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Fig. 1-5(a) Relationship between damage area and impact energy in many types of composites[15].

Fig. 1-5(b) Relationship between CAI strength and impact energy in many types of composites[15].
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Fig. 1-6 Manufacturing process examples of CFRTP (Pressure and Tempreture).
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Fig. 1-7 Process monitoring results regarding CF/PPS uni-directional laminates using embedded FBG

sensor [45].
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Fig.1-8(a) Stress-strain model assumed in path dependent constitutive model. (left)

Fig.1-8(b) Stress-strain model assumed in ILE model. (right)
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Fig. 1-9 Demonstration example of primaly structure such as fuselage panels developed by TAPAS

project [62].
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Fig. 1-10 Non-uniform and parabolic shaped distribution of material properties through thickness

direction generated in thick CF/PPS woven laminates due to temperature distribution [64].
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Fig. 1-11 Chemical structure of PPS resin.
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Fig. 2-1 DSC measurement setup.
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Fig.2-2 Heat flow histories for the temperature range from 30 °C to 330 °C during three thermal

cycles: preheat (step 1), cool (step 2) and heat (step 3) measured by DSC.
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Table 2-1 T; and DOC values measured by DSC.

: DOC
Cooling rate T,
Post-step2 Pre-stepl

[K/min] [°C] [7o] [7o]
-500 173.1 21.0
-300 182.4 29.1

4.2
-100 204.5 31.6

-10 237.1 36.8
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Fig. 2-3 Observation setup of PPS crystallization using polarizing microscope and heat stage.
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Fig. 2-4 Photo expressing crystal development of PPS resin under two cooling conditions.
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— VR ELHBLTEMTHD &R D,
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Fig. 3-1 Cross-section view of optical fiber.
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Fig. 3-2 Schematic and principle of FBG sensor.
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RIZ, FBG B it & UTHRET 22 RIL, ARRERIC K> TOTHEAeR
IREEZEALAT 354 LT RRIS . AR n KO 1IR A BT 52 L1cdh D, Ttk
> T, RG.DHEWFig3-2 RITR LI AT b T LD FDIEEABAT T ET %,
Z OO R RZ(LANZ, Sitkis ST &> TTFRE2) TRl sk s Z L AVREN TV 5,
2L, B WEEICH D XY FHDOOT ey = ey L 72 D MLENRH 5,

AX ng

= &z — 7{P11€X + Pio(e7 + ey)} + AT (ex = &y) (3.2)

B

T I T, Py EPRLITENEI MR SIXBV R ATIHREL{LEERT, ZnbHD
ERAEEHT L2 & T, ESANE ., &Vl a0 OT B2 VA & IR EZAVLAT DFRTE
MTTFXBI)D LI IFERT 5 L3RS,

M=o X Ae + B x AT (3.3)

ZIT, o [FEEEOTHOERGH, B TR EREOEIFE CTHDH, ZbDIHEIX,
MNoN2I7 7 A4 NORBIZ L > TETRRD, 20X 912, Az FHIFHE LAT Z 48
THI LT AeZiHli T2 Z ENFREL 1D, — Tl &g ey &R D56, HEIRITEAIC X
STHHNANRT FT LBRBRATY v b L, 2 DOMSL 2RI HE p,g 12D 25D —
7 WEN, EABTFET B, E12, B HEIC > TRE—ROTHAMBIRET 258, K
AT N7 ABRBNEND, ZHEFIH LT, B EEICREAET 2 REE RN D
HNTHETH 5,8 1.2.1 HiCHHR L7 FBG B P L DT =4 U > 7 LIS, Okabe
581X EViH L. CFRP ¢ Transverse crack %, Takeda ©[9]13/@M#IEE% . FBG o ¥nH U T
WE A DTSR D Z LA BN LT,
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3.3 FBG UV ZRAWEERREF DOZ DL T HEHH
AEITIEEE 3.2 8 Tt L7= FBG 7 o %2 W CHEifi L7~ CFRTP DkEE=4% V) 7/ FE
BRICOWTIE D, 2 2 Cldk, MENEEZ A5 E U THERIRIER U 7L ¥ A NZEHE L 72,

3.3.1 EBRFIE

AWFIETIL, 5 2.2 HilAAL, CF/PPS(IRFMHME : AS4A, PPS : CETEX TC1100, TenCate) > 7
U7V T — N e Uiz, Fig 3-3 ICRIEE =4 U > 7AW =3B ORERSX % 7~
FRFERERIT— T M5RIEAE 20ply([020]) & L. BEHAIIE Tdo % PPS DRFMEZDS SCBLAY 7 liEIH A2
FIRDKIEHF N OT A2 FHT 5728, FBG B V&M m & mNEEIZ/R S L 912
10-11ply RCACE L7z, A T L7 FBG & > ¥ (Fujikura Ltd.) i, #HFIC & % ei=ER
KBV Iy v 7 vE— K7 7 A 7N (Heattop 200, TOTOKU ELECTRIC CO., LTD.)% T
BV, FBG B UVEA 15mm TH D, JKHHEAT N T L&7HAT 263HHI% & LT, FBG
& > =% (SF311A, Anritsu Corporation) & FH\V 7=, FCEEIRE D B & o Wit J5 1) Gt B A8
FENOOTHER T, KE3)FITHLND, o & B 2T 12pmue &
1226 pmyK & L72[10], AIEFH ONERIRE 25 L, REZ(LD FBG Ok U HIREIZEH 2

LB EMET 572912, 0200 um O K BIEVERT 2 % L [F U 10-11ply MICEE L7,
R O PPS BIIETARUCAE N, BIIEREN S 2 5 & Fig 3-4 1RT X 9 AeflkEE &2 F7 1)~
DREFHHAE L, FBG BV OWWi 25| EZTFNG, FEZ25um ORI A I K7 ¢
JL A (UPILEX-25S, UBE INDUSTRIES, LTD.) Z i8R 1B & 115 Z & TEE MR LT,
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Fig. 3-3 Schematic of thin specimen for process monitoring.
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Fig. 3-4 The deformation in the transverse direction due to too much resin flow.

Fig. 3-5 (23R F OB W e 2R e 2 97, SERIER 1T, BV HN3E A O Skl (HK -
600C, TAKAGI MFG. CO. LTD.) & jiE= | ##=7 fERRERAE(INSTRON LTD.) % 1 A& o8-
LTW5b, BRI, $IICNER S e — Y » P —& 2@ L CTINEL, NSV mH
KATERE A SED 2 & TEERHISED Z ENARETH 5, —J7 . MEBEE % 17 EH
WD Z & TENEIRFFT 2 HNARETH 5,

IR O A 7 i3, 1. F-EEEE, 2. FiERE, 3. MEARFEO 3 W SRS
%o 20 °C 225 325 °C £ TR 2 MA L | A2 T 30 min FHREAFZ, =il E Th
HTLHFL L, mARRY, 3 FEOMBEIZ fast], [middle], [slow] & 5% E L 7o, &HHIS
TR DmEEE L, 5 2.2 Hil2 31 5 - 300 K/min, - 100 K/min, - 10 K/min {2224 L
T2, ZHHDOWHREZMBHTORIBEEBICO > T— BRSO Z LT AR TH
D ARBFFECER SN DWHEE L 2.2 §iCH bz PPS MR DL LR ENCE T 245
RAPEZ T, 250 °C 725 200 °C OIREFIROFHE L Lz, fRIBE=2 Y > 7 iz 3EE)
T & NP2 A5 OIRFE B IE K O ELEE % Fig. 3-6 (R, HERBREE & FV TFT 9 1= 7
N, PP ZEL T01MPa —E L Lic, B\TBEHEHM OB5E. 1 MPa fEDIIEAZIT 9
BRI TIES 205, @IERMET TIEEREIHRIZLY FBG ¥ OIRE (LR
B - R DEBAC T B, AW TIE, X 0 IRFEPH O W ENEE 2 A9 5 % & CRUE
FONFBOT HFHAZ BREEE IS 20 L, mENEE & WO BRI 09 4 & o BifR
HEAONIT DI ENANTH L0, JEN % FRROMEIZHRE LIz, JUEART R T A
ORE X, WEIGMHITIE U T0.01 Hz 205 10 Hz F CRIE 3k % 20 S W CRHl 2 206 L
Too KAUEVGEGHIZ X DIREEFHANE, 10Hz —/E & LTz,
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Fig. 3-5 Photo of molding equipment setup using heater & cooler plate and hydraulic universal tester.
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Fig. 3-6 Temperature histories highlighting three cooling rates: fast (- 300 K/min), middle
(- 116 K/min) and slow (- 9 K/min).
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3.3.2 FEBHR

Fig. 3-7 12, HWMAGEMHFTORIR, FHEWEFTOOT HERE L | Fig. 2-2 T L7z CF/PPS
DEBERREIRIE 279, MO TREMEE 22 7 M DIA E 72 FBG & o OBl 7 [0 O
M BV CIE SR NERIRE 2R3, R OO ZIFEVE T X 2 A o 4L H
HEM LI TH Y, RBARIZATORMNEN - MAFHRIEL 0 pe LT LI, FiRF, %
O BRI AR U R % 7% L. CF/PPS —J7 A OB IC X - T, FARMICE T fF
TECOTHBHEIML 7, PPS BIROWEIRTIL, HOIAE N7z FBG &AM & 5ER
[Z— IR & 7o TV WS, JefTRFJE[4]RIARIC . PPS MIiE DBRFE 222 K 5 O A4 b %
AR AR, 2R, B CEAMHOBEE ) 2@ L T, EEMICEELZOT
BN MEEINTL IO LB Z B D, FFIZ, Table 2-1 T/RLUZE@Y . RINEAD
CF/PPS 7' U 7’ L 7'1% DOC(KI 4.5%) MENT= 0 5l SALIEE Te (1T TS s kic X 5
HEOT DR S iz, R OIREN TwlZiET 5 &, PPS BAE D EIEN B < 725, Fig.
3-8 (TR HRIC, WAL L7 PPS BIIE N7 7 A NKE A > CLE D 7o, HAMIZHAEL
72O A2 FBG B Uz ST KD, TS X > T OFHBREEIIHED T2,
30 min I DIRERFFE . FHBA COTHMNRTHELL ko T,
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Fig. 3-7 Strain histories in the in-plane transverse direction during heating and isothermal processes

for the three manufacturing conditions: fast, middle and slow.
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T<T,
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Optical fibre ::: ‘---’
with FBG ™\ 000 =
Strain due to
thermal expansion
T>T,
Molten PPS
(High fluidity) i P
ey [0 — ;

Interfacial slippage 7

Fig. 3-8 Schematic view of strain transfer from CF/PPS to FBG sensors below and above Tr. Slippage
of the embedded optical fiber due to the molten PPS (region of high fluidity) was shown to transfer

less strain to the FBG sensor.

Fig. 3-9 12, SmEANRHE TOMENRREF OOT B 2~ WmESERREBREOOT 7%
B DR (0 pe) & FFRRE L7, 2, mAIBAAGEF DA EHT PPS B 28 14012 @t L <
W5 Z b, Stress-free RIRRETHH LBEROND O TH D, FlRBRELIZRRY . W
AP D T & T AR T AT TIEFHBAY R O3 B2 L R S 7R D o 7228 | IREEIR
TS U723 #RHMEEL A2 05 1) O B i XA I o TOF A Ui, IR kIR
T L0FTHORPDIT—E TR <, OTHARMITED 2 G 22 mn R oni, 2o
25 SRR HGEE O#N & AR~ 7 ~ L, DSC THIE v/ kb ki 7. & B
—HT LFENER SN, 2D, B R ORAEITRM I L > Tl &R I &
HERI SN D, FEE LB Ko THMERDEML, o EEAEM & OBRIEAEN T F T,
BAEMIZREELIZOTHOLZ B FBG By HmEand LolchozbBZExbnbd, =
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O OOTHIEREORE RIL, AdbtE CFRTP OFRBEIS ITER B BEIT O T HRET 5 &
9 FATIFZERER[11] & KPS LTV D, fast FAFEDOGE, OF HOZE M A Tn f135 THER T X
L3, B AIREE L DSC TRONTE T RES B o & LT, mARFICHAET 2
BRABRIE G M OIRER AN EZ DD, B OMAEER TIIRENBITmAI SN D20,
JE S G ARY)— 72 IR BE /A 73 %846 L. Skin-Core Zh % #%% 3 5, Skin-Core 2N & 1%, %
WZEHET 5 ERED, B CRELT 2 O8O 2 3f T 2B TH Y | 5 5 ETHEL R
N5, fast SAFOLHEITLE SN ALK T, Skin-Core RO ENFEAELTZLEZXD
ND, ZTOTOREEBOIMEA E > TEE P OFLE S IHE Lo R, mEIR R (7>
TONBOTHPED Lot BEZOND, —J7, slow RIEOHEIT—RlENR L8 b 7
B, WHFEEBRES A TIEE—ETH D, T<150°C TliX, FHRHEOOTHE(IZET ) e
BENT=, BVEIE(Coefficient of Thermal Expansion, CTE)<° Table 2-1 {27 L 72 DOC (Z#J)i&
L7zt b g M RIS TR 2 ZE N HFRTH 5, A%, ETORMETHEY —AH
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Fig. 3-9 Strain histories in the in-plane transverse direction for the three cooling rates: fast

(- 300 K/min), middle (- 116 K/min) and slow (- 9 K/min).
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ARETIL, MABIERFOOTHMEZ AR L U, B OMRIEROT 2R 0T 7 L E
F Lo, SHIESEMHICEBIT 25 OT A% Table 3-1 1239, MEEED 5 LI R+
MOTHMET L, BHIEESEDNRK L 725 fast S5 & slow MM TIE, BREOTAET
#12200pe Th o7, Ko T, BEEMOT HIMHEE KA T D T.°° DOC & 8y VEE
BIfRIZH D L2 D, AbanbEEND K 0 miRIRRE TR T 256 . KV 2 < OBUGHECK ib
WHENFEAET DN, A OTHOEREZELHL TWND,

Table 3-1 Residual strain of specimens manufactured with three cooling rate conditions (fast, middle

and slow).
. Cooling rate Residual strain
Condition :
[K/min] [ne]
fast -300 -8617
middle -116 -9580
slow -9 -10802
34 WEE

AWFZEClL. FhisbME CERTP OfNEBITdH D CF/PPS %10, B HHHKEEZH+ 5
ISR FTFBG B2 HWkIEE=% 1 > 7 & F L, LT Ofkm %57

1. FBG B ¥ EHWEE=4 U > ZIZ L D2NEOT HEHIORE RN O | R EEA R
JIE CHERS S VT2 B RIR BE AT TR O O T B2 L3R A4 975 AR STz, FEIC,
WHP D T AL S OT BB 2D T 2 FNn D BIRREOT HOFENRHER S 1L
7=

2. WHLEEO EFIHEV, BRIEMHEOTABMET L TR Y, 3 §0FH TR 2200 pe @
ZRThHoT, TO7D, WHEEIKIFT 2 T.X° DOC 23, MO D FE Ay
M ERAERICREREELEZTWD I LR gh o,
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4.1 =S

BRI AMIX, BLRINZ R SR VWEPDIRESIENINLRAKRE ' 2% —EIC
EODZENRETH D, DD, RO LNDIGIE & IERFR OZhR=IZIE, Z< D
AATHRA A LB L+ 5, EREL LD 7 — R XTI < 2o B i f &
NDEEM O G, 2O &) T8I FIC bR E 2D (B Y A7 DHER L L
TEZALNTWD, 2D, FRNZREGRIEORITHRIC L2 U 27 RS E L5720
2, arta—FyIalb—va eV ORERRIGFEORHPANTHL L VR D,
TNZIE, i DR IS 1R OT HBMEL O BEIE O RR & b b F 12 E x5 &
Yial—varEHOWEmBETNOEEL VR D,

BRI A OIS IR O 1%, B GR & B2 0 | REALIURECRS AU & 2L
IHEE AV EAUT RN T 2 ER A ARERIZEI D 2310 2 2 & S HPR 2RV, JEATHFE[2-4]0%5 2,3 &

TR LIS R L &S fa bR T RO ORRRMIEN O bHEI SN D K 52, B
BEM OIS FRREOT B2 i i 95 LT, AR E O BITEA TE 220,

— 7 MO RBNC L 59, v 2 b—v g TS RIER R AESCERIS O
Tz B & L2 JeATaI5E[4-6] Tl FRCIZZET B D RNT IS TR & 70 2 Wil & B\ A
MO LTND,

1. B BIHE O A/ BUHE O T A €cure ! Ethermal
2. A/ AT O M EEL Ecure / Ecool

1L.OPHAEONT AT DU Tik, Thermo Mechanical Analysis(TMA) % F > 2 5HAI AN — %) T
56,7, WUNMIE FCRBRAZIREZ(LIEDLZ LT, OFTHFHINAREE 72D,
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2. DM EHIZ SV TIE, Dynamic Mechanical Analysis(DMA)% F\V % GHI 128 — R T
& 5 [5-8],

B 22 HiCHEME L DSC ZHWSH LT, ERLIEEL DT A= BAMEIAIED
A a K OGHANRE T 2285 E Lz, cure(@ D & Ecyre (@, DD X 9 72B8%E 7 L THRL
THILENTED, ThN, B 122 THRARBHRLDOET MAKICH Y 5, 2o DSC FHil
WSS DET VLERH LY R 2 b—ra v b —fRITH 5,

B A OB A, T LEaZz i LE DOC ICE S #x 7- BT, fdh I 2uUE O3
R HENF OMER AR ET VER L, VI 2 b—r 3 VIZNAHLTVWA[4,9], Brauner
5[911%. CF/PPS Okt & HW = L BTV Z A O 7 L AR IC 3424 5 Spring-in 7%
BB & FIRERMHTIC L0 FRIL TW D, T TRV S LR, A U =7
TIE SN D DOC & BIEHMER En OBMRME L . Hashin-Hill BIZF 4 53 TEH L T
Do WHEOTZITHOWTIE, AT OBZESR CTE 2 DOC & T OB TET MLL
TWo, ZOH, TIIEHE 122 Hi Tk~ ILE 7 ABHN LR TN D,

Chapman ©[4]1%, CF/PEEK O — J5 IR \ZF& AT 2 WS J5 M BB it~ 1 59 % BABARAT L C
W5, ZORFETHEERIC, RMEIED DOC LIRE T A2 2% U TR RZ~ 15 Y
=TICET ML L T D, AT, T A EOIREE R CIs iR 4 5| &k = J-kGmriE ¢ Ehic
DWTH, DMA % T Arrhenius Al % TF Williams Landel Ferry(WLF)RIZfEVy, E7 LAk
LTW5, ZOD, 9L T ET ANEMTHY | 122 H TkX7/Z VEET V%
FIH U Tt 2 5206 L T 2,

AT U 7= BARTEERE -G OO AR 1 PR O FHAI 2 BV AT I AE L T D — 75, TMA,
DMA,DSC 2 TORIE T, JESRM B R & W o I EEOBIEEREE T T2 OB aH» sk
R0, D728 T DOSEH LT IR W EEZ IS < OB ARNT O FERE T . AR RS RREEE O
KT WD D, £z, ITHIROZ S MERGEFBRIL, REATVEDLRIZE 8 F
STWD, ZO XD 7RI O RIE A% LT, Minakuchi 5[7,1011%. HOIALINT 7 A
NI KD EMIPEREE T TO X OO0 HEHAN S S BT FIEEZRE L T\ D,
FEBRFIETIE, BRI ORR 5 2 KO FBG o HICHAET 2 A WENBIS:
R 25 T, BRSO BAEHMER En X QLI O T Hrecure HEE L TS, —
)22 B ") 77 L 7 T dp B T700S/2592 M ONZ J& st % 479~ % T800S/3900-2B %
KGAT, R—EFIEDOZ YL RGE L, HEEDPEE AT U 7o A TRESR T 2 W TRk LS
EALIHEONT a2 TRICTE D Z EDRRINTND, DFE D | IR T TR < NETOT Ak
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4.2 WHEEHEE FIEORB

FBG &> ¥ %@ L CaHll &4 2 W O 2 (Strain FBG) 1L, A& M BIKD O T A
(Strain_Composite) & (£ 5472 5, Fig. 4-1 ([T TERIC . RIEARIIESME SR En 2MEW T — R
0. ST 7 A NUEE & FBG AFAETR & O FEBfE(Tail length) 237 — A CTlE, WG OOT A

R EREBEVDRIAET D, 2D DORRIT, A IREHEMHT(Abaqus 6.14) % FI ] L 7= HPEARAT
IZEDN TN D REFBIIR MR En O AWTME SR G 2ME N 512240 T £ 72 Tail length
MR 72 D125 T, FBG B U EICRAET 20T HIRD T 5F 080005, Thbid
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Fig. 4-1 Difference of strain value measured by FBG sensors due to shear-lag depending on elastic

modulus of resin and tail length.
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Fig. 4-2 Schematic of strain histories of CF/PPS laminates during molding process obtained by Long-

tail and Short-tail sensor.
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FI33HTRLIZEY  IHEOT AN 2RI 2 BN GFET 5, 2z BuBthIRE
(TyLEFL., T<TLCEREOTHPEIIERIND LIUE LT, OB, T> T T,
En DMBUG RN 72012 FBG & B TEHM S 1L 5 OT B3 7 < | FREAIS ) DFAEITKE <
THELRWEEBEZONLT2OTH D, LD, WHHEHEE ORI Z IR~ 5,

ARFFEClE, Long-tail sensor, Short-tail sensor & HIZFHAI SN O ARIEHEE, 30°C< T
< T DIRFEFIN T 5 °C I8 T %, Z OIEEFHERIZ VT FBG B TRHll &L 2 OF
Freppeld. N@.DH)TRTZ N TE D,

EFBG = 2?:1(A5FBG)1' 4.1)

XHFIZHOWHI TN D kITIREFEIROSEIL, (Appe) | TTEDHEIX Sy i 1IZHB1F 20T A
WM Td 5, Fig 4-1 (TR L7238 Y | Tail length 2SS MREE S L0 bEWEA, HOIAE
NI FBG TS 2 O Y Freppg ld, 15012 7 THEH (CF/PPS)IZH AT 5 OF Precr pps

&Y BN i 12 81T D AUMHENE S WA KRBT D 0T IMRiE R feppe (0 < eppe < 1)%&
WT, FTREA)THET ZENTE S,

€FBG ~ €FBG X ECF/PPS 4.2)

R(4.1) & @2 B /A A S & Long-tail sensor & Short-tail sensor TaHHl S 415 OT A%

(4.32),(4.3b) TEHE 5,
gLong—tail = Zile(AgLong—tail)i = Z{'czl{(eLong—tail)i(AECF/PPS)i} (4-33-)
Eshort—tail = Lr=1(A&short—tail)i = 2r=1{(€short—tai)i(Acr/pps)i} (4.3b)

Sy B i (C BV THAET D CFPPS 53 DO A (Decp pps)i (T I T—E & 700 — 4,
(MR B erpe T eLong—tail > Eshort—tail & 78 Do &2 Ty H(4.3b)% K (4.3) THRT DI L

D X4 G 5. HEIXKE 1231 D Long-tail & Short-tail & > 9 F DMK HI 72 OF 2R
L% %X Short / Long rate 23 FEERAVIZK E 5,
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(ShOFt/LOIlg rate)l- — (eshort—tail)i — (A&short—tail)i (44)

(eLong-tail)i (AeLong—tail)i

Wz, 44y EIKES i 123517 % Short / Long rate % A FREI ST 3 < BEMALHHC X 0 i
TET %, Fig 43 (R LTI W IZARER 70T, GHE 2 X MEIRO 20 X-Y, Y-
ZIERFRE LT V4 A X& L, fTE7 /L TlE, FBG £ # & LT Long-tail sensor &
Short-tail sensor ZALEALBNT, FERAEICHDIA FN TV DIRAEZ E-ETHBL L T

BRMERRAT N Tl FFEDOOT B2 EMEIZ DA B S £ ORFIZ FBG & HHE8IC
BETD0TH erong—tail & Eshort—tail al AT Do T Z T, CF/PPS ICHMLOTH & LT
10000 pe Z A+ 5329 L Uiz, BPEMATIZH 2 CF/PPS ORI ERL 9 Bisr L, (EE OB
BEPESR Eyy (233U T self consistent field model[11]4> 53K # 7=, Self consistent field model &
1T, REMABIIR DR & BEIHE D REVED DGR OB ER A R T DM EHEGRITH 5,
ABFFETIE, R BIAE O MFERRIE R Ky 2R TR b DOC 2K &3 4.5 GPa —E &
BE LTz, 723, self-consistent field model DFEHIIZDUNTIE, 1k A Tik~%, %7, FBG
Y OFPEESIL, Table 4-1 1277,

FEA model (X-Z, Y-Zplane symm.)

X : Fiber direction
Z : Transverse direction

Enlarged view around short-tail FBG

CF/PPS

tail length : 2mm

Fig. 4-3 Overall and enlarged views of finite element analysis model for determining material

properties.
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Table 4-1 Material properties used in finite element analysis.

Material in FBG sensor Elastic moduli [GPa] Poisson’s ratio
Glass (Cladding and core) 73.1 0.16
PolyImide (coating) 1.5 0.25

fEMTAE R L 0 . AEE D PPS HHIE MR Epps(0.005 GPa < Epps < 5 GPa)lZ 3317 % Short / Long
rate & T8, #(4.5) TEFE SN D Composite / Longrate 238 H L, Fig. 4-4 (2R T, En OEIANC
Hi- v, FEAWTENOEENRE L, Short / Long rate 23 H4 I, Composite / Long rate (XK T
T 5, EERE VBN I EIXHE i 1281 5 (Short/Long rate); % FEL 95 Epps % Fig. 4-
4 LVREL, (Epps)i & EFT Do (Epps)iiZF1F D Composite / Long rate % Fig. 4-4 L 0 Ik
& L. (Composite/Long rate); & EF&KT D, 4.1 HiTR~/2@Y | I 2175 LT
BLRDHNTA—=2D 5L, CF/PPS DHMETELIL(Epps); & self-consistent field model 7> & &
ETEDLN, WHEOTHOREIZOWT TRt Tk 5,

150

(i

©® o
o o
el

1
RN
o
o

Short / Long rate [%]
S S 3
[9%] 2181 BUOT / BUSOdWOn

0
0.001 0.01 0.1 1 10

Estimated Epps [GPa]

~
(9)]

Fig. 4-4 Simulated Short / Long rate and Composite / Long rate depending on Epps.
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fitifaE D CFRTP T % CF/PPS (T, MmANEERIZIE LT 2 RESHIGHE O 2 & BUPGHE O3
H 7z HHEZY) D 53 TR 2 FRINEETH 5, £ D7D, MHIRE OIHEOT 2 % ecp/pps
EE « A EIXE] | TOUHEOT 7~ (Aecrpps)i & FR(4.5) L VRO D,

(Aecrpps); = (Composite/Long rate); X (Aepong-tail)i (4.5)

. AIRERMHT~DO AT GM & LT, BATIRE &7 0 (3£ T 5 CF/PPS DI
&@nhwmﬂ)%ﬁqaibémﬁéo:mm\mﬁﬁﬁﬁﬁ@ﬁ@%$mm%¢5ﬁ\
TR A58 Y FE AR DRI R S & EN TV D, BSEIXE i TOIREZS(AT); 1%, B
WDEY 5°C ~ETHD, TDEIITLT, WIEMHIT THEL R LMMHEEHEE S 2,

(Ae )i
(CTECF/PPS_ZZ)l- = EA+I;PS (4.6)

4.3 WytEEHEE F OFARES D £ DB O 5 EER
ARETIE, PHEEHEEICHO D OFTHFHFER ATV, ZORREBRRD,

4.3.1 ERFIE

AW T, 5 3.3 HilAlEk, CF/PPS(RFEAE : AS4A, PPS : CETEX TC1100, TenCate) D ~°
U7V T — b e Uiz, Fig 4-5 (BT =4 U > 7AW =B 7 OIS X % 7~
FEERERRIT— T A4 16ply([01s]) & L. REMBIE T&H % PPS OFRe:7N SCRL ) 72 iGHE IEL 22 J5 17)
DRI NI O B 5195 728, FBG & > H(Technica, > ¥ & 1 mm)Z ke S5 1
EHNEEIZ/RD K DT 8-9ply I 2 AREdE L7z, —AIX, Tail length 23 49.5 mm TH 5
Long tail sensor &, 2mm T % Short tail sensor T %, Short tail sensor DYERZIZ&HT- 0 . 7]
BN L —F % FBG BFET D7 7 A ASWNICZIB S, FBG #43 Z [F & L7z £ T, FBG i
HND 2 mm O THT 7 A N2GW Lz, XGB3)HFITHWSID o WONS B 1L, 3.3 i
FREIC, ZNFH 1.2 pmipe & 1226 pm/K & L7=, RIZH O NERIEEE 2 3Hl+ 572012, 8-
9ply [FIZ @200 pm O K BENE X A2 BlE L7, AT, BRREIRGIEHORY 4 I K7 41
LR A i L7z,
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BRI 72 0 AW RS R I 331 ML ARk Ch D, BT OIREY 1 71
XL 1 SRR, 2. SRIRAREE, 3. MANERED 3 @SSR SIS, 30°C 5 330°C £ T
B A NELL . Besii A IS T 30 min SRR, SILE THAITLFL Lz, mAlEik
. 2 FEEE OB HI S [Slow Cooling: SC], [Middle Cooling: MC]Z 7% & L7z, #mHISMHICE
2 mEEEEILK- 200 K/min, $I- 10K/min TH 5, EAGMAITEIEF 0.1 MPa —&E & L7z,
R 2 P HEE 2 E i 5720, WEHTOT REHANC H 720 | JEEHAIER (EFOX-1000A-4,
MICRON OPTICS) % VN THAISEIFIZIR &9 10 Hz T Fig. 3-2 TR LI AT T A
DOHFLERAZFHAI LTz, F7o, KABVE 2 HWZIREFHS 10Hz & L7,

tail length | |49.59mm

2mm$
FBG

100mm

Short-tailé |Long-tai
sensor : sensor

1bOmm

Fig. 4-5 Schematic of specimen for material properties estimation using two FBG sensors: long-tail

sensor and short-tail sensor.
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4.3.2 EBAEFR

WIPEEHEE 2 1B L < i 5 72 OIS Rl — SR THIE S 1% 2 S OB 2kt LAFES [
DT =21 v 7 %{T>7=, Fig.4-6 & Fig. 47 (2ZNZ1 SC & MC &z BIT H1ER
PRAEHEE A ST TAINER O A B 2 3, SEARDY Long-tail sensor, f#R73 Short-tail sensor M
RAEFRT, WFERE BT, 4.1 HCrlal L7220 G O3 A3 B AG 3 2 B LB AR TR E T,
ISR S ATz, SC 4 TiE 250°C, MC £ Tix 240°C Tho7o, MHEREIZ L D T D%
BT, %22 fiTRLR L72 X 912 PPS BIlE OSBRI HEE 1K F T 572D Th 5,
W EHIZ, TEOTAHAOErRE LIEGEOOTHBERTHD, T< T, OIREFEKTIX
AR ORI ;D%MU?&@%ﬁﬁﬁqmgwﬂ>e%m%w&@5$ﬁ%ém
2o Mt P HOOTHAEBREL Fig. 4-6, 4-7 (R T, BEK T IS, OTHOESIT
HWINL W&, U7 AWBIRE T, LT, 2081348 2000 pe IO L2, ZO#EBE L
T, T < Ty OFEBCCTIIBREMER En B+ 212 < 2 D72, EARNEN OB NELH T
LHETIZRoToEEZLND,

Fig. 4-6, 4-7 OFERZTIT, MPEMEHEE 2 Fhi LTz, OT BEHMOAET — 2 OB %R+
%6, FRWENREAHE Y MC o Tlk, F 42 8Ttk L7z 5 °C D7 — # 0l % 1E
WIAT ) ZEMTERVY, 2O, SEERLZOTAHFHIFREALENE 7 ) —Y 7 |k
v =7 @ Image J(Verl.6)® Curve fitting #REZFIIH LT, 8 IRHIFRIZUTEL 5 °C D73 HI %
Fihtn U7z, LB 2 P ERRE R-2 SRABIIARD T 1 123 <, AREAEIZE O WP EEHEE ~
DEBIT/NINWEEZBND, SCHEIFTHRMEDT — & WP 2 Eii L7z,
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Slow Cooling
Dif. (Long - Short)

5000
T.:250°C

Solidifying

-5000 |

-10000 F Tail length

2mm}:
F

Strain [pe]
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-20000
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Fig. 4-6 In-plane transverse strain histories during SC condition.

Middle Cooling

5000
7.:240°C Dif. (Long - Short)
0 ——=— Solidifying
g 5000
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£ </
g -10000 F | Taillength | [49.5mm <
7)) 2mm} - -~ \23.49 e
:FBG I
-15000 SS::S;?" e Long-tail
-20000 L 1 1 ! . ,
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Fig. 4-7 In-plane transverse strain histories during MC condition.
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542 HICHS I LT, CF/PPS ORI B CTd D PPS DFEMESR Epps &, CF/PPS 6
b & U COMHMEE 2S5 10 MR CTEcr pps 22 % Fig 4-8,4-9 10179, EHLLDOFERL, Ti>
T>130 °C OHEFAIZI T DFERDHZR L TND, T<130 °C DIREFEBTIE, EAWEL

DEBENINE L o T=T-0IT, WPEEHEEIC LB L 72 % Short / Long rate % M3 2 H3H
KrphololmbTh D, Fig.d-8 L0 K FIZHE Epps DO HSIFITIK S THIMT 2 F
DHER STz, Fio, F—IREEICET D Evs ZHHISMEM TG L2354, SC SR{FE0 A
B RDZENRSNT, ZAUT, F 22 I THLIE o T2 mHAIEEIZ X D DOC DEW
DEBEL WD EEZDBND, FIZIE, Fig 49 OBRZEROFE RS, TEAZIZITRE 22
BRI HERHLNE RoTz, TORME E LT, CTERpps 22 (28 45 b FUHE O A0
WENEE ChoT-ZEBEF LD, DOC MNE< 72d SC &MHFTIE, Lo k&Ei
CTEcrpps.22 29— 77, T =155 °C Z B2 iy ANSAE] THED R/INBIFR 8 54~ 5 i 2R & 72
STz, FATHIFE[12]1L D . DOC A@EWVIE EBIEERME T T 2FEN 00> T0D, T,>T
>155 °C IZH1F 5 SC, MC AR 7E5y & g LT, T<155°C IZBIT 225 1THENTH Y |
il B A 23 5 2 2 52BN ONT DOC ASCTEcr pps 22125 2 DRI OWORTRIR L 2o 72,

FBG & U ZFM L7 D8O Bl S < WMEEHEE FIE DO A T, T<130°C O
T SEI T A HEE T & 2R o 72y, FRRRIS I DOIBRK L & 70 5 @ e fE R (= A
WL/ NS VYOPMEHEE b EE L /25, £ 2T, AWFZETITSEITHIIES-8] T H W
5T & =B AR ER DMA(DMA 1, Mettler — Toledo International Inc.) % FAV T, FBG &
2 K D MEAEHEE 23 IR T AU LUT ORHMEIEAZ J7 1) i =R 22 S HAl- 5 9+ & L7z, Fig.
4-10 (ZFHAZRHE K ONRBR N A 7”37, ABFFE Tl Double cantilever 4 FHHIE— FIZEH L 72
T 0.01~1 Hz £ TR a2 S8, #BRA % 30°C<T<130°C OFiH TMELL 72
3 D REMEIE AR 5 1A AR B 5 A 10 °C R FHI L7z, 3O NIIMR A RECCERAI L T 2 #iL
&L FHAIE D MR BRI E 2 R T 720 Th W | FBG & & WM EHEE
FEREBEEMENRIND X O REAEKREEDDUENH D7D ThH D, KR 2 R T #
RERPRF ORISR EE. (47D X 5 ITHEEZ R TIPSR B & pEE A Rk
MR P A ERER L CREIND,

E* = E +i XE" (4.7)
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Fig. 4-8 Estimated PPS resin Young’s modulus Epps development under SC and MC conditions.
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Fig. 4-9 Estimated transverse CTE of uni-directional CF/PPS CTEcg/pps 2, development under SC

and MC conditions.
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Fig. 4-10 DMA measurement setup.

FHANC W= BR T IE, 4 SCMC S TRUE il 12ply @ CF/PPS — J5 A58 LAY
Thod, R TEZ T X w X t:50mm X Smm X 2mm CTHb, BRI ETHEN
WEHEIE A J7 1 Cdh D, Fig. 4-11 & Fig. 4-12 I2ZF N SCMC K CTHIE SN AM
CF/PPS DHHEIE A2 )7 1A RTINS Exy crpps DRERZR T, WFER D, PPS BARDO N T 2
BRBIREL Tdh D 90°C fITLL LT, By 3R o A HUR A2 s STz, JEE v
&, Ex crpes IZEVVMEZ R L72, Fig. 4-8 @ FBG & > OfERFEIREIZ, DMA TrHEll S
DITEMMEE S . SC E£FDO TR EMEA R L7z, DMA TEHlIE 4172 T = 130 °C O R7RH
P L | Fig. 4-8 IZ/R L72 T=130°C IZ351) 5 Epps & self-consistent field model & ¥ & H X 41
DA HIME LA 5 10 O B R A e L 725 5L, 0.1 Hz TRHIIS 7z Ex cepps 23 b A EL
L7z, TD728, T<130°C OFEEICI T 2 WHEEHEEICIE. 0.1 Hz I 1T R AR L,

Epps & CTEcrpps 2 ZHEE L7-,FBG & DMA @ 2 FE%FH L CTR®D H3L72 Ex crpes % Fig.
4-13,4-14 \ZFNZE T, PRSI NZEY | FEOUY I Tomh & L,

135°C<T<250°C:FBG %\ 5 HEE Fi
30°C< T<130°C: DMA Z HW\ 5 #tEFIE

Zobeiry H[13]1%. FIEMNT & Eli9 2% £ T DMA % 72 3SR 1E 1% 0.0001 Hz F2EE D
JAREDIMETH D EDRMREZR L TONDH, 20X 5 72 /K8 HECH ¢ o JE 1 XK C
bbb, MA T, RREAT T AEBIREE LU EICRBRA 2 BT 2303, Miftdiklc X% DOC
DEALERLS ZEMOBET INERSH D L2 D, T, AIFFE T, 0.1 Hz ORIER
REFATHF~OZYMERIE L LT, %IROE 4.4 §iC 0.01 Hz W ONT 1 Hz TORERSF
R Lo it &2 42 2 & & Lz,
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Slow Cooling
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Fig. 4-11 Storage modulus in transverse direction of uni-directional CF/PPS laminates E2, crpps With

SC condition measured by DMA.

Middle Cooling
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Fig. 4-12 Storage modulus in transverse direction of uni-directional CF/PPS laminates E2 crpps With

MC condition measured by DMA.
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Slow Cooling

5000
FBG method i DMA method
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'F Tail length | |49.5mm| i
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i |
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Fig. 4-13 Elastic modulus in transverse direction of uni-directional CF/PPS laminates E2> crpps With

SC condition obtained by the combination of FBG and DMA methods.

Middle Cooling

5000
FBG method i DMA method
4000 F i =
D(? Tzlm:qntg:tFBG I i
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S 2000 F i
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Fig. 4-14 Elastic modulus in transverse direction of uni-directional CF/PPS laminates E£2 crrpps With

MC condition obtained by the combination of FBG and DMA methods.
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4.4 HEEMMEIE 2 A\ 1o BRIBHRATIE DN 2 S PR RRAE R

AEITIE, 5 432 HiCHEE L 7= M ONC 2 AU 35 < e 2 4 5, iRIEfE
HriZiL, Fig. 4-3 OE IR L7 GIREFRIEY 7 b Abaqus 6.14 % Vo, fifTE T /LI,
Fig. 4-3 CIZIXFRBETH 203, HiR D2 Y PERRGE SR Tl Middle-tail sensor (Tail length :
mm)% FAND Z Enh EREFHBL TWD, @ITE7T L0 X-Y Wi X % Fig. 4-15 1287,
R IZIBWT S, WEIEEDEV MC S TR MR EE /3 2338 £ T 2 03 TAH
SINDTD, BT NVERES I TRRO®Y , 3558 L,

Region 1 : 1-2ply
Region 2 : 3-6ply

Region 3 : 7-8ply

RESMICLD2HBELEERT D720, K BEERSZ AW P FEBRIC LY E3HlEShi
IplyRRUBR F e #%Jg) . 4-Sply [#]. 8-9ply [H DIREEJEIE 2 Z £ 410 Region DARKIRE & LT
EFRT DL LI, RO THOIAE AU L T, BATHIZEA] THWSL N TWD K9
TSR EIERE T, K@D TREIND £ 9 S oElEoEMTfiEZ H\W5 ILE €7 /L
ERE LT, ZHUCX Y, 432 8 CTER L7201 2 556E L, 1600
T i i L7z, fRMT O A LU TR %

SC,MC Zeftdtic, Mgt BR 4G 51E Regionl IR (Tregion 1) Ts \CEIEE L7- Mg & Uiz, iRt
KA ORGP G TIX D BREEE(S °C — &) BIZWMEE 2 B8 S BT < & RTHRE R AN FEHK
LCLED 2D, T 1 A7 v THOREENE /NS L AT v T AN S W TR R
DPRLEM %X > 72, Region 1~Region 3 D 9 5, EFuh—-20 Region 353 FIi L |2 23
L7256, MEHPENE OO R8T 2 32 L. SVERRHT 2 920 L 7=, Region3 DiE TH D Tregion
3 30°C A FIC72 5 £ TRV IR LFHEZIE LTz, £7-. MATHIHIClX, Region2,3 DR
D TULETH o772, T> T OIREEFEIEL TIE Epps = 0.0001 GPa, CTEcrpps_ 22 = 0 ppm/K & {iX
E LTz, AT, R - AR b BT, fHE S moOBNZIES CTErws 1= 0 ppm/K
L7,

MG O 2 OB OF HEHAIERR TiX, 5 4.3.1 8 CR T2 iR TRE & F
L. WEHOTHAFHIIL7-, 7272 L, MWz FBG & HEHIER L 72 Y Middle-tail sensor]
ADI & L, Tail length |Z 12 mm TH 5,
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Region 1

| (I’I '2|F)IY) |

Region 2
(3-6ply)

Region 3
(7-8ply)

Fig. 4-15 Cross-section view of X-Y plane in simulation model divided into three regions through

thickness direction: Region 1, Region 2 and Region 3.

Fig. 4-16, 4-17 |Z SC, MC [ ¢ AR 1 OFEHMEEL R T 1 O IR B IE 22 7, S50 SRR
By BRARNTRE R CTH D, MRNTRERIZ. 8-9ply MIZET ML E 7= FBG B OTHTH
D, MAER L BIT, AT RITERFER L B —BLTE Y, MEATICHAET D03 258
ABBTE TS EWVR D, MAT, il & FROBRAEIL, KIS% AT THY | 4324 T
HEE S NP2 M QNSRRI FIE O Z UM R S 8 W2 D, B COWMEEHEEIC H
720, 0.1Hz FT® DMA #FZFIH L T2, 0.01 Hz & 1 Hz TORERE RIS Bk
TESRNT % Fehite L 7= A5, RAZEIL 10 pe N E R DN R ST, ZOBBE LT, fi#r
TR E 2 OFT HOMITHEE X472 CTEcreps 22 (ZHKTFT 5 —5 T, DMA FHUIASEH S b T
<130 °C Cl&, Fig. 4-4 |Z/8 & 1% Composite / Long rate 23865 T 100%12% L <, EEK T
(\ZfF 5 Composite/ Longrate DEE D72\, Z D7z, K (4.5,4.6)% @ L CTHEE S5 48
WD CTEcrpps 22 MRS L < IHRJEBED KN DMENTHRE R 5 2 T2 BITIRER Th
Sl Wz b, FEF. Minkuchi & OFENE U 7= W HAEHEE F1EF QN BRI FRMT TIE D3 b
CFRTP (2B W T BN ATRE T 2 Hh3 EREHIK 72,
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Slow Cooling
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7.:250 °C
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Fig. 4-16 In-plane transverse strain histories during SC condition obtained by experiment and finite

element analysis based on estimated material properties.

Middle Cooling
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Fig. 4-17 In-plane transverse strain histories during MC condition obtained by experiment and finite

element analysis based on estimated material properties.
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45 WS
AWFIETIE, Bl E k& fEdME CFRTP Toh 2 CF/PPS ZXfRIC, BARLBHEELHT S

BB T CRUBHNTIC LB & 72 D [BHIEHAMEER] & I O R & W o TP 2 HEE L.

FTEIRAT e OV Y MERRRIEF O OF 3 28R & 2l L. DA T O fam & 1572,

1. %722 Tail length 63 2 FBG & VRO AWHEILIZSE D OF ZINEZEZFIHT 2
T T AT AEERBILEEATT & TOULEERHECT PPS B HAMESR Eeps & CF/PPS 64 &
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=52
JEAR A BRI R DR BE I 1R O A3 A 6l /B

5.1 &S

BT S G IS ARG B U2 E ~ D ] Z2 i S AU T h L 20 ARELL ESERE S
B[1], AEEMEHCEA Sz 49, 8 AR 3V CEEME DKL Clip X° Bracket &)
TeH IR SN TV BARECIAAEIC b WA S L<ITEAICm T 27 m Yy =7 iR
HEATWD, ZOX 5 RTEHEICIE, WEE TEVEEES RO BN H721T T, ZO%F
Wb, KA BREE 0D, 123 TRl by BT SH O R AREIC T
DHRGED . WESMAFMOBLEAN O EE SN TEZ[2,3], LOLRRL, ZHBETHED
EEAERNFERMIER LI DO TH Y ERAMKIETOM BRI T +—H A LIz b
DIIENTH D[4,5], FFC, JEBRIERFI I AT DIREE - R A LS E oA & i <
o B RERIBIC B 2 2B OV T HIET 2 FITAR TH L E VR D, ZILbD
FEIZU T2 T, BE=2 Y 7B O IL, FEH LR L 722 550 T1/5R 8
OT B3 AADFEEA T = X LREINC DB D EEZ BD,

Z ZTCARTETIE, 5l&HEE CF/PPS Z XU, BIETGANZIRE DR — 5 nRgAET 5 &K
D IR HIGE T CHNEROT AE I, RiE CHENL U 7o s FRNT D SN, & BITIXFREIG T oA
At O 3 TR 2 S o F L Lz, KEOWMBKIILLTO®EY Thb, £, %52
BT BUE ST O IRLEE 53 A M ONC 43 BN EE 5341 12 > TH4ET % Skin-Core 152D
WCHBTT 2, HEVTE 5.3 Hi Tl B 250512, FBG & v & N2 2 DR 0T 256t
M7 %06 L, Skin-Core ZIRIZHE D WEOT A MO REFEZ A 58T 5, 5 54 HiT
1T, 5 43,44 Hi AT HEEMENE & SOVRNT FIE 2 EBRAITIE Ly RS —IRE IS
&% Thermal Skin-Core %N HIRD IS T)/OT Zro3 A0 DFEAE A T3 = X I & FRBEIE T 1/5% 0
OFhpmEZHLNE T 5, 555 @i, ER—Jrmsibsr oo 3 Sl w4 540 L,
FRHTIZ K0 8 SNBSS M EO 242 EET D,
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5.2 Skin-Core Z)5#

Rk L7238 Y . BARTE A4 & IV TR - ARSI 2 T 9 5 54, M N ERIc R
B)— 7R - AR MR AET 5, MEAMRRRICIER T2 & BT ESHITmHPICE
BLREE . O E AR IB A~ L BT 5 700 WIEFFNCAFAET D A —IREE/ i 1%, Bh el ki
DIEAL - FE A LBHAARE T 2 & A — IO ST 2 HER & 70 5, BRI, mAEREIIHIC
FEAREE & 72 2 MRS R L CL WEIRIEIC & 2 P S E LB & fLE T 5 5, i
R - BN EEE & 72 o 7oA EEER AN LR B T & B LR o0 BN 2 B
LH T, RIS IRB OT B ORI =3 M AT 5, Z OHBIGIT Skin-Core F4: & TN
TEY[6,7]. RE—IBESAITLE S H D% Thermal Skin-Core 2 & W 9, Fig, 5-1 |Z Thermal
Skin-Core ZNFAZ K o THEBIG )N AT DiFe & 73, MRHERBE CIIERME. D

TIEGEG M ORBIS N DHRAET L, B BIREIG L, BUZRERO RN 6 BT E
WS DIE—J7 R THAET D, Loy L7235 Thermal Skin-Core Zh 5 Tl — J5 158 A4
IZBWT OIS D L 72 D A REMED & %, Chapman H[4]1%, 40ply & CF/PEEK —J7
MR IZIBN T, K 100 MPa OIS )33 AT D94 . B MMT 28 L TR L, Skin-
Core ZhHAT & D FRBEISSI 0340 B ELO RIAREIEC D72 3 5 FTREMEZ R LT\ D, — 7,
WHEEIZBE L CH AR —RIBESMARAET 556 KL DOC 23MRIE 1 TR D |
% 7 B CHIN 9 D 7 =— L ALK Morphological Skin-Core 2 H: 364 JF A & 72 5,

Residual stress distribution due to thermal skin-core effect

» Sold @ )
= Melting <= Melting Solid '
Thermal Thermal Residual
shrinkage stress compressive / tensile stress

Fig. 5-1 Schematic of residual stress distribution mechanism due to thermal skin-core effect based on

non-uniform temperature distribution.
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5.3 EMRMRRTEERF D F DT HEHRIEER
AHiTiX, Thermal Skin-Core ZhH\Z & 2 JEMAS ONEOT A48 DA ZTHET 5 <<,
FBG &> % & MW =Z DL OT HFHHIERZITV., ZOREREZLR <D,

5.3.1 EZBRFIE

ABFFECIE, 5 3.2 HilFAlEk, CF/PPS(RFEMHME : AS4A, PPS : CETEX TC1100, TenCate) D
U7V T v— haextg & Uiz, Fig 5-2 ICERIZHWZER A O X % | Fig. 5-3 [IZpE#%
R G E A RS, FEEMERIT— ST RsRIEAT 48ply ([04]) & L. FHAHBIIE CTd 5 PPS OFFi:
715 SR 7oA 1L A2 5 TR D B N ONE 7 & 5 HAI 5 7280 FBG 2 o (Technica, & 2
FES 1 mm)ZRHEST R & mNEREIZ /D K D IT 4-5,12-13,24-25ply [T 3 ARLE L7o, ff
M &4 72 FBG & 42T Tail length % 49.5 mm T % Long-tail sensor & L7z, FKIEH D
PWERELEE 253 572012, FBG & &2 E CERHIC 0200 um O K BUEVEXS 2
BLfE L=, M T, BRI IR ORY A 2 N7 4 L AsE %M L=, FBG KUK
K DR R 2 G D BE, 4-5ply [ % [surface]. 12-13ply [#] % [near surface]. 24-25ply [4] % [inside]
LEFRLTABRKIAT D,

BRI H T2 0 AW TR 331 Hi L Rk TH D . IR OIREY 1 7 L
WO E T S F1% . 26 4.3.1 1 & [AEE T d 5, Thermal Skin-Core ZhH: D 2% T3~ 5 728
WHEREER T 3 MO WIS [Slow Cooling: SC], [Middle Cooling: MC], [Fast Cooling: FC]
ZERTE LTz, FC&MFETIL, 330°C T SR %2, |iROBEHK T L 2(0.1 MPa)
STz, SCMC &fhiE. 5 4.3.1 Hi & FAERTH 5, FBG & O K BIEE ko 51 & 1
X 10Hz TH 5,

Tail surface
length 49.5mm near
surface
) P inside
Long-tail| | e e
sensor

Fig. 5-2 Schematic of specimen for process monitoring using three long-tail FBG sensors: surface,

near surface and inside.
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Fig. 5-3 Photo of specimen after manufacturing with embedded three FBG sensors at different

locations in the through thickness direction.

5.3.2 ERMER

Fig. 5-4 & Fig. 5-5 I[ZFHE40 SC M ALEFE H & FHAL & 01 B IR & ONHHE B AZ 7 TN
WOT R % 7T, Fig 5-4 X0 BEIP SC S TIEaBR A2, BEHHICH - TEIE
BJ—1ClBEIENTWD Z &35 5, 1272 L. [surface] & [inside] DALEIZIBW T, HEIF O
[] — R U H W TRORAY 6.75 °C DIRFEESAIAFEA L Tz, F7o, 5 3.3.1 Hi & Ak E
FCTHEEEZEHT 5 L, K 7.9K/min —ETH o7, Fig.5-5 L0, NETOF A b EHNE
B 5T, AR TR — O A3 I L TV ER 0o Tz, E72, 55432
B TR SN EAEBRAAIEE T, = 250 °C 7> 5 [surface] TIEULHE OV AN 23 HE N L T
o —Ji. [nearsurface] & [inside] TIL, 260 °C {32 HUIUHEOT AR L Tz, ZOEE
& LT, BRSO H /N S SC SFIZF T Thermal Skin-Core #0125 0 2%
26, X0 BN EEBIAET D [surface] DFI R NIFAE L T = EHERI SN 5,

)
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Solidifying

inside

Temperature [°C]
o
o

near surface

surface

BREEZE:6.75°C
HBEEE : 7.9 K/min

O [

0 50

100

150 200

Cooling time [min]

65

Fig. 5-4 Temperature histories measured at each location during SC condition w/o thermal skin-core

effect.

5000 =
“Solidifying
0 F surface
near
rf
T -5000 B 'y inside surace
=
£ -10000 F
© near surface
0 15000 F surface inside
1000 pe
-20000 F t
_25000 [ ] [ ] [ ] [ ] [ ] [ ]
350 300 250 200 150 100 50 0

Temperature [°C]

Fig. 5-5 In-plane transverse strain histories measured at each location during SC condition w/o thermal

skin-core effect.
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Fig. 5-6 & Fig. 5-7 \2Z 1 MC ¢ ElE R o0 45 5 HHIAL E 0O B 8 1R K ONHMEEL A2 7 7]
W OT AEE A 7R3, Fig. 5-6 £ V. MC 4Tl [surface] & [inside] T AHKI 107 °C D
JEMDIEAE U, 7o AR IZB LT b F O A3 RS S 4. surface T3 200 K/min
2 DO L, LS TIE 150 K/min Th o 72, T4 H D434 Thermal Skin-Core %
REEHH UTRR, Fig 5-7 (R38O NETOT BRI FHIN B IZ I VW T RE S e o
7

350
inside Eﬁj{;ﬂg; 107 °C
300 F x e
8 near surface RINEE
s 250 |} surface : 223 K/min
) near surface : 159 K/min
5200 } inside : 154 K/min
©
o150 F
o
= surface
q) 100 B
|_
50 F
0 1 1 1 1
0 1 2 3 4 5

Cooling time [min]
Fig. 5-6 Temperature histories measured at each location during MC condition with thermal skin-core
effect.

5000

Ts
Solidifying

surface
-5000 F
inside
-10000

near surface

Strain [ue]

-15000 |

surface

near

-20000 F surface
00 inside

_25000 L L L L L L
350 300 250 200 150 100 50 O
Temperature [°C]

Fig. 5-7 In-plane transverse strain histories measured at each location during MC condition with

thermal skin-core effect.
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HERE R OIS HIBIAET ¢ 0.69 min, 1.00 min, 1.20 min, 1.35 min, 1.50 min, 2.00 min,
2.50 min,3.80 min #RiERF RO F1F 2 WO 2 JEE A Fig. 5-8 ICF & DT, mAEhEFRF
DERFRINZGE - T, O B O HORFE & R~ %,

REE 1. MHEIBALE 0.69 min BB FRFR

AAREEIT . [surface] DILEE Tourtace 25 To \ZEIEE L 72 WS 27T, 20720, 2 LA [surface]
TIEE(EBRAR I RE D IRE BN S R AT D, — 5. [near surface] & OVinside] Tid 7> Ty DA
KETHDLZ LR HERIEND,
REB 2. MHIBRLAT. 1.00 min BRBRFA

ARHBEIL. [near surface] DIRSE Thearsurface 23 Ts \CRIEE LT-HR S 2R, 20z, 2L
[near surface] CILEALBIGAIZ Y 5 IWHEZEEN N FEAET D, [surface] TIZEMNGHA/AE b DA 1Z K& -
T, TIZ 7000 pe DEMEOT HNFEAE L T D, —J7, [inside] D HIEEIRRE DS TV D,
REE 3. MAIBRSAT 1.20 min BRBEFA

AARREIZ, [inside] DIREE Tinsige 23 T \ZHEIE L7e e iAo d, ZHLIRE, 38R A 2k CREfk
IZ K D IHEZEB ke T2, F72. T> T OERICRBIT 20T A BREICER T2 &, FHIIL
B L > TREFE L R2WERH SN E o7z, 2D, Thermal Skin-Core )5 0D A4 2
L LTEZ LN TEIm AW OMEIREEICIE A 2 UG O T AR R, %R 5m
HEINTIET 2 HDERDONGHEONT A4 IR & el L CTHENTH D Z L AVRENT,
RHE 4. MAIBASAT 1.35 min FRBRFA

ARBEIL, FBRA B L TV DR Z R 3, IREE 3 22 DIREE 4 (2T TRAEL
WHEONT i EIREEZ b mIT NS, 26 ZFR L BANRE H7- 0 OIHE O 745 % Table

LIZE LD D, MAT, IR 3 (21T 2B FHAINE ORI G 2 Fig. 4-9 TRENE

CF/PPS # &4 & L T OMEAEIE AL T5 M EME R CTEcp pps 22 % Table 5-1 (& DO TR,
Bt DFERD B RO IZHALRE D 72 W DUHEOT 28 & | CTEcp/pps 22 BT 5 &L 42
—ET B T L DR ENT, WTEEHEE I 16ply BEE R OBUE ST 16236 A B IR A
DIAON (ZHEEKI 9% Thermal Skin-Core 2R DFEEIIAE TRV H O EHR LD /hSnve
EZHNDI END, IRRE 3 D DARRE 4 ICEDBRICRAE L& FHANLE O IUHE O3 20X
Thermal Skin-Core #1512 K DR A Z T 2 EHEI S L 5,
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SRAE 1 (0.69 min 1 FHF &) FRAE 2 (1.00 min FRIE 5
5000 — 5000
T °Solidifying
0 F surfac 0
surface near
surface
= -5000 } nearsurface e = -5000
3 3
£ -10000 | £ -10000 | Solid
g g -
& -15000 O 0.6 min & -15000 A 1.00 min Solid
-20000 | } surface : UREREIES -20000 }near surface : IRiER %A
25000 - - - - - - 25000 - - - - - -
350 300 250 200 150 100 50 O 350 300 250 200 150 100 50 O
Temperature [°C] Temperature [°C]
ARBE 3 (1.20 min BRI ) IRHE 4 (1.35 min BRI )
5000 - 5000 -
inside *Solidifying °Solidifying =
0 F 0 F -—) ° ¢
-) o ¢um
—) 4=
= -5000 } surface = -5000 } - -
= near surface =
£ -10000 F £ -10000 | . surface
o o
D . B Solid * D . B
@ -15000 & 1.20 min uid - D 15000 | w4 35 min
Olll
-20000 | } inside : UX#EBA%  Solid -20000 - } 5 —URHE (91 ~ 145 ppm/K)
25000 - - - - - - 25000 - - - - - -
350 300 250 200 150 100 50 O 350 300 250 200 150 100 50 O

Temperature [°C]

Temperature [°C]

Fig. 5-8 In-plane transverse strain development at each measuring location at specific state during

cooling process.

Table 5-1 Shrinkage strain per unit temperature from 1.20 min to 1.35 min.

Shrinkage strain

Measuring . CTEcr/pps_22
) per unit temp. B
location
[ppm/K] [ppmV/K]
surface 91.7 &4
near surface 98.9 96
inside 144.6 150.3




555 B AR EIE R ORISR O Aoy A Al E 69

IREE 5. MAEIBALEE 1.50 min FRIERF R

ARREIL, DA ONT B2 ke L CHERE SALCWDIRIEZ 7R T, IRKE 4 2 DIkRE 5 ~D%&
BIZBN TS, BALRE ST D OIHEOT 8285 L7z, RiROIREE 5 05 4K58 6, IRHE
6 LIREE T MOFER L AW T, Table52 I2F L5, FERL V., BALRE & 72 D OUGHFEO
THE, [surface]llBWNWT—F RIS D T ENGhodz, Table5-2 TRLUZERIZ, XD
EHRARREIZ & 5 FULETEHIRIC B WD TE W BW IR R 2R3 & 13T, Wi o658 L 8o
72o Z O & LT, Thermal Skin-Core Zh (2 K % H.if([near surface]<°[inside]) DU O
FTHIFDBELIZZ ERFTFT OND, DO, [surface] TIXFIZIEHF LV KZ R UIGHFEO
PFTHNRELTZE VWA D, THIZE T, MEIRECIS o mnsgA Lo EHERIS D,
IREE 6,7 W HIBEAAE 2.00 min, 2.50 min FRIBEE R

IR 6,7 & B 12, Skin-Core FNAT X D B4 EHLLE OULHE OF A0 3t L CTUr 2, Table
5-212R LT A FHAINZ L 381) 2 BULIRE & 72 0 OWHEOT B b & 2 O A HERR IR
%, L0 mEAETIZ DT surface] X @M & 72 > T < 72, Skin-Core R L 50T
HIVROFBITILR L TV D Lz b, IRAE 7 Tl [surface] D AR & 72 U OYHEOT
A7 inside] DFY 2.4 fiF L T2 o 72,
REE 8 BAIBALATE 3.80 min FRE AT AR

AARFBITMHE TR OIRAEA KT, IRHE 4 LI TH 4 L 72 Thermal Skin-Core 2RI
IHEO TR DRI Lo T, MABOEMOT HE L FHIMIE TREL AL TN D
MR D, BIGHEIAR T SC Fofth & el L TR & < | Thermal Skin-Core £ D5
NBAE RN TV D LTI 55, WMHEIRMAR TORE OT B oM O ERIZ OV T,

LR DICIRITRER L B T RHZ L &35,
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SRAE 5 (1.50 min 1 R 5 IRAE 6 (2.00 min FRIEEF 5
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Solidifying Solidifying -
0 F 0o} : ° ;
inside (66 ppm/K) —-— -
w 5000 [ near surface & -5000 F inside (45 ppm/k)
=1 =1
— (70 ppm/K) — near surface
% -10000 } T % -10000 (51 ppm/K)
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Fig. 5-8 In-plane transverse strain development at each measuring location at specific state during

cooling process. (Continued)

Table 5-2 Shrinkage strain per unit temperature from 1.35min to 2.50min.

Shrinkage strain per unit temp.

Measuring ' ' , ‘ . '
. 1.35 min~1.50 min 1.50 min~2.00 min 2.00 min~2.50 min
location
[ppmV/K] [pprVK] [pprVK]
surface 85.7 81.9 69.9
near surface 70.2 51.5 37.9
nside 66.0 44.6 29.5
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Fig. 5-9 & Fig. 5-10 \ZZ 240 FC i KNEHE 1 D4 5 HUIAL & 0O 1 22 IE K ONAEEL A2 T5 17)
W OT AEE A 7R3, Fig. 5-9 £V, FC §&4 Tl [surface] & [inside] THcRAY 161 °C D
JESARDNIEA Uz, F 7o AR IR U T b B 72 53047 23R S 41, surface Tl 700 K/min
FHZDHDIZR L, LTI 160~ 180 K/min Th o7, Lo T, DOC /3N gaE T
& % 7% Morphological Skin-Core ZI RN FEAET 5 L& 2 LD, LR 7 % T Morphological
Skin-Core Zh D5 IC DWW THb R 5,

MC SRk, AR¥—R 434 2% Thermal Skin-Core %55 % £ H L 7= f5 5. Fig. 5-10 [T
TIE Y NEOT BB S FRINEICB VT RE S Ble o7z, WEOT AL, Fig 5-8 12
AU A= AN TR S LTZ, Fig 5-10 NIZiE, SEIBLGE 0.4, 0.5, 1.0, 1.5, 2.0 min #RiE
REARIC BT DA FHAMIE COOT A A2 7 7y FLTWD, FFIZ, 1.0min 225 1.5 min (T
THRAELLZEMEEDHZ Y OO T2 8IE, [surface] T 106 ppm/K, [near surface] T 65
ppnVK, [inside] T 59 ppm/K TH Y | [surface]iICBWT—HFRE L D Z LR yhotz, TD
F D, MC SUERBICIGEOT HOME B EAEL TNWD EB X BiLd, FC Zif TIIRE
J7 M T ORINIBELEZDE N 5 —77 T, WmE%ROOT B340 (4863 pe)lx, MC F&{ED/3Am
(6659 pe) LV b L7z, F512, IR DOC & 72 H[surface] TRHAI S 72U ONT 22 & £ 40
LRERIEOT HER DR o TFERRE Th D EEZX BID,
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350
BRKEEZE:161°C

._300 inside RHRE
g') 250 F surface : 726 K/min
© nearsurface  ear surface - 178 K/min
§ 200 | inside : 159 K/min
©
o150 F
3
q) 100 B
|_

50 F

O 1 1 1 1
0 2 4 6 8 10

Temperature [°C]

Fig. 5-9 Temperature histories measured at each location during FC condition with thermal skin-core

effect.

5000
Cooling surface
—_—
0 near surface
PR inside
= -5000 F} =
=
< 10000 | Cooling elapsed time
g ¢ 0.4 min
15000 F <4 0.5 min
A 1.0min 4863 pie
-20000 F B 1.5 min
® 20 min
-25000 L L L 1 L 1
350 300 250 200 150 100 50 0

Temperature [°C]

Fig. 5-10 In-plane transverse strain histories measured at each location during FC condition with

thermal skin-core effect.
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54 FIGRRATIZE S ERNEBICIREA =X LD
FRE & FRBE IS 150 AR R B

AEITIE, 55 5.3 @i CEBRAICHERS S 7z Thermal Skin-Core #hH(Z X 5 NES O 4347
WZBAL T, 243,44 HiCOR LTCIBIT FIEEZ WD 2 & THENIG I AEA T =L LA
e CHET 2,

5.4.1 EARM x5 & U I UM ik

% 4.3.2 B CHEE L7 PEENE ONC 5 4.4 8 TRt Lo BT Fik 2 VT, 26 53 i T
ZOBFOF B ZE I L7z, SC 4ofth, MC SefEDEMh & 55 & LTz sl fihin & FEffi4
%, IEMERTICIZ, Bl & X AIREHEIE Y 7 b Abaqus6.14 Z W 7o, fEHTET /UL, FIHH
A NEMADHT2DIT, X-Y,Y-Z,X-Z EXFRD 1/8 A R & Uiz, fRHTET VORKM & Y-
Z Wi K IX % Fig. 5-11 1R $, 26 OITIE, 5 5.3 & CTHElt L 72 NEROT 5+ 525k
& [AIERIZ, Long tail sensor % 3 AFFHLL T\ 5,

MC S&FEIZB W T BTG DAL — IR E M ET H2FIHAL N E o T ZD
DA EENTIC B THHERT 720, X0 FEMRREREOFNZ B & LT IRz
Fihti U7z, TAHEBRORER 1L Fig. 5-2 LRAEETH 575, 9 RD K BUBNE X 2 HLDIA A T
%o FEEOHBHB S COMIEHRE N A% 7V —Y 7 b7 =7 ¢ Image J(Verl.6)? curve
fitting F¥AE 2 T S IRBEEGEIL L=, ZOF — XN S | FE O Y JEEERRE 7 6L E)
BT AmATIRERBEAEN LZ, X, FEERITET L TlE, 1-24ply)D Y JEFEIZ
FA 249 2 (08 T OB IE & TR D ANREESAE & LCRBICE 27~ 7 — Z BRIz
WL, MC &fF7211 T2 < SC &t b FEhi L7z,

EATIZ BT 0 . Bl & HE M Z B E L7220 ILE 7 /WIS < B2 E L T, SC
FREE MC RN TN TISHROT Bz il U7z, f#FTBRAAIE. 1ply OIREE Tipy 23 Tl
Bz U7zREs & U, 24ply DIRJE Ty 28 30 °C LU IZ 72 D F CEAT 2 3206 L 7=,
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X : Fiber direction
Z : Transverse direction

FBG surface

FBG near surface

FBG inside

Fig. 5-11 Overall and enlarged Y-Z plane cross-section views of finite element analysis model.

5.4.2 fRATHRER

Fig. 5-12, 5-13 {2 SC, MC [ {5 Eli 2 o OfAHMEIE AZ ST Il ONT AR IR 22747, ORI
FEATAE R A ZENCER 5.3 Hi CRHl SN 7o EBRAER AR L T D, BRI PO &0
HEEOBEULBRMIRE To THY |, T, z 0T HOEBr R L LTHIREZRR LT, [surface],
[near surface], [inside] D4 FHAINLEIZ F61T D MR RS, FEBARERE RS —&H L Tno 2 &
DR ST, SC 4Tl ¥ —MmHNZ X - T Thermal Skin-Core Zh DN/ NS <
Htk OOT B340 AEDFEHT - £ 500 pe, FEBR : 52500 pe) & 72 2 FRS iz, —J7,
MC DR H S 1%, Thermal Skin-Core ZhAR I 5 NHEEOT A 541 O TE B FE 3 F2BR [H]
B, FATICRB W T bR & N7, FRICH 5.3 fid Fig. 5-8 T/r L72IRRE 4 LI OSEIE T3
NMEB TOOTHEPER L TV DLBETFPAEIRINTWD, mEEOERE O o MmIciE
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Hd 2% &, WEIZMITE ST Fig. 4-16,4-17 TR LTZEROSA & el U<, FEBR & AR
DREENHEZ TV D, ZOHERKE LT, WMEHERORZE L | AR EZFBE L TV
W IRESAOBBNERENZT NS, LLRRG, BHENOL Y 2 DIRGEIZHES
HEBPEET LV ERD AT L0 & 2O OT HFHANZ D2 BT FPEfRNT &0
I ISR ET L& VT b Z O L~V TINEROT 203 O3 A4 % 34l © & 5 #13,
KGR K OAT FEFOAMMEEZRL TWD & VR D,

5000 5000
Exp.  Solidifying | Solidifying FEA
0 F ) - 40
— -5000 F 4 -5000
‘5.’ inside g
— inside L
£ -10000 F near surface 4 -10000 =
© near surface =
A ™
9 15000 | st 1 -15000—
near
surface t
surface
20000 F I e o —— 400 ye 1 -20000
2486 pe oo
-25000 L L L L 1 L L L L -25000
0 50 100 150 200 250 200 150 100 50 0

Temperature [°C]

Fig. 5-12 In-plane transverse strain histories as each FBG point during SC condition obtained by

experiment and simulation.

5000 5000
EXp. Solidifying | Solidifying FEA
o} h {10
. inside
— -5000 F inside 4 -5000 o
‘:‘;_’ near surface MC near surface =
= o
£ -10000 F R e 4 -10000 5
®© BB ARIB R —
33 b=
D 45000 | <& 1.20 min { -15000=
surface +  1.50 min SRR 6277 pe
-20000 F 7053 pe B 2.00 min 4 -20000
® 250 min
-25000 a a a a L L L L L -25000
0 50 100 150 200 240 200 150 100 50 0

Temperature [°C]

Fig. 5-13 In-plane transverse strain histories as each FBG point during MC condition obtained by

experiment and simulation.
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Fig. 5-14, 5-15 \ZZ AV EAUVBNTIC X 0 EH S 7= K FHANLE OB A RIS RAE U 7= ks
R RNEIS I DEEZ ~T, TReRZIS OB L LTS, SCEHTIEL, mAEINTE
LI DN TIS AT DEAIIHEZRE ST, IS hambnHIT 2@ L TIEH—Th -
7=, Thermal Skin-Core 2312 K 2 ERENTH Y | WHEOT HOFENRE L SH0 o7
728 NERIG ) & 3 ISR S A2 Dy o T2 & 2.5, i Etk DFREEIS T 5346 &%, 9 0.3 MPa
T o7z, —J5. Fig. 5-15 1T L7z MC &M OFERTIE, BENCHE- T, NERIS 5540 D3 E
RENDEEADBHSNE o7, EMERIICIE. Fig. 5-1 (27~ L7= Thermal Skin-Core %55 D4
WX 3@ v | [surface] CIEAES /I, [near surface] & [inside] TIX 53R A FAE Lz, KHIZiX
MC £t Ty(240 °C)LABEDFER D 7w LTV AN, [inside] T T'> Ty THRAE L2 J1I13E
7 0.1 MPa & Aish T/h & <0 WEROV S AatHlRE R [FR, T>T; (2330 T Thermal Skin-Core %)
ROZENRENTHD &2 5, Fig 5-15 F1ITIL, % 5.3.2 HiL Fig 5-8 T/RL7IKEE
356, 7 2B DIENETm Yy LT\, [inside] DIRSE Tisice = Ts & 72 DIRHE 3 20 HIRKE 4

TIE, BHEOTHDBRIED T, WEIS IR STy, —J7, IRAE 5 IR Tl
Table 5-2 |2 F & DIHALREHT2 Y DIHEOT HE&NFHINEIC LY KEEZRD | OF
BIVRDBFAE L TND Z DD WIS NS 048 O BE L7z, O B3l
RFERR, MANESFROF « BN & HAME & 72 o 7o B0 23 LR AR T &b 2t D #L
Wit 2 B4 % %23, Thermal Skin-Core ZAAZI T 2 NERISH OFAETEHNTH L5 Z L3
IRE Tz, WEEHEE OB, T<130 °C OIREREIT DMA HIEIZFES R EZHEH L T
V7273, Thermal Skin-Core ZNR D IS AITERIZIBNT T> 130 °C OREFI S F5 LT 5
F0n6, FBG ¥z Wt D50 Batlc E-D < MMEHEE FIE O HENER S T
s S iz,

HRAEHIT, ) 14.7 MPa DIREIG I 3 AT DAL S ATz, SC A & Hul L THiRD TR E W4y
Hi TV | iR TO CF/PPS i B 22 J5 AT RHE S Ex cppps=4.2 GPa & VN5 & | K9 3500
ne OOTHSMIAIL T 5, ZDFEH D, Thermal Skin-Core ZhHIZ & - THA U727 R G
FTIORRIES A1, BRI 2 A b 2 TR OB & 72 2 AIREMEDS R S U7,
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Slow Cooling

10
8 L
Solidifying
3 6 pb———
Q4 inside
E > | near surface 0.3 MPa
N o &
wn
% 2T - ° surface
o -4 F - °
hef ===
8 F —) S
_10 1 1 1 1
250 200 150 100 50 0

Temperature [°C]

Fig. 5-14 Simulated results of in-plane transverse stress development at each point of the uni-

directional CF/PPS laminates during SC condition w/o thermal skin-core effect.

Middle Cooling
10
8 . inside
- 5 Solidifying 7';, A
o 4 q
=2, ,
AN |
U()\l 0 : near surface
0w -2 F <& 1.20min !
N : surface
g -4 F <4 1.50min !
O 6 F ® 200min :
\ 4
2+ e ;
8 2.50 min 14.7 MPa
-10 1 1 1 1
200 150 100 50 0

Temperature [°C]

Fig. 5-15 Simulated results of in-plane transverse stress development at each point of the uni-

directional CF/PPS laminates during MC condition with thermal skin-core effect.
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5.5 3 RETRBRIC X ABREIST155070 O

HITET & 0 . EHT 1Tl Thermal Skin-Core Z05RIC & > T, B IS A — 225 IS 43 AT
INFEAET DEIR ST, WETOT ZBIECTR R O T 20 A B LT, it & Skl i
B —ET 2FNREINTZ—H T, WEIS DM DIERERAIS I & E )V T2 A A
IZZDBOTHEHIT 2 FIRETH D720, lIBERBRA 2 e 3 ARz L
C. Thermal Skin-Core IR 5 FREE ST /04T 2 EERAVICFHI L & 9 L&z Tz,

5.5.1 IREPBREISNHHICE R DR

AEICHEMT 5 3 AT EZIT 5 BT, 2 E TEMRM & L THWT X 72 48ply LSO
WEEZETHRBEA A CEHMET 2 FTEETH D, AHITIEL, 16,32,64ply & 3512,
SCMC &k N CHRAT DIRBIS )i a 05 5.4 FiCRt Lo FE 2 VORI LT,
DMA FI SIS OPMEMEIL, 0.1 Hz OFERA Tz, S5 EISM: COMRITE T 858G T 554
% Fig. 5-16, 5-17 2”7, SC G:FOfER %K L7z Fig. 5-16 Tix, BIRIZIR SIS 15540 03
ENTHDHZ LWL NE ST, —J7, MC & TIT2MRIE THIREZ: Parabola IR D
WSV DIFEAET D53 7o T2, Table 5-3 12, S S AU 72 SR O g KiRE 534 (Max. AT)
ERBTHE R T > 2 I 0 A B (AS) & 73 BRIEFE NN BRI T MR EE oA B b L7z,
Z D5k, Thermal Skin-Core Z R DB L 720 | FREAIS 1 04T B b I 5 F03 550
o7z, WIMERIZ DWW THRFTT 2 &, Table 5-3 IZF & D7E L Max. AT O BRI NI AR
JE & AS DBFEFR% Fig. 5-18 127”9, ALV 16~64ply T TOD 4 FAEIZEB O TIE, HIJEHM
2PV Max. AT & AS PMIIHIEEEINT 2 FE03 o7, 2L D . MC &fFIZB W TR
Bt 285 LT, BAET 208 ARG DE N T I IR T EHEERRD &V D,

Table 5-3 Measured maximum temperature distribution and simulated residual stress distribution in

each thickness laminate with MC condition: 16, 32, 48, 64ply.

16ply 32ply 48ply 64ply

Max. AT [°C] 14 56 113 159

AS [MPa] 2.8 13.3 22.1 31.8
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Fig. 5-17 Simulated residual stress distribution through thickness direction after MC condition.
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Slow Cooling
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Fig. 5-16 Simulated residual stress distribution through thickness direction after SC condition.
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200 50
64ply
4 40
__150 |
O 48ply >
— —4 30
Y 0
< 100 E
' {1 20T
X 32ply, 5
= 50 |+—o
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0 : : 0
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Fig. 5-18 Relationship between measured Max. AT, simulated AS and thickness.

AS =342 Xt — 645

(5.1)

552 3 RENTRBREE

RIS A OFHIZER LT 3 M RBR A L7, frE AR ToH 5B &
NIRRT, R A AN IG5 T & o ToalBR A BRI T AN ) 04 % TE AL
TOENPHRDTZOTH D, ARERTITBNERIED AL 72 90° MO ZZE 2 TEY ,
AR OB RIS I IEEEIN & 72 2 F N HERI S 5, 3 sl et Sk 0 S F 50 Ah &
Thermal Skin-Core ZNIRHIRODIRE IS0 A GO ya . #BRA Emilc84AET 25
RIS IR RIS T PIREEIC K » TE L L, %R CTRHMid 2 dh i iR op (T8 4 5 2. 5 W HE
MR d %,

BRI, SC,MC WS C 0.1 MPa DJES) A4 5- L7278 B RE L7z, s8R A N ~HEIT,
100 mmX 15 mm TH Y 5551 HCTio L7zl v 16,32,48,64ply D 4 D DOMRIESA 2 5% 1T 7=,
FRERIT. JISK7074 (ZHERMEML U C 30 L 7=, SO HIBERE L (X 80 mm,
& LT, BB ABUT, SR TSAR EE Uiz, 3 st BRoOBE 1% Fig. 5-19 12”7,

FRBREEE 1X 2 mm/min
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Fig. 5-19 3-point bending test setup and photo of crack after bending test.

5.5.3 3 RHEHITREER

Fig. 5-20 (T 48ply B f > 3 sSh (T3l E-A X 2 w7, MARMITEK ST, 3Bk
BRAEN O B RARTE £ CRERNCART RN L= t2, FISRBRA Hmfhafs <7 7 > 7 A%
A URFEAME T L7, BORME £ TOMPERI O R 2 FHW T, #T SR Epending &5 H
T 5 &, SCEMT7.1 GPa, MC 5T 6.1 GPa Th o7, 5 4 HiTHfii L7 DMA % HW»

:(‘l_w.

7~ Bk MR O FE R FAE. DOC O E\ SC SETEVME & 72577,
Thermal Skin-Core &5 DFERE IR T15 4 D3 J) BRI 5 2 DB AT D720,
PR Eog 2 T(5.2) L W R L=,

og = 2BH? (52)

WX, Fig. 5-20 IZR L7 O RATE, B & HIZENENEER T OE & REE KT,
Fig. 5-21 [ZHRIEZ M HNREE R Dop FEIE 2 74, #5FE Y . Thermal Skin-Core h5RIZ & 2 5%
IS A DA L 720 SC & T RIEITIK o238 38 MPa —E Th - 72, Z Ukt
L. MC §&AE038 A TIIAUER NI O og 2SN L7225, 16ply TIXFERE IS 10540 D5
KL . SCE&fFEMRE LVMEL /e o572, 2 LY, 0.1 MPa THJE X472 CF/PPS Ol
BT BT TR 1L, 0 38 MPa & 72 HEAHERI S 5,
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> Max. W
Z 300 Egending : 7.1 GPa
-c.é sy 5 @x 1| €8
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Displacement [mm]

Fig. 5-20 Load-displacement curve obtained by 3-point bending test using 48ply laminate.

70

mSC
60

50
40
30

20

Bending strength g [MPa]

10

64ply 48ply 32ply 16ply

Fig. 5-21 og values in each thickness laminate manufactured by SC and MC conditions.
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Table 5-4 |2, o D VFHIE, B EIGMM Doy D255 ME(Adg). 55 5.5.2 i Tt L v EH S h
7= MC 2 07k i S5 1R (256 A3 2 7% B IEA)E 77 (Residual Compressive Stress, RCS) % & & b
Tavd, 16ply TiX, Aog = 5 MPa & Thermal Skin-Core %050 M LLBG )/ N S W—TJ5 T
64ply Tl 16ply DF) 3 {5 & 72 % 15.2 MPa T HH /)05, Thermal Skin-Core %) FH 2K D 7%
WIS Aol Zi B % b5 2 5F N 672 & 72 57, Thermal Skin-Core ) H(Z X %5 RCS @
HIMZ RO Aag SN2 721 T2 <, 64ply Z B THEZA RCS 73A0g & —E L=, SC &Mt
TIFEREIS I ZIE 0 MPa THDHHED S, MC KIEI2EBIT 5 RCS 23 AcglZARS T 572077
EEZOND, —J7. 6dply TIEMAIZK 10 MPa DZEENFEAL TS, ZIUTHONTHE
239 %, Fig. 5-22,5-23 IZZHE 4 MC 1D 64ply & 48ply (235 1T D ki A J7 17 O 7R R I
JI. HFIRTT, WERIS IR T M50 AG a2 md s BRBEIGS J) 0 AT f . M IS 040401 3
ST RABRINE D fie K BT HD < EERRE R, NS 0 ITETE 2 HA OAFHEZ £ T,
Mz T, XHIZ 48,64ply ZALZEID SC FAFIZEIT Hog(=39 MPa)Z =~ LT 5, 48ply D
FERIND | RIS IR BEET DRDUCB N T, BB E O R RBICRET 2SS
Osurface &+ SC T DagBNE L —ELTWD Z D00 D, —Ji, 64ply Tldosurface < 0 &
RBIEF TR, 48ply [FIRRICHRIE 02 S 4.2 mm OALE T, NHES T3 K H> SC 44t
Dogé —F LIz, 2D, 7T v 7 NERERORFEE TR HBRAWETRAE L., FHIm
BZORR o7z b, 48ply £ TO 3 5Tl Thermal Skin-Core £ 5 Hi >k DI I
DA Lo Togial LT 2 AV v b2 KIRICTEN TE 2 —77, BEISHomnRE$T&E
% 6dply St D E . WEIBEE RS RN AT 2 AlRetE & 2 FAV R S iz, £z, Z
ZETO 3 AR ONCE2R ZRE TOMIBMITRE R A B E 2 2 &, OT RIBIREZT
T RIS AT RIZBT 2 NTRE R O Z U UERHRES iz L 2 D,

Table 5-4 Comparison of o obtained by experiment with RCS obtained by FEA.

Experiment FEA

Og [MPa] RCS [MPa]
ply SC MC Aoy MC
64 38.8 54.0 15.2 24.9
48 38.9 52.5 13.6 15.3
32 36.8 48.2 114 9.7

16 385 435 5.0 1.8
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64ply MC
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| =SULACE ),

Fig. 5-22 Distribution of residual stress, bending stress and internal stress in the through thickness

direction of 64ply laminate manufactured by MC condition.
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— -~
@© 50 Ave. gz_Exp. /./
% 40 f--¥. .
— 30 }k
7))
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5 10 o =0
l) 0 surface - B
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g \ \\‘l
-'g '10 ™~ \ \7\‘.
B -20 [ Bending stress !
X 30 |} Residual stress_FEA
_40 1 1 3 3 3
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| =SULECC

Fig. 5-23 Distribution of residual stress, bending stress and internal stress in the through thickness

direction of 48ply laminate manufactured by

MC condition.
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5.6 #E5

ARIFFECTIL, M 2 BRI, HBFERHC R AT D A —IREE A ISR K 5 Thermal
Skin-Core #2725 & 72 & TIRA IS N1 RE O B 534022\ T L FBG & W2 O 25t
T8k & ATEE CRW BB RT3 U CIA L7z, Nz T, 4 FEOREORER T 3 Ah
FRER A FEE L7 BT, LN OREm AT,

1. B R AR —IREE A A3 38 £ % MC,FC 4 TlZ. Thermal Skin-Core I Xk - T,
WHIF OWNEOT R AARIT 7181 CH 72 D fd ok Uiz, MOEHRIE ) LUl i i &
o T BRT, AR HNE Th 5 PO O T A2 IR T 2 FEN FEHR THDH Z &
WAL E TR T,

2. 34 FOR LI BN QNS OB ARET T 15 2 R I B IS L72RE R MC Sl TR
SNTNEOT B 070 2 S EEIC[RE C & D F AR Lo, WIS 100DV T b Rk
(I GOEFE & S mnsB 6ok o T,

3. Thermal Skin-Core ZNRHRDIEREISIHAMITHOWT 3 T 5lER 2 08 L TRkl L 72
B SC & TIPSR TR —E T 5 —F . MC S TITHREHEIN(Thermal
Skin-Core ZhHDRBNINIZHE > T, HITHRENEMT 2 HERHLN o7, Fio,
RIS DMK EST E D56 MEHERORRGH THIES AT, POzl uy
THEIO RIIREE ST D 2R L,

4. 3 RHFRER OB R & EITIC L0 B S MC SRMAFOIRREIS ) 2 T 5 F T
OFHIET T IS LT ORGSR O 2GR S iz,



Vv

w5

=~
==

JEAA BRI IRE D IR I 158 O B oy A [R 7 E 86

55 EICET 5253

[1]

FEEHEAN  AABSR TE S, MEVEN  KRIHUEE - EEMEIIERSHS, Frk 20 45
BT BPERI G S AT B O LA B~ 0 I B9 2 A A A =, 2009.

J.A.E. Manson, J.C. Seferis, ‘“Process simulated laminate (Psl) — A methodology to internal-stress
characterization in advanced composite-materials,” J. Compos. Mater., vol. 26, no. 3, pp. 405431, 1992.

P. P. Parlevliet, W. a W. van der Werf, H. E. N. Bersee, and A. Beukers, “Thermal effects on microstructural
matrix variations in thick-walled composites,” Compos. Sci. Technol., vol. 68, no. 3—4, pp. 896-907, 2008.
T. J. Chapman, J. W. Gillespie, R. B. Pipes, J. -a. E. Manson, and J. C. Seferis, “Prediction of Process-
Induced Residual Stresses in Thermoplastic Composites,” J. Compos. Mater., vol. 24, no. 6, pp. 616643,
1990.

P.P. Parlevliet, Dr thesis; Residual strains in thick thermoplastic composites — an experimental approach —,
2010.

P.P. Parlevliet, H.E.N. Bersee, and A. Beukers, “Residual stresses in thermoplastic composites — a study of
the literature. Part I: Formation of residual stresses,” Compos. Part A Appl. Sci. Manuf., vol. 37, no. 6, pp.
1847-1857, 2006.

W. E. Lawrence, J. A. E. Manson, and J. C. Seferis, “Thermal and morphological skin-core effects in

processing of thermoplastic composites,” Composites, vol. 21, no. 6, pp. 475-480, 1990.



56T ELASHENE M OSSR EAR RSO R I ZFE RS 2 AR RIS J) 50 A 87

=6 =
BBk S F R ER R RS
BRET AREITIOA

6.1 ¥65

BB ETIANITIE, 27N BE1E - JEME - AW - i - JRD & W o TR B
— RDMAZHID T — AN, EEM. FEIZ CFRP ITEEHES IRV R PEZ 7R3 729
RIRAE ST ANV IV T R ME & 72 D — 5 C BRHMEIELAS T M O FRIE IR ITIRAFE L TR D | BREER
BIPECRT L THG LRWEWR D, TDTD, 5345 HE TR~ TE o —J7msR{bsf &
Db SRAGARHE D ELAE AL E S D EASREE Y. SRAAkAEDY 0,90,+45° HNCAdE
S, ENIIER M & 72 2 S SRR AR O 58 K0 BUER L FEERE Ch D, FRIC
BECLE TR, MAEREEICZ VWL TND

— b O5E | B\ BT E S BIRRRICINIAAE L7V — T, kil U7z B ASHE
JE B T FE)E (B W TIBIR R IS DT IS 5, BIIRRRED SR 72 907 &8 ITR
BRI AET D H T, SREERHE DS SRR 00 JBIZ Lo TRUER R b, 20
FEER. Fig 6-1 1239 K 972 0° JBIZIZERM., 90° IS EOBGRRAIS N BAET 5, 90°
J& > 31 3T 16 DO BEER IS /113, transverse crack O X 9 R AR KA OWIHIHRE I ERIA
b, ZOd, BUREEIG Tk LT, Skin-Core ZhHRHI R DI IS8 % 53 % 2T
OWTHET LHFIL, —HmHOr—2 X0 EH EEETH L,

) G 0° Compressive stress

Tensile stress

—»4— 0° Compressive stress

( X J
( X J
(o)
o

o

Fig. 6-1 Schematic of thermal residual stress due to thermal anisotropy.
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ZHVETIT, Patricia HIZE- T, ERBEMOLEITIE. —HRmEbss L0 HEI8T)
DHDPELRT D FPHE S TVWAH[1], £72. SUNDERLAND |2 & - T, GF/PEI ®IEXFr
BRI A RG0S, OB R OVEBR 2505 % - T B B ) oy A a4 Sl S 11T %
2] ZOFERNE, WEFFOIRESMOFEIZRS T, 90° JEE 0° JBITENENRRD
JIENDZIBIAE L TWDENRHAGINE R o7z, LU G, PRI A T, M 7e
ANV —IREES3AT A AT 7o O IR Al &2 i L T 0 | IS NI A T = X LD HE
T %, AT, Thermal Skin-Core 2N AN EASHEIER DI IET1 53 MR G- 2 % 5B,
B B k3 5 BUREIE J1IZ K% Thermal Skin-Core %34 D 882 DU CTIEFRA 23
R+ Thd,

2T KRETIIHTRIE/ AT H 2 BB S T R AT M A
RS ) JE IR DN IR IS ) 50 AT %2 . IBIRIT 2 BB 5 2MZ 9 %, [FAIIRFIZ, Thermal Skin-
Core ZhHRHI R DI IS 15540 L BAD RIGHEIER T 2 BUREIS A OEEN G, O
BEZHALNCTHIZEEZENE Lo, KEOHEMIZILLTOMEY THbH, ETHIDIT, 5 6.2
HiTO JEE 90° JEOEIGNRRD 2 MO E AR 2 RT3 L, 0° &
DI DIENCEVE B IR T 323 5 Skin-Core B R DB DN TR %, 5 6.3 i
Tl B AR R A XI5 & LT RN RS SR A b~ 7o e, BB 5 A e SR AR O TR At
BRSO | FREIC I A TR (2 2 CIRE R IC 5 2 DR A RGET 5, &I
INHDREREZ S > T, MM BIERE O G I FEOAHMEIZ W TR~ %,

6.2 EXRFEREERRIEFHCRAET HBRE 155

6.2.1 FRATAEEE

fENTET V& LT, 26 5.4 i & [FIBRIC 48ply #RER D X-Y 1, Y-Z M,Z-X X FR & 725 1/8
BTN EMNZ, 07 8 & 907 JEDOENIG AT 5[02/900]s & [02/90:]6s D 2 FEEADFE MK %
fE L. Bi&E%Z CP_1, &% CP2 LERT D, BFIEMKEZR L€ 7 /1 X-Y Wi
% Fig. 6-2 |2 ¥, RE TN OB EFHET 5725, FBG B &2 ET7 /VPICHBLL T
22N, FEHTIC I 2 WP OIR B o, 45 5.4 i & 25 L <. SCMC Mgt CRIBMRNT %2 %
i U7z, — H ISR TORE R & b S/ 572012, [surface], [near surface], [inside](Z *}iis
T 5 Y JEEECOISBREZ IS 203G E LW, ROE L7 BEg Rk O# A . 3-4ply,
11-12ply, 24-25ply [EI O fEHTH#E SR %4 | [surface], [nearsurface], [inside]& L7z, RRIEMENT DFiiL
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[ZOWTH, FBSAHIRKTD S,

CP_1 CP_2
[02/9022]5 [02/902] 6s
OO
oo

Fig. 6-2 X-Y plane cross-section views of finite element analysis model expressing cross-ply

laminates; CP_1 and CP_2.

6.2.2 fRITHER

FFIELHIT, SCMC EHD CP_ 1B 0° BREREH)E. 90° B TH H[inside] D
P ) JBIRE % Fig. 6-3, 6-4 (Z3 7, [ELBIARIREE T, DA%, B\ OB GMICER LT, 00 /8
TIEEME, 90° J8 TIEXAIROWERIS OB SN TN, 00 B L 90° 8T Tizsgtd
% BRS04 1, SC 4TI 210MPa, MC 554 CTHJ 150MPa & 72 o 7=, 5 5 CTHLY
W > Te— B8 LA 128 4 L 7= Thermal Skin-Core ZhF:H DL T 04T & i35 & |
—HIREVETH D Z L300 D, WEIEMEECONMBROERIL, TR 2Ok R¥EE
ETMIER LTS EE XD,

fEVN T, CP_1 @ 90° JENIZFAET 2 WNES IIZHE B L, [surface], [near surface], [inside](Z
BT DI TIEEE A Fig. 6-5,6-6 IZENEIURT, SC FAF T, HIES M TG BRI 2
B3/ < BISRIS SIS BRI L T | AR S I HIE BIS A AR A L TOR DR
R INTz, DED ., RE—RESMPEELRNIGE. BIRREICTRIE M 90° BN
T—EL72b, —F. MC G&IETIIAT 7 AEBIRE T, AT, BIES7 M IS IR 725
IRFEAE L FREEIG S0 A0 b AEDTHERS S 4172, ZAUE. Thermal Skin-Core 20 5T & 2 528672
LB Z B, BHNCHAEI S vtk & 72 o 7o [surface |ICHAE T D BUS J1(BIR AN &, Hhig
HIMECHRAE T & 2 [near surface] C[inside] BHIR L TWDH Z ENRKRTH L EEx DD, TD
72 ¥ [surface] Tl [inside] & ¥ HARWVERR SIIRIG T & 72 o 7o, HFofERIIZ 907 JEIZHAE LTS
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7145347 % . Thermal Skin-Core ZFHI R DK IG oMM & LTRET 5 &, K 1.4MPa Th -
2o ZTOXIIT, MC FMFTIX 90° EIZHAET DD RGO IR T 5B IG 1 %
BEZ[AE T 2 FR RN T2 [inside] DRI 71(13.9 MPa) % FVN T 90° & DERHEIE 7)
BCE LT, Z OBERIE %4 % Thermal Skin-Core ) 5F:Hi sk DI B IG5 A7 B OEI G
J Y, Fig. 5-15 \Z7R L7z 48ply — 5 IAs#{bit D [surface] & [inside] 2 3843 2 7R B IE 11 40 AT
(14 IMPa)IZ KT 2EIGZHINT 2 & ZNENK 10%E 72> T72,

Slow Cooling

50
25 F
/ a
— 0
D(Y -25 F \90° layers
E- -50 |
»w T 210 MPa
»n-100 |
%)
2-125 - 0° layer
WM .150 } =)= 0°
2 > o
e
-175 " !
-200 1 1 1 1
250 200 150 100 50 0

Temperature [°C]

Fig. 6-3 In-plane stress development generated in 0° and 90° layers of CP_1 with SC condition.

Middle Cooling

90° layers

50 F 150 MPa

0° layer

Stress S, [MPa]
3

N

134

S
T

200 150 100 50 0
Temperature [°C]

R
o N
o O

Fig. 6-4 In-plane stress development generated in 0° and 90° layers of CP_1 with MC condition.
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Slow Cooling

20
17.6 MPa
""""" r t
'E‘ 15 } . 0 MPa
ol inside
=
= near surface :
» 0F S
7
9 ]
& 5
@
0 /' 1 1 1

250 200 150 100 50 0
Temperature [°C]

Fig. 6-5 In-plane stress development generated in 90° layers at each focused point of CP_1 with SC

condition.

Middle Cooling
20
Thermal
residual stress Thermal Skin-Core
< 15 F 13.9MPa 1.4 MPa
o TR Tt I
= .
—_ inside
- 10 }
(p)
0 surface
%)
e rf.
+= - near surface
n O u
o 1 1 1

200 150 100 50 0
Temperature [°C]

Fig. 6-6 In-plane stress development generated in 90° layers at each focused point of CP_1 with MC

condition.
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CP 2 IZBW T HWmAIF 0° BIZITEM. 90° BIIZSIEISHBER SN oz, CP 2
2815 90° JEWNIZHAT D NERIG 1 DB % Fig. 6-7, 6-8 IZE I EHRd, CP_1 &[AEk
(2. SC &M TIEWNERIGC I DIRIESHIE T CT—ETH 72, 0° BOEEGH CP_ 1 LV 1Y
IMUT2Z e b, BIRRISHPRE L 2oz, —J5, MC & TIHENTIS T BRI 225
FAELTWDHA, CP_1 &l U TS S04 &)Y 0.6Mpa & 8 LT, A EOWA L,
90° ENEREL THR LT, 90° EHNTRAET L0T RIS OWEN D LTzl L
Z 6D, ZDOh, CP 2 TiX Thermal Skin-Core ZIHEZ Db DA BB ED L2 5,
CP_1 & [REIEKIZ, [inside]DFRRE I ) TIRE S U 5 B R S 71(16.9 MPa)X°— 7 [l bk T D
FRBIS I AAEICxT 2 CP .2 @ 90° J@NFRIEIS J) 5340 §(0.6 MPa)DEIG 2 HHT 5 & |
FNENK 4% L T2 DEDR D oTz, DT, 07 JEEIG O E-> T, EAFEERICHE
424 % Thermal Skin-Core #NH DI 13 AT KAE T DS, Mired TIRIERIIT /2 2 F 03
BTz, F£7-. Fig 6-6, 6-8 THER S IVIZ RIS 10 A OFAMEE DS, —J7 sk bst & b
i L CIRIRANC 72 > TW 5 Z & b Thermal Skin-Core 205 K 0 #AD B PE D AR K X 0
FEERLTNWDEWR D, £, AT TR ON T E 7o, ERMEBERIZEBIT 558N
N =TT K0 B L7 D LW ) Jiit IR, BAO BRI X BRI 178 3
BCHYT& D | Thermal Skin-Core RN R NFEK TRWENRH LN L o7,



56T ELASHENE M OSSR EAR RSO R I ZFE RS 2 AR RIS J) 50 A 93

- Slow Cooling
21.8 MPa 0 MPa
--------- e A

— 20 F
©
o
2 15 } surface
(Ig near surface
»w 10 F .
b inside
()
=
» 5 }

0 /' 1 1 1

250 200 150 100 50 0
Temperature [°C]

Fig. 6-7 In-plane stress development generated in 90° layers at each focused point of CP_2 with SC

condition.

Middle Cooling
20
16.9 MPa 0.6 MFt,a

Dc? 15T surface
2 near surface
%) 10
)
%)
2
) 5

0 1 1 1

200 150 100 50 0
Temperature [°C]

Fig. 6-8 In-plane stress development generated in 90° layers at each focused point of CP_2 with MC

condition.
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55 6.2 Hi Tl I AHEIE IR AR & % BT IR AT & S0 L. Thermal Skin-Core %) R 237588
TR RIET B OV T LR, £ ORBIT—H g ks & g U CIRER T
D ENHLMNE RS, REITIL, X0 EHA TG ICHO O TV L REES
FEEMIZ 51T % Thermal Skin-Core 25D F AW 5 c T 5,

6.3.1 FRATHRREE Rk UMIRAT#G SR

AW ffTE7 M, B SAF LR TH D, BT LB, mARIPEELLS )
& 72 % [45/0/-45/9016s O 48ply Tdo %o H N 2 W PEMECIRLEE S f13. 56 5.4 #i & % L < . SC,MC
W 2R THOE AR &2 S L7z, € L7ZREMR O S L. MATHE R4 [surface], [near
surface], [inside]®D & I IZFHIi T & 720 2b, GFF 6 BFEET 5 90° & DR R % ik - 3L
THHELEL L,
FTHOICHBHGSE TEH Iz, REND 1~dply B D[45/0/-45/90] & . 21~24ply B D
[45/0/-45/901\Z 331 F B NG /1@ % Fig. 6-9 I F & T, BOBRGIEIZEI->T, 0° &
wBRr< 3 OOEE T THIRIS SRR S v, 0° T8 TILIE AR R & [RER RIS 1) 23
R E Tz, T OEMER MBI, MHEIE Y FEIEMLE IR S, —E Th o7z, 1~4ply [#
& 21~24ply MDOFERZ T 25 & IS HEEIZZZRIT /<. MC §&FIZBWTH Thermal
Skin-Core Zh 33 I S0 AT N2 BAZ TR B MBS 2 o 72, Fig 6-9 ICHbE TR LT
90° JE O AHOWNIEI B 2 i L=/ 1280 ThH, WEHFMICaMmAREL TE LT,
HLIE S FEREARIC IV TIE, Skin-Core ZhAR DB CTX 5 Z & 2VR S 472,

6.3.2 ETEEREBRIC X A ERE MO
L B 235 1T B IS i AR ) 90° BN C—HE & A B AR L= 2%, A

FHRHEIC G 2 DI OWTERMICHRGET 2 Z L b EETH D, LITRTEY | M2
HEETIEER 6.3 HiTHLY o TV D EHUFE TR NIRS A S TWD, £72, B 1L1ET
AT LTCl Y | EEMICB T 2 BREEIIEFICEER AN T A—FThDH, 207, &
WAV CROE S T L5 SRS R OB R BR 2 iy 2 F & LTz,

EERGBR IV 2 3B I, FRHTE T /L IRIRR[45/0/-45/9016s @ 48ply, 100 mm £ & L7z,

=5

IE LT HEISZEIX, [Slow Cooling: SC], [Middle Cooling: MC], [Fast Cooling: FC]?® 3 fE¥C
Ho, M, WEFHIZNETLRECTH D, JENFMHDH 1.5MPa & LTS,
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Slow Cooling Middle Cooling

Stress development at 1,2,3,4ply Stress development at 1,2,3,4ply
30 30
20 } 3ply_-45°layer 20 } 3ply_-45°layer
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< 10 | — 1ply_45°layer w 10 | HBvEEr e
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) a )
o 20 o 20
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Stress development at 21,22,23,24ply Stress development at 21,22,23,24ply
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=10 78 MP. =0 55 MP.
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n —
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Fig. 6-9 In-plane stress development in quasi-isotropic laminates at various location.
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RERFERENZ BT - T, PR RIS (ITM-18S-KW, YONEKURA MFG Co.,LTD.)% i
V72, Fig. 6-10 ([CiRBRIERE 2 /~$, JISK-7080 2 &M L, B o —F—iio 4 547 7
VREE LT, BT R X — OB EICIE, JISK-7089 NIZFE#E ST R 0E S
Imm 4729 6.67J) M iz, BB THRIEICANT SERH D0, U TH 45) O~
FAX—Ef G4 HHE Uiz, 7285, Impactor(FEE 5.6 ke)¥4 T D 2 T HE -2 77
fEL TR, #ABH & Impactor & D% 7 MI—FETH D, BERRE ., B REEE
(Matrixeye NX, TOSHIBA POWER SYSTEMS INSPECTION SERVICES CO., LTD.)iZ £ % %
R BT ORI 2 Sk L 7=,

HRBA OMFWREX (LXK & MERK)E ., Fig 6-11 1ICE & Trd, £/2, EGLH
i LT L2 by SN REGHAE 2 SH L, Fig 6-11 IZHEDETRT, #R1L,
2 TORBA T, R FIEEZ & RGO ERR D & AN [ ) > TERBERIZE R - 91
KLTWDLHENHERINZ, £/, BEHEEO LRIV, BIBEEME T T2 &8l
Nk g otc, ORI, SATHFRBICTH ARSIz Y | M EEEE VR M R (5 R
A LTz, Z OB, E— P 1R — R I OBEMMEEICER LT\ 5, kB, %
£— NO#BR T 5 Double Countilever Beam (DCB) & End Notched Flexure (ENF) Dt 5 % 7~
F73. CF/PPS THMENEEE D LA X o THBERIEE S LH T2 2 L83 0o TnD,
R OAE R & AT OFE RABEE 2D & 90° N OFREEIG J)5346, #§1Z Thermal
Skin-Core ZhRDREE LU SISV O K/ NDEREFEIC 7 U 7 4 IR 2 RIF LT
WD EMNHEA LTz, ZoFENS, EH EEREL RS ZHMFEBRIZIWTIE, FEISTR
EEERE &L W T E 72T TRSAEEOB AL b ARG HFENAHATHDL L. VR
Do

Clamped specimen

Fig. 6-10 Impact test setup.
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Slow Cooling Damage area : 2208 mm’

Top view Side view

Middle Cooling Damage area : 1569 mm?

Top view Side view

Fast Cooling Damage area : 819 mm?

Top view Side view

Fig. 6-11 Image of imapct damage area in specimens with three cooling conditions obtained by

ultrasonic flaw detection.
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6.4 =S
AR CIX, FEH REE L 72 5 EAREE I ONCHEHEL S H RS & o 7o 2 T IR S S
AT JEAR % 564 4212 . Thermal Skin-Core 20 RN IE 1340 (2 AT TR OV T L OB fF
Hram L Cakil L, BLF Ok 57,
1. 0 BREENDGE ORI L TRIRBIE I 4T 5 3, [02/9022]R°[02/902]6s
LWV o o EAAEIER D 907 JEPNIZFEE T D Thermal Skin-Core %53 H1 K DI I IG /) 43 A
EITBIRAIS ) & i L CTENENAK 18%, £ 4% & FEFIT/NENT L AR LT,
2. ELIEITREENCTIR, Thermal Skin-Core &R D 5C 8N ML r[RET o 2 o R L7z, HEE
HHREEEROEERER A L T, RIERRREIREE O E5 & & b IR A
T 52 LR ST,
3. EAFEEHT 0° EORIGBE TG AU TR R T, A E L AEENEDR A
RENLBHBHFENAH CTh 2FN R S 417,

Sl
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BTE T == VB OZ OS50 HEHIC X DRS00 FE 99

= =
7 =— )VRLE D Z DIFOT B EHHIC
BB )G 153 A R E
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R R O ERIRRERFIZ, TR O ORI I AR E N E e 2 R LT 5
EINFETITRARTE @Y TH D, #idmtE CFRTP TlX, A D k28 o SRR
FThLEND, FRRAIGHIREOT A bl LIRE T M SLE DOC IKF L TV D
BT =2 Y TR 2 L THOA L0 TH D, TSI T, 5 5 BT

. —HFIMIEEAIZ 350 Tl Thermal Skin-Core Zh5IZ K - T, MIEFH I IR IS /5%
O B AADFET H, Lo LAY 5| Thermal Skin-Core ZhRANFEAET 2 K 5 Zpmadivn KL
Rz k) B SR OSEITIE, Mid b8 o3, JRHE ko 5 DOC <
MEHEEPEICBIEE L2 W FTREMEDN & B[ 1], D72, FRIBHRICRIE 2 B 5 5T, it
B EEZ L TDOC % LH&W 5, 7 =— /VALH L WEEn 2 BMLER N EE SN D HE1RH
5[1],
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PR, RERREEN S E SN T T B EFT2FIREI NI, Unger HANC LT, BHSh
7z CF/PEEK O —F M5 b#f 25t 512, BB A RIAZH OIA MO 57— P &
T, 7 == VBRI R AET DB OT HLEEOFHN T o TV D, 2D DRERN G
T< Ty DIREEFITAIZ BV TN - (ENDIREEY A 7 NV Z2 R BRA I 5 L2 6, BRE O 4
P E A EEL LI —0 T, T> Ty OIREFIR CIREY A 7 Va2 5325 L BROTH
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ISARTFFHNZ A L, JEREOT AN 5, FriC, WiffaaGIRE (T TIX, RERE
MEOT R OEEMP R STV D, ZORER, 7 =— VIS DOC O EFIZHES T,
JEMEDFRRE O N 2 F N BN E R o7,

AAFFENIZIB N TS| Fig. 7-1 IR T K 912, EARREER D7 =— /VILERIZHE: 5 Transverse
Crack DFAZ TARERN OGO L TEBY | 7 =— VB LIRS 1558 OF A DO Bt
PEIZ, AERGRE L TOERDEHNE VR D, LLARBL, FSETIMOHF-72 L 5 RE
Wb DFEEIG 1 FRE OF A5 2 5 7 =— VIO 2 Z O\ CUE, BITAFZE[11IC
WL O SN B2 FEHR IR RIS )0 ORI OB b e L TR~ 5T D b
DO, EFRW NN FERENTEOTHREDO RN H D & F 2 5,

Z T, RETIIE 5 FETHWE 48ply D — 7 IBRILIEN & % G127 = — /L ALEL A E i
L. FBG ko # &Mz DB 0T Bl BB O oMbz FfET 2 5H 42 EAM
LD, KREOHWMIILLTO®Y Thbd, £7, HI12HIZHWT, 7 =—/VILEIKRE D N EL
T INBGRFE DR EHE RISV TR D, WIS, HF 73 HilCR W T, 3 EOMARRER O
JEARIZ T =— VALER 2 20 L, %R O A0y A O ZAIC BT 5 RS RA R~ 5, HAZIC
7.4 #i7C DOC OMRJE 7 115545 1 ZEE K §~ % Morphological Skin-Core 232U THEMT 2 F U
THEEL, BEIGNOAMAIEIRD A H = X LEMRFET D, MA T, 5 5.52 BRI 3 sy
AR A I L, 7 =— VALPRRETE T O T TREE b A 8 L Chi SRR &R D 2 Y P & IR EE S
Do

CF/PPS [0,/90,/0,] Transverse

crack
Before Anneal

Fig. 7-1 Transverse crack due to annealing.



BTE T == VB OZ OS50 HEHIC X DRS00 FE 101

72 7T =—NVABEHORE

AHiTIX, CF/PPS D7 =— VALPCHEEE & 72 2 INENRE & INEGH L DEE 2, DSC % i
LTERET D, ZNHDONRTA—2OREF, mftmbOREZLEATHEZEZLND, K
FZEClE, 55 2.2 Fi & [FEEIZ(DSC 8500, Perkin Elmer Co., Ltd.)Zf# L T, CF/PPS(/x% %l
#E : AS4A, PPS : CETEX TC1100, TenCate) > 7'V 'L 7' > — M &R, FiaDIREY 1 7

Mzl L CROGE 2 #H] L7,

2

=

1. 5
AWHETIE, =il 5-50 °C £ THAIR, 350 °C £ T 100 K/min TaREH 2 INEA L 72,

2. mELERE
AL TIEL, 350 °C 7>5H-50°C £ T, - 500 K/min, - 200 K/min @ 2 G4 TRk 2 mHE L
Too ZOWHREIL, ThZNZRBDOF 7.3 HilZH1T % FCMC FMFITHYT 5,

3. T =— VAL
AMMFETIE, 2.0V THEEE CmAl S 723kl 2 - 50 °C 775 350 °C % T 2 K/min, 30
K/min @ 2 S TIEA L 72, ARG 13, IEGEEE RO 7 =— VAN AE S ik ik
FENOINE 2D, AT DHROCBGIERE L O | INEGREE &ONBGEEE 2 5% ET 5,

HIEIZ = CF/PPS o — MM DEARIFTK 180 um TH Y | 7/ =7 A% @4 mm DOE A

CYINIZ, BREI EENR WX ST, HEMNSSmg LD 1Dy — hEE AL,

3 HIZ(-500 K/min, - 200 K/min) & INEASE(2 K/min, 30 K/min) DA o3 4 38 0 171E

T 5, FNZF% ConditionA,B,C,D TEF L Frtllitd, [Rl—#EHIZ%F L C. Condition A~D
AEP4ET G L, BT 3 AL L,

Condition A : #HHEIZAE (-500 K/min) X JIZEAGAE (2 K/min)
Condition B : HHISAE (-500 K/min) X NEAZEMH: (30 K/min)
Condition C : HHISAE (-200 K/min) X NEAZEM: (2 K/min)
Condition D : 154 (-200 K/min) X JIZEASAF: (30 K/min)



BTE T == VB OZ OS50 HEHIC X DRS00 FE 102

Fig. 7-2 {242 C® Condition |Z35() 2 ife 3 OEGRIEREZ . 30 °C 2> 5 330 °C DI SEHiHH D 7~
A U TR, Fig. 2.2 1R LI K 912, Wifiidb ki & 2 R BABOG S et R THER S 7z,
i S A= 5B Qpx & Table 7-1 (27337, MR 2 12851 2 M ARG R & i d™ %
&L MBGEEEICBIb 59 FC &b & Fii L 72 3B CREEQ N K& oz, Zhidk, i
3RO DOCIZHEELTHY ., FHI2HTHONIEREEET IO TH D, o, L3
[ZB T HINBGEE BN AE R 2 4 5 & INBGEE O EFICHEV Qe ME T L=, 2F 1,
INBGHEE DS G S i bR B RICER SRV E VR D,

Condition A Condition B

= o s
E.| Cold-crystallization E
2 -~ 2
K] o
5 | Melting 5
T | Qex T
-~
30 80 130 180 230 280 330 30 80 130 180 230 280 330
Temperature [°C] Temperature [°C]
Condition C Condition D
= =
£ £
30 80 130 180 230 280 330 30 80 130 180 230 280 330
Temperature [°C] Temperature [°C]

Fig. 7-2 Heat flow history for the temperature range from 30 °C to 330 °C during four different

annealing conditions measured by DSC.
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Table 7-1 Exothermal heat flow per unit weight in each annealing condition.

Annealing condition Qgx due to cold-crystallization [J/g]
Condition A 10.71
Condition B 8.55
Condition C 4.60
Condition D 3.42

4 Sfda@ LT 115 °C < T< 175 °C OIREFHBIC B W TRELUSNFEAEL TR Y . ZOMm
A 23 kR L T D, LAL, Table 7-1 Tl b Qpx 23 K E 7> 72 Condition A T, #J 90 °C

SREEMBLA L Tz, DOC 2MEWZdIZ, T, LA LT3 ClaimibibsBth L= &
BEZBND, SHIT, BEAKEOE—ZIREICERT 5 & MAIGMC L O PMEGHM T
FERPHERR S LTz, INEEE D IEV Condition A,C TITHESLD B — 7 AT 121 °C &
72> 7z—77, Condition B,D TII#J 142°C Th o7z, Fiz. BFEMIEL T T'>250 °C DI
FETEI TR A 5 WESIEDBRIE L TV D, DFE V| T>250°C TIXBEFOR MR % 1T
HEL TN, D7, CF/PPS DT =— VALERGAHIZ DWW T, DSC ORIEREFRH S Fid
DFEDFERAT T S AT ABFZETlE, 7 = — VR O NG E & LT UINEEE % 200 °C,
INEGHEE % 2 K/min (ZR%AE L 7=,

IIBEVRE - 175°C < T<250 °C OFiH TR+ 55
INEGEEE - 2 K/min @ K D ([ZHNEGEEE SRV DM F LS

3 BARM T = — VI F O F OFOTHEHHIER

HiTE T DSC RHAINORRE L2 T =— VRIS & | sIBRHT I A LI ARIE T 18 D7
OFBOATHK LT, T =— VLB - 2 5 8% 2 OB 09 Bt 5 S 8 5 529
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7 =— VRERTOREEIX, SCMC,FC & 3 RkfEL L7c, FC £ TIE, HSEHET
b OPHEHA O I THRIGHN 2 F5E L TV RN, 2EAHITRER FE L LTTEMICH
BHENTWD [5], WHBEEN R H# < 225 FC &M T, BEH M CIREZ T TR
HEE 043 5 2 & MEE S 4u, Fig. 1-10 (278 L724RIZ parabola JEK D DOC 434 A3 A
T2,

RTEI ORGSR A FEIC, 7 =—/VILER & LT 30 °C 25 250 °C F Tkl % 2 K/min CTHIEA
L7z, ZePidiz@ L <, B &MUV D8tk o it S S 7o £ £, BN 5 Lo
72, 200 °C ElEE %, MEAZEIEL, 5 531 81Tk ~_7- SC KT 2mAI L, %
O OFRER - FHEREIL, F 538 LFAKTH D,

732 EBRFER

Fig. 7-3(a)~(c)IZF L4 SC, MC, FC O 7 =— L@ o OF R B 2=, BEEO
WHEIRMIC L o T BRICEFHOT A0 BER SN TV DAL H DM, 7 =— VLB h o
O RIBIED I % M T 2 728D, 7 =— /VILPRRET 30°C OIRBEZH 72 ICOTHADEr & L
Teo HPDENZHBIEN, G nmHATIRETH S,

SARRER A CIE, BUBRE O I AN CIREE /AT - HNEEE S0 A & HITIZIFH—TH Y |
Thermal Skin-Core ) H\C & 2 5% B OT B A DMED T o 72, 55 2.2 HiDFER D5 10 K/min
TWHSNT T ) 7L 7305 bR O EQex M EE 0 THHFEND, 7 =—/LALFIC
X5 DOCOEME 0 THDHEF XD, ZOREITKHE LT, Fig. 7-3()lZR L7 O A JiE
. B IMARITHRIE S M TOT BB TAEL TWRWIEIT TR < 7 =— VAL
THERS SNTZ O AZITHI 230 pe &8O TN SV, Lo TLSC K% DT =— VALY
R OT Bz nMmiZiT TR EDEBZEIERWFEIRI N,
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Fig. 7-3 In-plane transverse strain histories during annealing process after each cooling condition: (a)

Slow Cooling, (b) Middle Cooling and (c) Fast Cooling.
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RIZ, Fig. 7-3(bIT7R L7z MC STl MEHIZERRE OT Bk LTz, [surface] D
B B SN2 OT BN E L WA BITPE S e O T A O FE A DM O FHIIGLE & Hli L
TEVBHETH-TL WA D, OFT B OZALBARIEEITK 110 °C TH Y | 5 7.2 Hiod
DSC FHHlI#E R TR SN IEESUSIEIE & 20 J& L TUh/avy, 200 °C ORFFRIZIEIT 2 O h %
SC &MDiE R L5 & #2500 pe THY . WRERAIZ L B IHEOT A 25588 A 221k
THAELTWDLHEEZRLTWD, [surface] DA LD RERIHEOT HNFEA LTBEH & L
T, WEEEDO NS D, [surface] IS D 2 FHAIHLA OB ERREE L, 159 K/min,154

N

K/min & I1XIE% L —J5C, [surface] TIE 223 K/min & | I 70 K/min DZEENH 5, T3,
DOC #3238 E &8, L VKV DOC D[surface] TIFUFHEOTHEN/MM L D & k&< 2o
EBEZBRD, I, WHHROOTHLAITETH Y | IEGE TR TRA LT IHE
OFTHEET, 7 =— VBB J 0 IR EMEOT 380 U7z, (s S k23 gz
Fo3 iR L7 T, MENERATIC DOC BRIES M T—E L2 > T L HEMHERI SN D,
WA RAE LT B O3 2 1%, SC el & BB L TIITSE Lv o7z, MC Gelh R
O TR b EE/ G L LT, Thermal Skin-Core ZIHRDIEE OT Ho3AIELT = — VAL X
S TRMET, OFTHELZTPEMUERET 2 HBHA LN o7, Ko T, IS5
HAE LW EHERIS N D,

B %12, Fig. 7-3()lTR L7z FC DO FERIZHOW TR 5, FC &t TIXRIERHTHE S
[ CIe RIREE 72723 161 °C & 72 o 72D D, MC :FLL |0 Thermal Skin-Core Zh 523584 L
TWL ETPRIND, ZHITINA T, WMETREDSHIE S M TRE 22D | [surface] Tl 700
K/min, [near surface] CI& 178 K/min, [inside] CiZ 159 K/min & . 7B 2856 Tl A0
BEL R OEHDTETT 5, 2O KD RREETIL, BB A RIE T MIZ DOC D AE—4341 233
AL, 7 =—/LALPRIRFIZ Morphological Skin-Core Zh 5% 5| & it Z 47, Fig. 7-4 |Z Morphological
Skin-Core 220 5 DORENE X £ 7753, DOC DIEWNZ L - T, 7 =— /VALBREE O il AL I L 9 1Y
MONT BN 72 D78, ZHUZ K- T Thermal Skin-Core Zh5: & 133 D FIHUIRAED A BHK
JEH N AR END, DF D | MRREHICTHRIS S, POBIERISINEAET S,
DI [1] TR BILTW DRI 15340 DIRBC ) EA LD E ) & e > T b LB %
bivd,
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Before annealing During annealing After annealing
Crystallinity Crystallinity
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Fig. 7-4 Schematic of residual stress re-distribution mechanism due to morphological skin-core effect

based on non-uniform cooling rate and DOC distribution.

AWFFEDFERIZ BT | Fig. 7-3 WOLEN-45 T LIZMEMREZ . BJE 71T MC §:E L 0
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EDJEMIFRE OT HBFEAE LT, BIBRHIZHAE LT OT oM e ot TR+ 5 &
AT LV IEKRT D FR D0 o7, Lo TFC &HFEDEE . DOC DAE—54il L - T,
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) 670 pe DAEFENFEEL TV D, ZOEH A, Morphological Skin-Core 1R TH Y | K D IX
i S 23 %\ [surface IS H IR SN TV O FENREB IN D, ZOOT B R FRE L)
RELR DN HMEE (ST D & TRINDN, AREREMITIC K D Morphological Skin-
Core ZHFD A 7 = X MR & FREIE 3 A OFREIZ DWW TIE, 7 =— VLR O PEF)3
WBELIR D, £ 2T, 4 BORLEZ DO OT HEHANC IS < Wt EHEE FiE2 Vv T
HEETDHEE Lz,

7.4 7 =— VLB DRE G 3 BEAL D FRIE

Morphological Skin-Core 512 L DR BE IS IO | FEMTHICIEGE « BT 5720, )
PEAEHEE 2 Fhtn U7z B CIS DT 2 =0 LU, 77 = — VILER % D FEIE 15040 & TR E T 2
HLT D,
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FTEEDIC, FI3ETHRLIEL DICT =— VAAERIZ L - THREER S &R Z Sh
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S Te AP OYVEEHEE T, FBG o &8 L CEHII S D O BRI, [l dnIHE] &[4
INHE1D 2 DDOEFRNEENTZ, ZOELLEPHEOT A ThHoTFNL, G0 58T
(ZPEMEHEE 2 EHT D Z L AR, — . AEICTERD 5 7 =— VBTl BT fE
IMEROT & | e b X DI ONT AANRIET D F b, HAWENZFIH L7zt
EHEE DRI R 25 G030 D, & T CTARFFETIL, ML st ENZENOEFRE LY
Ly BT BEERBIC X DUGEO TR U A B ABEN OB FIM LT, WrkiEiee
EEIT D LRI, Fig 7-5 12F D& 2R,
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Fig. 7-5 Conceptual figure expressing the separation way of measured strain due to thermal expansion

and crystalline shrinkage during annealing process.

Fig. 7-5 ICH B TR LI ifIE, 7 =— VALBRRICHE A U 7 dkHEIE 2R 07 m O P OV A A
RNRBRECTH D, ZOOTHBREICIL, BIZE & RS OERIRIEL TWD, —J,

BRI Z & £ R WBWRO AR BET LA, BB LOOTHBETH D,
EH B O 90 °C OARRE TIIAESLE DOC 23a% Th 0 | 7 =— VALEEZ L > T 180°C
DIRHET DOC 3 RME(Max) & 72 % &35, BUlZE=R13 DOC PHE TIZ k> TET S
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M, Fig. 7-5 NIR SN2 2 DOOTHEREZZ LG Z & T, KINORMH CH £ 7258
WIS TREN D ALED DOC(a)RIRE T 1231 27 EIUHE O P ecrystalline shrinkage (& T)
MY 52 LK D, REMRIREIZIT D eqystalline shrinkage (@ T)% . Long-tail sensor
& Short-tail sensor Z L& WV TEHA « FHli¢ 25T, ATICHE L 2 57 =— /L ALE
T ORBNEHIESR Epps ZHEEHDR D, Eo, FTICHE L R DIEOT 2OV TR, B
RORBLEETHMLEND D LB X, Fig 7-5 TREINEHFAHBEOOT AN EZTED
IREZAL ChR LT fECRAL : ppm/K) TEFRT HZ L& Lz, BIF LY, PMEHED DD
O T EHAFEERIC W T BRI~ %

WIMEAEHE 2R B R RAR IR 2RI U 72, FC S 2 AT RICAND 2 &0 b |
RSN LB —I127e D X oIz, B E — 7 12ply([012]) & L7z, FBG &2 H D
HDIAINLE I RMBIIRE T 2 PPS DREM: A SR 72k HE B2 J7 Al O BT N OV e %
FHAIT %728, FBG & > Y (Technica) Z #kifE /7 M) & RINEEELIZ 72 5 K 9 1T 6-Tply HIZ 2 Akl
& L 72, —AIZ, Taillength 7% 49.5mm T& % Longtail sensor &, 2mm T# % Short tail sensor
Th b, %73 EOKHEN S, Morphological Skin-Core ZhH: 1%, JEMAM IERED FC Sb D55
BICRETDZ LR o TWDD, HIEREN ML TS Z &6, MCFC MigffT
B EIE DB & R T = — VLER A F2E L ERE & HERE L7, Eerystalline shrinkage (@ T)
M 5 LT AEED DOC(a) R TI2H1T 2 BMZE DT B emermal expansion (@, T) % 3K
D HMEND D, TDT, 100 °C, 115 °C, 130 °C, 150 °C, 165 °C, 180 °C, 200 °C DA77 45
BT = VLBEE T & L, [Al—BR A 12K L C 2K/min © T % THNEA L 72 E#% O DOC(a)
WREBIZHB T D HT DO OFT HIEEZ AT, KT hermal expansion (@, T) & K872,

Fig. 7-6,7-7 12, T=200 °C |28} 5 MC,FC &4 Long-tail sensor CHtHll S iz 7 =—
NP ORNEOTHABELZFER T, G 7T HOMEZBEBL THELAL
Ethermal expansion (@ T) D JBE(Long-tail sensor Dt )% — mEHME T/RT, HHEOKRIL, T=
90°C TH 7ty FLTWD, WAIFMHFIZE DT, WFiRmIC L DR T AOERE %
BUEROBEPIEVEL 2> THBY | RELEFITHEVERS — KSR OESS
(Ecrystalline shrinkage (@ THIAH) 23N L 72, 200 °C (2381) 5757 1E. MC 4T 1491pe,

ST 4672 pe & 72572, Short-tail sensor {2V T H  Eqrystalline shrinkage (@ T) % K7z E
T, 5 4.2 filZ > T 90 °C, 100 °C, 115 °C, 130 °C, 150 °C, 165 °C, 180 °C |Z33\F % Epps & H
E LTz, ZORER%A, Fig 7-8 (2R T, BE EFIZHEW Eps MMETFL TN —F, 7=—
BLDHERRIZ K % DOC D 52N Epps (2 BT TR OV TIIH B 2NT R > Ty,
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Middle Cooling

annealing process

MC_Ethermal expansion
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Temperature [°C]

Fig. 7-6 In-plane transverse strain with crystalline shrinkage and thermal expansion strain histories

during annealing process after MC condition.
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Fig. 7-7 In-plane transverse strain with crystalline shrinkage and thermal expansion strain histories

during annealing process after FC condition.
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Fig. 7-8 Estimated PPS resin Young’s modulus Epps development during annealing process after MC

and FC conditions.

7.4.2 T =— VAL D EREE IS S RT

% 7.4.1 i CROTMMHEEZHWT, 7 =— VBRI AT D 5B IE AL 2 AT IS &
VIRIET Do MNTREEEE 54.1 Hislh—&H L T\5, FIREHRIEY 7 | Abaqus 6.14 %
FAWTEY ., #rE7 WL Fig. 5-11 L2 LV, 7 =— VALEIR OfENT CEE L 725 DN,
HRIETT ) ~DPAEDIR Y 531 T D, TARMFEBRIC L 0 15507z, i I ORI ST [ 504k
% Table 7-2 (29, KR, 4-5ply & 8-9ply DR THEEENR K& LEb->TEY, |
DTS < AT 23U THY 200 K/min (PR L CW D FER 3o T, ZOT, fRHTE T VI
M % Fig. 7-9 O L 9 124EIL | Region 1~2 DA% 55 7.4.1 H#iTReO7= FC G ORGSR 2w H
LHE L L, Region3~7 X MC &MFOFERAZHEHTHF L LTz,

FRATIC S T-0 . 5l & e X kEEE2 B L 72\ ILE &7 /M FES BB 2 (50E LT,
FEAT DO AJTREESRAFIZ. 2K/min & 5 IBEHEE 2B & 2 T, BRIEH 1A C—iE & Lz, 90°C
ZEATBRARIRE L L, 1 AT v 7 TIRE% 2.5°C o2& b &, Fig 7-8 TR L= KRS
B U7 R s MR 2 BT L7223 | 200 °C & CEHT & FEHE L 7=,
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Table 7-2 Cooling rate distribution in the through thickness direction.

Thermocouple Location

Cooling rate [K/min]

8-9ply
12-13ply
16-17ply
20-21ply
24-25ply

385
229
208
188
182

Region 1 (1-2ply)

Region 2 (3-6ply)
surface

Region 3 (7-10ply)

Region 4 (11-14ply)

near surface

Region 5 (15-18ply)

Region 6 (19-22ply)

Region 7 (23-24ply)
inside

FC condition

MC condition

Fig. 7-9 Enlerged cross-section view divided into 7 regions in the through thickness direction

(Region 1 ~ 7).
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fEMTAEF & U C, HEAMMRHER 22 7 91238429 D [surface], [near surface], [inside](Z351) 5
FeRE IS 1 DA% Fig. 7-9 (2, fEMTBIAA T D 90 °C DIRREZ L o S s L, &
RX0, 7T == VAHENER S D20 Clsurface] TIEFRE 5 #RIG /123 K L. [near surface]
& [inside] TIIFRBE LRSI DM LT=, T OFERIL, Fig. 7-4 127" L 7= Morphological Skin-
Core ZhRDOBMEHICAZS 5, MRITREOMMEEEIL K L > CTHHBON DR RITRAR D
TENTRSND N, BIBRHCIEAE LT RIEH I OFRRE LRG3 T =— /VILBIZ K -
TR T2 2 &0 7T =— WD TR T 25 )0 &L, 8.2MPa THH Z &
WRENTz, ITRNEIECE R T 5 & @RS m B X D WHE O R REW T
<130°C OFE TS I DRI BRI ND Z LIRS NI, ZDTD, TR IS8R
DOBLRIZENT, L0 @I T < QIO TR A2 A SE 5 FREENOH 4
ThdEWVWR D, FCR/MFTICBT DB 2 M9 5 Z LB HPRTW W e Bk
DRI EOREEB I TV DR ARHTH S —J7, Fig. 5-15 IR L= MC &
PO T ARRE R & Fig. 7-4 OFEREZMA GO D & [surface] & [inside] D Jis ) 7253703 14.7
MPa 7> 5 6.5 MPa ~ MC SR Z DK 44% £ TIR T2 Z &AM BN E o7z,
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Fig. 7-10 Simulated results of in-plane residual transverse stress histories at each point of the uni-
directional CF/PPS laminates during annealing process after FC condition with Morphological Skin-

Core effect.
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7.4.3 3 SEITRERIC X B 7 = — VBB B YISO OREE
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TH 7.3.1 BOOTHFHHIFEREIZ, 2 K/min T 200 °C £ TRl &RBR T 2 M L7, 3 sih
A OFER N AT 100mm X 15 mm & U, BRI — 7 bas D [904] & L7z, 7
BRI L5 5.5 2 i L REE CTH D, FC RIHTOWTIE, 7 =— VLB R EHE O R % il
DogbRDOT-, BB AL, FFRETSARE LT,

Fig. 7-11 |2, FC & CTRUIE S =ik i (7 = — /VILER FEHERT) & | 77 = — VALER % F2fiith
® FC MR8 b O E-EM AR 2 /T, KNIV 7 =— VAR S FT O 5k 1 (FC_before
annealing) 7’ X V) @R KW HE 2789 2 & SRR S 7z, 8 5.5.3 HilARRICH(5.2)IC KD E o
ZH M L7z, Fig. 7-12 12, MC, FC MSRIFIZIRIT 57 =— VAR Dog VIIME A RS, 7
=— VLRSS R Dog & MC,FC S TG 9% &, FC §:41% MC S X 0 %) 4MPa IK T
L7ze BB OIREES AR A K W K& W FC 4o Tl Thermal Skin-Core %) R DN MC &
fEE D LEEE IR D ATREMED & 5 — 5 T BB ASHEE A )5 [ O PSR BLE 7 L0 [E LB
BILE T, b R DEND ., BIBR OIS TIRRED MC &k & R 5 HENHRTHD &5
ZAbD, Lo T, [surface]iZFEET % FC RIFRIERE DI EAMEIE )1E, MC &L /s
WEHEE SN D, 7 =— VLB IS Fi#E TRG R %tk 3% & . Morphological Skin-Core %2R
\Z Ko TS 3 DZALD AT D FC G Tldog 38 5.2 MPa X F L7z, ogDIK T &
VX, T THERE S ALz [surface]# 70 DI RIS A AL E(K) 6.1 MPa)lZAHY 4% &5 2 b, 32
BRI < og DR N EIFFENTIZ D < [surface] DFR IS N E L LR —F LT, fRTFIE
RMEICWEBORMD B 5 —F7 T, IBKE & RRIZZ OGO ZEFHANZ IS < M HEE
AT 54T, T =— VABRIRF O IE 1 o0 A DAL QNI AR & % [ ATRE T db % 5+
Moo le, —J, EPTHEEE LM LE DAY — A A3 AT 5 MC FFICH T
b T = VAT KX 5 Top3KI 1.1 MPa X R L7z, ZORERIEL, 5 732 Hi Tt L72[MC
SRR L 72 Thermal Skin-Core 2R HR OIS 8T =— VALPRIZ L o THFI &
NN E W HERIZ BT TWD L WNR D,

TETCHRASNTEEREBET D & L0 IRHEHPHITER % 7 EEEE CTHOE S Vel i o
7 == VILBER ONT B & T 5 T TR OGBEIGM THRIE SV EHC T T =—
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Fig. 7-11 Load-displacement curve obtained by 3-point bending test using 48ply laminate before and

after annealing process.
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Fig. 7-12 The effect of annealing process on op values of laminate manufactured by MC and FC

conditions.
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HRATITBR HAVT & 7228, 1 I ANER S4L D KAL LA ~DHH bk 2 ICHEATEY |
Ffok & LR 2 7B JEBR R LA TV D, CFRTP OEWREEZKRIET 256, WHIGMHICX
S TUE, BE NSRS — 22 R/ HRE SR RAET 2, ZHITE D, Rtz
D EFTDME MR ET D720 TR B EEERERIC IR OT HombIAET
DLAREMENRH D | ZDOFHAERX T = AL ERLZ BREIZRET 2 Z LBRDLNATND,
Z ZCAMSE T, FUT CFRTP MR ZMFE R & L, ERICEA RIS RB O 55
M DFEEA T = X LT B2 R - AT 22 DI 622 L& 5 LikAadz, BUTIS, A
TEHE2ENLE T EE TCOFEOMELHBONIHEEE LD D,
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8.1 HREDHEH FLE ~F1H)

55 2 B CIL CF/PPS Z x40 DSC MIE & Fffi L, FREIG SR OT 2 & b0 BfRIC &
% CF/PPS Ofdt Al 268 & AL ORI 2 MR R < FiE Lo, LU oIc, AMEI o
Rk 2 DT 572, DSC JIEZ Fhi L, f%E L2 AR IC 51T D s L 2R 800G
e LEE(DOC)IF ONT, MR OREZH L E 3%, B2, PPS BARELAZ W Tibik R
DERF ZAmICBAMEEBIEE L | KEaniE s & AR OBRIEIZ OV T HEB LT D, £ O
R, U T OfEmE 71,

1. DSC T LN i IR (T) & W EIG BN A T D k5L E DOC 1, WEEE O E
FAZHEWE T L7z, - 500 K/min &- 10 K/min O5AERTIE, T, THK 64 °C,.DOC TiIHY
15.8% DAEFNRFEA LT F B | CF/PPS O b FBNIMEAIRE IZ K& KFEL TV D
HOMER STz,

2. RICEAMEEBIEERE RO PPS BIIEORSMIFRBIZERG CTH D Z &N pinode, £72. W
HHE DR & AE SRR AR, BREE A AR E < Ae D 2 LR ST, AESAERE
PSR ST IRESEISIE DSC DRSS A fEIR & — 2 L TRV | fid b0
BREAS, B - TRREMICH D & e o7z,

55 3 B TIE. CEF/PPS Z 6 RITIMENEE N2 5 3 FHDIMAIRMET T, 7 7 A4 32

DREHITH S Fiber Bragg Grating(FBG)z > V&AW CHEET=4% VY o 7% i L1z, &

TEIRE DIRE S5 A7 D S BED I N (BREAD 3.6 mm) & FHUN T, —J7 R kA it (.22 7 )

DRI H P OT HEAGIZ G- 2 DR HNRE OB 2 A L. LLT O a2 1572,

1. FBG BvHE#HWEHEE=4 1 v 71 X HNEOT M ORE R 5. DSC Thgd
SN BAERBIR AL CTRA OO T AN AT D2 HEAMER Sz, Frl, AT O
TAHEDP B OTHNRIRIBA T 5F:N G, BUREOT HOFENHER S 17z,

2. WHEE O LRIV, BEEHROTAMETLTE Y, 3 KM THRAR 2200 pue @
ERThHoT, 2O, MHEEIKATFT D T.5° DOC 723, CF/PPS DFRHE LM O
DFEAR & FAEBICREREBEL G5 TNDLZ L ghoT,
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%5 4 B ClE, Minakuchi 6 2MBR L7HLAN 7 7 A S o &2 AW ERIBRE F TOZ0

GiNEROT B3 HANZ HS < iRBIIT FIEZ BV S MG S € 5 2 L 2l T,

P70 2 INHENREE 279 5 UGS T CRUBMNTIMNEE & 72 2 [BIHEHMER] & (I O3 2] &

Vo Te MR 2 HEE U . OB B OV S PR GIE ] O ONT 5 HRIN SR 4 32 L . LU T O flTm

s

1. #72% Tail length # A% FBG & H RO AMWENIIE D OFTHISEZZFMT 5
FC AT AEERBILEATT £ TOULEERHECT PPS BN Eeps & CF/PPS 54 &
L T OMHEEAZ T 1A BVIZ5E R CTEcreps 22 SHETE TE 5 2 & &R LTz, #EE S 7o PEfE
X, WEE OB A T 5 DOC L BRMENRH 2R o7z,

2. T ARG E T O @ REIR Tl FBG & &2 W T MR HE E AN A T %
. DMA FHHNZEES < W PEAERHI - HEERS R & DR L7z LT REME A4 Z 8 L 72\ ILE
BT IAZIS  BBARNT & i L 7o, B4 MERGEA KB D O B IE & gkt 1
BELNTOTHIBEA L LIZAE R, Wi RO R < —8 L, BRED 5%LUMNIZINES
LR HEEWNEE LT FEEO RS RSN,

3. DMA DFHUZA:TH 2 MIREBEL D KRAND . NS RIZ G- 2 DB HOWTHRET LT
FEE. 0.01~1 Hz OFEIE TITREFAEN H10 pe [T E 5 Z L AVR SN, EtEsEic BT 5
DMA GFHM O NHRE B DN RITHE LIS G- 2 D BB RERN THH Z NP b E o7z,

55 5 B TIXARES FNIIRE DAL — 5 A0S AET 5 &9 ZamHIZRAE T THRETO-$ A5 HAL,

AR CHESL LI BRI, & DICISRBIS A oo Aa i o0 3 sl F sl 2 F2hi 95 & L
Too ARG ICFEET DR —IRE AN % Thermal Skin-Core BR 723 & 72 5 975%
RIS OFT BT OV T LR, BUT O 2 1572

1. BHE AL RS54 AT D MC,FC 44 Tlk. Thermal Skin-Core Z15H:12 K - T,
AR OO AR IEASMRIE 5 18 TR A 5 3% R UTe, MOBFR BN e iy sk &
78 o TR IR ME Cdo 2 PO DI O T A 2 R T 2 FRN EEN TH D 2 &
D GNE TS T,

2. 4 B CR LICWMHE N QNS BOBARMT FIE 2 JERAZ SIS L7k R, MC 5/ CHERR
SNIEWEOT B0 2 @S E I IRE TE 2 F 2R LTz, WEIG /130D T b [RlER
I RORER & A Bk o7z,
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3. Thermal Skin-Core ZNRHRDEEIS AT HOWT 3 [l R 2 i@ U TRkl L 72
Fe. SC &I PE TR —E TH D —J7, MC 5o TIIHEHIIN(Thermal
Skin-Core 2RO FEIEINIZAE S T, MITRESEINT 2 FRBH LN E o7, FTo,
RIS BRETE DA, MEHEE O R R @M TS RAE T, POzl
THE O BIES AT 2 F &R LT,

4. 3 5 RBR OFBRRE B & TS LV B S 7 MC SR OIS ) A T 55 T
OF BT Tl IEINTBI LT HARHTHE R DY PR R S 472,

56 FCIXFEM LEE L D EAREE S EUE TR Lo 7o LT 1A R E S TR
MR RFCIE AT 2 NI DR IESE NSRRI ) 534 22 . IRTEARIT 20 DI 5 M L7z, (Rl
(2. Thermal Skin-Core Zh4tH DTG o340 & BAD EITVEITIEIN 9~ 2 BUR R IL 134 D
FIEICHOWT ORI L, BP0 L TR L. LUT Ofm 2 1572,

1. 0 EREENDEE BO RV Lo TR 33843 2 73, [02/9022]R°[02/902]6s
LWV o L EAFEER D 90° JEWNIZFEET % Thermal Skin-Core 24 HI R DFRRL I ) 4340
BITEFRRIS T & i L CENEIK 18%, M 4% L FERIT/hE VWD L &R LT,

2. HEEITREENCTIE, Thermal Skin-Core B R D BN A PIRETH L &R Lic, HEU
FEHFEEER OEERBR A E L C, ERMERED LA & &b IR A B
T 52 LR ST,

3. EAFEEHT 0° EORIGHIE AT GE R E TR T, anE L AEEM DR B
FJUAEN DR HIFIEN A TH 2 FIN RS NI,

57 BT, B S BmTHWZ 48ply O—JF mITRILIEM & R 510, IEHROBUEETH 5T =

— VAL Z N L, FBG kY& W20 0T HEHIN D ERFOT oM bE, £

727 = — VLB OFRER G I LA % fRAT N & TG U7, FREEIS AL DRI OWT, B S

F[AERIS 3 iR L OV EE 2 DA L7z, £ DR R T Offiw 2 1372,

1. CF/PPS O#fERALIX, 7 =— VILEER[D DOC R°7 = — VALEL O B FE IR 73 5
ZEMDSCEHN B BN E 72T,

2. MIBEROWMAREZ L > T, 7T ==V AHPICHAT HHEEOT AN R o7,
Thermal Skin-Core ZHDHBFEAT D5 EGMC FINHITIE, FREOT oM ENE
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T BRSBTS 2N EFE X HivD—F, Morphological Skin-Core ZhF 235849
%6 (FC &), Wi biZ XD NHEOT A EPIRE S M TRR D720 WHEOT A0
PRI K DFRBE IS TIRER SR AT D FDRITHRE R O bR STz,

3. T =— LALERR# T 3 SRR A S L 72 f5FL. Morphological Skin-Core 515
FRREIE T4 DAL K » TN 8 Eog MR N 2F N B & 2o 7o, R T &I X
VRO I FRRIE NI S T 2 F 0 6 | ISIHERBEO 2L 0 RSN,

INBH 2 ENLE 7 BETOERMANR L EwmND . AR TIERSYE CFRTP ThH S
CF/PPS DR BIERFC R AT DI IS 15588 0T 75347 % . FBG & v ¥ % AW =2 D350
FTHFHN IS S BN 28 L CERECRET 2 Z LR TH 2 FE R L, BF
D BHENE CFRTP D6, MIBITCE =4 U o 7 ZIGM L TS H T, &
PEME & B & R SL P RE e B SRIE O B IZ b 22 b d L2 D, FEHERICIS U T
Skin-Core ZhFAZ 3 < FBAIS 10 A O BT R B0, KA LEE L7 5 27 mfEE <
TR EIGARITFEIC 1T D MC RIFICHY - RS D HOFE) DI K-> TRE &
EPEMEDW LN AR TH D FEN D, T T DM EISE DB S RER I TA M Th
B &, BRE LTRRRETT 5,
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8k A Self consistent field model AN %

6% A

Self consistent field model D FEINE

55 4.2 B CRLIA L72WPEHEE IS WM BHE S I TH % Tself consistent field model | (2
DOUWT, ZOFEMAARNG 1ITFE & DD, Mk & R BIE Z 2 0 o0 S E RO &
B WEE S LITHAEM & L TOMMEEE 9 B3 (En, Exn, Ess, Gia, Gi3, Gas, Vi, Vi3, va3) & TR
ET Do 9T ON, WL FEBIL S O Th D, LLTICEKSGOENXERT R, LED
PPS MR HMER En 2 0E L2 ET, (A ~ (AIDDIEIZ ST A —F &8T5 L8 H
%o BT TZ R FEHEAMESS PPS Ml OWIVEEIT Table A-1 (R, EldY 7 GldtE
ATV v TR T V) e R IEARERMER AR L TR Y | ARXREKRNIT TH DI FH3D
LA TMEOMEL . [m] DIRZFDOGEITBIEOMIEZ | [TIOWRZFROLBHE

TEEM Ot E RS,

- E33f
G230 = 20 + v (A.1)
k= o (A2)

2(1 = vasr ~ Vi)

3km — Em

Ym T (A.3)
= _—Em

Gy = 2(1 + vpp) (A.4)

km(kf + Gm) + Gm(kf — km)Vf
(kf + Gm) — (kf — km)V¢

kT:

(A.5)
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_ _ 4(vim— Vizf)kfkmcm(1 - VpVs
Ey; = EjfV + Eyym (1 =Vp) + (ke + Gk + (ke + k)Gt (A.6)

— _ (Giaf + Gm) + (Gipr — Gm)Vf]
G12 G13 Gm (G12f + Gm) + (Gi2f — Gm)Vs (A7)

Gm[km(Gm + Ga3f) + G3fGm + km(Gazr — Gm)Vil

Gos = (Gaaf + Gm)km + 2G3¢Gm — (k¢ + 2Gm)(Gazf — Gm)Ve (A.8)
R (B (YU SR ETE T S R
Ezz = E33 = (1/4kr) + (1/410 ) +(v2,/E11) (A.10)

T 23 12/£11
Vyy = 2By kT — Elzllflzlsz—sz%szEzz (A11)

Table A-1 Assumed fiber and resin properties for self consistent field model.

Fiber property Resin property
Enr Exnr Guar Viof Va3t fom Ve
[GPa]  [GPa]  [GPa] [-] [-] [GPa] [-]

152 30 94 0.313 0.313 4.5 0.58
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6% B
CF/PPS DA EEEIM:

5 6.3.2 BICIR AT EEFFEICIL, E— R 1 &E— R OBESMEMARKE b T
%, WEERBRAE R LD . IWHEE O EFICENRGEEND T 5 Z R HERE S,
DFERDESF T & LT Double Countilever Beam (DCB) & End Notched Flexure (ENF) D k5 %
Tt U, AREEEIVEME A LT,

AR OFERERERIMRER TR TH Y . — 7 misfbss 18ply([01s]) & L 7o, MENREE D
BEFHMET D720, 2 E TIZRRTE 72 SC, MC, FC & Tl h 2 L=, 7=, JE
DG 13RS OB T [FERIZ 1.5 MPa & L7, DCB s ORER ~FEiE, 1 X
w X t: 110 mmX 20 mm X 3mm CToH Y, EFHMETD 40 mm OFFEEE T, MIHX
fal LTARY A I R7 4V AR 12,5 pm) % 9-10ply FICEIZANCHA LTz, F7z, Bk
TE RO 2 & F 757 M 2> 5 20 mm OALEIZHAEH] 2 FV CTHEE L7z, ENF B o
B R ~HAE, 1 X w X t:110mm X 15mm X 3mm THY, EFHAUEHEL S 40 mm
DFEECE TR E LTHRY A X R7 4 L A(BE $12.5 um) % 9-10ply I B RTIZ R A
L7z,

MakER & 12, JISK-7086 2 & L 7=, DCB iR T3 £l ilEai% (5582, INSTRON LTD.) %
FAWT, BBEEE 2 mm/min THSEHASIRDFICL Y, BN ST, 2O, 3B
M Z 7 ¢ b L5 A RO mm) & LC Smm FRRICA Y v MRrEFR T, RBRP, %21
> N RREIERF O WA & B AN &2 FHH » FHET 5 Z & T F— N T OMEEMMEEG | A2E
i L7z, ENF B Clash kBt (AG-X PLUS, Shimadzu Corporation) % VT, FREREE 2
mm/min “CHEAE S I B 4 A5 U7z, SORBIFEREE 98 mm & L, mEZIEE LY E—
I DIEERIEAEG | 25 Lo, WalBR OB R = % Fig. B-1 12787,

BRI B HGAE T3 RSN E LT, (BN RMEENMRKZ Fig. B2 [IZENEIRT,
DCB/ENF 3B & 12, B KA Prax £ CHFE AN L, BZERIZ A > T EEAME
Tl o, MEAREE DO EFIZHEND, P b EH-T2 2 LBMERINT, 2D DRRE
FHLCEE L, G KOG . DFHfE% TableB-1 12777, G S OG ; DFFIZIL, Fig.
B-2 WIT/R LT BB Pe Z W, R KD, BHEED AT, 866 Okl
PEES EAT25 2 LR SN, SCHM L R LT FC 325 L rolcZ &b,
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CF/PPS DRIV I FIEE IRIFEL TR Y, Z OEENEFRBE RO KN H -
-z B,

DCB test ENF test

T T 2

Fig. B-1 Photo of DCB and ENF tests.

DCB test ENF test
200 500
400 PC ez
150 Y b
\
z % 300 o
T 100 g
S 3 200
50 e
100 \MC
SC MC
0 L 0
0 25 5 75 10 125 15 0 1 2 3 4 5 6

Displacement[mm] Displacement [mm]

Fig. B-2 Load- displacement curves of DCB and ENF tests.

Table B-1 Calculated fracture toughness of mode I and mode Il .

Cooling condition G, [J/m*] Gye [J/m?]
Slow Cooling [SC] 219 1014
Middle Cooling [MC] 283 1705

Fast Cooling [FC] 456 2206
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