHIEME (v B) &
AHEX hy (AT A T4) ICTHEML, "EKmERIIN L UIZZ A 24001
HI g T 2 HIETH D, TV =7 AEEOMH T I IXE R HE & M8 HiE
FTh D, EHEMHEILFigl2@D L HICE Ly FEE A R THEA A FAIZEM LT
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A AP ZUHTHETHY  MHOEITE L BT AVI=0 A arTF
PNBE & DEEREEEAE AN U RN T3P A0 o e i <45, — 5T
Fig.1.2(b)D L H ICfEEM LIy S A ADFicary sy hi—
KERoTBEI LA A ZAANST A I = A2 UHT HIETH D, RIEMEEIL T v
R=ULE T FNEEE QBTN ML OISR TRD 720,

TV =0 AEEOWHEITERICR D L BN OFTHREENEGL 2D LT
T 5, EIZ AN DIRE N E L 72 5120t > THH OIS T4 %, Mg, Cu,
Zn %L ERASITHIEENMENE SN, BIRE THIHMEICEN - &4 0BREN
1IThivTnsg,

ELvhk 3 23V 5+ 1 R

(@) HAR6 \ \l /

\ % /4 AFh
(amn 7Y -
G ’
X
Gb/
Ga 543 —JOvys

(b)

\ [ ]
SN
Vi/—A

Fig.1.2 Schematics of direct extrusion (a) and indirect extrusion for aluminum [8].

(7L 28, #iE]

TV =0 LOBIEIT G SO ORIPIEIC L YD 300~500°C £ TEKSLHT AID
£y FIFE TG 2 O TSNS, Z D%, BIBEOTRIC LD md Thk
BCE D AN =TT v ARTIZHHER LG /X 5 — o TR AL CHS I i D BB 8 T &
HHET VAT X D REE S D, #RHARIE & FRRIC BRI O O 2ol B A8 > & BB
(T Uy BPBREEE DS @ T USRI - D82 5 5.,
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KA J3 A MEOIX Fig.1.3 ® L 9 IZm# « mE TE&MNICTHIRTHET 27 vI=0 A
(B85 ZIEANLTEMENED TETH D, mVVEEN, B HERE, BEnicsiel
RO i B AR 88% TH )  OAMG CEERMIC A I TS,
PRIEIEE (XA A b~ ) (R Em & OV B O % B P32 BSR4 A4 B A
k2 AR B U H 72 0 O FFHES, SRINICIEE T L 2 &2 BT D 5T SR S
nTnag,

AT A METIEE®E - @E TSI FE I, 70 —R—/VED T ARMETERT
LEWVHMENRD Y Rk S A T A MEE TN A CTEMNICEG 2 RIET 21T
FERHBE SN TWD, LTI =U LA58FOXETH 585 & OFRIZONT
B4 Z2FZE[10,11] 3 72 ST W %, ZDRFRL A WA MEDHTTH AT A XF A T A b
EITEESEE & BTN, 50 MPa LLEDE )% 7T CIRREIREED B ¥R 5 £ T
BT 5 HETHY . FHIEED 0.05~0.1m/s LBV ZHZERC0H ADBRE AL D78 L
B AR VIR FEAE LIS W R RN DA INAGE S0 D 7o O 72 B AR O B AR
DFLND E VI RN D D, FTmELEL A B A MEFZERCH ADEZ AL ER LT
DI % AT HEANCESH X v © 7 ¢ WEEZER 7Tl L, BEREBIC L TR
ik BT D H1ETH D, B2EX A T A MEIIEZEEOMEFRF LN HO X A4 I 7L
Kk x IR 225 A S 2 7 1EBRFE S 4L, T T3 kPa DEZDREEAHIE L7 &
BIEZA T A MEGHFET 5, £ OMICITEEFIAKR S A 7 A METRIEENOZER %
FRSE T A CEM LIRSS 2 FHH T2 75 TH Y | @il TR ST 7-EZIR OGS
FaSE AT A & BRI ER (L L T AlLOs DFRRL -2 72 2 7o OB MNZ BZ21CT 5 HIETH 5,
T I VU REA A A METRDIRE U772 E R & AN — 2R A S RkiE T4
ANZEAT 2 HIETH Y | SBRRIREIRREIZ IR TR E RS W oo BHEPICZER 2B &
ABIZS WE WS R B D, ZIHIERIE T DM EIOREZ 28 % CRTE R E 2 fifk L
b ThD,

1RSSR 2 M INME -WEFHL

Fig.1.3 Cold chambered die-cast machine [9].

WIZT VI =0 DROBIE TRRIZOW TR T 5, TV =7 AR I3 72— L % (8l
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S, WA B EMRATR S TEMIN T4 5 EEIC L > TG SN D, BEHEOT
NI =T AL (AT ) BHJEIEIEONEIT H IO TS 7528, @I A Vs
TS bDEMELEBZIFIISLERLIFIEL TS HIZHELS T 5, AT 7 I3MEF TH)
BV 2% CEBEE « IBREZE SNFTEDESIC L%, BIE - AV v b & TR
B 7R D BBV X BERNC K > CTA U7z 2 7 r i OB ALCHE 2 e 2> B A~
AL EE D72, 440~600°C T 4~24 Wi O BBGLEL T O D, BVHEIE Tl
400~600°C (2R L#kAL L 7= A T 7 DJEFH % 1/100 FEEEICIUE L, JEAEH L 180~400
m/min T2, WEEE TN THEIC L D —EOMEESD 2 & OfE b DAL,
SHERE A 212D T s, WL IL 2000 mimin FRETH L, ZhbOK
JERERE IOV T X B, y . P2 AW IERE AR S5t 2T 5, EHl L7k
JEIZER U Ca— Vi, B ES 2 HEic 2y he— 3 a3 E il S T
Do

TV =0 LIIMZERE, BRE M, @A LM S HERERLHNT O T L— AR
S, BEALDIIDITEH RS WED AU v RHENINTWD, BESEE LT
ZOMIZIZT Z oo~ T3V T LR ERFF LN N, AERSLAA NOENLEZD
ERPEFEAOBRMIRER & S TWD,



1.2. CFRP OB 51k

CFRP (Carbon fiber reinforced plastics, KFEMEMETRIL. 7T A F > 7) 1TZEFEDORNENE
FEPAA T IZH W THI 1000°C LA E i T PAN  (Polyacrylonitrile) #k#ES: A BE\ N 72 R 35
fkAfe (Carbon fiber, CF) E~ bV w7 ZfHE (Matrixresin) Z A& bOE - EHAMET
b, Figld OXHICIRBWHEDOAFERITIARBETHHHL (Zoltek &ie) - HILT
Ty&x-Eﬁv4a/®3ﬁfhu%ﬁbfk0ﬁﬁVm7iﬁ?ﬂf%é AR
Fig.1.5 D X 912 2020 FITiF MR TOFEREIL 13 5 /I L, & O REHEZ F
72 CFRP (% 20 /7 k ‘/a:zjﬁs EFHRENTWS (Fig.1.6) [12], CFRP [XELRIME « Hol
FECHEN, S 72137V 2 =0 A OBRBALFRONEMELE L TENSIER &
NTET, EOMEBITMZERE, mfkE, EEMMEL, AR—Y LYy =B TiEHN S
TETCWER, SRITASFE, / — b8/ ared 7 Ly MR OERZE~O FRL
FMZ 2020 FERZICEEHBHEO AR E L TEEMF STV

CFRP O & L TITIRFEMAED = 2 Fsi <, HIZ CFRP mﬁkﬂibﬂi@“é =S
OB E B L TEWZ ERET oD, EDOTOAENEE B 5 7o/ g s
ERBARE SN TS, BLFIZRIEHFIEIZ DWW TR S,

21,100

N P & & QYL L F O &P

G e & &

< < ,\9\\ \&\ ng& ) 3 & C° & o‘_,o N o&e
& *

Fig.1.4 Carbon fiber capacities by manufacturers in tonnes (2012) [8].
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Fig.1.5 Global demand for carbon fiber in tonnes (*estimated) [8].
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Fig.1.6 Global demand for CFRP in tonnes (*estimated) [8].
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Figl7 DX H7eAd— b7 L —7 LI D FFRZE[L3|OHF T, BEDEFRFHFHK T T
B OB - EIY A 7 VTRl T 2 HikEkA— N7 L—T R LS, B, )
—RIES)THIET D72, MHEDRETIZERL AT ZR AN A FITIH 2, #HE DRI T
I AELICK L, @B O CFRP B3 G o s, A — 7 L —7 idmze
[14-16] K Em AR H 5 —EH O @k 71 E A SN TEen, EFITRWVBIET A
INRLBEOEAMREIEM ZET 5 Z ENOEM 2 A MIsE 2 2 FOSHENL B L
%, i CFRP O A EM: %2 1T B 7= it 4 — k7 L—7 1J¥ (Out of Autoclave, OOA)
AT T OWFZEBRFE S EES . Bk < 72 BB EA 3 D H T D,

Fig.1.7 Autoclave for airplane produced by Kawasaki heavy industries[13].

[FL A, 20T vy var®T—iLT 4 7]

TA I NEA DEFEMET DI, 2~10 SRR Tk 5 @R B S, £
NODOEIEEMWIZT ) T L7 7 ) I y 7 Rary /"y REOREEMZ 7 LA
HRIEENBR SN TV, Figl8 DL T FL 7 2P L, 7L ARIET S
PCM .75k (Prepreg compression molding) [18-20]<° Fig.1.9 (%4 7 Afi#E D55 DRI
ThDHN., MR %A 0.5~2 inch (8 13 ~50 mm) OffERICT a v 7 L, MR 2SS
(2 LT AT EFCd % SMC (Sheet molding compound) [21-25] % fii > 7= 7" L A j%,
BRI —H D EkEA~EH STV 5,



2

1=

1.Cutting

3. Molding 4. Piercing/Trimming

5.CFRP component

Fig.1.8 Process steps of prepreg compression molding [18].



(a): Schematics of SMC production

(b): Molding products made of CF-SMC

Fig.1.9 SMC production schematics (a) and molding products made of CF-SMC (b) [21].

[RTM (HP-RTM. VaRTM)]

RTM (Resintransfer molding) |3k R ilfEhkdn 2 BlfE L, £ OFITHNE 2 A L Cilifk
T DRI S 1E[2627T] TH Y . IEO 7 v—% Figl10 [Zrd, AUy MIZTVTL7D
LT OERLIMBIZE 5 BN R, SV T L7 0 bk a X MIZMTH 5,
FIZIE A & BEH) & BRI B AT D 72 O WS B CIRE T 2 MR 72 < |
AN ELE IR 2 DB 2 MBS 720, 7 A U MIRIRZEAT D BRIk
HMEREATCMR U~ FH 0y 233628 LR E IR R 2 0E 5 2 & <0, #E o1 AR % fE s
T A0, B BIIEDO T CHIRKED 7 L— RE2FE T2 0ERH Y | BHEEIMEAME
< G DMHE RN S D 2 L Th D, RTM [ TEEE(LIERSIIE DK = 2 FRRTESTE S L
TRBEHRFIETIRD 50 H 0 | FiR[28,29] 08I % D F% R I 1 [301VZ BE3 2 AF 7223 7
ENTWD,RTM B3R L@ EEAD HP-RTM R°EZ25] X |2 L 5 VaRTM & Dk 4
RPFHCENRI SN TEHEY . VaRTM (12 X % CFRP B AT Tk BMW #00E
[EBHEIBEO Ryt Uy —t/L (Fx b)) KA TS, BIEZEATIER
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< TR # 3% % L7~ RFI (Resin film infusion) & W95 EES H 5,

TYIA—L k.
s TR ) wiEE A

vy § X Lol

V $ Ve O S ¢

Bl | &%-#

e —

B BR-EN-R

Fig.1.10 Process steps of resin transfer molding [31].

[FW. 5lH#Iz]
Fig.1.11 (Z7x 9 FW (Filament winding) AJE[32-34]X° Fig.1.12 @ X 5 72 51 #k pi ¥
(Pultrusion) [35-37]% RTM & [RIARIC 7Y 7L 7% D W HEA 265 A L 722 W EBERE O
—FEThD, FW BIRIZRICEESX 7 g LTHEASATEY . 4%I1% CNG #
v RBEFEMERIROKFE Y 7 IHERARIERT S ETREND, SIHRIEL Y
NN AR 2 A1 75 S BT MEZ B1IE 0 203 S EIE L e AOIZ[R] — Wi o B IR 23
Foiv, EICEMHGRICEH STV,

Fig.1.11 Glass fiber composite pipe by filament winding [34].
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Fig.1.12 Schematics of pultrusion [37].

[LCMm]

LCM (Liquid compression molding) [38]i% WCM (Wet compression molding) & & FEiE
. RTM X0 & @b B2l i a2 155 2 E ARk 5, Fig.1.13 O X 9 IZ&HIZ Tk
U7 IR FBAHERR ) 2 BLIE U, & O RIZBMELIERTIE 2 R AT 721, 7L RICE G
RIVELRNRORIET 5 HETHD, RTM O X H ICEHNICHIIEZITEIE LT DM EN 72
<VJEE (WY FRDORIERTIUT R W2 DM T3 584 LIZ< W, RTM OB
BRI A A R OF kﬁ%ﬁ@@r&ﬁ@MIﬁ®ﬂﬁ%ﬁﬁﬁbﬁtﬁ%%&%
SR, TOMEHO—IIEEZ BMW £ i8 © R 7 B — A EIZHEH STV D

VORAFORCE
Resin + IMR + Hardener

' - s o 10305 ] oy =
T T
Deliver Matrix Insert Preform Curing Open Mold

Resin to Preform into Press (Demold Time) Remove Part

Fig.1.13 Process steps of liquid compression molding [15].

LLED X951z, Bk CFRP ORE HiEITmMmE e A — ~ 7 L— T iIBI b S ik
Wik E LT EENZ B 272 biE D7) L 7 Rea v Ry Re 7 LR
T 5 HEICEDbY 5ob 5, SHIZIIMOBFHTRELEZTY 7L 7 Tidkel
RTM %> LCM %5 D REHLY; Ttk D 512 2 9 2 R ITEAV T2 O 5 15 O B F 73 E
ATWND,
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1.3. ZAT¥AME CFRP & # ORERiFSE

EN R CFRP I 280 FH & C I3 s b4 CFRP O B4 4 7 £ S+ 2% HAYCIE A
h. REMHEREYIC PEEK X° PPS DA ——x T T %~ M v 7 AfIEEL LT
PR SE T HEM B EICHWON TS, (RO IE T IEIEA— N7 L—T IEN &=
T, FinE., BPETHIUE T A MOAEFEMENER S e o 7oy, EH TIERINSE T
Fig.1.14 @ X 5 ZeMizedé ik 2 B0 & LI oM Z R 2 5B 3T T
%[39-41], HAREWNT bk A 7B MADPT OV, AR A 7 VSRR &
MU T VAL DAZ U TRIE & T & LTHFZEBRI R 3T T 5 [42-46],

Fig.1.14 Co-consolidated skin panel with butt-joined T-stiffeners in TAPAS project [39].

1.4. PEALE CFRP & BRI CFRP R = A |k Lk

EVFTEAME CFRP XM b CFRP L 0 BV A 7 VDS KIEIZELHE CE D728, AEFE
PEREEM & LTI A MZed &S, PEEK fIBRNISCBGEESE XA 7O
PA12[48] DI EICB VT A MRE SN T\ 5, Lo LEAT MR 1 B A Rl o kG
FENETEACPERE & el U CHECH~EE a2 IRFBRHEOICERT 2 0D L
HBHER DO IR BRI VB AE LTV, 2O DBE A ERICE R S 2 1Ti3iE
EEPEMICRD MR FE< D, il BEEROE S INORIEa A R
WHDD, FEBNTEM 2 A REL 2o TLEIENRD D,

EE(LME CFRP & ZAA[Y¥HEME CFRP O 7 L A JE TD 22 A MiRBE k21T - 7-, REIC
] L7l % Table 1.1 127~ AFwSCCRITHE T 5 RFHHMES A3 45% (R FE ki
H 8573 THI 65%) O CFRTP Z H#Ej#. 1 12 100kg fEH T 5 LIET D, AFEREIL
BEEOLEERETHIF 20 TEE L A7 VTHIET S & L, A 7 VR E
KRDITONAFECEBP G T 5 & LT, E 7o RFBRMESCBRE L YERE, PP BIIEIX
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— xRS 2 AN L, R E 0 IZEVTEME CFRP (XU YA 7 LT & 472 O EME b
CFRP LV HEWV 5% E L, GiRMkNa Y ) F— 3 0a A MIEATENME CFRP O
TS 4 fEmEmnEa L Uiz, 2@ 7 4, @R 1T 35 FTHEHTS & L, Buli{bit CFRP
&l UCEATME CFRP X LV IO 7 L A2 CF v e —F — RN L2 5
72, EEaX M EEIRELE

Fig.1.15 |[ZEEE L CFRP D RIZ YA 7 L% 5~90 4y, BAR[ ¥4 CFRP DS A 7 /v
Z 1~10 i L7 2 X MRERER AT~ T, Bul{brE: CFRP (X —Miy7epi B Th 5
60~90 731 7 VDA, M A ST kg FREE L 2R B3, 10 A 7 VTR
B 2 M 5,000 F/kg BEEE, 5434 A 7 VD413 4,000 F/kg £ CAMICTNS 2 &
Wond, —H TEREME CFRP DAL 10 54 A 7 AT T A k3 Es (ki
CFRP LV @\ =% 6,000 M/kg & 720, 1434 A 27 /L"Clx 4,000 M/kg % FEl% Z
LD, EIRD X DT 5 45 K0 bEWATEY A 7 L OB LEBIIE B S TE D |
EVRYAME CFRP O 1 0 IE D a2 A N A U v MIEN>2H D Z LB bnd,

F-BGH LM CFRP O E Y & 95~50% & L7=3HA DEM 2 A - Of% % Fig.1.16
(2R, Bl bME CFRP X —BEAY LM 2 BB SCHAI A TE e B E
DR T T DICEWVEM 2 2 MEE< e b,

Fig.1.15(b)2> & 1 3% A 7 L CRUE L 72 BR8P CFRP O FAF = A b L ER S fiHE e OY
MTE (FREARary Y TF—val) PRESEZHDTEY, Zhb0a A MEEx
et ORERM R % Fig.L17 [T ¥, BERICHEA SLH 2 A MKEEIZT 221X R ER
HESSMLE D a2 b T 20 REE < K= 2 MRFEMHE L BTN TEO =2 2 M 2K
BT 2 EIERRD TN D,

Table 1.1 Specification for cost analysis of CFRTS and CFRTP.

Unit CFRTS CFRTP
Production Yield rate % 85 95
Material Carbon fiber Yen/kg 2,000 2,000
Matrix resin Yen/kg 1,000 300
Impregnation, consolidation Yen/kg 500 2,000
Plant Machine M.yen/year 640 1.300
Mold M.yen/year 390 390
Building M.yen/year 50 50
Utility M.yen/year 600 600
Labor M.yen/year 3,200 3,200
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m Utility, labor @Machine, plant @ Impregnation, consolidation @ Matrix resin @ Carbon fiber

30,000
z
E 25,000 |[-rrneerenesremsesesnenssemeeseeemesemeseeeseoseseseseeseoeeseeseneietenes -
b
L 1 | S R L .- -
g
£ 15,000 |ro-oorereneneenenen s - -
2
I e S —--S----E-E- --
2 5000 [ g& --------------- S I T [ S ) -
(@}
@]
0 ﬁl T T T T T T T T
5 10 20 30 40 50 60 70 80 90

Molding cycle [min]

(a): CFRTS

m Utility, labor @ Machine, plant @ Impregnation, consolidation @ Matrix resin @ Carbon fiber

5 7000

g 1

£ 5000 frrreeeeeeereneeeeee . ----- I ----- I

o

2 4000 gl .. ---------------

2 3000 (4 ff b bt

8

S 2000 {4 - feef S S B .

§ 1'000 ---_----_ ----- =1 =1 | _----_ ----- =1 =1 ] — —
0 T T T T T T T T T

Molding cycle [min]

(b): CFRTP

Fig.1.15 Cost comparison of CFRTS (a) and CFRTP (b) parts as a function of molding cycle
estimated by specification in Table 1.1.
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m Utility, labor @ Machine, plant @ Impregnation, consolidation @ Matrix resin @ Carbon fiber

7,000
g
T 6,000 f-nnr ol
(2]
£25,000  f--nnrnnmennneenn s -
5
S 4,000 feomeeemmeennmenmeenneenneeno oo g [ - (- - -
i -
S 3,000 |-gm----{------PO - - -
£ | =
82000 =B e e -
G
% 1,000 -1 {4 A -l e el el b -
o
O

0 T T T T T T T T T

95 90 85 80 75 70 65 60 55 50
Yield rate [%]

Fig.1.16 Cost analysis of CFRTS parts as a function of yield rate, as molded 5-minute-cycle.

@ Utility, labor @ Machine, plant @ Impregnation, consolidation @ Matrix resin @ Carbon fiber

5,000
5 =
= = —
S 4,000  |-ooommmmmmoooe e e m-B--w.
> = B OB O

@ = = B B [

5 3,000 (-EE---=--t-1 ] -
o

=

8 2,000 -4 |1 1 -1 1 - -
= | =

3 L B B

% 1,000 t-f s -
7 —

© 0

1,000 1,200 1,400 1,600 1,800 2,000 2,200 2,400 2,600 2,800 3,000
Carbon fiber cost [Yen/kg]

(a)
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m Utility, labor @ Machine, plant @ Impregnation, consolidation @ Matrix resin @ Carbon fiber

5,000

8,000  fommrmmremmemmemmee s .-

3,000 |[---emsemmemmeemeemsemnenne s - -

2,000 |- N N B RN BEE B B N

1,000 |- - - - - [ - [+

Cost of composite parts [Yen/kg]

0 T T T T T T T T T
200 500 800 1,100 1,400 1,700 2,000 2,300 2,600 2,900
Cost of impregnation and consolidation [Yen/kg]

(b)

Fig.1.17 Cost analysis of CFRTP parts as a function of cost of carbon fiber (a) and impregnation,

consolidation cost (b), as molded 1-minute-cycle.

RO XD IR O L R D BEAFEME LT, T =T AE58FK= X M
Z EBLY D& RN LA 23 BRFE S 4v, RIERIC B LME CFRP IZR W T £~
U ADIER A CERE & OB &R RIE ORI L VIR 2 MEB ik~ EED B
TW5, 2 X EFTHAME CFRP IXEIRE DI TEOEIGN &<, BWBIE A 7 i
EHaA ATy EREFE Y O0HLMHMN A HiL5H, LAL CFRP O b K E ik
ELTHIRENDBEFRDERT D 1, 2 pBREDOKIEY A 7 WATKHET 51213 E L
P CFRP DRI A 7 VTR & 0 | BT A 7 L OELNEVRT M CFRP 23895
EINTND, Ko TARRISUTITEEMED B OB CFRP 2 /A< A SH 5790,
EAR[YAME CFRP Ok = 2 MUIZEIT 2RI S NI~ T 7' —F & LT, #iE
WERICBIT2EREOMTE T T 2B LT o AZRE L, NFEFEE KREHE
WP D RA FEOFFRMEAEFAIRE T 2 FELRET L2 L2 BN E T 5,

1.5, AL OHERL

AGwSLORERUTLA T D X 91270 %, 55 1 B CIEEATHNE CFRP & 2 D @R EpIE D B
PEIZDONWTIR AT, 5 2 BCTIEEIERE L DORKRKD N — K47 L7 bR A RRE I
BYEDOBIRIZOWT, IR E PR RERE LT, B3|\ CTIIHR R E oo R A REE &)
R T A > CRETEDHEERE UMGELT-, & 4 ETIEIARA REFRELTICTS
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FRNRRE 7 a0 AR RE LMGE LT, 5 ECIIARR XL OMMmE L Oz, FKE LK
FEERSC L OBURIZBE TR Y 2 FORICE LD REEY XA NESBE -0,
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2= EAAYAME CFRP DR A RS 15410 5 2 5 S8

2 BVRIYEME CFRP DR A KM 2 5 8

RETIE CRPP 7 F L7277V 72 VT, GRMEICBEEST 284 R
SO F T L GEHE R IR & AEgeliiE OB 2 AR L7, £ OH TR A R84
PEIC G2 DBERS LIC & 2 A, MTHER TR TIIR A R 1%LL B2/ 5 &
FEREIREE OIRT & ARSI 2 i SR EE DS AR T L7, — 5 AL R TR+
RROBIME & HIHTIRE IR 2 IR T L, FHCESMEE RS 2 L ideanoT, A1
N2 19624 DR A Il BRI LR EIR A SN 2 RGBS, 2 DX
SR AR T DZER] & HER T & 7o, # 0 IR LAFEIC & 5 i 3BR CRMad b AR HERT 2
Tl aMER LT,

21. W=

EN AT AST R | N BNRE D PRIk 23 B AL YRR AR & beie 9~ 5 &~ B EEm <. R
FHEEORILHEDORNIZER T2 ONEE LV, S 512 CFRTP IR E R 2ED
Kfg s RA REEND L, TVRAEDOHIBRZRIIKAA RPHZDZ L1EB I IFE
FEDIRTRFHEND, ZORA REARET 272Dk R TR THIL, 5ETE
O OINTHANTZFEIT 5, Tencate tEDRLET ZEA[HAMET U 7 L 7 DR A R 1%
ULUF clildE &, #512 Fig.2.1 12773 CF/PEEK 7°) 7L (CETEX TC1200) DUl
1X02%LL FCH D EFAI SN TVWDH[49], T OMEE HWZIEMO T SR A R
IFFEFITIER N Z EAVREN TS (Fig.2.2) [50], BARTHIMET ) 7' L 7 % Bl 5 2543
MWENZR TRRIZ N Z AN TWE D R A RREMRE TR S W7o BHEIFER 2 @il & 72
DEEFICEA SND LV TIHRLS A REEZ EOREE THOLEIERVONICD
WTIERE ST,
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2= EAAYAME CFRP DR A RS 15410 5 2 5 S8

0°-0.297%, 90° - 0.393% 0° - 0.662%, 90° - 0.215%

0°- 0.403%, 90° - 0.543% 0° - 0.098%
0° - 0.067%, 90° - 0.005% ' 0° - 0.001%, 90° - 0.183%

0° - 0.024%, 90° - 0.064%
0°-0.192%, 90° - 0.354%
0% -0.760%

07 - 0.619%, 90° - 0.303%

0°-0.255%, 90° -0.012%

0°-0.268%, 90° - 0.004%
0°-0.186%, 90° - 0.007%
0° - 0.565%, 90° - 0.104%

0°- 0.565%, 90° - D.1045%

0° - 0.255%, 90° - 0.615%
0° - 0.176%, 90° - 0.615%

0°-0.013%, 90° - 0.538%

Fig.2.2 Distribution of void content in a product made of TenCate prepreg [50].

B LME CFRP TIIBILEMHIC K 0 A A REELE X TR & 1R o BfRPED
WAEBL-57]1S TR Y, FrCEME AWIRE (ILSS) IZBT 2 @ENLL, 2o—k%
Table 2.1 127”7, fEHES AIC K - TIEARA R 0.5%5 FEFEOIK T3 2 B SHE &
HEINTWDN, = UD 7' 7' L 7 DEZREIEDO G I REME T2 8 A
RFEIL LOWRE E VI MENZ N2 ERNb D, ZHOHEIX Fig.2.3@) D X 5 1ZHhA
R R & S RIS OFBIBIFR 2 JIE L 7=, Fig.2.3(b)D & H IR A KR 1%LL Eod
TVFHREVEAE > I EL U 72 SRR BIE O SME AR R A N3 1% 0 J1 F R EICE L7
MEREET2MENRETHY . BA FER 1%ARN D 1 FZRE 2 2R IR L &
JELTWD, ZAUHL AR A RED 19%A O 1 RSB OV TUEERm STV R,

-20 -



2% BATIIBME CFRP DR A R3S bElC 5 2 %

Table 2.1 Reported critical void content on mechanical properties of thermosetting CFRP [51-57].

Mechanical Carbon fiber Critical void
Matrix resin Reference
property morphology content [%]
ub Epoxy 0.45
ILSS ) [51]
Fabric Unsaturated polyester 0.92
ILSS Fabric Epoxy 3.0 [52]
) Epoxy 0.98
ILSS Fabric [53]
BMI 0.9
) ) BMI 1.09
Compressive Fabric
Epoxy 1.02 [54]
strength
ub Epoxy 0.53
BMI 0.91
Fabric
ILSS Epoxy 0.97 [55]
ub Epoxy 0.49
Flexural strength 1.05
Tensile strength Cross-ply Epoxy 1.10 [57]
ILSS 1.11
10 5601 =609(c) 0365
354 ok E-:l:tdm . a 540
30k DEE 520
£ 231 5 500
g i : ¢ Z 480
§ 1ol &% 460
05k 440
00 B : B 1 B B
16 18 20 22 24 26 28 420 o
Absorption coefficient (dB/mm) 08 10 12 1.4 16 18 20 22 24 26
(a) Absorption coefficient (dB/mm)

(b)
Fig.2.3 Correlation between void contents and absorption coefficient (a) and flexural strength vs
ultrasonic absorption coefficient (b) [57].
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2% BAATYAM: CFRP T OAR A RN 1R EIC B 2 5 B

ARETIEIT Y 7V 7 G 2 BIC@E OME LV b ml il U, Bz CRERED
WEEGLEI TV RO CEGMMETH HERREE R, FEEkETH D CTT

(Carbon fiber reinforced tape thermoplastics) # % H\W\CHlIFReEZ R IET 5 2 & T, &
A B IFZREC G 2 DEBEETE L, TO%, RERE D DA BRI B R
TOHFEEBET H-D VK LMWMELY 5 X TR XM CTIZL NGB L L—
P— =W IEHAISRIC X A R B R EIT - 12,

2.2, FBr
2.2.1. ftakik

IRFERRME (228 L1 3 A8 TR50S, S1aRMHM 240 GPa, 5|3RFEE : 4900 MPa)
ZipfbiiiE, AMERY e e~ ) v AfEE Li=— 4 mPE (Unidirectional
UD) [RFEMHET Y 7V 7 — b a2l CHiE L7z o — b UD75A (Fig.2.4) 12Nz
T R TRRORGEERE 2 258 4F5HIC L TERMEE %K & L2512 — | UD75B,
UD75C %A L7z, UD75A DRFEMAMED AR Vi i3k 46%TH D . > — FOE ST
01mm Th b, 7V 77— hDREMMER T (FAW : Fiber Areal Weight) (354 75
g/m? T 5, 3TEED L — F DY % Fig.2.5 12777, UDT75A IZI1TV < DR E IR
SRR SNDEZMEEER L WD EE x5, REHE % FiF7- UD75B, UD75C 1%
[CARERE N 72, UDT5C 1 EZ BiF 7= Z L IC K BB A2 lc L 0, [REHE
HESR DN DT D Liz/NR (Sub-tow) MEIZETE 5,

Fig.2.4 CF/PP unidirectional prepreg sheet “UD75A”.
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B2 EVAIYAME CFRP DR A RN TIEREIC G 2 D B

Sub-tow

(c): UD75C
Fig.2.5 Cross-section of UD75A (a), UD75B (b) and UD75C (c).
2.2.2. HfseilliE R CFRTP Al 1EY

FROGRMEDRS 3 FEEHO UD 7Y L2 (UD75A, UD75B, UD75C) %7V
TV 7y Z— (Zund #E8L, Fig.E.1) T198mm MAICh v k L7z — b & [0°/90°]ss (FF
16 &) OfEEK CHEIE L7-, = OFiE IR % N~ 200 mm A O 847 (Fig.E.2) Iz AL,
10ton MBAGH BNy R 77U A8 (Wil )| T3PT4H YSR-10H/C, Fig.E.3) % H\»
T Fig.2.6(a). (b) DEESM:THI 1.5 mm B S D 4 FEEAD B A FEEHK (Cross-ply, CP )
ZAERL U 7=, IR IR £ CATICHR A L 72 ZVE X OIRE 2l E LA TH Y
STRIOIEFE L FPEHEEE IXITIEE L & & 2 TRV, Molding A [ZEIZIREE 200°C, 30 43
ERY TFr BV UREEMEHI L > TUIEFICELS . AA FETELEITEAL S ¥ 5 H
B TRRE L7, — T Molding B 1% 180°C, 10 %7 & L AOKIR S CHBI P O R A K%
T & D GBI LT, Table 2.2 (2 4 50> CP ARIZAEH L 7z R I &4t & i o1
DRIERZE T,
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28 BETIBME CFRP DR A RAS M 5 2 % i

----- Temperature -=-=-=-Temperature
Molding pressure Molding pressure
240 T T T 3.0 240 T T T 3.0
| | | | | |
1 1 1 1 1 1
200 f-----; TS ) 200 |------- R SEEEERE SRS )
00 / ;- : —--IF‘ 5 00 . : : 5
G ,’ | | ||‘ = '6‘ ’I”‘ | 1
€160 f---#--"-------4------- —-| 2.0 o 22160 F---- r-f—----4-------t---1 2.0
) / 1 1 \ 2 O] ! \ 1 1
= [ 1 1 \ = ~ ] \ 1 1
] ] | | ' =} 1] \ 1 |
= 120 F- - d------- +-1 15 & = 120 I e Y Ao L---1 1.5
é“) I 1 1 “ ) % ) \ 1 1
2 fo ' z 2 ; o |
h 1 1 \ 3 ' \ 1 1
g 80 [q------ - Ao -4-1 1.0 £ g 80 Ff----1-*---- IRREEEEE t---| 1.0
Eq‘) ! 1 1 Q" ﬁ ! 1 1
/ : : / : :
40 p------- - m - Ammm---- ---1{ 0.5 40 P Ammm---- +---1 0.5
| | | |
0 0.0 0 ' ' 0.0
0 10 20 30 0 10 20 30
Time [min] Time [min]
(a): Molding A (b): Molding B

Fig.2.6 Schematic diagram of detailed molding conditions for CP-S (a) and CP-A, CP-B and CP-
C(b)

Table 2.2 Material and molding conditions for cross-ply composite.

Cross-ply composite Prepreg sheet Molding condition
CP-S UD75A Molding A
CP-A UD75A Molding B
CP-B UD75B Molding B
CP-C UD75C Molding B

2.2.3. ek 2 CFRTP Ao {ERL

RO R % 2 DO UD 7Y 7 L7 (UDT5A, UD75C) 7' U 7'V 7 ) v #—T
AR 25 mm g 10mm O F a2 v 7 K7 —7 (Fig.2.7(a)) Z1ER L, 7 /v 2 47 (Fig.E.4)
DAARINICT 2 v 7 RT—7 2 HHE FSE T U X ACHRE ST, 2ha T4
TICHE A, INEVAH B T L AH A FIVC 180°C (ZIRAA L 72 MEVERIZ 5 43, B2E

(0.1MPa AJi5) ORMETIMEE, AT 52 L TRI3B5g DT ¥ A — b (Fig.2.7(b))
EERL U=, WRIZT v H Ly — D EMRMETIORIC 4 M@l MBWGH 2 BB L AT
Fig.2.8 ® 2 FAD S THKI 3 mm [E X @ 3 FsEHO CTT H(CTT-S, CTT-A, CTT-C) %
ERLL 7=, Fig.2.7(c)i% CTT-S D EETH %, Molding C i% Molding A & [AIEETHKS 72
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#2223 BTN CFRP DR A RNl 5 2 % 2%

JRA RERSTT-ODEMTH 2 0MBEEDE /175 0.5 MPa & ELE S O IZRE L
TV, ZOEBIZUD 7Y F L7 LT 2 & 70X Ay — MIREMMARE W
B MY Z 325 B CTIEWE O % 7=, RO BT Molding D 13 Molding
B OINEMRF OF%EIT ) % LT T2k IE S Cdh %, Table 2.3 (2 3 FSEHD CTT RITHEH L
Te AR & BRI DR IEFR Z2 7=,

(2): Chopped tapes (b): Random sheet

(c): CTT plate

Fig.2.7 Picture of chopped tapes (a), intermediate random sheet (b) and CTT plate (c).
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2% BARDPME CFRP DR A RS2SR 5 2 %

Temperature [°C]

----- Temperature -=-=-=-Temperature
Molding pressure Molding pressure
240 : : : 3.0 240 : : : 3.0
| | | | | |
------- TS ) s S CT X EEREEREE BN Y
200 /' r . ...F‘ 2.5 200 . . . 2.5
;o : A ~ O - : :
160 ----'f’---:--------: ——————— —-1{ 2.0 gcf €~ 160 F---- /--‘1—------:-------:---- 2.0
[ | \ =R A . |
1 1 /) [} 1 1
120 f--pF----------- d------- Al 15 2 ® 120 I e Y Ao L---1 1.5
,I : : ‘I ?) é:)' 'l \ : :
h 1 1 \ qU3 ox K “ 1 1
80 fy------ l------- A= -4-1 1.0 = g 80 ft+4----4-‘+---- d------- t---1 1.0
'I | | am ﬁ II 1 |
' | | / | |
40 ; ; T---| 0.5 40 it Ammm---- +---1 0.5
1 1 1 1 1 1
1 1 1 1 1 1
0 ' ' ' 0.0 0 ' ' ' 0.0
0 10 20 30 0 10 20 30
Time [min] Time [min]
(a): Molding C (b): Molding D

Fig.2.8 Schematics of detailed molding conditions for CTT-S(a) and CTT-A and CTT-C(b).

Table 2.3 Material and molding conditions for CTT plates.

CTT ) .
) Prepreg sheet Molding condition
composite
CTT-S UD75A Molding C
CTT-A UD75A Molding D
CTT-C UD75C Molding D

2.2.4. RA RROWPE

IMZ9®@TI@£9@T4F%E@CWP_waﬁ SkHE, ~ N U > 7 2B,
NA ROBIEDHEE ZIEI Vi, Vie Vwis &5 & EFHT 10000 Th 572D (2.1) TH
Shb, FlohA ROEE] ;szf&bét&b IRFERHHE L~ NV v 7 ARAEOE & FE
Wi, Wr &322 TEEIND, F72 Wr, Wr iZREMHEE~ Y v 7 ZARHED
B pr. pre HNTERT EXQI)ERD, HEAMEIOEE p (FHRMAETOEETH
5twﬁagﬁﬁﬁoo:h%@ﬁ%ﬁﬁAbﬁé*&fﬁfwgwmif@a’

IRFEMHE L ~ NV v 7 ARIROBEENBER THIVUL, IRFBHEO R L EEM
ﬂ@%&%ﬂm#é_&TEMTééo_@ﬁﬁﬁJBKmmwm_ﬁw%hfwéo

-26 -

Pressure [MPal]



#5525 EAATIME CFRP DR A KA JIFHRe I B 2 2 5028

Ve+ Ve +Vioia =1 (2.1)
W+ W, =1 (2.2)
XV XV
VVf — Pr f W= Pr r (2.3)
Pr X Ve + pr XV pr X Ve + pr XV
Pc = pr X Vg +pp XV, (2.4)
Vyoia = 1 <Wf+1_Wf> (2.5)
void = Pc pr o .
Carbon fiber Matrix resin

- )

Void

Fig.2.9 Schematics of carbon fiber composite including voids.

BAEMELOEEE po 1 X IS Z8807[59]Fedk DK FiEHkIC X AL ERF (T 7 7 2
7 — 2 4E# MDS-300, Fig.E5) ZHAWTHIE L7z, KE.)IZEB W Twa KU wsldZ
NENZEZH L OKFOEEMEEETH Y | po KON d ITKKPEROBEETHD, %
K[OE L 0.001 glem® # W CEEZHH L=,

Wp

Pc = X (po—d) +d (2.6)

Wp — W

FIXER~ v 7 VFE (EERYERTHER Elepot, Fig.E.6) (Z 3L/min
IRDNG | WEERRD OIFHIT A v b LT EMERER &2 AfL, 3R

&
3t %
f =
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L 500°C D41 T 30 R B 2 BEE RIT Lz, RQEICTBWT we l3BEE RITT /IO
BAEMEBIOERE, wildBESRIE LB OEY L REMEOEETHL, TNHOHER
XD ANTHE LEEEHEND, TOHE L TBWE25IF0OHEELZLGIWTHE
HLZETH D,

W =— (2.7)

2.2.5. T e

5kN 7 HERERIE (R EATHS AUTOGRAPH AGS-X, Fig.E.7) % FVCliF 4%
ZWE L7z, JISKT7017[60]FC# D 3 T 5BRIZ IV T, M7 of R OV ITE & 135X
8K VX (2.9) TR INDH, T T CFIIME, LIESRMEERE. b 133 OE, h i
A DES, SIIHFRoO-bAETHD, B E Vv IZXQ10)ICE VRO 5ND
WY 2RI LD EE Lz, 22T el IEBEHE 0.0/min TH D, s dh R dhif E
7% 0.05~0.25% D P DO T IS - EMX OE & 2R/ Lz, CP R BT OGAIXE TS
M OREPHEAE ST & 722 L OISR A 2 F L7, CP A& O CTT RO BR S —
% Table 2.4 |Z7~"7,

3FL

o= 2.8)
6Sh

& = ? (29)
"2

poik (2.10)
6h

Table 2.4 Test conditions of three point bending test for CP and CTT plate.

Width of Span Span to thickness Testing Number of
specimen  length ratio, L/h speed specimen
Unit [mm] [mm] [-] [mm/min] [-]
Cross-ply
15 60 40 3 5
(Continuous fiber)
CTT
25 72 24 3 6

(Discontinuous fiber)
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2.2.6. 7 A v EERER

IR TARGHE AR (> A b A8 POE2000e, Fig.E8) #HWTT 1V
v MEBEEZRE L, BT v TFEANT 7Ty hUA X G AICEREE 5 2
720 JISK7110[61]FLHE DT 1 V' MNMEEFERIZI W T, 74 V' MEERIRE a 13 (2.11)
TERIND, ZZTWIERBABRIN Lo X — b Il o, hi3slsk o
JEEThH D, CPMMEOCTT M ORERGA:—% % Table 2.5 (12777,

w
a =5 (2.11)

Table 2.5 Test conditions of izod impact test for cross-ply and CTT.

Width of Length of Testing Number of
specimen specimen speed specimen
Unit [mm] [mm] [m/sec] [-]
Cross-ply
15 60 15 6
(Continuous fiber)
CTT
15 60 15 6

(Discontinuous fiber)

2.2.7. HIFYE 5 e

10kN =7 2 77 ik Bk (R EpTHERd ADT-AVI0K1S5, Fig.E.9) & Tl
TR RIE Lc, 3 sl BT s BRI T L7z CP AR ORRER A — K % Table 2.6 121
B

Table 2.6 Test conditions of three point bending fatigue test for cross-ply.

Width of Span Span to thickness ~ Testing Maximum to Number of
specimen  length ratio, L/h speed minimum stress ratio stress level
Unit [mm] [mm] [ [Hz] [] []
Cross-ply
15 60 40 10 0.1 5

(Continuous fiber)
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2.28. # 0 I UMEIZ KD 3 il AR Ot rgleg

5 kN FHEREBRIE A2 VTR IR UINERIC K AR OE BRI 282 Lz, £ R 5BR
ATOFER N2 =Rt X # CT 8% (v~ MR8 Fig.E.10) . 3BT o F MM %
SWRTTIBRRIES: (F—= 2 248 VR-3200, Fig.E.11) ([CTHIE Lz, ®wichiF=b
HEN 0.5 mm L7225 E TRBELENT %, MENERICRLIETHIT-bArTREL,
FERBR T O A2 X A7 CT #%, 3B o R M2 = OclERHT TRIZE L, itk
THIT7EbAEZTIZ 0.5 mm T 20U, RRMENEMN L 72 < 725 £ TR &
OBER M K U7z, R EMEER 1T #R I B 28 0.05~0.25% D& o i 1 it F7-TEHR B O A
EMDLREH LN, bhBEIN/NE L 0.25%I25E LA WA X ATREZ2BR Y LU VEIPH ) &
TR 2 T U 7o, K o A BN & faf SR R O ff AN - R O RS A & B X
T U U ARKERD -, CP KL CTT HRORBRSM—E % Table 2.7 12777,

Table 2.7 Test conditions of three point bending test by cyclic loading for cross-ply and CTT.

Width of Span  Span to thickness Testing Number of
specimen  length ratio, L/h speed specimen
Unit [mm] [mm] [-] [mm/min] [-]
Cross-ply
15 60 40 3 1
(Continuous fiber)
CTT
15 72 24 3 1

(Discontinuous fiber)
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2.3. fER LB
2.3.1. "A FROWNEREF

Fig.2.10 |2 4 T3 D CP M K Y 3 TS D CTT Mok B A DR A RROME
R ETRT, U, P ox T — "—IFHEREZR~T, EXBEEROP TR EIRS
LI ELECPSDRA REFI%ARMTHY, IbARA KR PHEINS CP-C
DARA REIH 3% TH 72, CP-B DARA REILCP-C LIFIFER L THY RTHENE
WRERToH 72, = TCCTTROP TR OB ERSE LI L LIZCTT-SORA RS 1%
K THY, ™A FaeixbE<EZL 9L LI CTT-CORA REIZ 2%\ TH T, £
BUTCTT DO ENERA REONTOEN/NIDNRZ T CTT OaBi i ~HE2Y CP
WORBF LD b RENVTEDEEZZILZ D,

Void content [%]

5.0 5.0
4.0 f---------mmmmmmoe- 1 ———————————— 4.0 f---mmmmmm oo
Lz

3.0 fo-mmmmmmmmmmeome- ‘ \ o 3.0 fmmmmm oo
=
g
5 T

2.0 f----------- T —————— ---1 -1 o 2.0 frmmmmmmm oo T }--1
G

l g :
U ---- ---1 -1 1.0 f---- e I REEERE ---
0.0 0.0
CP-S CPA CPB CPC CTT-S CTT-A CTT-C
(a): CP plate (b): CTT plate

Fig.2.10 \Void content of four CP plates (a) and three CTT plates (b).

2.3.2. CP DA A FR L TR0 Bf%

Fig.2.11(a)(C 4 FEXH D CP M D h I F MR O EHIE & Fig.2.11(b)IC &K skBR i DR A Rk
& T EMER OGRS, EMEE B D & SR X CP-S 23 b m < . CP-C 23
HIRVMEZ /R L7223, Z2OEIF/NS W, 2R A R LT EEROBGRE D &R A
RO NN P T PR R R 2 (K T3 DM 2 7R Lz,
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Flexural modulus [GPal
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Fig.2.11 Average flexural modulus (a) and relationship between flexural modulus and void
content of each specimen (b) of four CP plates.

Fig.2.12(a)lZ 4 FEFH D CP R O #h 38 L O M & Fig.2.12(b)IZ &5 DR A R L
i 58 DO RAfR 2 7”77, Fig.2.12(@) % W5 & iR IL CP-S i b < . £ Do 3 f
KHOD CP MR & M DFEN R Sz, CP-C IR & R K bIRWVIRE 2R LT,
Fig.2.12(b) DR A RER & HUFFREDORAMRZ WD & AR A R 1% %8 2 7T T A
RRUHAR T L. TR LBRIEAR A RROBIMIAEOEITREN R 2 IE T LTW5S, &<
OFRER A 3 s OJERER 2 DAEE L= 2 LD BIFE LT A RIC L 0 JERETRE D
KFLELEEXLI, ZORA RE 1% 2 5 & 08RG AK T 9 26 m 1% ih
PHEROMR & IXR2 D LD TH T,

WA Bl ﬁ%&@ﬁ%ﬁ@ﬁ%@(ﬁ%ﬁi@)@@E%szm@(m_rﬁ
Fig.2.13(b). ()& ()& A5 &R A RN 1%L, =D CP-A, CP-B & U CP-C [LHiSf
ﬁ%@&%ﬁﬁ%%hﬁﬁ@ﬁ%ﬁ%%héo:h%zﬁﬁxﬁCT%ﬁfﬁﬁbkE
HNFig.2.14 TH 5, Fig.2.14(b). @& ONA)ERD L., JEFE FOREEO T L7
M JBIZBELT- X D ICBRENEAE L TR Y sURKMIZTREBOEE T oREE
TV TV ITHNOREGRBGDOIELTZRMTHD Z EBbND, £ 26 DORIK
¢@T4ki7)7bi@ EBNORERLINETH O, 7V 7L IR IT5h EBRIE

ZERRIITFE LN EMATEILD, BA RER 0.9%AMD CP RO #hiFTRE X
@Si@%m<@é_&iﬁmm%6# CP-S DHIEZRBIIRE R ORTIT L D
HOTIERWED, RIBIZIEEIZR ELnWEZEX 5D,
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Flexural strength [MPal
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Fig.2.12 Average flexural strength (a) and relationship between flexural strength and void content
of each specimen (b) of four CP plates.

(@): CP-S (b): CP-A

Defects Defects

(c): CP-B (d): CP-C
Fig.2.13 Pictures of upper side of 3-point bending tested specimen of four CP plates.
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(a): Schematic image of observation

1.Omm

(b): CP-S

— e
L

e |
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1.0mm

(d): CP-A
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Defects

(f): CP-B (g): CP-B

Defects

(h): CP-C (i): CP-C

Fig.2.14 X-ray CT images of 3-point bending tested specimen of four CP plates.

Fig.2.15(a)(Z 4 FHEHD CPAR DT A V' MEERGREL DY) & Fig.2.15(b) (24 3k /o
A RRET Ay MEBEREORRAE =T, FHEE LD & HEEBRIEE S CP-S 23k b
Hm< ., CP-C Wi bIRWIREZ /R LT, £7oh A FREERMEORYRZ R 5 & Fiyil
TRRE O FHEE LT B2 D | R A RO RO ETEREE 3R 2 IR T Lz,
Fig.2.16 (T 4 fE¥AD CP HrDFER F A% 6 RO CHHRY R EZ 7R U7 ilBR f OB
MR 2R, Feh RA REOE CP-S [FFEEERFIZ I B R AW EEILEH N H DD,
AT ENZZE LB ITHEERNCH MK T Le, ZHUSX L TR A R 1%L Eofl 3
FESEO CP ISR R EIGELEZ THMENH E VKT LaaWEm B A iz, HE
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AR O KA EIZET D £ TORIN T R F =R REROWIN TR F =2 5D HE
EEFM L2777 Fig217 Tho, HA FEOR IRV CP-S [T KMEE TOR
N F— BRI T /L F—1T 5D HFIG A 3 ﬁ%k%%%<fm@3@%
D CP ML 2 BIFEECTH-T-, DF Y CP-S LA 3 FEHED CP MIFFHAMEICE LT
BIZHZANVFX—2RINT 52 EE2ERL TS, Tk, A1 REMD 1%LL LD CP-
A, CP-B KX CP-C [ZHF FREEDMEWENZ h—F L TO TR/ F —INED CP-S &
WL THEVIKT LR -TBx N5,
:M%@w%ﬁ%@éwmﬁ%%@F@ﬂ@@ﬁﬁﬁﬁﬁﬂ%%ﬂfwéoCRS@

EERIE | :ﬁ%ﬁﬂﬂﬁﬁmﬁﬁbﬁﬁbt DITKE L. FDOMD CPHRITHEHER D
REREBITITIN » TRENER L2720 B ORER F Z1HICIIRER TH - il

@@%mb 2725 TN D, WIT X Rk CT #6120 s L7228 Fig.2.19 TH %, CP-
S IHBIICRMNER L THEEL-0ICx L, oRA FR 1%2#E 25 CP HIXEN
(CBRANER L CTRE L2 b,

80 80 a T T
1 1 1
1 1 1
I g : :
€60 bo-ooos 00 QL ______ .9 |
>E> S R I """"T""""T"" S 90 K '% TTTRTTA e
é ﬁ 1 [e) 1 AO 1
= J— J— = : : é) A:
5 5 ! ! 8
oo I I N R R B S 40 booooo R S S
5 @ : ! OCP-S
S g ! : OCP-A
o [oX 1 1 -
£ £ ! !
520 |- - g 20 f------1 oeondof OCPB
N N ! ! ACP-C
1 1 T
0 0 | | |
CP-S CP-A CP-B CP-C 0.0 1.0 20 3.0 4.0
Void content [%]
(a) (b)

Fig.2.15 Average flexural strength (a) and relationship between flexural strength and void content
of each specimen (b) of four CP plates.
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200 : : :
1 1 1
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= 100 f------- b VR 4 (S
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| | |
50 |4------ L . R
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1 1 :
I ! ! !
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O 1 1 A - o PASFN R R
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Deflection [mm]

Fig.2.16 Load-deflection curve of izod impact test of four CP plates.

04 4"\ Brittle
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o
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\

0.0
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Fig.2.17 Energy absorption ratio to maximum load of total energy of four CP plates.

-37-



2% BAATYAM: CFRP T OAR A RN 1R EIC B 2 5 B

B R

(b): CP-A

(c): CP-B (d): CP-C

Fig.2.18 Pictures of impacted area of izod impacted specimens.
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1 .0mm

1 Orom

1.0mm HN X 1.0mm

1 Omm g 1 Omm

(d): CP-A (Plane A) (e): CP-A (Plane B)
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1.0mm 3 1.0mm

Crack inside one layer

1.0mim 1 i 1.Orim

. -4 -
1 0mm | : | 1 Omm
i il

(h): CP-C (Plane A) (i): CP-C (Plane B)

Fig.2.19 X-ray CT images of izod impact tested specimen of four CP plates.
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2.3.3. CTT MDA A R L J52ReE D iR

3 FHEHO CTT RO T HMER O E % Fig.2.20(a), R4 K3 & il F iR o % %
Fig.2.20(b)iZ7", CTT DHFEEMEDNRTHE([TF a v F RTF—TDORE S EHBRA D
RESOBEBREIVIREDE SN TWDER, KETHWZF 2 v 7 K7 —7130E 10 mm,
RIN25mm TH L7720 R A ZDOBHRIT AN T OENRRKREWVWZ ENTETE D,
Fig.220(@)% .25 &, RA REMN 1%KRHED CTT-S b iiF kRN Em <, Ao R
D3 2% CTT-C M bIRVMEZ R LTz, SN DT DX TR E WA Fig.2.20(b) DA
A R LT EEROMBINEZ BD & RA RROBEM & IR 2 (g PR MK T
52 Enbnbd,

WIZ 3 FEHD CTT RO M DO FEHEA Fig.2.21(a). A4 N3 & dhiF 5@ o BIfR
% Fig.2.21(b)IZ7~9, CTT MK il F 58 1L il F e =R & RIERIZ A A F‘%@tﬁ'buki@ Iz
AR T3 2MmZ2 R LTz, ZAULCPHRO XL HIZ, HDHARA RREBZ D L
HFSRE MR T 2 & X825 D Th o7, Fig.2.22 (Ll aﬁ%ﬁ?ﬁé@aﬁ%ﬁﬁ@ﬁ
THDHMB, BA FE 1%L ED CTT-A L CTT-C OA, S E B FATICFEES
LHEREFHMIC ot%a/7%7—7®& CP HRD K 9 22 sUR K a 23384 L Tz,
ZORFHMIH 7T a v 7 RT—7 OMER T AR 2EOMERKFIZFHS L
TV D & HER éméo INHOREBA & =it X ## CT *ﬁéf?ﬂ*ﬁ%%ﬁﬂbf:’@ﬁ%
Fig.2.23 IZ7~7, X ## CT Eifg 6 3 Ml F RO EMENICIZTREF I M7 F a v/
R — 7@@#&6&2%75:%\%@3 LTWb2, —FTCTT @%I%ﬁﬁl | CHAD é‘»%ﬁ <3 5Hé. 3
FEFED CTT AT — W BRIO T — 7 OREHET RN » TREANDER L TV 5k
TR STz, RA MJ% 0.9%Aw > CTT $ﬁ@ﬂmﬂﬁf ICTTS L bm<<iesn

SVIARERR D25, CP AR & RIBEIC CTT-S OREEIT ARG IR 5 DZIFIZ L DHHERE T
X722, KIS XM ELAnWEE X bRD,
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Fig.2.20 Average flexural modulus (a) and relationship between flexural modulus and void
content of each specimen (b) of three CTT plates.
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Fig.2.21 Average flexural strength (a) and relationship between flexural strength and void content
of each specimen (b) of three CTT plates.
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One taﬁ%

(b): CTT-A

One tape

(c): CTT-C

Fig.2.22 Pictures of upper side of 3-point bending tested specimen of three CTT plates.

B B

(a): Schematic image of observation
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(b): CTT-S (Plane A)
PR PRI )

#z (gL

(e): CTT-A (Plane B)

(f): CTT-C (Plane A) (9): CTT-C (Plane B)

Fig.2.23 X-ray CT images of upper side of 3-point bending tested specimen of three CTT plates.
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Fig.2.24(a)\Z 3 FEFED CTT DT A v NEEGREE OHIE, Fig.2.24(b)IZ A A N3
ECTT WRDOT AV v MEEREDOREGRZ RT, RA RROBINC X - THEY i
ERRAAART Lo, BBREE S RBEOKTEm L ool L bivd, $£72 CP K
THRD R AFEE TOWIN T RLF— L 2RO T 3L X —DEIA % Fig.2.25 12
R, W R LF—DEIAIE CTT-S BDETE WD DODFEEF URETH -7, KIS
Fig.2.26 I27 4 >~ v FNRERZ D 6 KOHEB T G HAZ/RT, CPIOLGE L I1THR/R VR A K
R CTT RITITIRE R DORFEMHEDFE LT 2BGIIRA N0 5T, — 7 Tl
%52 T T R FT ORMGHERL IR X 0 A O Faidkekc TH L0, SRS &2 T T ERTici
Fa v 7 RT—7 OFEETHIE L Tz, XHRCT #CRIZ L-mE Fig227 TH D
2. RA RFFE 1%L EO CTT-A L CTT-C ORHER > CIXE T HIICh-»T-Fa v 7
RT =T OFT —TNERNET D X D ITHE L TR Y | BN T — 7 NOREREBIITH
STHEREULKE LI LA R LTV,
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Fig.2.24 Average izod impact strength (a) and relationship between izod impact strength and void
content of each specimen (b) of three CTT plates.
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Fig.2.25 Energy absorption ratio to maximum load in total energy of three CTT plates.

Failure at tape edge

(a): CTT-S (Flat side) (b): CTT-S (Edge side)
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Delamination of tape

(c): CTT-A (Flat side) (d): CTT-A (Edge side)

£

Failur‘fa%ftape edge ' Delamination of tape

-

(e): CTT-C (Flat side) (f): CTT-C (Edge side)

Fig.2.26 Pictures of six specimens of three CTT plates after izod impact test.

(a): Schematic image of observation
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Fig.2.27 X-ray CT images of three CTT plates after izod impact test.
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2.3.4. CP WO I U EIC K 2 At Rl a2

RA REFLEEGMENO 3 S IC X 2 X 2 R T 5720, =kot X # CT £
Z VTR D IR U ERLS K 2 BB O B iR I 2 Bls2 U 72, 3 FR¥A D CP #)x (CP-
S. CP-A, CP-C) DOV ik Ufar B D gh i F I J1-E it 2 Fig.2.28 (27”7, FEERDORERILX
HOJF R (PR ON, 25672 0mm) 22 G4 525, PR TIRXART < 35 72O Bih
NEFITE 0.05% T OBEN STV 5, Fig.2.29 [XfFEEEINEF O dh i F iR 17 B
IRE 0D iy U RRPE 28 Ke OVar B NIRE & faf A R D IR B 5 6D B 27 U & AHKD
HEERLILT 77 ThD, A REROFEIHEAHK) 0.9%0> CP-S X 6 [BIH D 3.0 mm 7=
DHSHEPOHRAICE AT U AN KEL 2D 8EIHD 4.0 mm 7 bARFTRE
SHHENIAE LTc, —TRA REROFHMEDHK 1.7%0 CP-A &K 3.2%0D CP-C 134
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RELMEE LT, CP-CIEL5[EIHE® 25 mmizbAfct 257 U RENBRKE 2D,
6 [B1H @ 3.0 mm 7= ARFIC R X ik L 7=,

Fig.2.30, Fig.2.31 } O} Fig.2.32 X CP-S, CP-A (X CP-C IZ#V iR LTfE%Z 5 2 7-4
BOEFE FORFRBEO =T X # CT g (FE :7mmfA) THDH, KMPFOHK
FESDEHO~—F 7 Th Y | RO MR ER O LT M2 X 5 I2ik
L7, Fig.2.30 ® X # CT g% .25 & CP-S 1% 3.0 mm 72 AR ZEG AL T 5 b ik
HECTHEAHMICBHRZRAELTBY, 2LV e AT U RABENEMLIZEEZD
2%, —JH TFig23l ZL2% & CP-A IXFRATD & R SEMGHE R 3B L v < 2253 D
Niz/NROFIZ, 7V T VT ORERE T TH D ARO RN AE S iz, CP-A [TH
DVIRLAELY G2 5L, ZUODOKRMIIRELS 2V EBR ETHRIHFBITE, eXTY
VABROHEIZ B RN T WD, SR EERNIR D & E 405 D35 N ORKHEE A 7112
R0 SRHERG T S A LT D, WIC Fig2.32 # 7.5 L AR A REROE W CP-C b [AEEIC
JR SERBME/ NN R BZ R 43 DS HRL S A, & O &R A3 N O RRHE LA 7272 5 K9
(CEREINER LT,
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Fig.2.28 Flexural stress-strain curve of CP-S (a), CP-A (b) and CP-C (c) during cyclic loading for

X-ray CT scanning.
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Fig.2.29 Flexural modulus during loading and unloading and hysteresis loss during cyclic loading

of three CP plates for X-ray CT scanning.
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After 0.5 mm After 1.0 mm

After 2.0 mm After 2.5 mm

After 3.0 mm After 3.5 mm After 4.0 mm

Fig.2.30 X-ray CT images of upper first layer of CP-S during cyclic loading
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Fig.2.31 X-ray CT images of upper first layer of CP-A during cyclic loading.
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Fig.2.32 X-ray CT images of upper first layer of CP-C during cyclic loading.

-54 -



528 PRI CFRP 1D A RS J)EHbEIC 2 %

eV T CP AR DM 0 I U B OJERE IR G DM 2 BlE T 5720, L—¥— =t
TR ERR 2 W T, ERE & FRRORERTIE TRV IR LW E LY 52 /-, ERio =%t X
#R CT B A fRie L7oilBi i & 13 oRBRf 261 Lz, L —¥— =RooIRAE s %
il i Lf:B%%@@a It J1-2ERRIX % Fig.2.33 (2R, & 7= fakBR o0 faf BB NS K OVy B8 )
KD ITRPER & v 27 U O AR OBRZ Fig.2.34 127, Lo X CT JIERFO
AR & VRO D A e — 7 WEDEIR B3R T DX OHEIPAN & B 2 TEW,

Fig.2.35, Fig.2.36 & O\ Fig.2.37 [ZZ 4141 CP-S, CP-A } O} CP-C Ok v ik L gh 17 fif &
%52 oG o E - E T AR O R E MY &2 = ROCEHNEHC TR Lz EifE (LR
it 15mm, 25 mm) TH Y . KFOMHEST MILEGE O TR Th 5, HBRFTORE
T B E R A REOR HIR CP-S i bR I DOM M7, RA FEORHZ
W CP-C 3 b RN LN ERNbnDd, F-REEE»SHE JEHD 90° 8§D
A HERNTE D, Fig235% /A5 L CP-SIE 2.0 mm 7=bAE CIEEmICEIZR S
ALIRUNDS, 25~3.5mm 72D M TEHE D FE3 I SRR Ba A Heqd S 47z, £ LT 4.0
mm 72 30 ZA R AUR R A7) B T N O RRHEEL A 7 ISR OB D AR FAE L, B 2T U &
2RI [FARICHIIN LT, |12 4.5 mm 7= b R TRk & < BN 384 LT-, —J5 T CP-
Al 1.5 mm 7= DRI RAR O KRB ASERER i R ICFEAE LI, b mDEEN & 381
FURR I Ule 1T 72, 3 Al O JE 7X@ Hh e 2 # L Tz 23, 2.5mm 72
HBOFE T LERANPER L, FRAT TR AU NET 2R L ez, &K
A R 3% D CP-C 1X 0.5mm /=B Bk~ 12 Sb:ﬁtlifm%%é LIssD | H1 7 o 7By
DO REKRAENEAL Lt T 72, 72 A ED 2.0 mm O5E T K aHS N OFEHE & B4 07
MRV 4G, KM L7225, 3.5mm 7= %LH%EE T EIIHIN LT 7=,
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Fig.2.33 Flexural stress-strain curve of CP-S (a), CP-A (b) and CP-C (c) during cyclic loading for

laser 3D measurement.
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Fig.2.34 Flexural modulus during loading and unloading and hysteresis loss during cyclic loading

of three CP plates for laser 3D measurement.
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Crack propagation
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Fig.2.35 Laser 3D measurement images of upper first layer of CP-S during cyclic loading.
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Fig.2.36 Laser 3D measurement images of upper first layer of CP-A during cyclic loading.
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After 3.0 mm After 3.5 mm

Fig.2.37 Laser 3D measurement images of upper first layer of CP-C during cyclic loading.
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2.3.5. CTT A D V) 3 U I L 5 Bk R s

FiRD X512 CTT RIFTHBRA OEFHFMICh>o THREL TWADF a v /' RTF—7IZ
DI IR KM R ST, FIZZOHBRIZERT D20, Fig2.38 DL HIT—HKDF
a vy 7R =70 3 SRR OEE T ICEE L726E 15 mm, £ X 100 mm @ CTT
RER A ERL L7, Fig.2.39 (2# 0 IR LA E % 5 2 72355 0 i FIs 1-EfX %2 R~d, &
7o EAE N O BRPER | i BN TRFOMMERE R O e 27 U v 2K OEIE % Fig.2.40 |2
RY, Fig.2.40 & H.5 L EAFEEMRK CP-S & 137D . ARA FE0.9%D CTT-S THE A
T U AR T OB SN Uit 72 A & 45 mm B CHE L, 5.5mm 7=
DRBFICRE SHIE LTz, A FE 1%L ED CTT-A KO CTT-C 13/N-b A BRI D
b AT UV AEINEINT M Z R L, CTT-A DAL 4.0mm, CTT-C DAL 3.5
mm D7 A ETRE fiFEE L7,

Fig.2.38 CTT specimens for cyclic loading.
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Fig.2.39 Flexural stress-strain curve of CTT-S (a), CTT-A (b) and CTT-C (c) during cyclic loading.
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Fig.2.40 Flexural modulus during loading and unloading and hysteresis loss during cyclic loading
of three CTT plates.
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Fig.2.41 XN Fig.2.42 [X CTT-S IZxt L Tt K Ui E % 5 2 7= B D L —H — =WRotit
PIEHZ K DKM A2 RE U772 mE KO X #1 CT Hifg Th 5, B R o [ silx X
BCT HofiEHRA~—F 7/ Th D, Fig2dl #R5E . CTT-S X 1.5mm 7= A
SEFTREDOE I L DMEDBHER TE 5, T D% 4.0 mm 72 b RED 5 g5 13T

(CRKaDFEAE L, DD R & U THHEE A J7 18 TIX72 < RO KK ER LT,
ZOFHMEI—EEOT 7O FICEBEL TS JBEOT—7OFmE—EHLTEY,
ZEEOT — 7 OGRS — B OESER G IO EE RFE L E bbb, B

CIEAMOBENI BB O T — TR o TR T —7 LT — T OMICBENER L
e Bbid, —JTFig.2.42 O X #t CT Wifg % H.25 & A Rl OFER T ORI o g f 0T
TR, v —F U I BEE T2 R R AN Lo T2, kb2 L7z X CT B O
BN TLUEW, HEDS5mm b E T B OMEZ R TE o Tz,

Fig.2.43 & (" Fig.2.44 |% CTT-A OV K LEIZ L D b —0— ZRICHEE & Y X #
CT Wi TdH D, Fig2.43 R 5L CTT-A L 1.5 mm 7= AW 5 sk KR Ma s 34 L,
2.5 mm 72O BB HEDICHE R > TRINERE Lz, 2.5 mm 72bA B TR -
e, ZOBRGFALCTT-S OHRE LRKICZEEOT—7HRThHY , A1 REegie
MEICH > THRHEDOER A I =X LIFETH D & E 25 Fig.2.44 O CTT-A O X £

CT B2 5% 1.5 mm KRR KRR TETEY . ZORMA MRS Lo aRE
JRAR UL A FERR T 5 2 & DSR2,

Fig.2.45 } O® Fig.2.46 1% CTT-C OV K U EIZ L D b —HF —=WICEfg L O X ##
CT BB TH D, CTT-CiL CTT-A XV HAIHID 1.0 mm 7= A0 b AR R a3 74 L.
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TIZL Y CTT-C OJEHEMRIESy ELTEEBTHDLN, Z [T K UWERIS
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Fig.2.41 Laser 3D measurement images of upper first tape of CTT-S during cyclic loading.

Before bending After 0.5 mm After 1.0 mm
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Fig.2.42 X-ray CT images of upper first tape of CTT-S during cyclic loading.
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After 4.0 mm

Fig.2.43 Laser 3D measurement images of upper first tape of CTT-A during cyclic loading.
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Fig.2.44 X-ray CT images of upper first tape of CTT-A during cyclic loading.
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Fig.2.45 Laser 3D measurement images of upper first tape of CTT-C during cyclic loading.
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Fig.2.46 X-ray CT images of upper first tape of CTT-C during cyclic loading.
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After 3.0 mm After 3.5 mm

Fig.2.47 X-ray CT images showing a cross-section of the top half of CTT-C (A-A’ in Fig.2.46)
during cyclic loading.
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Fig.2.48 Deformation of 3-point bending fatigue test of four cross-ply plates.
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Fig.2.49 Relationship between flexural stress and fatigue fractural cycle time of four cross-ply
plates.

Table 2.8 Estimation of flexural fatigue strength at 107 cycle and its comparison to flexural
strength of four cross-ply plates.

Flexural fatigue strength  Flexural strength,

A B at 107 cycles, oy ot Blor oo
[MPa] [MPa] [-] [-]
CP-S -39.6 729 451 594 1.23 0.76
CP-A -11.4 387 307 364 1.06 0.84
CP-B -10.1 342 272 333 1.03 0.82
CP-C -13.7 330 234 322 1.02 0.73
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Fig.3.1 Ultrasonic inspection image of CFRP [67].
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Fig.3.2 X-ray CT image of SMC composite [72].
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Fig.3.3 Detection of delamination in CFRP using thermal wave technique [75].
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Fig.3.4 Schematic of the X-ray thickness gauge.
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Fig.3.5 Schematics of the concept of void content measurement by X-ray transmittance.
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Fig.3.6 Schematic diagrams of autoclave condition for three plates made of UD75A (a), molding
E for three plates made of 8-, 12- and 16-ply UD75C (b) and molding F for three plates made of
20-, 24- and 28-ply UD75C (c).
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Table.3.1 Specification of three plates made of UD75A and six plates made of UD75C.

Number o Number of )
Sample ) Lamination ] Molding
of plies specimens
8 [45°/0°/-45°/90°]s
UD75A
16 [45°/0°/-45°/90°]s2 3 Autoclave
plate
24 [45°/0°/-45°/90°]s3
8 [0°/90°]2s
12 [0°/90°]3s 4 Molding E
UD75C 16 [0°/90°]4s
plate 20 [0°/90°]ss
24 [0°/90°]es 4 Molding F
28 [0°/90°]+s
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R (CTT-S. CTT-A. CTT-C) OARA REHAMZRET D725, K DK) 25 mmx120 mm
OFIFAZ 1L mm M O FFRE T X LB EE L QAT E S Z2HE L-, X w5
DOXBEESFHPLEH L, ATREIOMEIL L —F—25 (F—= o 2R LK-
G5000) % 2 BflAA Y, E T LA HEIE &G (FA & 27 2 X3E#L Fig.E.15)
THEE Lz, WIE L7oRA RS &l AE T 5720, BEREEESE (74T
a— A7 4 v 7 {8 ULTRAPAC, Fig.E.16) % HWCJEH#K 15MHz OB HF K IZ L 5k
BR A B[ 9 B O SR O FRE & 1 mm D43 iERE THIE L7z,

3.35. X # % 2 X AEHETIR DR A R A HIE

W2 ETIER L7 CTTHR (CTT-S) &AW THIESM: (Molding G, Fig.3.7) T 4 flkE
DU T - AERERIR AT LM (Fig.3.8) 7 HAEA (Fig.39) Z/ERL7-, 47
OV 7T OERFEITETHE L Th 5, 3.34. L [FERIZEIEARDTETH 5] 25 mmx100 mm
OFiPHZ 1 mm A OMREET X SLEBE R OENTES Z2HJE L, Ao RES M 25
Too X BRBMHBFIEIZ L DRA REGAM LA T 5720, =Rt X # CT & K OEH
W RIGIEE 2 AV CBIZR LT, BE RS 2.25 MHz & O 15 MHz O JE#%1C & %3
B L 7> D O SCEFHE O FREE & 0.5 mm D43 fiFRE THIE L7z,
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Fig.3.7 Schematic diagrams of heat-and-cool molding condition G for complex shaped specimen.
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Fig.3.8 Drawing of upper die for complex shaped specimen with four ribs.

Fig.3.9 Complex shaped specimen with four ribs made of CTT.
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34, fER LB
3.4.1. KA FRLWrEmes

Fig.3.10 137V 7' L 7 UD75A %4 — b7 L —7 ¥ L7z 3 FEH D B 5 M D W i
BETHD, ZHODOUBEITIIRA RORHERTE T, BEEIZIDRA FERIL -0.2%
TholcZl &b, BERIZEFRLTVWSHEF X5, —/TFig3.1112k I 712 UD75C
ERAOCTMEGHIZET VAT — TV R7 — Ll Lz 6 FEOBEAMEE RO
ﬁ@ﬁ%rﬁ‘_m%®@mﬁ 37U T TTERICR SRS L DR A FOHERT

o WIT Fig312 IZEEIEIZ L DR A FROMEERZRT, EXBEBERORA F=x
%%Ufﬁ]ﬁ“é 75Dk — 7 K7 —/5ff (Molding E & T Molding F) ThHiZ L7
MRERRA RROZEIHF LT, BHEBEOE S % EiF 7= 20, 24 KO 28 J& O IER D
FRETRA REMENERTH -T2, AU 7rE LAl E > THEBBEE DS &V 180°C
DOIMAGKMETH > TH, BHWNDRA REE TN AESICEHIRTE D08, BIZRA K
AR T D ITHEIT SR, &E, RFMOMRIES LIRS & Bbhd, £72F Uk
B4t CH 5 Molding E O TH 8 BOMEREIKN AR A RE6NHRERLEN-TZ, 2D
B E LTI BEI TV ZIEREIIAA FEROMMAH O | —IKSIET 5 ERIZERS
PUNMEN =T L ORI Z D b ieho 7o Z ERFK E L TE X b,

(@): 8 plies (b): 16 plies
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(c): 24 plies
Fig.3.10 Cross sections of laminated composite of 8-ply (a), 16-ply (b) and 24-ply (c) UD75A.

—— — J—— B

(c): 16 plies

(d): 20 plies
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(e): 24 plies
(F): 28 plies
Fig.3.11 Cross sections of laminated composite of 8-ply (a), 12-ply (b), 16-ply (c), 20-ply (d), 24-
ply (e) and 28-ply (f) semi-preg.

10.0
8.0 [---f-mmmmmmmmmmmmm oo
R 6.0 - | |-
+
=}
8
240 r--| |-----qLip---- | |-z ---
38
g
>° 20 - |----1 - |F----1 -1 |----- --
0.0
8 plies 12 plies 16 plies | 20 plies 24 plies 28 plies
Molding E Molding F

Fig.3.12 Void content of six cross-ply composites of semi-preg UD75C, as determined by the
hydrostatic weighing method.
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3.4.2. X iz ia = N O EL DI E

ﬁ%ﬂ%ﬁ@ﬂﬁ%&LiibﬁA@lGE%Eﬁ@m%Fm3m:ﬁﬁ-Fm3m
@io;ﬁ%ﬁ@ﬁé@ﬁﬂf&@»mﬁ WEROEEIEZRE L, (3.2 AW TR
BAROWIRE 2 FH LTz,

Fm3M@ UD75A fEfE R D X s LIRS OREMR, Fig.3.14(b) ISR LR &
DR ERT, KT ﬁ%ﬁﬁ®ﬂ7o%ﬁmé<i?—ﬂ— L TELT, ¥
EOHEZRLTWD, KbV 8 BOMEERN KD X MEEENE<, EI 0N s
AR Uiz, FIRIBURE S IE I3 2 212063 M &R Lz, %
IARBUIMEHC LD —EDMETH D Z E RO TNDEH, — A7 380 & 138 e 5 4%
RTHY  ZET HMENIEL 725 L WIRBDME T2 &0 9 J&E SRFEHEDHER S 1
7o £ZT, A FEFOMEHZOWT TESKFEME] &) HEEE, A1 REIGUC
TREINVET D7D, RA FEINC X 2 ZRDHEIOEEINC X 2 R T &3
AEYTHDH, L LiGmETEERT H2WEENF U2 HIXRA RREI-E L THLE
WERITE LW oD, RIRE O TR SKFM] TiEe< DEmREEE] EZEL
TUREICH#GR 2D 5, Fig.3.15 ICWINERE & il R OARXZRT, V7T 72 /5 L
ST DB LA W ER A N 8 0 | Fig.3.15 12 Z DI RIEMR O BRA AT LT,

0.50 . . . 1.65
—o— X-ray transmittance Thickness
048 |---------- R . - 1.60
o | Thickness :1.542 0.006 i —
T T 1 e
S 046 [----- Vet N S S — 155 E,
£ i i i 3
e 1 1 1 c
€ 044 fo--ommmme- R R A 150 S
= 1 1 | =
> | | | =
S 1 1 1
xX 042 i i 1.45
Transmittance :0.425 £0.003 :
0.40 - - ’ 1.40

0 20 40 60 80
Traverse length [mm]

_ —In(T) _ —In(0.425)

e N

Fig.3.13 An example of the X-ray attenuation coefficients of a 16-ply UD75A plate specimen.
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Fig.3.14 Relationship between the X-ray transmittance (a), attenuation coefficient (b), and

thickness of the three composites of UD75A.
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0.7
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1 7/ 1
24 pli | |
ol B4 SO
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------- Tﬁd'":" 16 plies [--1
_______ 1y=0.495x+0342| ____|
! R2=0.9993
0.0 0.2 0.4 0.6 0.8

X-ray transmittance [-]

Fig.3.15 Relationship between the attenuation coefficient and X-ray transmittance of the three

composites of UD75A.
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RIZ Fig.3.16 12 X 7L 7 UD75C M BLAER L7 6 FEEH O B ASHE B D X #idzim =g &
MENE S (RTES) & oBIRKZ~T, 6 MEHOHRE Rx4 RORER T D= A7 24
AROWEMZ R L TWD, I bREEREO D0 8 @k bERENE L, JES O
IZfE - T X BRBEE DR 2 1K T Lz, & B2 Fig.3.17 I AT olkIfak & JE S o
R Z 7T, 8 @A HWIUREN & < . &I BT DI TRET OWRIUREAME T
T O AR LTz, ZOREFRIT UDT5A FlfEil & RO TH VD . T ORISR
E B O RN A R L7 A3 Fig.3.18 Th 5, ICHKEB.7) 2 HWTEBEEIO AT
DRI 2 B VR L DR A R b ERIRECE B H L, &R & oRMEEZ R L
7= DN Fig3.19 Th 5, Fig.3.19 HOITEIEMIL Fig.3.15 H1> UD75A (28§ 2% Baf%
X BB LEEBERARANE LT,

0-8 T : :
8 plies | |
06 f-------- &—40—% ——————— 16 plies |-------- +: —————————————
5] | | I
§ Ly © / i 24 plies
Eoa b ——1--__ & R R
2 0.4 12 plies o / !
E 1 1 O 1
2 : / ) D |
X 0.2 -------------i---- 20 plies ----------R\-i -------------
| i 28 plies
0 | | |
0.0 1.0 2.0 3.0 4.0

Apparent thickness [mm]

Fig.3.16 Relationship between the X-ray transmittance and the apparent thickness of six plates of
UD75C.
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0.7 ™ 8 plies i i i
| 16 pli |

06 f---------- % Y iniuiaiaiaiails 6 II) 08 | R
P © / : 24 plies
7 o P

9 |
05 k----- 12 plies |- - - ol ____‘_{____.: _____________

04 p--=-mmmmmmmebe e T p------
28 plies

Apparent attenuation coefficient [mm-1]

0.3

0.0 1.0 2.0 3.0 4.0
Apparent thickness [mm]

Fig.3.17 Relationship between the apparent attenuation coefficient and the apparent thickness of
six plates of UD75C.

0.7 : : :
'g 12 plies
T — S— 16 plies |/ B
&) | et 1
£ 20 plies \. 6 | 8 plies
8 . \ 10,.*° 1
8 | A4 :
5 05 f----mmmomee- RRR? T AL RS demooooeeeeood
= ' I [y =0.432x+0.349
> . >0 | 2
E 28 plies |— N R? = 0.9801
= | 5 I
T e [ o
4 | | |
o 1 1 1
< | | |

0.3 1 1 1

0.0 0.2 0.4 0.6 0.8

X-ray transmittance [-]

Fig.3.18 Relationship between the apparent attenuation coefficient and the X-ray transmittance
of six plates of UD75C.
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— 0.7 | 1| 12 plies | 1
£ ! ' 6
E ! 16 plies l ROA
£ 06 [------- - T )
E 20 plies \4 -6 | 8 plies
5 N\ LY |
° : 8 :
° .
S 05 f------------ Lo O o s 033af -
S . : i~y =0516x +0.338
5 asplies [+ © R? = 0.9952
D 1 1 1
= | ; | |
g 0.4 _____________:___ 24p].].eS _:_____________: _____________
: e e e

0.3 1 1 1

0.0 0.2 0.4 0.6 0.8

X-ray transmittance [-]

Fig.3.19 Relationship between the true attenuation coefficient and the X-ray transmittance of six
plates of UD75C.

3.4.3. X MR R A RRATEHEONERKE & DLl

Fig.3.19 FOERINIRE & X #RZ =R DOMIEEMRETEH LA A FEROWEEZITH, B
REJICIE 8, 16 KN 24 B DEAFEBIRIC L HHE BRI D 12, 20 & O) 28 EFEfE A0
BERIRE AR L, A FRZEHT 2, £7°. 8. 16 LU 24 EfEE KD & BRI
Bl X #HEmE 0GR %E Fig.3.20 (27 &, BERIIRHIER(3.9)D a=0.513, B=0.340
AL E D, H(BB)ITABL)EERT ZLATE L2, Fig.3.21 (Z4(3.10)%
Az X BB E=REIC L DR A RREEEIEICL 2R A FREELIKR LIZKEZTRT,
Fig.3.21 # L% & 12 KORER T DFA E D 1%LUAND AR A REEICIE D | ZDETEY
T0.43%, HEATH 1.25% Th o7, £7-RBL0)D/XT A—HF o KB % Fig.3.12 1D
F—h 7 L—THERICED2EERAVESGATH, BELELEORA REETFEYT
0.60%, IKTH 1L31% THVIEEEDLIRNoTz,

Hrue = A X T+ (3.9)
In(T) In(T)
void tapp X Utrue tapp X (O( X T+ B) ( )
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0.7 : : :
£ i : 6
E ! 16 plies RO S
€ 06 bocooomooao [ — . S
3 00 ! \\ ! 8 plies
5 i S i
8 : o |
S 05 frommmmmooees P T iy = 0518k +0.340 T
S ! f ! R?=0.9932
2 ! ! !
< ! 24 plies |' !
L e i
= | | |

0,3 1 1 1

0.0 0.2 0.4 0.6 0.8

X-ray transmittance [-]

Fig.3.20 Relationship between the true X-ray attenuation coefficient and the X-ray transmittance
of three plates of 8-, 16-, and 24-ply UD75C.
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Fig.3.21 Void contents of 12 specimens of three composites of 12-, 20-, and 28-ply UD75C, as
measured by hydrostatic weighing and by X-ray transmittance.
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3.4.4. X BB ZRIEIC K DO R A KRS AANE

X BB REIZ L D RA R, FORE LI AT A—F a RO B 2R(3.10)12
D& BEEOLSITHY L TEERKABRMEEESRLPEES T, MEFORAS R
ERMEREST D2 ENHKRD, RA NEOR /I 3 o CFPP A — 7 L
— T FEEWRD/RT A =% o OB IEARA REEZEMICHET D720, CP AR CTT D
TR PE LI ERICHENE LIEEHEH Lz, £OME a=0474~0.480, B =
0.326~0.330 TH ~ 7=,

Fig.3.22, Fig.3.23, Fig.3.24 |37 2 T TR L 7= 4 MO E AR @ (CP-S. CP-A,
CP-B X TNCP-C) O L —HW—EIFHI LD RANTES OS5, X #FEimEntm, A K
oA (WIEHDA : 256 mmx120mm) 278 L7 Tdh %, Fig.3.22 L% & ARA NERDRK
HEV CP-C i bIEL, AKITI HHENTT D CP-S BEDRIZEWFER TH - 72,
Z OEEHIZ CP-S BRI B YT Y H U 7e )R H o3k Ao id 1.45~1.50 mm fRE DO JE
S ThoTDIZH LT, AA FRGAMZHIE L72ilBi /3= E 28 1.55~1.60mm T Y
PRV Thh o 72, CP-S IR A RAHERT 2 AT BT L A2 H L &R -
FREMSM CIER L 72 OE S AT 8 RE L EE 2 BN D, RIZ Fig.3.23 OFiEEy
Mixibde, B EITRR Y BRmENE DA EERER LR L L9 ITEARIC
ST B SNTZ, Fig.3.24 13X BA)SEHE LA A REROMMTHY . BEERD
BRI AR A RRO S & %S LTS, LarL, CP-S D28 CP-A L0 bR A
RERPNEDE DN WFER L 72572, ZhiT Bk K 912 CP-S DI HIE < AR A KA
W ENeholfa b B2 b, BEIRIZE DR A REEFHET L &, omllE L
CP-S DR A RNF|% 1.08%, CP-A 1% 1.15% & IEFITARA RFEOEN/NI D72 &7
%, TDMOEAFEBIRORA FEL CP-B 7% 1.64%, CP-C % 2.71% TH ¥ . 453AilX &
AR —F L TnD, BA FEOGHKE D & FBRRLGARKIE L TRA RERH
WSS DSEAREN A 7S LI E B TS, Z OFETIRFE U R EMHES AR Vs
DOMELOFT I & FEEOFBRR L DEEZRA RELE L TNDHTD, A N X D8
JCRHIRY v FIC L DB KBS LTS,

WIZ Fig.3.25, Fig.3.26, Fig.3.27 1% 3 F¥Ed CTT # (CTT-S, CTT-A. CTT-C) ® L —
P—BE S FHT L D8 S50 X B0 A0, AN A R 35340 GHIE P : 25 mmx120 mm)
ZRLIEMTH D, Fig32s5 /5L, CTT-S BNk bh#< CTT-C B bIEWERTH -
7o Fig.3.26 TiE X #REEED @WERARWE D 2RIZ T o F 220 L TH D |
JE &5 LT R D 0K TH o 7=, Fig.3.27 DR A RROSAMITBEERIC L 2B A £
RORA REHR 0.85% Td > 7= CP-S Th > ThRFTHICHR A REDEWESITEE L
TWHIEERLTND, FEELERA RFETIX CP-A L 1.39%, CP-C ¥ 1.89%TH
V. ZOIRIZARA FEOEWEIRA S < FIE LT,
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Fig.3.22 Thickness distribution of four cross-ply plates by laser thickness gauge.
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Fig.3.23 X-ray transmittance distribution of four cross-ply plates by X-ray thickness gauge.

-102 -



3 R R F =X MEIERIC L D RA FRAETTIE

m-2%--1% ®-1%-0% 0%-1% 1%-2% 2%-3% w3%-4% m4%-5%

(a): CP-S
m-2%--1% m-1%-0% 0%-1% 1%-2% 2%-3% m3%-4% m4%-5%

(b): CP-A
m-2%--1% m-1%-0% 0%-1% 1%-2% 2%-3% ®m3%-4% m4%-5%

A

r
Q¥ &
‘u_ By gahy & ngherv0|darea
¥

‘u‘- “14 ~
N

(c): CP-B
| m-2%--1% ®m-1%-0% 0%-1% 1%-2% 2%-3% ®m3%-4% m4%-5% |

AR, : ZM«
A :S“«E ﬂ:'t,f—i

ER TN R = e “ i
EX.—.‘“_.’— —— .. o u

_.‘.’1.-«_11
- ‘q

h |

!‘? 2 ‘;»»‘ L AR .

0 Higher void area 40 60 80 100
(d): CP-C

Fig.3.24 Void content distribution of four cross-ply plates by X-ray transmittance.
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Fig.3.25 Thickness distribution of three CTT plates by laser thickness gauge.
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Fig.3.26 X-ray transmittance distribution of three CTT plates.
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(c): CTT-C
Fig.3.27 \Void content distribution of three CTT plates by X-ray transmittance.
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Fig.3.28 A-scan images by ultrasonic inspection of CP-S (a) and CP-C (b).
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Fig.3.29 B-scan images by ultrasonic inspection of four cross-ply plates.
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Fig.3.30 Ultrasonic inspection C-scan image of four cross-ply plates.
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(c): CTT-C

Fig.3.31 B-scan images by ultrasonic inspection of three CTT plates.
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Fig.3.32 Ultrasonic inspection C-scan image of three CTT plates.
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(b): X-ray transmittance distribution

Fig.3.33 Thickness (a) and X-ray transmittance (b) distribution of comlex shaped specimen made
of CTT.
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Fig.3.34 Void content distribution of four ribs made of CTT measured by X-ray transmittance.
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Fig.3.35 Relationship between thickness and void content of four ribs made of CTT.
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Fig.3.36 Estimated relationship between void content by X-ray transmittace and volume fraction
of carbon fiber by fiber increasing (a) and resin increasing (b) of CF/PP composite. Original
volume fraction of fiber is 43%.
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(d): Rib 4

Fig.3.37 X-ray CT images of four ribs made of CTT.
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(b): 2.25 MHz

Fig.3.38 Ultrasonic inspection C-scan images of complex shaped specimen with four ribs made
of CTT. Frequencies of ultrasonic are 15 MHz (a) and 2.25 MHz (b).
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Fig.4.1 Schematic of film lamination preperg machine [91].

Fig.4.2 Double belt press for preperg production [92].

Fig.4.3 |3/3 0 #—ikIZ X 2 B ORIXCTH 0 | BT VMG % ¢ S8 Mt 3 o N &
TAND L) AR 2N T 20BN H 5, £i2a I 7 /METIEI RNy X —ik L TFE
BRIZ PR FRARAME PR & R AEHIRAE R 2 VRAR L 7o eI L, 3Rt Ar D17 5 2 & & B
ELTEbDTHD[94], XU Z—iEL DY Figdd [T K9 2bllmo=a I > 7k
DI HHEHES AR LIET D & SHL 205, BIEHRHME TR GHRHME S O I LI T 23 237
D
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fluidized powder bed

-

tensionning device

Cosmostrand * chopper or winder

v—— - melting + die puher
‘ | A NGS: tj——&::
gude i) W
fensionning bars
to open a
Caosmostrand ~
roving

100m  EMT =30 000V Sgnel A » BSD Dute 23 Apr 2012
| WO = 115 mm Meg= 130X Sample 1D =

Fig.4.4 Cross-section of glass and PP commingled yarn [94].

PRHEIT Figd.5 (T d & O MBI IR BMMEZ A L, X A @il D BRI
INENER R U T2 BHIE 2 3R S 5 HIETH D, MHER O MR RE & IR o To A A& A
SRV 10~30%FEEDFHHRIE A Ov v 77 7 A X=Xy k& L TRIES D GEN
% < WEHER ZBAIRE L 72 b D1 Ve 2 40~60% D IR FEMAE T Y 7L 7T —7 L LTl &
NDEHENRZ\, T OFIEITEBMRIIE 2 7 1 L AOMMES IS T 2 0203 e < b
A = 2 b THRIEDSATRE T 5 08, 1R D IR FEM 2 5B D i O & U4 5 10138
BEOFMEFT LML TH D, FIRFWHEE T a v T R T 7 A RXR—=RI NV R T 7 A N—
WL L, RS Ca g v FIC L7 & EAT¥ME CFRP O —FETH 5,
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impregnaton o | wingder or
! chamber cooling puller chopper
= po-- oLl
g :
guide eyes [ die
)
: |
Rl
Cosmostrand
extruder

Fig.4.5 Schematics of direct melt impregnation process [91].

2V U7 — 3 (Consolidation) 13)AFE D B T— &b L7 sl IRORIE 2 55 L.
AR Y T B TR O S 2 B0k T 5, ik OB CFRP Hpt
1% 0.05~0.3 mm EZ DN — MRMFEE TH Y | Fig.db O L o 72 AEEREEES
i L7z f8g R0 o Figd7 O X 9 i O~HEIIE Ul RIS T3 2 LER &
Do A UEUTHRIBREMICIZa V) T =2 a URRMATHY | Lo THE =X |
RIS T 5, 2V VT —Ya iR+ alciE, 7Y v Ko ERIE
HTHSTH, TN L ZBRICERIERE LI ERnE o andb s, 2V T
— g FE—EENCZE TNV N T LA~ E I S mDOE— T R — T e
AEFA— b7 L= RER SRS,

Fig.4.6 Auto tape layup machine produced by Fiberforge [95] .
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8 plies (1 mm) 10 |)Iies (1.25 mm)

12 plies (1.5 mm)

16 |)|i€5 (2 mm)

14 plies (1.75 mm)

Fig.4.7 Tailored blank showing variable thickess and arbirary shape icluding holes [96].

MRS TWDERI Y 7L 7 EEMEIO—E[97-100]% Table 4.1 (27”73, ~ k
U w7 2RI & LTl PEEK X° PPS 22D 2 —/8— T 7SN ERIZ /2> TV 5D, —F
THEWEDRNERIX PP £721% PAL2 %< ALb 5,
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4.1.2. BAT¥AME CFRP ORI 5 1E

ALK T RIGITEN AT CFRP OSTEIEDH T b — IR IE HFIETH Y | iE
Fobt & LT, E AR S OB G R A 12N 2. C CTT X° GMT (Glass mat reinforced
thermoplastics) DMEHER 7Y 5~50 mm 2 OB 32T S5, BARM 2 TR
Fig.4.8 [/ T L 9 ICHIES OIIRICIG UTe bt (77 > 7)) ZIEEMALCH 2R e
— X —"C 10 B~BUr MRREME L, FIEDIRE £ T REFHILXE 5, Dk, DR
EARIMRE — X = BED L, ME T L RIS CEEICEE LT, AT ARERE
— X —E TR L7 ABITHNE L 1 5 MBS 2 i HIE LT 2 g ik TH 5
[101]. AR RNZABRUR I\ RATT 2 23, BHRDS LRI @A 1L, B R 2 REM &
<, MBS W5 MICHE LT\ D, — 5 CEANEE A ARG A 1T, BRIERE 248
MECXAEPEMEEZ BT N TE D, AZ UL TRIGITEN T APENEICIN 2 . vk
MESHBOIEM Z I L, 81RO 2 8UE T X 2720 S 5 O i i
EE L TR BEM SN D ATREMENRE VY, Fig.d.9 IRT X O IS EHHE A O IE D354
[IXEMCES Z DTV TIZR bR NE IR T 256055, BMEERT 5720
O HAFR T HAVULEE 10 MPa LA N ORI TH43 7273, Adtfiii 5 5op o it g
D MR O RIGIREL, 1 2 B 80 7203 BB S & 5 728 30~50 MPa F2JE D v Ak
WIENBME L 225, £ e —F — I L 0 KM 2 ErE T ST L) L4585
BT ROMNRDEM N £ CIRZET AANCEMBEROBEN LN VBTS2 & HBE L
T MEHIIG U CEaRMEC U AR SR D B 70 e & D ARSI b — 2 —F 2 BT 2 i
LR 5,

Pressure

Composite blank

o Nl T A

L S L N AR —
utome A4 2 P A \/
LTI \_/ M

[ l Transfer Formed Trim -
/ Part edges

Infra-red or convection heating
Pre-heating oven Thermoforming Press Trim Station Final Part

Fig.4.8 Stamp molding process steps for continuous fiber composite [101].
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Fig.4.9 Stamp molding of consolidated blank with tension [101].

t— N7 v R — RIS 7 L ISP B 2B U, JE S 28T 728
O e 2 & I LE R b — 2 —E TRMINEE (I CTHmEI L TRRIN O M & OB
LITETH D, BETIENFTEMERIERE N TR XA IV ZIENERITH 2 LR TE,
B MERIE & R L~ OAMBUTEN T IR MG DL D, FIZITE MPa F2 5 DT
Tﬁ%ﬁﬂ*?%@ AR TEED I T Ve = —FME L L,

—BTHRIENZET LAAN—ATH D, — 5 CEITNIMEZ T Th]{AFROKE
wAﬂ%m@-%ﬂ#éM%#%ékb BRI OFMEIZ R DY AZ e T
FIE &R U 1IN DORIEY A 7 VT L & STV 5, GEIFR 248865 2 &%
DB D L 0 H#EL <. 150°C LA LD SN EIK Zi@d L 28T 5 7=, s
MATERT 2HEOR RN RMLIEL SND, BARBEORE BRI ZMAT 5729
(ZhE & T BRE S BRS S, Figd.10 Xt — b7 v N7 — L HER O —FI[102] TH 5 I3,
ZHWBQW@%%Y~yuuwmmﬁ%§HBa&@H%%wm&%Wié%ﬁ%%ﬁ
LTW5, Figall ® L9577 L—TF 1 > 7103552 L D kP 2R ORI e — b
TR =BV BTV D,

]
Y 7
,\l\\:\\\N W 7
A

\‘&\\\\\:\ T %\
m@&&

Fig.4.10 Mold structure for Heat and cool molding process [102].
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Fig.4.11 Brading machine configuration [103].

ATL (Automated Tape Laying) i% AFP (Automated Fiber Placement) & ¢, ’FE{X 41, Fig.4.12(a)
\ORTSE Ry LY 6~25 mm DY F LT —7 % Fig4d.12(b)D X 9 e Eik
ERNAEIZLD RIS S 2R 6, =Rk~ RLavo Exza Ry
Yarma—7 = TNE - BEIT L HETH D . FITHZERAR ORI R 7] 6E
T H[104], T — T WEDFRN T2 D RAYER OB I & 37, BRI TRk ChRide
TEDHIRITIR DD, AIEEEIZIRA D & O MR im & CIER ISR E 2 % & 3
VENDH DD, MRERT ALY & b —F—% H o @il e B i, A4 ) k
T D EINBHFE D AAAT O TV D, HAME O] B U /VIZERY 11T 2 RV A
TRENEE LTORENE L BB LIEBIE D% & 1134 —7 5 Tk 3 2 3
W DT, BATHPEESHEI O PR EEINTIZIA Y v b2 LW STV 5,

Hot gas torch

Compaction roller

(b)
Fig.4.12 Automated tape laying machine (a) and its feed system (b) [104].
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SR I IAHER 2550 um~20 mm RS O AEHE B L < IXRMHES L > MEORIE
FM 2 SRR IC X 0 RIE T 2 HIETH 5, IRFBMHEO A I3 K T bR &%
T 40%LL T (RFES 3 Ve C 30%LLT) TH Y, WS HERICIBAN S 5, MiERE D
W T2 OBHEF IR RRIE FTRE T d 5 A3, BRI BV AT VMRS AR H O fHE 23 1719 5 72 DT
M OREEMITIITIRE S 2 2 L—2 3 UBAMATH D, 2L v MEO RN & ik
FTUCEHE, AEkE & BT IR 2 R AFTRE R AP E bR ST b, £
Fig.4.13 (2R3 & O 2288k D K& 9 2 ilifpiiliE S TR 2 B TROE L. EI0 O
TR IR I B AR 2 B bt D d— "= LT ¢ o F IR RO CHABE 3 08 72
SNTW5D,

By ENGEL GmbH [105] By CAMISMA Project[106]
Fig.4.13 Model part by over-molding.

BGE(bME CFRP & [FIERIZA— b7 L— T IECo AT AT TV D, FRFFHEC
A== T ZHED~ N v 7 ZAREE ER S EM IR TR ST
BY ., A= N7 U— T IR R L | & FEFIC RV, BREESEW T &
NHESBEHINTWD, SIEBICIIBRGEAMO T A v 6 DHWLIL, AR Y
6 DE / ~—HMEHEICER LN O IMBAEAS LT\ 5, BIEMERD B —Wrim I fRE S
DM, Figd.14 O L HIZHBHEDO /N /8— B — A TERA ST 5 [107],
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Fig.4.14 Front bumper beam produced by curved reactive thermoplastic pultrusion [107].

LFT-D (Long fiber thermoplastics direct molding) [108-110]iZ GMT Ofk = 2 MMiiE 7 m
AL LTI S, BIET D507 CEVRIMERIIE 2188 L. X ¥ v J R A
IG5 A TH D, Figals DX DRI AT ATH T AHEN & L CRRICHIT D e
NENTERY ., IRFEWHMEN S 27 LA OB G HIfF STV 5, FATIHME & 5 2 1R SR
LTERY MHEL 5 LS O To OMIHES A 2N 30%LL LT EIF b & 5 /1R
bYA= N—F— VT 1 7 L RRRICERHIHE & ALA B DR TR AR RF ST D,

Glass-roving-bobbins

Slit die

Twin-screw compounder

Fully automated
transfer system

Extrudate”

conveyer belt TWin-screw device

(ZSG)

Fig.4.15 Schematics of LFT-D equipment [108].
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4.1.3. KETORRIEITE

3R 0> 7 O IR T IR % R S A L SR A B R LT il 2 SR A LT
I 2 ONHHR L SH KT A M ThLIERMEZOETEMNHEITHE 28T
R LTI D FEEE OO RB RS O 5 EMETE D, 2D~ b v o 2l
TnEERE L CRLE SN DA HES ~OINTRE, BREE, 20 Y U —F — 3 3 VR,
T INE & AT S IR OBUCIR S, SIENTES 22 N EROER L5, 1725
POBEHEOEBLEES D LERD D,

ARETIIFig416 IR T ERT B ADME 2 LI AEPENEZ B LI EEREM 2
WT b B SRR ORI RNG S B I IR R B E Uiz, BRI 3o #
WS L ABBIET v L8 — T 5 2 B2 L A & TARIBCERE & U<, AR 3
DERMER L ary V) F =2 a v 2179 7ut A Th b, £0%, Gk Liz&ROM
Btz E7 L ATRAZ e ZRE L, #2550 L7z,

(o

Thermoplastic
resin processing

*Film
= Fiber . Fully . Consolidation Preheating Stamp molding
*Particle Impregnation

= Solution
- (Direct)

-/

Conventional CFRTP molding process

Thgrmoplastic_: _ Semi- _ Preheating W_ith consoli_dation Stamp molding
resin processing impregnation and fully impregnation

Proposed CFRTP molding process

Fig.4.16 Process steps of conventional and proposed CFRTP molding.
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42 |HEToEADa A MRE
4.2.1. REI71E

RETn v A% aX M HLRGET 572 Table 4.2 OFET — X & W CTEM IR
HaAEHEH L, BEIE 1B ST Uz R FHES A % 45% D CFRTP %
100 kg I L, BEBEOAEFERETHD 20 THEMAEL Lz, REMHMESS PP BIEIZ—i%
H7eflids = AT) Uiz, (ER7avATOER -2V )T —TaraX MIRA RED
fi D TIRW 7 L— ROGEIIRIBIZHEINT 5 B2 55608, IRFEMME= X N & RIFRE
& LT, METH AT, AEREN 4EFEOEIT VLI EZMWLGEOER - a3
JF—grax MIBEMICER et 20 U4 Dazx s Lz, £ TOE
BIZIESRNRVNETCHAT-H, (k7o A0 2fE0ax e L, EEIZT7TE, &R
X 3B ETHEATLE L, k7 at 20 ie —4 —LRETaEADE—%—D
a A MIFESZEE L,

Table 4.2 Specification for cost analysis of conventional and proposed process using vacuum

press.
) Conventinal Proposed
Unit
process process
Production Cycle time min 1 1
Car production Number/year 200,000 200,000
Yield rate % 95 95
Material Carbon fiber Yen/kg 2,000 2,000
Matrix resin Yen/kg 300 300
Impregnation, consolidation Yen/kg 2,000 500
Plant Machine M.yen/year 2,600 2,600
Mold M.yen/year 390 770
Building M.yen/year 50 50
Utility M.yen/year 600 600
Labor M.yen/year 3,200 3,200
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422, oA FNRBERE R

Figd.17 ICitk 7 u v A R ORE T n v A0RE a2 A M Z2Rd, ERORE 7 1
T A TIRKBMME T A D EEGREOMT 2 R FNKES 2 S, HEE, HEEC A MhHE
FEIREMENZ LD D, £, GREFOMLaA FBMELS, EEa X FAGEHD
RBR7 AR T ALY IRV a R Moo ERT B AR RE T vt
ADRKIEYTA 7D 1~10 53 D6 O 3 A MER % Fig.4.18 19, Bl XIEIET A 7
VIR 2 {51272 & CFRTP AERNKLF L3t/ b & L, mir et R L Lk
PA TR 105 10 3R 725 & CFRTP #5617 2,000 M/kg LLEFEL 220 fiE
TA 7 NVERERTA NE LTHRNTHD Z EE2R LT, ZORBIIEIEY A 7 Vi
72% LfEMT % CFRTP #MEHE: b L, HEHCHBE DOEIENEm R D120 TH
Do WERTmERLRET 0 ADEEREIIHT 52X MEBE Figd.19 [ZRT, 2
FEHEDOREIE 7 0 ARG A 7 008 100 43 T HAEFEREN 2,000 BIAEE 25 &
CFRTP #ff =22 k7% 30,000 [/kg LA EE 720 | BRI A 7 Lh3 80 43 Th B LR
2,500 /4 (CFRTP & LT 250ton/4F) LA EDAEFEETHIUR, R Tt ADRa
ARAYy "RBHLRBERER L o7z,

4,000
| m Utility, labor
= O Machine, plant
§ O Impregnation, consolidation
e 3,000 fp---------e- -1 BEMatrix resin
z @ Carbon fiber
&
o
D
RS e
o
o
IS
38
ks
g 0O e T el I
o
0 .

Conventional process Proposed process

Fig.4.17 Estimated cost comparison of CFRTP parts by conventional and proposed process.
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m Utility, labor @Machine, plant @Impregnation, consolidation @ Matrix resin @Carbon fiber

§7,000

=

D 6,000 |rennnmmmemmmeeme e

@

01— I ----- I ----------

e |

()

34000 [ R o e 0 s e B e

53000 ------E----2R--H---1-----B-

(o

o

%2000 [ [ -t b e b e

O —] —] —] —] —] —] —] —] —] —]
1,000 -4 |- -1 b o e b
O T T T T T T T T T

Molding cycle [min]

(a): Conventinal process

m Utility, labor @ Machine, plant @ Impregnation, consolidation @ Matrix resin @ Carbon fiber

7,000

6,000 | -mnmmmrmmrm e
BL000  frmmrmmrmmmem s
8,000  fmnemmrmmemsemmemnes s . e e
3,000 fm-eomeemeemsennene oo = -

2,000 - I - -

Cost of composite parts [Yen/kg]

P
o
o
o

o

Molding cycle [min]

(b): Proposed process

Fig.4.18 Estimated total cost of CFRTP parts by conventional process (a) and proposed process
(b) as a function of molding cycle.
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m Utility, labor @ Machine, plant @Impregnation, consolidation B Matrix resin @ Carbon fiber

35,000

100 min. molding

30,000 -1

25,000 |-

20,000 -1

15,000 f--

10,000 |--

Cost of composite parts [Yen/kg]

5,000 |--

0

2,000 2,200 2,500 2,900 3,300 4,000 5,000 6,700 10,000 20,000
Production of automobile [Number/year]

(a): Conventinal process

m Utility, labor @Machine, plant B lImpregnation, consolidation B Matrix resin @ Carbon fiber

35,000

30,000 |- Jl----oooo e

L
20,000 |- Q- Q- gagy -
15000 [0 R e
10,000 [ || | R B
5000 (- || || [ e e e g ----- g --

2,000 2,200 2,500 2,900 3,300 4,000 5,000 6,700 10,000 20,000
Production of automobile [Number/year]

Cost of composite parts [Yen/kg]

(b): Proposed process
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500

T — = T I T I T T T T T
_500 --------------------- I ---------- > ----------------- I ----- I ----- I I

Lower cost by
proposed process

100 J S

Cost difference of composite parts [Yen/kg]

-1,500
2,000 2,200 2,500 2,900 3,300 4,000 5,000 6,700 10,000 20,000
Production of automobile [Number/year]

(c): Differece of total cost against conventional process

Fig.4.19 Total cost of CFRTP parts by conventional process (a) , proposed process (b) and its
difference against conventional process (c) as a function of automobile production.
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4.3. FEBr
4.3.1. A

W2 BT LI REMHMET Y 7L 72— h UDT5A KOG A B — R & 2 553, 4
fEHIC L CERMEEE L Lz UD75B KON UD75C M L7z, WICiRHEMGE (1
A 3 4 TRWA0, SI5EMMESR : 240 GPa, 5[8RFEEE : 4900 MPa) % s bifife, MR
V7rvebra~ by AL LofkiE R (FAW) 23 200 g/m?, JE X 7349 0.22~
0.25mm, 7V 7L 7 UD75A LV % 10 {ﬁuiwﬁf#f‘%iﬁwﬁéé‘@%—  (UD200D)
ZfEM L7z, UD200D i PP BHiE M IZIEERDINTE LT, mm<JEZ Db TR
PERENY— R TH Y, Figd20 DX 5 IZKFEICHEEL THX D 75% ERBZRW,

Fig.4.20 Semi-preg UD200D

432. Y )F—3 g URE

AV VT = a VR L DHRA RESHFEREA~DOE B LR T L0, F 2| L
FEEICE I 7L 27 UDTSC 27 ) F L7 h v X —T198 mm A h v kL, SRl
& (FEREMERY « [+45°/0°/-45°/90°)s,. &1 16 Ji&) (ZFEKE L. 200 mm A& &k OInE Al —
Bt 7L 2 A AW T Figd2l @ 5 FEHEORIESMEIC & - TR T REMR  (Quasi-
isotropic #iZ, QI #) ZERLL 7=, Molding H &Y | 135k =R 180°C & el iR &1
THEHFRDORA RERT X5 723 R L=, — 5 TMolding), KLXOLIZEY &
12 S D72 OREIRED 200°C IZFRE LTz, QIR & sUESM: & DxfisE % Table 4.3 (2
LT D,
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Table 4.3 Material and molding conditions for quasi-isotropic composites.

(a): Molding H and |

4.3.3. PRI € — 2 — T O BREEE ] E

Composite Prepreg sheet Molding condition
QI-CH uUD75C Molding H
QI-Cl uUD75C Molding |
QI-CJ UD75C Molding J
QI-CK uUD75C Molding K
QI-CL uD75C Molding L
----- Temperature ===--Temperature
Molding H pressure Molding J pressure
. L 30 240 Molding K pressure
IMoIdmg : pfessure Molding L pressure
————————— F--------p--------| 25 200 fF--------f-----saeq---------
: TN
! — (4 1 ‘_
——————— k- 20w 160 f-------- b Ty
1 o — (4 \
7, > o I’I \
. ] S 7! \
e L e e Ao 15 o 2120 F------ i o R PEELEE
V2 S — 4 \
/ n 0-’ / \
;o 2 S Lo \
Lo L 1.0 e S 80 bo-alfoommio A
a o e = s
| / |
R EEEEEE - 05 40 pf-----e- TRREEEED e
v OO O H 1
5 10 0 5 10 15
Time [min] Time [min]

(b): Molding J, Kand L
Fig.4.21 Schematic diagram of detailed molding conditions for quasi-isotropic composites.

3.0

2.5

2.0

15

1.0

0.5

0.0

IR E — 2 — DR ESFMHFIC L DIRE ERFBZHERT L5700, BRIMEE — % —
(ARG 45 RS — MINEVE . Fig.E.17) ORREIEE%Z 250, 300 &1 350°C
IZERE L, NFEREM 2 Y VT —v a VIR EIBIOR 3 & (16 BREEERD 1 /8

([l B ERTHRL 0.1 EXE ) THPEHEEE DY 250°C LA LB+ % & THIE L7z,

-139 -

& 2B, 8JEL 9 EOM, 158 L 16 JEDM) ([ZELIAATEH 7 A48 K BVE XS

Pressure [MPa]



a4 EATYAME CFRP O &K 7 vt A D%

434, AX LBV TRRIEIZ L B

AR TGRS K DR A RESTFREA~OREB LR T 5720, GRMED
Fip% 3O UD 7Y 7L/ (UD75A, UD75B, UD75C) % AW T 4.3.2. L Ak )5
15, Fig.4.21(a) D iz 54 MoldingH C QI AR Z{ERL L7, ERloEFIE — 2 —%
FHDTHPEFNER OIRFE 7S 200°C 1270 5 F THNEVE . HiJJ 200 ton OJET L A (= kG
Trt8¢ CFR-1210-200FG, Fig.E.18) K& ONEARAIZ & (f) HEE TArH 250 mm £ F
. Fig.E19) ZHWCAX U7 aE Lz, &RNERE I L FEkcRmREFFOE
HIE T 100°C IZIRFH L. FHemd )Y 500 mm/isec & 72 D EE 7 v 7' L12 T 10MPa D[
JET L1M7 VAR LTz, QIR & BiIE St & oxtindk % Table 4.4 IZFL#i T 5,

Table 4.4 Material and molding conditions for quasi-isotropic composite.

Composite Prepreg sheet Molding condition
QI-AH UD75A Molding H
QI-BH uUD75B Molding H
QI-CH uUD75C Molding H

435 BZET VA PRMEKIEICHT 28 Moa v 75— a VR

Hi77 40 ton 287" L A (L HEEUWERTHERL BH22 a2 087 h 7L 2 %EE MHPC-VF-350-
350, Fig.E.20) Z FEULE L L CHY, HZET L AN 143 TR 100 hPa (2 I8+ FTRE 72
BIER TR L, BZET L AT 2B I AEM &2, 7 A/ A
WFo7nry—h(HREIHR = 7o EEHT A7 1A 9700UL, JE & 180 um)
Z 2 WENSERTHEMAL, T 7ur iy —heBEREEERAZ VUV ITHRIEL
Too AZ U TRIEKRIZT 7y — N EMEEHRD DI A LEERBR AT o7, B
227 L A CTTARINEN L 7= Hebr 13 4.3.2. CIERI L 7= UD75C 2>V U 5 —3v =3 Ui (Ql-
CH) KOV UD75C # =2y Y U T —va I fAERELEFEER FEEEK
[+45°/0°/-45°/90°]2. &f 16 &) ZfEH L7z, AZ U TRIEIL 4.3.4. & [RRIC&R %
100°C (Z{#E7 L. 10MPa OHIET 1 5H 7 L AJE Lz, Tabled.5 \ZE BN, A L7
ML O T BRI O3t IR R 2 50T,
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Table 4.5 Vacuum press preheater conditions for quasi-isotropic plates.

Vacuum press preheater condition

Composite Material Setting temperature Pressure Time
[°C] [MPa] [min]
QI-CH
QI-CM ] 200 2 1
(Consolidated)
QI-CH
QI-CN ] 220 2 1
(Consolidated)
uD75C
QI-CO ] 200 2 1
(Not consolidated)
uD75C
QI-CP 220 2 1

(Not consolidated)

4.3.6. BZET L AT INEETE O S

B2 L ZAD PR A ET 5720, £ 7L 27 UD75C DEAZIEEA (R -
[0°/9o lass 5116 &) ZBEH U7c, 7 O PRS2 5%0E L. 4.3.4. & FIERIZ& % 100°C

IZIRFR L. 10MPa OHET 1 M A X B ZRE L, & 7 BEO B & 7ERL L 72,
CP # & i IZ 41 & DO%fIkFR % Table 4.6 [ZFL#7 5.,

Table 4.6 Vacuum press preheater conditions for cross-ply plates.

Preheating conditions

Composite Temperature Pressure Time

[°C] [MPa] [min]
CP-CA 220 1.0 1.0
CP-CB 220 1.0 2.0
CP-CC 250 0.5 0.5
CP-CD 250 0.5 1.0
CP-CE 250 1.0 0.5
CP-CF 250 1.0 1.0
CP-CG 280 1.0 1.0
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43.7. BB I 7L T TOELET L A PHINBGSIE O St

¥ X717 UD200D DEAFEIE R (FEEHERL : [0°/90°]s, FF8JE) & LT, B2
TV AR D TESM A E Llc, H2ET LV ANTHIEN L 72, 4.34. L [AHRDSRIETA
U TRIE L, RS B OBIERZER LTz, CP#lt & lIESRE & DXtk & Table
47\ ZFHT D,
Table 4.7 Vacuum press preheater conditions for cross-ply plates.

Vacuum press preheater condition

. Prepreg . .
Composite heet Setting temperature Pressure Time
shee
[°C] [MPa] [min]
CP-DA ubD200D 250 2.0 1
CP-DB ubD200D 250 0.5 2
CP-DC ubD200D 250 2.0 2
CP-DD ubD200D 250 5.0 2
CP-DE ubD200D 250 2.0 5

4.3.8. IhA RERHNE K OWr i #8152

2.3.4. 50k & RIEED i CTKPERIEIZ X DEEMEIOBE po & RBEEIC X 2 IR EH
HEFE /DR W N OEBEIEIZLDRA RREZEH L, 7040 ~A 70 RAa—
EHOWTHEMEHICHEET 2814 ROFEREEZHZE LT,
4.3.9. BT HE

2.3.5. 508K & [FIEED 7715 T 5 kN TrERAER (BEEERT+5 AUTOGRAPH AGS-X,
Fig.) & F VTl IPRME 202 U 72, QI AR K OY CP MR ik 5tk — & % Table 4.8 (127”7,

Table 4.8 Testing conditions of three point bending test for composites.

Width of Span Span to thickness Testing Number of

specimen length ratio, L/h speed specimen
Unit [mm] [mm] [-1 [mm/min] [-]
Composite 15 60 40 3 5
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4.4, FERLEE
441, 2V )T —3 g U5

IV UDTSC 2 LIcar Y U T —2a UROARA R, il i K O
FHRE % Fig4.22 1R T, 2V VT —3 a VIFOIRER WE %2 BT 5 & RERERSY
DARA RBWD U, diF ROl P 3 4 2R Th o7, Figs23 Xz
V7 —va VROV 2B L2 EETH L0, @il - BIENFMEIC L 5814 FERIK
TR & —B LW O ZERER 5 3D 7e 725 T B, 200°C, 2MPa (QI-CL) @
ay Y T —va URETIEEARA RER %% FES>THDHEDDNRTHDENKE
<, aryyIr—va e LTUIrEych s,
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400 |pmmmmmmmmmmmmm oo p-------- I
< T T T
o - E
= 300 - - ------ -
=
2 200 [-------- - - .-
<
>
R e B e I e I S I e
>
3 o
L QI-CH QI-Cl QI-CJ QI-CK QI-CL

0.5 MPa 1.0 MPa 0.5 MPa 1.0 MPa 2.0 MPa
180°C 200°C

(c)
Fig.4.22 Void content (a), flexural modulus(a) and strength (b) of quasi-isotropic composites by
five heat and cool molding conditions.

(c): QI-CJ (d): QI-CK
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e 2

(e): QI-CL
Fig.4.23 Microscope images of cross-section of quasi-isotropic composites by five heat and cool
molding conditions.

4.4.2. FEARAMNRE e — & —th O EHEEE I E

AR B — 2 — N T O OIRE h# % Fig.4.24 |Z/RT, 35&MICARY e
L ORI TdH %5 160~170°C ICBWTE AR TE 5, £i2. S RIOFEER %
200°C |Z{RE % R S8 572012 250°C 3% E T 2 435, 300°C % 7E TIEA 80 b,
350°C 3% E CIIAY 50 B L R EIRE DN E W TN FIRA B — ROSEWERTH - 72,
L7y LINERIREE 28 200°C & 72 72354002, 250°C % E Tl miEE 1349 2°C, 300°C #%
TETI3H 8°C, 350°C 7% JE TIHfI 10~13°C wi< 720 | FEI@R D & O IR E 723K
XL ot AR E — &2 —138EE o X FoEWERRONNEYE THIIE, RVRER
JECRIFRMEL 2 DR OREZZ /NS T2 2 EBREE L, —J7 T
LRy FROMBYF THIUTA Y B ZEIEREE L 0 bW Z &R FEh, RERH
TRMICEIRIZNEAT 5 L BB OIREZNKE <720 NEHRE R +512 B 57
Nol= b REDBRENMB S NS LIZ 0 35 aTREMESEV, PR O EIRE 34
FEME L DNT 2B BETRE LB D, DIBEOERMEE — % —IC X DR ERE T
IBHE LT %358 L C 250°C B E T 2 /B L 7= e 2 A L 7=,
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(c) : 350°C setting

Fig.4.24 Temperature of CF/PP plates in far IR oven heater, as heated at three setting temperature.
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443, AX LBV TRRIEIZ L B R

Fig.4.25 |Z UD75A, UD75B }x (X UD75C # il L7222 v UF— 3 Ui (QI-AH,
QI-BH, QI-CH) KUZENL O E A X B VR LI O R A R, S
PR K NP RE AR T, AZ U T EIERIO 3DV ) T — g VIROR
A RRFE ORI Z T 5 &5 2 BORE L RIERICR A RRBMER 728 il 7 Rk
HREWZ Embnd, Figa.26 DU EEN D G EHORA R L TnsZ &
2R T R DI 3FEOMEIRE I 10 MPa DA X U BV T IRIEIC L D DR A KRR
KT L7225, QI-BH & QI-CH X/ MN EH L2 b DD, QI-AH XA X B 7Rk
TGAZ X0 IREEDME T LT, ZHUTAZ B U ZRIBIC & 0 SR T N5 A L T-
72 QI-AH [T/ FRHEDNME T L7c & &2 bitd, —FHTo 2 FfE (QI-BH LT QI-
CH) 3MEMEMEIT OB L D AR A REMET L THFRED M B L722R o503 @
SlEEbiLs, LIRS, AZ U E U TRIBIC L0 GEME BF s m BT 5
PRI PNEL B I T VT EFIH L TEWIIFREZ 1S5 IIE3RIE 7 1 ' X OO ET
TEHRE SHHILERDHD EF XD,
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Fig.4.25 Void content (a), flexural modulus (a) and strength (b) of six quasi-isotropic composites

before and after stamp molding.
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1000.00pm

(c): QI-BH before stamp molding (d): QI-BH after stamp molding

(e): QI-CH before stamp molding (f): QI-CH afer stamp molding

Fig.4.26 Microscope images of cross-section of six quasi-isotropic composites before and after
stamp molding.
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444, BZET L AN T D a2 U5 —2 g URE

Fig.4.27 ICEZET L AT TMENL A X &2 VR LR DR A R, i
PR OITRED /T 7 2Rd, 2V U F— g LEEER (QI-CH) % Fiin
B BB B UCHER L2 E . BT L ZAOREIRE D 200°C DREIEH (QI-CM)
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1.8%7°5 1.0~11%FE TN L7z, —J . lEMER =V 7= g LTninrl
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CN LIt L CHERMBP AT Th 7=, Fig.4.28 ® QI-CO DUIWIE NS & ZVKRER
AN SIS, ZORRHITEZE S L AT L5 MO ) 7 L RIS
BT, WAL LAAD D E TORINELS b 2 &0, av Y U5 —v 3 U QI-CH
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(©
Fig.4.27 Void content (a), flexural modulus (b) and strength (c) of four quasi-isotropic composites
preheated by vacuum press heater.

(c): QI-CO (d): QI-CP
Fig.4.28 Microscopy images of four quasi-isotropic composites preheated by vacuum press heater.
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4.45. BZE7 L A TPEINENRTE O S0 F gt

Fig.4.29 ([t Y U F— a3 UAiIOD UDT5C Flf@hA HE T L A THRSE, A
B TR LT T R OBEAR O AR A R =R & OVl 580 2 2797, Fig.4.29(a)
D& T FEOBEBRORNA FEROFHHEIL 1%LNDETH > 727D, Fig.4.29(b)
O T EERITIZIER CRE Th o 72, F72 Fig.s.29(@) % 7.5 L HZET L ADE T D%
RiFHEV 72 <, 250°C, 1 MPa, 1755fF (CP-CF) & 220°C, 1 MPa, 2 73%ff (CP-
CB) DORA REMMIIEF L ThH o722 & bIMERE Z 220°C 525 250°C 12 k1T % =
& CERFEMBKNE D &l otz IRE EFIC L > THIB AR EIC T 220 RITR&E <,
T 280°C ITIREZ RIF AR A FEZ 1% 12D TE 72 (CP-CG), #KIT Fig.4.30 (a)ic
RA RRE FMBGEE OBR & Figd.30(0) I # T EE & RN A RROEFKRERT,
Fig.4.30 (a) CIEEXEWE & A A REIFMET L, Fig.4.30(b) TIXA A REOEKFEfE
WA E VT REZ R LTc, LocL, A REBK 0.5%0 CP-CG ThHh->THH 2 EHT
et L7ce— b7 v K7 — VBB O TR E T 549 600 MPa (21X KIX 72V ER &
7R olz, ZAUIRA NEROZEOMITFHEIETORAE Y v TS OHFENRR EEZ S
AU MBS 2 B35 2 & Tk T 5 L b5, Fig.4.31 12 CP-CA, CP-CE,
CP-CF &} CP-CG DOWiHEE % /~3, RA REOK CP-CG & hid 2% & fthf/E
OB IZIZR A R R SN D,
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Fig.4.29 Void content (a), flexural modulus (b) and strength (c) of cross-ply composites by seven

vacuum press heating conditions.
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(b): Flexural strength and void content

Fig.4.30 Relationship between void content and preheating temperature (a) and between flexural
strength and void content (b) of composite plates by vacuum press preheating.
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1000.00,m
11000.00um |

(c): CP-CF (d): CP-CG
Fig.4.31 Microscope images of cross-ply composites by four vacuum press preheating.

4.46. [EfEt I 7L TOELET L A PEINEETE O &Mt

Fig.4.32 1277127 UD200D %= W TCTEZE T L A TRV L A X v JHgE L
TEEARREEWRORA R, T HrEsR kO RE 289, 4 £ TOMBHHRE & Rk
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TR EWIRERMERLETH D,
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Fig.4.32 Void content (a), flexural modulus (b) and strength (c) of five cross-ply composites
preheated by vacuum press heater.
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(a): CP-DA (b) : CP-DB

(c): CP-DC (d) : CP-DD

(€) : CP-DE

Fig.4.33 Microscope images of cross-ply composites of UD200D preheated by vacuum press
heater.
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DFEMEEM A, MESMES —EETIER ARAIIINET 2 F:M%1E 2 Hiv, #IERSE
HEBRETHZET, BIEVWEI T LIV — 2GR TE L EBESND, £120E
EMBVEORNZIEN — R 2 LTV 203, X0 EWBYRE @R 2R — b %
W5 Z & THIZEARB TOERNARICRD EEZ bD,

- 158 -



AL, BFEVEDEWEATIENE CFRP 2 A< M S W 5728, BFEH A~ H A H
FInLR)Tee bz~ by 7 Z8E L LIBT3 CFRP & v, SR EEd 72
DO OHRTES DBRAFARA REOH RN G, J)FrelE, FEMEEIHME, IREICBE L TR
EENTEHT MR ZE L DD THL, LT FETHONTEE RN L E L0,
RBICARR L E LTCOfmE 5,

FIH 1 E T, S ORER & e 2 E(LHEM & L TRERED N TnD 7
=7 LGB LM CFRP OFANBAFEIRILA L B 2 —9 5 & 3RZ, BAr¥E CFRP &
DA R MEEHR AT To, ZORER., BT CFRP 2R W TIE, BIEH AL
WBAFEBEG DT O T D IR FBIEHE DK = 2 NMb &b R RE I O 5546 721 Tl e
HOERT DM 2 A hOFEBUIRETH 0 | M RERCRIERFOBIEEIR 2 A O
KR AR R THD Z ENEERMICHL N EaoTz, T7bb, M OMREEZ B2
W EZAHREE LT WNIHIERBBIIEERZIT O 008V ) Aia L OB & B
el 72~ 7z,

% 2 B TIIRUBZ OB CFRP (27T 2 A RROFFMEZHA SN T L7
D EEAE— R EIFTERLETY LRI L7 ARA REORLR DK
e ZERL L, AR A N L FREOBMRERE L, O/, BERMEREHROY;
BIIARA RN 1% EBZ 5 & EAEREIZRN T 2 P58 235 6 BRI IR T
L. —77. ##HER 25 mm @ CTT #RODGE O #ITREE LA A REROBEM & L1t 2 12K
TLliz, ZNHDFEENS CTT BULEAZMEEIR L D b ARA NI 5 7Rtk @) 2
MK TH DL Z Ll SBOEMBEFCIE - CAE IZh b2 BERAANGELND
&I, BRI CFRP OMREZ K& <7DV R A FEREOFFAMIL (kR ol
BLAZREIC 2 MK T D HDD) 1%L T RETHDLZ ERHALNER-T,

3 HETIE, WA E TR COIFMIRMAITEH ATRETH Y . RA RRIZTF TR Z
DA bRE AR FIEL LT, BT 2 B ED 2 WEE R L F—X SOFEHERIZ L D
Al FIEOIRE ERFEZAT > 7o, T ORR, ARG ORI TH AL TE S Mo
WINARE & X BB IR OIEF ISR OBIEEREZ NS 2 & T, #ET 5 X Bk
(X DRA RROFEHFFAIVERIEIZ LD & D & DENE 043% &5 TR —
Lz, DEVAFEIE 2 ETRIELIEAA FR 1%LV ) FFEEZ EHEMEO T 2
MPRREARIZ % U CIRMER DDt IS HE R RE T do o Z L AR S iz, IS, KTk
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(XD EHIE L7z CTT RO ARA RERGAIL, TERD KT TORBEREEIC L 5 iR
EH DAz R LTc, b BARFIEC L0 HEpricgz - P THEfR ORA K
TROEDRAARENRTRE L 72D Z &b TREMNIHRD TERALMED & 5 IR AL
ThHHLBEABND,

A4 FECIE, BVATME CFRP D& IR DN T2 A b KT 5 =R ICEN - R IE &
LT HEkOARZ U T r e RACBIGERA T e —4— L LTHEET L A%
RAWTZRET 24TV, 2 A NSRRI OB B TR ATRE2 e 7 1 & A 2 42
Elle, Thbb, ETERTrER LBE Tt 2A0RBE a2 R &gk L, CFRTP fi
FHEE (e 2 A 3 45%0> CFRP % 100 kg i FH) 73 2,500 5/4 (250 ko /4F) LA o4
PERTHNE, BETS L AZM AT R T at 2 2a 2 NOBNHERH D Z L amr L
Tro —H. ERODAZ L TR T 2t ZTIEIMBIORA RRITFE ERD LRV,
BIEF L 2% T Le—2—L L THAL EI 7L IRERDa Y ) F—va v b
FHZEIRZAT 9 2 & TR A FEMELS HFEREORmWEERS S OND Z L 2R LT
TRbHE 2 ETHE LIZAA FEIBWUNEZRBLL, ok oAl Hikax
Ne7pATaw ANFEITXI-,

VLB, AT, 3 1 | CRE LI AR &2 EZ3T << BT CFRP o ) 245
(TR RIS IRVHFERA FRERN 1% THDL Z L 2oL (B2 5, (R xL¥
—X BT £V HEETERAIC AR A R 1% 2 B FTRE R IR A TIE (BF 3 &) X0,
HETV2AZBGERM T Ve —#— L LTEMN L TARA PR 1%L % ATEEIC T2 Rk
ik (4T 2B L T, 20oAZMEE R LZ, 26O ERERET
BRI 7 v A L0 GEAMENRDH Y | AGHSCO BT o 5 BTN CFRP o Rk f2
BT L EREFOMTEEBICRESFETLHLEZELAOND,
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& A T 3 B CTRARAZRT R AT =X UL D RA FRAE IS B 22 E IR
BEMET 572D, RA RO ELOWIRE A RIE L, Z OfEZ EWRIURE L LT
CFRTP OWIAREIC BT 2 it 21T o 70, T & PPAREK L 2D 2 E-H
B DOWIUREE E L, RICEEARK & PP A Z 2 E B =2 % L PET HUZIE &
ZHUE L PET O — & STl 5B & O OW IR E A R 32 & 32
& — Lz, Btk & PP AR PET /& S M AREUIA S0 OB \WIERE & AR EE D
SEGRACEMT BT, ZOFIET TR L7l & A R0 O (R E bR ) 7
B e L R OWIURE T FERME & A U, A RIRITEAM B ORIRE O T
HEGwmE LTHEHATHDLZ EERLT,

& B TiX 3 RO X BB 2 FAWTH —7 v M R OVEBE DN =R & O IR
52 5 BEMAE LT-, i C TIEF L I AT U E =7y b BRET D X #iikiE
B EWINRE AR T 5 721, AR5 X A7 M & v, #fii& D Tik
TN =T LT 4V —%i8 LT X BRI DA 7 & Hes8 LT,

P ACHE E CIIAGRSC A L7 E B0 5 H 2 B# L7z,

A A BEAEMEIO X AR R B3 2 it

Al HS
ALL X #j & 1E[111]

Table A.1 Wave length of electromagnetic waves

y-ray X-ray uv Visible light IR Microwave  Radio wave

Wave
0.001~0.01 0.01~10 10~380 380~760 760~10° 105~108 108~
length [nm]

Table Al [ZAFEERIEOWF E@HHE—EL2 "7, ZNOOREMIZEIHEFIIL-TS
DOENRD D HMEIZED SN L O TRV, ZOHT X #RrE1ER 0.01~10 nm D
WEEZATDEMEOFETH S, X BT IS Z4001[112JiIciEH SN TV D ERICL D
& NRFEOBIN G N B F AT DERNE, AR AN TEWER 2R/ D Rk X
BrEERE X MAH D EHBESN TS, Table Al Z RS & yRE X BRI EREEL
MBI DB L L TR ST DN, BT AEEEDOENZ L 20 THY |
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Y RRIFR RN O RAET HERBIE TH Y XTI AN ORET DEHRIE TH D,
F72. Table A2 DX 9T XBROFTH TR LF =434 75 0.01~0.1 keV OFiPHD X &
FAHR X . 0.1~10 keV DO#iPH Z 8K X ., 100 keV~1MeV Z A X #j & FHEN K E M2 X
FENTND

Table A.2 Energy range of X-rays

Ultrasoft X-ray Soft X-ray X-ray Hard X-ray
Energy [keV] 0.01~0.1 0.1-10 10~100 100~1000

A.1.2. X BroofEEE

XHTIL Fig A L@)D L 9 I R F— 227 h L ODE) B iR X & BE X fric
DI HND, it X BRI RKEREIH =RV —EFfo 2B TR T EEICEE E 72T
TR Al 5, JR 0D OMWESRS) (7 —a L oM EIER) 10k -
T, BPIEEOHEEZRE PO THIHENRAE T, IEEORKE X0 Rl L
SR D BERGIE N ERR T NS AT D, RALDD X 51k X BROFRE | 1T FlE k
(1 1.1x10° kVY), #—47 v NETHF Z & X BEOBEER I LiIcplL, BELEV
TIRICHHIT A Z ERH LTV D,

[ =kXZxXixV? (A.1)

— 5 CHRFE X BT Fig AL(0)D L 212X —4 » NE 2R3 D) OWLEE 712,
BEFOFREZRLX =L OB 0N THFELRSA T2 & JuBEE I E T E
L, EZICEENTENAEDETNEET D, £ ORRITZEW - ERT & EE AT O#LE
@i*w%~ﬁu(ﬁﬁizw%~ﬁu)@#ﬂ BB & LT S A, REPE X AR AR

T 5, RO KEOZEFEN LFRETZIZ MBS DF %T@@Ehé%ﬁ < DR
X #% Ko BRE 7213 Kt & EE L, Lw@WﬁmMux D DEFTHD LD

EEL Lot Lyt RLS LD, HUEE T DT RLF— ﬁﬂi& 7y MEAF DS
TICEVREDEHADHETH L DT, FHFFSHRE DT> THME X o= x
NF—HRE 2D,
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Intensity —
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0.01 0.02 0.05 0.10  0.02 0.50—— nm

(a)

(b)

Fig.A.1 Comparison of continuous and characteristic X-ray (a) and schematics of characteristic

X-ray generation[113].

A.1.3. X BRDFE K OELEL S

X ERWEZEBRT 256, I X ORI & HELATEAE L TR 7272 X #0E 123
B EnD, ZOHTH XBOWIIZ - T, DEEMFR & B x4ER] %A L,
BELC X > T ToMERGEL (b oy VRSl v—V —8EL ) & TIEPMEEGEL (=7 b
VEGEL) ) B Z D, B3 ETHEM L X BT =R T =R ORI L B R
ENEZEHTHDL0, B@EO X MTRLX =T, TRFAX—=D LRI
N BELOF G038 L, REBIZE - RHAEROEIS SN 5,

BPEHCEL & 13 X BOL T E R O/ 1 & PERIC B ZE LY 7 OEE) 1 3 2L D D B
RTh D, BELE & AFHERFE CHEZ R, §ELRT#E C— & ONAHBEfR ChIPTEi4 %
2T 70, BELRTHR T pr VX — DL Z 57w, —H TFRigA2D LIz
7 b UBEL T RSN LA R D O TTHRITE Z 5720, BELATE TR L
X—NELT D,

JeEN R L1 X B E IR A DR FEZISE W HLE S & f2e L, #uEsMtE
FELTHHEEDLZ ETHD, ENREEZ THRIIME DR F-FESOM)N D FHF
B L TEEZ 5 & S, ZOEE DD = R /LF— ORI 7 OB Z O i1 & 503
REVERHONHEITWD, BFRERIT=RLF =721 MeV LLED X #1037
TR L INEHGE & OO 7 —a VT AD & T EIR LG 1 L 2B T O X233
ETLHBGETHY | KRR LF—XBOLGAEITHELNEE X BND,

INHOBRITE Y (AS L7 X BT BELO A AAEM 25200 TRES T 5729,
FR L7 X BUIWE EER L, O XEEEENIEs T s b, Ln
LRV D X B3 E AT 5 L WE ORI OEFT THEEL L7z X SR HIESFTIZ A
HT DT OBEL LT X MMOEEDPREL 255605 5,
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Eo RREF

Fig.A.2 Schematic of Compton scattering [114].

A.14 X BRFEAED PR

X #pZ& 54 S5 I12IE, 133 pPa (10%Torr) AN DO REZEIZ L FIiQA3 DX D2 7
REDOHIZE AN LT T 7 A2 N EBGIRD % —5 > ORISR EEZ DT 2RO
T4 T AV NPOBET R CTHRICER IS & BVE T OEE)— /L ¥ —D—
MR OD L2 —7 sy NEAEHAEFERL X 2338 ET 5, BEFORERITT 1 T A
k2 INEAG DB L 0 B kT D, BAE OV D W5 AN BN AL, & O FEEIE D
B & 7R D, ﬁﬁmﬁiﬁékxﬁﬁfﬂﬁﬁw BEEE (RR=xL¥—) 1%
bbby, —FTEBELY EIF ixﬁmﬁgwfbwmixw%~xﬁ@%
HBREL< 2D,

Fig.A.3 X-ray tube [115].

a7 ¢ 7 A2 NIRRT Y v T AT O E A VIRICEW=7 T A2 b
DAL TNWDS, ZTOMIZIZZX T AT v O ERER (L=, R TL)
EDEEEFALIZ DR, X T AT RN T TR 7774 FEEED bt
TbORMEAIN TS, EREETNERKRITEN ST, ROICEHBICIBHN TX 5
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2L 91T, FOEVITZ 0 GO BROERE THON TV,

X HE DR TO X FROFEAENE ¢ 1X, KALDTHEHA L XHFoms | (ke plE
. K 1Ix10°kVE, Z: # =5y MEFES. I BER. Vo FEE) e ororx
— (V) TEloT-ETHDZ D, NA)ERD,

n= g =kXZxXV (A2)

RADMNOHRIFECTHWZEEBDO XV J AT 2 —7 b (Z=74) TEEE 15 kV &7
HEnIIR01%E 70D BE - OEE T RV —0 99%LL ENENI /2D Z E RS,
ZDTeOGRD Z—5 y MTREER & < BMREMEN BV R (B, Y 77 v 81
BUTATY sah #k a0V s FHUE) PRIHSN, BEETEICY—F
NEGBHT DB o TV D, HifE X AY—7y N LTH U T AT R EITH
A EAv, Rtk X BCIIMICE O KA FIH S5, FRCEEE DK=L F—X #1H3
WERBHIZ 7 v b, gk 3L N, FE UK EN D, FREXRERD HT 70
X5 =7y MMEGO—EL LOFEEE (EEE) BN0ETHY, T 7T O5EE
X 20KV, X2 7 AT U OBEAIXTOKY UL EOEBEICTILEND D, B X —47
v M X BREROREE T ISK L TH 20008 ER DN TEY . X BRED D X #EAFME
T B EETICIE X BROTRE TS S RN DENRY U o A X E /)M
INTW5,

A.15. X A A S E O BEE VA - HAY

S5 B2 e A s O EREAS BRE E RS IR AI[116]IC K v . X #RIEAEIC L0 1E¥E%
THOHAITEINATLIMSY (3 —~Ub ) ZHE 2 5 ENRETHIVUTE B X & 5%
ETDHMLENDDL ESNTWDS, FEITZ3HORESETHY, HEAEE3I AT 131
Th b, X HEBEED 1 om #REYS R [mSvh] & X #A2 4 LR &2 2T i 72
D, 2B, B I3IECMHA L X MESFHIEEBESBO lom #RES &R 1 uSV/h 172
D EIICERF SN TWD, Ziva 1 H 8HFMxE 5 HEM L8412 13 JE[# T 0.52mSv
720 EHHLILTWD 1.3mSv D3 LL R T b7, EHKIEO BRSO #a B
FHOBRMENREREETH D, 7272 LK 13 50 55818 558 FE /R 0> D & AR E T IR
HE R RS ~DWEE (FEF 253 5) [117ICE D, 1.3mSVUL FTH->TH X FESEFHD
EE NI T E B IR T D720, T O F 7 E D3R - TLREE N EO & HLIX I
AT AT X BBHMEIE L, BSITHEBRTE WA 2 —r v 7 REHEFT B
T3,
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X BROMEEZ T OWNTH—EMMN O ERFREIRE D BE SN TWD, A F D 1em
PREYERZPE L, THICHRHFRZRCCRNSZY O 1L om fRESEE KD, B
FEE A2 U CRET2MEICII —_A A —F —F I T 4 V2N DN D, 5
BhR B DR 1L 5 4] ¢ 100 mSv, 1 4E[ T 50 mSv, 1 ##[ Tk 1 mSv, ZethixiEiREd
D AHEMEN 72N E B2 ST At 2 BRUN T 3 00 H T 5 mSv, RIRH O itk T H AT EE:
PRHAIN T 1 mSv 3RE & B LTV 5,

A16. EAEMD X Mg = M OWIUREL D 5

% 3 ETIIMEID X R ECRIURE A NEST 5 2 & T MEHHRICE LR A
REAREZERILTED Z AR L, TOMBIT RN RBELER A RRE LEL T
1%LANDZETH o 7o, X HBEFEIZ L VHE LTZEE S tue 13518 L 72 BHO &ITIKAF
L. MERICZER E U THET AR A RROZERICE VAL LR, —FTHRA REET
AT S tap (TR A FEPHTIZONT, TOEIBEMNTL6D0THL, (AI)D
L9, ZO2BHOWEIZ LI HBEIOEZFMA L TRA FERERBTX 5, X(A4)IC
BT puire (IMEHFIZAR A RO 72WGE OWRIRE (EWRIUERE) 2Rl Ty, HE
& twe 2K B 72 DITITERIARIK e DVETH D, Lo THENO BEIRIUR S A 07
T5HZ LI XBEBREEHNEARA RRAEICE > CHEFICEETHS, LML, #3
B CIHET 3L F —X BROFRFECE ORIAREICE L CiIEmmIcEm Sh Tk b
PLMHES AR Vi OB LE RSN TORY, BA FRBY 0 ThHEAME % ER
L. FNE T HDHBTHh T2, BT FAF—X FUTERE O X #1372 D585
AT, RA RO % 2B OMEH AR U, JIE U 72 IR & BRI AR S &
UTo, F 72 BEAE 2 FE A A CFia S L OIS A JIE L, A MBI OR= 3L ¥
—X BROFEE IR K O IARE B3 2 BRI e B (T o 1=,

tapp — C
Vvoid = appt e (A.3)
app
—1In(T)
ttrue = M (A4)
true
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A2. BERD X #daid =R o O AR EL
JE S ta DR

RA FaEEROME A RO E B D X #IRIEREDS pas us THY |
BAEMELO X R

A LEX ts DME B ZEHRIZFOEERD X B Tas 5 2,

BN ORISR 2 E T 5,
LU OIZ, HD XH|ART ML adiE L=

B ®J§m¢7ﬁ>ﬁ CThorETDHE, KAL) E AR (AB) DKL,

B DIEES ha DB A LIRS hg DRFE}

T = exp(—us X hy) = exp(—pp X hp) (A5)

Ha X hy = g X hg (A.6)

FRENELWEZS ha OMEL A RS hg OME B # EHRCEAKROZERRE L, H—
DOMEFA DIEE 2ha DFBBRE LT H Z & THAROBBREZHA T LEX D,
LWES ha OMELA LIRS hg DM ELB ORI % yas & LTEHEAET S &

s
RIS DR 725,

XA . ZOfEIZ

ha g
y =—=— (A7)
A/ hg  pa

JEES ta DB A LIRS te DFEL B Z ARG E ME A ITHE T 5 5FHESIT ta

/4
BIEFI R Taws IZ(A8)D ngfﬁ 5,

+yaXts £ 725D T,

Tpen = exp{—pa X (ta +7, 5 X tB)} (A.8)

b, HEAWIREIT uas ITNA) TET Z LN TE D,

—In(Ta4p) My X (tA +V¥a/B X tB) A9
Ha+B = = (A.9)
tha +tg ty +tg
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A.3. FEBr
A3.1. A

B2ENLE 4 EOMA LI IREMME (211 3 A4LH TR50S) # i b,
K~ LA VEBEMERY YL ik~ M) vy 7 AiEE Lo, — a7y 7L 7o —
L UD75A % 8 &, 16 J@ & 24 Jgd 3 FFADSRMIEFICHEE L, — h7 L—7 1k
J& L7z CRIPP FEJE R 2/ L 7 & DOFEJE MR 2 MR 25 mmx & S 100 mm (28] 0 H L CF/PP
FEEMR DB 2 R U7, RIS FME DO AR & LTR 1 mm OV 2 mm JE &
O 2 IO R (7 AU o FHERE A CIP-050-1, 2), 4 FEDOESDORY 7
By (PP) R (ERBIEHER 747 74 F PX-2A), 6 FHDE SO PET it (I A
3 ##L PYA-100-25-1, 2, 3, 4 PYSH-100-25-0.5, 1.5) % i L7=, #ABR v A%l i~
EEOFEMT — 4 % Table A3 127”7,

Table A.3 Thickness or lamination of sample.

Width and length  Number of

Sample Thickness, lamination ) ]
of specimen specimen

[45°/0°/-45°/90°]s,

CF/PP Plate [45°/0°/-45°/90°]s2, 25 mm x 100 mm 3
[45°/0°/-45°/90°]s3

Graphite Plate 1, 2 mm thickness 50 mm x 50 mm 2

PP Plate 1, 2, 3, 4 mm thickness 25 mm x 100 mm 3
05,1,15,2,3,

PET Plate 25 mm x 100 mm 3

4 mm thickness
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A.3.2. X B =R K ORI AR R 0 I E

X MESH (v 2—F v 748 AccureX Jr.. Fig.E.) %\ CF/PP fE#H. PP #x.
PET #RD#J 25 mm RO FLLERSr O X #RiZiE=% 1 mm B E) L 727 53R A & DK
100 mm HlE L, £ O E 2R A 2RO X #EimR s Uiz, Bz oW TIED
50 mm, £ X250 mm TH D7z, RERF O 003 KON O L4y D5t
REZNENHE L, ZOVHEEZREBRT O X BB ERE Lz, X ESFHO X RE
XX T AT U H =y FOEEBEISKY THY . 20O XHEN BT 2~15 keV D
()7 T RV — 0340 2 FEOufE X M4 T 5, £z, BB O T X #iEiEaRs
BE LM EZS mm @i~ A 7 e A—4%— (I kIl MDC-MX) THIEL,
ZDOVE AR OE S & Uiz, DB (A4) 2 AWV CHEH L-RIUR oM %z &
WNARELE LTl D, BT 1mm A L OV 2mm A2 TR T3mmAk e L, £7-2mm
Wz “HEATAmmikE L TEEBRZHE L, E—0 X#HEEFEZT TIER,
B ORE EREDE T X Bk OWRIRE S JIE L7,

A3.3. B R OVR SRR EE 0 R
52 T & RIERICE T R & O C OKBEE IS X 5 KR O % BRI E 24T > 72, CFIPP
FE &I D FR A B 850 28 W 55 2 FED L 9 ICEE AU (Hata Electric Mfg #1:%4, Elepot)

Z AUV T, 500°C DZEFEFSFL T T 30 5. BIEZBEXTIE LTz, FREE LT R EkHE
DEEFAEL., BEXRIZLEEOY > FLVOEEAZEE L. WidEH LT,
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A4, FER LB
A4l H—RD X i K O IR EL O E

CF/PP f&J@Hi . e, PP A & Y PET D X fRiF i % Fig. A4Q@)IZr~d, LAED 7
T ZIZOWTREBR A O T Y FIIEMEE 1 %UNTh o727, =T — N\ —3FR
L7V, 2 TOMEHZEB W T, X BB RRIIE S OBMEEMET L7z, £72X(A4) % H
WCEHAE L 72U ¥ A Fig. A4(0) T3, i O Xt ClIIBam e (S AR E A4
BO—EMHEDOITT TH DN, % 3D CFIPP FEEROEA & FERIC, MOME TR &
DEENIMAENRIURE MR T T 28R Th o 7,

WITH 3 3 & [ARRICRIUREE S — 8 Tl 2 & & B SREME T e < Bl R ok
fAPEE LTEEL T, X FEimg & WIURE OBfR % Fig. A5 IZ~7, FigAS #H.2%
& . CF/IPP FlJ@M LI DM EHZ B W T X BiER & WIURER IS ITBIERER A B 5 =
ERDND, P OBMEHII T DREBMRN OGO E o, U1 B R OFHBIRE
R2D—E % Table A4 ITFLT & R TOMEIOMBRENIZIFE 11T, FFEFITHE VR
BRI R T 7=,

08 T T T T
1 1 1
! ! ! O~ CF/PP
1 1 1 R
o (IJ\ i i —@— Graphite
0.6 ______\\_QH:___}\_____: _________ I__| ==O=-PP L
\\I \\\ 1 1
E; \ | \75\ i -AD-:PET
[S] 1
c 1
@ 1 1
=204 F-------- R e O b e L L L L LR
= '
e b
= ! !
02 F-------- R e
1 1 1
1 1 1
| | | |
1 1 1 1
OO 1 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0
Thickness [mm]
(@)
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1 1 1
! ! ! O~ CF/PP
1 1 1
— ] ' ' ' —@&— Graphite
— \ !
1 \ 1 1 1
€08 f------ N4 - -{ =-O=-PP -
é N\ 1 1
= . ! '] --O--PET
<5 ] | | T
8 | | |
= ! ]
06 [------ Ozt--—-- - Ngwg oo m e
o 1 1
[ 1 1
S} | | i
g | ] | .
oY A —— bz LS S o eee-
g Tl : :
: : Promeme- ©
1 1 1 1
02 1 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0
Thickness [mm]

(b)
Fig.A.4 The relationship between X-ray transmittance (@), attenuation coefficient (b) and
thickness of CF/PP, graphite, PP and PET plates.

1.0 T T T
1 1
OCF/PP ! !
@ Graphite i E,E
1 4
0.8 F- oPP o ____ L _____ ;,f:_l ___________

©
~

Attenuation coefficient [mm-]
o
(o2}

0.2

0.0 0.2 0.4 0.6 0.8
Transmittance [-]

Fig.A.5 The relationship between X-ray attenuation coefficient and transmittance of CF/PP,
graphite, PP and PET plates.
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Table A.4 The parameters of «,  and R? of CF/PP, graphite, PP and PET plates in Fig. A.5

o B R?
CF/PP 0.514 0.274 0.999
Graphite 0.725 0.364 0.998
PP 0.324 0.173 0.999
PET 0.790 0.371 0.998

2D X MR & IR OMIEBMR 2 RE T 2 & BINAREL w 13EIEE T 125N\ T
DOMIEEEN SR DMHE a, U B ZHWT u=axTHB DL H KT N TE, K
(ADITXAL0) EE£END, Il LTH(AL0)IC PET HICBIT 2 TH D a = 0.790,
B=0.371 Z A L7 (A11) D PET B D ZE 1= Teer & JE X teer DBIR % Fig. A6 12T,
BRI FICR S EBRE L B> TRV . ZORBRREHWD Z & Tr 7 7H#iFEND
JEXTHIUE, WD ESOPET OBRELZMHETED L5 2D,

—In(T) AL0)
TaxT+p '
—In(Tpgr)
t = All
PET ™ 0.790 X Tpgr + 0.371 (A-L1)
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Fig.A.6 Experimental data and the calculated relationship between X-ray transmittance and
thickness of PET plates plotted by equation (A.11).
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Fig.A.7 Relationship between the PET-transformation coefficient of graphite and PP plate and
transmittance.

Fig A7 525 &, PET ME BERD yeere EITEERIT L 0 5h E & T, FERIC PP
WIZBAL THBRRICE > TUIEL DL RWMETH o 72, T D712 HA(A12) D % 1%
R O~1FHOETH D T=05 & LTEZELUMICATI T 5L, ZNEND v EIE yeere
=0.95, yeerpp=0.44 L 72077, ZHIT 1 mm ESOBRHIROFEIERIL, 0.95mmE S D
PETHREELL, 1mm/EID PP IROFEIBHFIL 044 mmESDPET R EE LW & &
BWT 2, BIC 1 mmEE OB E 1 mm JE SO PP iR Z A S G OEAEERIT
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FNEFNEAFLIZ 139mmEE D PET OB RR L E LW EEZ B D,

KIZImm LD 2mmESOERE 1, 2, 3 EXT4AmmE XD PP & %%ﬂ%hi
NRIZHE OB ZEROMRIEFE & g% Table A5 1R L, WIS A g L=/
7 7% Fig. A8 1T, AEBRTITRBA MO NT Y 2 0IEF /NS < EHE SR
F 1RO Z vz, BARBIZIE Table A5 O X 5 IR OV PP & T Eh o y |
ERAOCTERENELWPET OESICHRE L, ZhETNE A LR PET fiAEE X %
B L7 RICEKAL) O PET D E X & B EORRAEZ W CHEABEEZRH L.
HL(AL0)Z AW THEHEFEREN L EEGWIREE RN L, V74 o—fFL LT

[G1/PP2) &34 1 mm ESOEIMK LR 2 mm JE XD PP fix Bl b7 ka2 Bk
LTHEY., ZOMDY T ALITONTH RO T ETH S, Table A8 7.5 & |
ETORIZEBO TR U2 RIERBUZFERNE & FIEFR U Th 0 | & OREEIL T 98%
Thoto, ZORRENDL, BADMEE S LERLEMEHCHRE LAFT 2L T, B4
ORISR EZE TE 52 Endbnd,

Table A.5 Estimation of attenuation coefficients and experimental values of graphite and PP

stacked plates.

Sample G1/PP1 G1/PP2 G1/PP3 G1/PP4 G2/PP1 G2/PP2 G2/PP3  G2/PP4
Thickness of graphite [mm]

Actual 1.01 1.01 1.01 1.01 2.00 2.00 2.00 2.00

PET transformed 0.95 0.95 0.95 0.95 1.90 1.90 1.90 1.90
Thickness of PP [mm]

Actual 1.03 2.02 3.03 4.05 1.03 2.02 3.03 4.05

PET transformed 0.45 0.88 1.33 1.77 0.45 0.88 1.33 1.77
Total thickness [mm]

Actual 2.04 3.03 4.04 5.06 3.03 4.02 5.03 6.05

PET transformed 1.40 1.84 2.28 2.72 2.35 2.78 3.22 3.67
Estimated transmittance [-] 0.39 0.32 0.27 0.22 0.26 0.22 0.19 0.16
Attenuation coefficient [mm-']

Estimated 0.466 0.378 0.328 0.295 0.446 0.377 0.333 0.302

Experimental 0.471 0.383 0.334 0.303 0.456 0.384 0.340 0.306

Accuracy

) ) 99.0 98.5 98.1 97.6 98.0 98.1 97.8 98.6
(Estimated/Experimental) [%0]
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Fig.A.8 Comparison of the estimated and the experimental attenuation coefficient of stacked
plates of graphite and polypropylene.

AA3. BEERD X Mz = ORI B3 5 & 48

BNV, PP &% Y PET ARDWIAREIZ DWW TR AR L TV B Rk 5%
BT D, (AL3)D K D ITHELORINERE 1 GEFUTITARWINAREL. Linear attenuation
coefficient) #Z DL p TR L7 fEIZE &EWIFRE m (Mass attenuation coefficient) &
MEEN D, £7EBERIRENT (A L) D L 5 IS B E AT 2 & o 08 B IR EL
m & EESE w OGFHFCR S, WIUREOBERIZITHE, & F1 OE &WRIRE
WHESRNLETH D, RALSITE VT me, Mo, Ma, 1ERFE, BEHE K OKEFRF D
BHEWINBRETHY . we, Wo. Why 1TRFE, BEXROKBRFOEEDRTH D,

m=%, U=pXxXm (A.13)

m = Z m; w; = (mcwe + mowo + mywy) (A.14)
i

uw=p X (mcwc + moWo + mHWH) (A15)
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(a): X-ray energy range from 0.001 to 1000 keV

-176 -



S

1.E+03 7
\ |
\ Carbon
\\ Hydrogen
1E+02 f-----\-- A e L e e e ke Oxygen - -

LE+01 f-----mmmmmmonsl

LE+00 |--mgmmmmmmmmmmmgmmmmm oo

Mass attenuation coefficient [cm?/g]

B et et R TR

1.E-01

1.0 6.0 11.0 16.0
X-ray energy [keV]

(b): X-ray energy range from 2 to 15 keV

Fig.A.9 Relationship between mass attenuation coefficient of carbon, hydrogen and oxygen atom
and X-ray energy [70].

H H
1 |

fe—} fe0r¢-0-cm-o}
CH:H-M 0 0 n

() (b)
Fig.A.10 Structural formula of polypropylene (a) and polyethyleneterephthalate (b).

Table A.6 The density and the mass fraction of carbon, hydrogen and oxygen atom in graphite,
PP and PET plates.

Density ~ Molecular
Wc [%] WH [%] Wo [%]
[g/cm®]  formula

Graphite 1.75 C 100
PP 0.91 [CaHé]n 85.7 14.3
PET 1.28 [Ci0HgO4]n 625 4.2 33.3
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Z AN T2 & X BT R X —73 2~15keV OFPH T O BER . PP # & O PET
WOWRIUREL & X RV X —0BRIT Fig All 12725, Fig.All Z /25 & Bk &
PET #I3HT PET OB EVMETH 508, 1ZIEFA URIURE AR TH Y | PP AU
ok HIERWERIEREHIR Th o 72, AN EAWTES 1 mm OB, PP .
PET #IZINA T, 0.5mmJE & @ PET ko =R #2545 L7277 7 & Fig.A12 1R
o PP HRIZMLO D DORE & bul: U CRIAREDMER N 2D A B MV O B 2 7
L. 0.5 mm/EX? PET K & E BRI WER TH 72, KIZ 1 mm 5 S OB
o ON PP AR OB R MRk LT, ST DX O PETROBESZEZ T 4 v T
475 E 1mm ESOREHIZ0.93mmE SO PET H, 1 mm JE XD PP D
13042 mm/E X D PET # & il R dh#R23 fe & ImWRE R & e o 7o, 23 Bl O yeere.,
veemee EIZIEELVMETH V. 2 b OEOBH 2 A0 b HERRICHA & e & &
2%, 1 mm EXOEEE 0.93 mm E XD PET IO BRI IFITE LN EWVD
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Fig.A.11 Estimated relationship between X-ray attenuation coefficient and X-ray energy of
graphite, PP and PET plate.
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Fig.A.12 Estimated relationship between X-ray transmittance and X-ray energy of graphite, PP
and PET plate.
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AA42. TEEMRE PP HA BT Z B D% LU PET MRICIE S 2 #u% UIRIREL
MR Lo, ZOFEFIEL CFRPICHIGH T 2113, B & BENTBEN LR D
7o, HEIZLDMENLE TH D, JTLEMANFE L ThHiuEX, L(AL6)D L 51T X ##
DB BRI mc 1T LWV DT, BER K OVR FEHE ORI pe. ucr. ﬂﬁf;% PG
per 5 ERALD KL H 2, [RFE Ezf&@%éw@ﬁz TGN OWRIEREN R T L & BT 7
EIZ72 5, F7z vyl B FERIC(AL8) D K 5 1T IRFEMHME & BEN DL & H T 7l 7
% AWFFE T U7 R EHEDO % E 1.82 g/cm3 [121]% W% & RFEAkHE S PET O
yeetice 1% 0.99 & 72 o7z,

UG = PG X Mc, Hcr = PcF X Mc (A.16)
PcF

ser = P e (A7)
PG
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UpeT PG HMPET PG VPET/G ( )

YPET/CF =

CF/PP FEJE#i DRI RE 2 T3~ 5 728D FRFEMAE D IRFE 7 2. Ve 2 E L7z, BEERIT
LIEIC X B iR il BBy 3R L K P EHAIEIC X DB E DR T & 2 [RBHHME D (KR
Y Ve lX 43.2%, RA REF-02%TH o7, THUTFEBRKOEGRNZERITR I TY
L2 LERLTVWD, FIROESHIRE PP RAZFEAERTGEG & FERIZ, CF/PP fEEik
8JE. 16 B KN 24 Je DERNE S LN Ve 02 b | IRFEMHEST DIEE & PP DR ST/ L,
FNENEFBBROZE L PET HICE S 2R U CRIRE 285 3 5iafi % Table
ATITR LTz, WIREB ORI & SERME A ik L7= 27 Z 73 Fig.Al3 Th 5, WINfR
BOFHEEIT CF/PP FEE A ERE L I FIER UEEZ R LTI ., ZORE T BHK
KON PP AR DFEJEMR D5 & [RIFRE D 98WFRE T o 72, T DFERN HIMEHE S K OVR
FRHES A R Vi DEBEROEAS MBI O BRI AE R T 5 2 L 2R LTz,

Table A.7 Estimation of X-ray attenuation coefficients and experimental values of 8, 16, 24 plies

CF/PP composites.
Sample 8 plies 16 plies 24 plies
Total thickness [mm]
Actual 0.80 1.55 2.32
PET-transformed 0.54 1.04 1.57
Estimated transmittance [-] 0.63 0.46 0.36
Attenuation coefficient [mm™]
Estimated 0.584 0.497 0.442
Experimental 0.593 0.510 0.452

Accuracy (Estimated
98.5 97.6 97.6

/Experimental) [%]
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Fig.A.13 Comparison of the estimated and the experimental attenuation coefficient of CF/PP
plates made of 8, 16 and 24 plies.
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EL7ZR) 12XV, CFRP OE A Tome 23K 5,

CFRP D83 Terre & BEAMEL DR X temre 2 H(A2D)IZ LV | EEMELOWINLR
2 pcrre E T 5,

oper = {YpET/CF X Vi + VPET/r X (1 = Ve = Vioia)} X terrp (A.19)

—In(Tcgrp)
apgr X Tcrrp + BpET

OpgET = (AZO)
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Fig.A.14 The relationship between X-ray transmittance (a), attenuation coefficient (b) and
thickness of 16 plies CF/PP composite with increased thickness by resins, 2% and 5% voids.
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T, 3HHO X MEZMA LT X #Fih = K OV AR HA JIE L7z, Table B.11Z X #
FEOMR—EHAZFTL L, FigB.LIZCRNBHIH Lic X BRO =R/ F— 27 [ L[122) %
Y, BT AT Ry RBRET D X BT R =03 REPHIZIE 5 EfE X
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Table B.1 Specifications of the soft X-ray tubes.

Mean energy

Target material Target voltage of X-ray Type of X-ray spectrum
W (Tungsten) 15 [kV] 10.0 [keV] Continuous X-rays

W (Tungsten) 9.5 [kV] 6.0 [keV] Continuous X-rays

Ti (Titanium) 9.5 [kV] 4.5 [keV] Characteristic X-rays
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Fig.B.1 X-ray spectrum of three kinds of low-energy X-ray tube [122].
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Fig.B.2 X-ray transmittance of CF/PP plates and PET plates using three kinds of X-ray tubes.
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Fig.B.4 Relationship between X-ray attenuation coefficient and transmittance of CF/PP plates and
PET plates using three kinds of X-ray tubes.

Table.B.2 The parameters of a, p and R? of CF/PP and PET plates by three kinds of X-ray tubes.

W target, W target, Ti target,
X-ray tube
15 kv 9.5 kV 9.5 kV
CF/PP plate
OLCF/PP 0.495 0.823 3.476
Bcrrpp 0.342 0.899 1.496
R? 0.9993 0.9890 0.9538
PET plate
OPET 0.705 1.351 3.714
Brer 0.490 1.254 2.263
R? 0.9999 0.9524 0.3204
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Fig.E.5 Digital densimeter.
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Fig.E.11 Laser 3D measurement macroscope.
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Fig.E.17 Far IR oven preheater.
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Fig.E.19 Mold for 250-250 mm flat plate.

Fig.E.20 Vacuum press preheater (400 kN).
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