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FI1E & @

1.1 HBHEIEEZEIZHITS CFRP OFEARR

BAMELE X, — M2 2 P EOBEWI R HZMEHER A MAE DR T, Hx DEFIC
oA AL LI NTHMECH H[1]. ZORFHKD, s0ibb 2l s L, saibtt

%t O 2 BB ISR & F VN T iR MEsR AT A4 £ (FRP: Fiber Reinforced Plastic) CTd 5.
R TRARIRHE |2 PR B HE 2 U 72 PR ik ME (L 8T A4 B (CFRP: Carbon Fiber Reinforced
Plastic) X LIRAE R X OERIMEIZEN D Z & D, MIZEHS B CIdE =X —{k, ®&&{b
ML= A MEZEH N E LT, MIEHORFA—T—, KEOR—A 2 71, BRMOTZT N
Atk & b FHEEE (S CFRP O i B 2 20IcH i S Tn 5.

CFRP DA EROERICED DEAIL, R—A 7 767 TL 3%, R—A 7 777 T
12% T o> T=DIZR L, 2009 4F 12 HIZHIRITICAE) L 72 IR R iR B AR — o o 77 787
TIXFEREMAMRIZ CFRP 25 H S 41, HEAEEO 5512 CFRP 2@ S TW5[2]. Zh
WZE0, R—Aa 7 187 IFWEKRDT NI =7 DBZERIT 5 U CTRE DS 20% e LTz &
WS TWD. —J7, 1974 4 (2HEM L 72 A300 Tik CFRP DA EAO EEIZ 5D 554
1% 4%FEE T - 7278, A310 TIE 6%, A320 T 10%, 2007 AT L7- KA A380 i
PEIAE 8 D 25%IZ CFRP 25 41, 2013 4 6 ATk L 7z Ik AU B A350XWB 1235
Wi, B3R, K, B3RSO FERMICENZNRIBICERA SN, MESKOERED
53%IZ CFRP 8@ SN TW5. 5%, CFRP [IMiZeticB W\ T, EmUHEMENCI /25 & &2 5
NTWB[3].

HEY S EFICBW TS, HKEK & W o 7 et 5] B B OB EERRIL S LTl 0 [4,
5], HREALIC L 2B AR KD BN TWNS. FO7=0, &8I 55k & LT CFRP
DA DILRBIIFF S TN D

I A NROEFERIZEANT OFREEA ©H CFRP O HEFHIL O ERFIZ L EF 5 TV,
ITHETIE, RTM (Resin Transfer Molding) T{E[6]D BB 23 KIEIZEME S D70 &, ®=PE
RICEIR DML S > d 5. R 1.1 1%, F/e CFRP#HEL L, CFRP O HE, AIE L
Bk L OGNS CTh 5[3, 7). BAED BENE 3 BFZI5N T CFRP OB TIED LR & /e >
TWADRIM LIETH L Z 03005, 2013 4 11 HIZERMN THRIEBLE S 7172 BMW OFES
HEYE i3 TlE, AF LIEIC RTM Z8H LB R 2 KIBIC AT 95 2 & Thlig= X R 2 Hil
WL, FRZEEL TR, RGeS 400 THEZFERL TW5H. RIM ITAEERNEZ L 7251
LY 720 OB E AR OE 572, RIM TIEGH « J5KT 5 2 &£ T4% & 51T CFRP
DO EFEEA~OMAILRPEL Z ENAFRIN TS, S HIT, FMAERE 20 T HEREO B
HA~MHAT DD, MR MR AE %2 £ > 7= CFRTP (Carbon Fiber Reinforced
ThermoPlastic) (2 X% 143 NN O B OB%E b HED HiuTW 5 ([7].



Table.1.1 Vehicles which CFRP has been applied

release model maker application manufacturing price

2007 GT-R Nissan Radiator Injection 8.7M
core support
2009 Alfa Romeo 8C Spider Fiat Outer papel SMC 26.5M
Trunk rid
2010 . Pre-preg, SMC
LFA Toyota Cabin RTM 37.5M
2011 Aventador LP 700-4 Lamborghini Cabin Pre-preg 39.7M
RTM
MP4-12C MeLaren = i RTM  279M
Automotive

ImprezaWRX STI tS Subaru Roof VaRTM 42 M

2012 Mercedes-Benz SL Daimler Trunk rid RTM 92M
2013 i3 BMW Cabin RTM 4.0 M

1.2 BEEIEERICEITS FRP OB IE

CFRP %5 1p FRP OEIE, W, &R, Wi{kas EO L5 e TR LOGEMHFTIT O c &
DRI, ZICRA S TRFEMEIOBENSERIN TS, K LLITRT LS, £
DOFE L MABDEITIER 1L <, Bx 72 FRP OJE TIEDFE L TV 4(6, 8].

FRP |~— Thermoset I Continuous fiber I I UD I Hand lay up
(epoxy)
Spray up

Textile

N

Filament Winding |

Autoclave

RTM

VaRTM

—| Discontinuous fiber |— Chopped

(Long fiber)

SMC (Sheet molding compound )|

| BMC (Bulk molding compound )

Thermoplastic Continuous fiber |—| UD/Fabric I_ﬂ Thermoforming |
(PP, PA, PEEK)

Discontinuous fiber l— Chopped |
(Long fiber)

Chopped —| Injection molding |
(Short fiber)

Fig. 1.1 Varieties and manufacturing methods of FRP



B D S)EVERE & RIERERI DN T U AN G, JiIEi TR L2 X 9 ICBIED BB BB IC R
WL, RTM THE2Y FRP B8 TIED 1 & 72 > CTuvs . RTM L¥E CIEFRMEN & < stk
ZENDBPACLNS. £, TV 74— L TR TEIEZ &R S 5R10 KT A 724%
MIHEIERT (RTA47 77V v 7) 2T VARETDH. £0%, 7L ARBIC TREBIK
SN RTA 777V v 7 A L7 ) 74— LR RMNICERE L, 5%
U, (REMEOBE LB ZMN~EAL, RI7A4 777 ) v 7 ICiiEE2 &R - b X8
IET 5. X121, RIM TEOTRERTHD.

(a) Preform (b) Resin injection (c) Resin cure (b) Final part

Fig. 1.2 Manufacturing processes of RTM

WERDOBEMETIIFEETITOATCWE7Y 74— A L% BMWI3 TIZHENEL, R
TAT7 7TV v I B CTTVARIET 52 L TFY 74— L TRO MR 2 KiIg 258
ML TWD. IBIC, MERIFBIEOER - (RIZ 125 /3 ORFHIZZ L, 160 530302 TUNe
RTM TiED G R % IR O RENMECIE NE DS ED L0, SRFFH 3 2, LR 5 5
(ZHELHE L, 10 53 AN TRZ ATREZR RTM LiE S BHFE STV 5[9, 10]. RTM LiEX, #HHEE
WO % — K T&, EIENOEBMEROEM BN GON LRI TIETH Y, EED
FERBW. Flo, A= 7 LT TEERKE LT, REREMIELS, SEEEO®WIET
HY, RTM LIEORKICL Y, BERE~OEMITIERT 2 & PRI TS, —F5 T, FRP
BB AV TRRME T AR AE L T2 BB WG MO BRI 2 F5 o728, 7Y 74— A TRIZBIT S
R4 777V v 7 OHED 710 O FLAVE XA OB I R & el B2 52 5.
Flz, TVARFBICBIT2REWBRERIEAR L LT, BB LOORENR DD, FFIC
Lo DFEA & T ClE FRP 5885 O IEMESREDRBIIR T2 Z ENmonTH Y, SRR
DA Ul K D 2 il 72 I St A TR T2 S L WEEICR 5.

AR D X 512 RIM TIETIE, 7V 7+ — L TROT VAR X 2 B8, BIIEOERE -
TEALIRE R D RERELZ 0 10 3 LIPS AIE AT RE 72 TIEDSBAFE S 4L, & HICHIBIF & 5 0 Fe i
ML LD LT A LED SN TWA6]. LavL, BEBEHISRD LN D IEHERIT 1
FUNTHLDIZHAD EEL, S bRIMERHOERIROBNLD. 22T, Bnrl
PERHIE 2 &% S 7-fk#E (FRTP : Fiber Reinforced ThermoPlastic) > — b &#NEAL T7' L &
RIS 5 TIERNER SN TN D,

FRTP O 7 L AR TiE, RITRECE T 7 L7 G2 &R Sy — 1)
ZETEDHICHEE L, BT L AT T4 &2 S B FRTP & — & Ekd 5. 2o
TAECIRIREE, sIEIE, TR OSMFIZ LW FRTP v — b OFEMEARFES A% (Vi Volume



fraction) N L L, MEHRFENKE S BT 22 NN TWS. FRTP v — R Z{Ek L
7et%, OGRS £ THIEVL 72 FRTP 2 — M BRI K 5 77 L A pE & il TAE Tl
FEET 5.

FRTP O 7' L A pJE LIE T OWRE RN O REL B TE 5. —Dl%, 48
(MBS AL 8 % MR D IA B % AIGIRE £ TV L 7REECTT L ARIE L, T 0%, H
HT2TETHDL. b H 20, HROSMEAWTT U ARIE T & mEI TR % Pk
KB, BT TS FRTP > — &2 HW, BE LR LHBHT L TIETHS. K
1.3 12 2 fHO FRTP v — h O L ARIED TREZ/RT. [ O 135 TiX FRTP ¥ — & Ff
EDIREIREF LT VARG 2 720 @m BRI A6 508, @M E2MBmET 5
T2 OOREEI N KB 2 0, IR OBREICIIRAR S S, —F, BEOTLIETIIRE &
WEHEIO TR Z RIRFAT WSRO NMNEG R MBI\ WD 1 50 LINTORRIEAS FIREIZ 72 A [11].
LU, IRFERIENME DM B 24 % FRTP ¥ — M AN AMAREER T2 E-> T7 L ARE
INDT=D, IEH D FRTP 2 — s O AE#) 2 Tl Ui e BRI A RET 5 2 & 39
HICHLWRIE LIETHD.

P - —
gd
Heating Positioning Forming Cooling Final part

(a) Isothermal forming of consolicated FRTP sheet
P —
——— ——— — \/\
b d
Heating Positioning Forming & Cooling Final part

(b) Non-isothermal forming of consolicated FRTP sheet
Fig. 1.3 Manufacturing processes of FRTP stamping

PLEIZRR L2 K 512, FRP O L ARRIEIT A B BLPE 3 CHR S 5 @O SRR & ik
TR O FEMG 2 WL T & DA TIETH D03, IBREOHIE T 2 —2 8%, 7L
Z PRI K D B SRIF O i bz 32 < O E BN LIRS, £DDT LA
RGN & 2 BPERIEEAN OMENLITIE, SRMES M OZ(BITIN 2 T L O AE e IR % 1
WL, BlRREEEEARRET DT VARE Y I 2 b— a VOB RAIRIC 5.

1.3 FRP DTLABRIIaL—avFEEBER
FRP O L ARREICKT AL I alb— a7 Fu—F L LTIE, RIM LiEOFY 7+



—LTEEHREL, FIA 777V v 7 DOTVAFEHY I 2L — a3 OETIANIEE
IZELBEINTND.
AETCEETRIAT7 77V v 7 DT VAR Y I 2 b—y 3 CBER D IL R &
T3 kinematic &7 VT DWW TCERIR T 5. IZ, ATRE 1% (FEM: Finite Element Method)
ETMIELT, 2 20FFT Y U FIEIHBELHT S, £72, FRTP ¥ — hD 7 L A[L
B Ial—alonT, BFEOMEEZHIATL. 612, BPWEEMERCRT 1 7
77V w7 O~ a B EE TRIT 2 FIEE LT, AV R — BTV E R T
IZOWNWTIRA, HFEET L E A R — VBT LOHBIRT 7a—FThdr~A 71
AT = HIVETIACOWNTERIRT 5. REIZ, LML & o 72 B R O 71 F
HBICELT, @B 7LV A06EED TRAT 5.

1.3.1 A FME7I0—F

1956 4F1C Mack H[12[IC & » THRUNCIRE SN &M 77 7 r—F & LT, kinematic
EFLNH A, kinematic ET VT, HIEETE 2 EE L WEEDS IR L2 B - e
VaA VY FTHEESNZETATHY, o Vafr bETART 4 v aty hET IV
EBFEEIN TV D, 1980 AR5 1990 FARITNT T, £ < OWFFEHE[13-20]4° Mack & & [H]
FEDOAEIZHES EJHARE (2 14 > FE) OBEOFHE F1k% % B L 7= kinematic €7 /L
ZHEZR L, FiberSIM[21]%° PAM-QUIKFORM[22] & W o= Y 7 b = 7T RER &, H
TEOEER TR OIASHHEINTWDLIET LV THD.

Fabric material

“«—> Wy

Tool surface

Fig. 1.4 An illustration on mapping approaches [24]

kinematic &7 /L1, ASRITHIBI OMHMETT 17 & IETT M DB DS D, Rl E/ 72T 7
=LY TR B oMM 2GR L, il 5 BIHERAE T 1 D2 L D e T D Tk



Thsn. Lo, Bergsma H[I8]I%, WHAMIZER OIRIUEZ 32T, KMERONE 7 [ O B2 -
ERAZE 0 AWRIEN 2RI EAT A2 AN v X T EEBELEET LV EREL T
5. BT, Long H[23)1%, &AROFAMOT AR X—NE/NIRDIERERET D
THIY RAEBML, kinematic &7 /W IFERIARILA BN 5 FIEAREL TV 5.

L L7285, kinematic T /VITHBDO KT A 77 7V v 7 OffHES % 5HH T 5 Tk
Th Y BEIOT Y DEEL, LhifES Z0ORNVE—7 EORELIEDOEEIIZE SHT,
MRS LD & Vo TeliEAR R A2 THIT 5 Z & 13 TRV ER S 5.

1.3.2 FSA47T Vv DRERET IV

(i FH 727 7 1 —F T 5 kinematic EF /LICxt LT, J5M7 7 72— & LT FEM
ORANREZEZ LD, FR O X 912 kinematic T /LTI, #HEESC L & W o 2 mIER
BETTHZ LIETE AWz, FEM OFFICE Y 2o ORBEOMER 238 A L 5 &7
HMFFETHON TN 5.

RIA 777V v 71%, BHEDHIZ 72 o 7o iBHE R A IR D & 2 fikisiE 2 72 LIRS D
MEFCTH L. 207w, MERIELER T 2R MAEFEEFE (RVC: Representative Volume)
ZAEL, RVC & b 7 AERIZLVRIT HET L% Kato H[25]10342F LT 5. Tanov
H2611%, RO FEZHWTCHEBIEOY A F=7 Ny JRADY I 2L —2 a3 U &{T->T
W5, X 5|2, Sharma 5H[27]X° Skordos H[28]1L, X 1.5 (2”79 & 5 (ZHEMES RO FFMEA 3
FTRIABEREZREERT Y —DOE TV a A FTHEAL, TABERIZ £ 57205412
NAERERE L, WHEROFIIRETE & MHER OERIZ X 28 AMETE % £ N E S
ETMET HFIEEZREL TS, mNORGERESCE v X 0 7% G728 AW o IER
TERE £ CEEATRE/RET V[25-28] CTH DA, b DET /L CIRTFRIENZE SN T
Wp T, BlRETAMZN 2D N T ABERTRIL TWDHID, §likEEAM O
HEOMARFHER B SR WERH 5.

Blank holder D0 ;Zﬁent
boundary ) '
P ]
]
. . L = 2 2 y
Friction / N >
element ) ' Shear
\ANVANZANVANVAN) element

Fig. 1.5 Schematic representation of the RVC by truss elements [27]



1.3.3 FSA4777 Uy O EFEEET IV

N7 AERIZLY RTIA4 777V v 7 ®ORVC ZEEHNCRET 2 FEICH LT, R4
777V w7 BEGHR L UE L, BEEECY 2 VEEE WS~ 1 A —)LFE £F LN
1990 FARDHFEITIRE S 41, BUED FRP 7 L AREE 7 /L OO FifIZ e > T D, )
HDETVE LT Chen H[29)1F, BEFE A X—ACELREGEOBMEET VAL, R
TAT7 77V I DT VAR EIT> TS, —JF, Kang H[3011%, [ UEHIZ h—% 1
T 0TVl LB RTGEREE T V2R E L TV 5.

y’ n
y
_—
’ ¢ S
0 x
o Tey

Fig. 1.6 Orthogonal and non-orthogonal local frame and

v

stress components on an isolated element [32]

FIFPERPENCIE, EAMIZEZIC X0 MPE s O A 1326 T 2208, FERIEAT IRZE R R
HrZ BT R E ORI R D 7 2 B RE L, AWM X 2 $0E T fh o FE %t D
BALITEBE L T2 VOREE THD. LrL, FIA4 7770 v 7 O7 L ARERIZIE
REREAMENEL D720, FAMERIC X DB E ORI 4 OB DA B
HEENC G2 HEBIREIVWEEZLND. T, Yu H[311%° Xue H[32]i%, HMEDERS
PERRESE LR WK AR OMGER OHEE L BET 2T VA REL TS, 22T,
Xue H[32]DETFIEOME ZFLRT 5. X 1.6 1ZTERO AR & fitsk, B0 &,

pERLTWS, x' —y EEEIEREECH Y, xI1F 8T 5. 2 SDOEERICBITS
IS EOFTHORRIFRANTREND.

o) o)
o, 1 0 0 0 ¢ ¢
0-77 0’7
o, =9 0 1 —cotd —cotf =T, (1.1
o o
Ty —cotd cotd 0 1 “ 1
O e O e



e 1 0 0

5 . ] &, £y
£, cos“ @ sin“ @ cos@sind
y =1 0 . g, =T &, (1.2)
én 8)6’)/ gx'y’
Y 0 0 1

ZITC, ek e JZENTIHECR, HORGTROOTHRTHY, v ., & v, ATHHONE D
SOMEZTH . HIMEDRINL LIV & — 5 BEERIZB T DI67) — O F ABIRAK (1.3)
TERTED LT DL, MEEERE JICREEERICEIT 200 — 07 A% (1.4)
TRIND.

Oy D, D, 0 0||é& e

O e T R N W (1.3)
Gén 0 0 D33 0 7/577 7/577

0775 0 0 0 D33 7/775 7/776
6, =T,DTe,., o =RTDTRe, (1.4)

2T, RIFERT Y INTHY, ERORFTVELE x" —y 7 b ERELE x—y ~ORFRZE#R
ERT. OFY, MHEOERMENKL LR &— BRI T 2161 — O34 88f% D & H
VBRI x—y DI OTHEFHRTE 5.

B ARET LD FRP TV AREIEY 2 2 L—3 g U2oOWTIE, BIE, 2 DDORFRE
PRI N— N X0 S R ZE M T TV DL 1O, 7 T 2 AD Lyon K520 Boisse %
il & L7e 7 V— 7 DOHFFE[32-38, 43,44, 46,491 TH Y, &5 1 DiF, 47 & D Twente K
20 Akkerman, Thije ZH.lr& L7z 7 V—7 DHFFE[39-41,471CTH 5.

Boisse ©[33, 34]i%, 7L ABIEH O 2 @5 iRFEEZ KRBT 5720, fRHEOHIHID 5 b
ERE L, WHET IO AMHENEPLZ FFOET L ARE L TV D, 5T, Boisse HX°
Aimene ©[35-37)1 TG EEBMEE T L2 HWTEIE & AK ORI Z2 2 ZVRSLO O
HEFOLX =BT D FIEEREL, HANOFEE AR TENENIERIE 2Rt 2 £
L, SAWHIMER RS54 777V v 7 OF L ARG S 2 5284 FEM f@fric L %
NI ANY w7 AZT 4 fEHTICE D HE LT 5. Willems H[38]1%, R 2 #ih5 [ dEFRE:
&, REWRIZE T DI AWFELZ RBT HET L AREL TN D.

—7J7, Thije ©[39,40]i%, B KT A4 777V v 7 OT L AREREOE AW K % @k
FEpou A MIHET A0, Ty 7T — 7770 aibziALE 3 fimy =3
FEEFEL TS, BB LEEZRZANT, EAKOKRER E CRAREIC TR EMITHR
TLEMTEDLZEHRE LTS, &5IZ, Thije H[41]1%, FEE FRP O 7 L ARRIE & 2h=%R
BINCFHET D20, BB RIA 777V v 7 OO L3 Ay = VERE, K17



AT EOICETIC 2 BEHRERER, BNERICNA TERZFRMOEMRER EET D
muti-layer ZEZ B LT\ 5

{u7 v, W}31 (O
Element local
coordinate system

Global local
coordinate system

Fig. 1.7 The multi-layer element in a two-layer configuration [41]

UL ISR AR 72T AB1-4111E, WIS RIEARROREKTH 5 Lo ORI EE A2 fsh
HUTHIMEZ BB L CORWREER G 5. Fl21E, SBRERO X 5 el cix, o g
PEIZEAE < BIBROENEEN O 2 VEERIC L W RETE 5. LinL, K94 777V v 7 Tk
il 28 TR L SR RS T 0 AN U B 72D, 2 OFERERSoME v s, il 5 A7 L C i ek
MNETR Y BRSO v o VEIERITRNT L 72V [42]. 2072, 2011 FELENCRE S - K
A7 77V I DOTVARBET MIEADSIIEE FABOALOERBUZER L, #iFRIVEXS E
SHILTWZRWIEDN & 5 [31-41].

T,

T,

(a) Tensions (b) In-plane shear moment (c) Bending moments

Fig. 1.8 Loads on a unit woven cell and resultants, tensions, in-plane shear, bending [43]



Z ORIEIZ®F L, 2011 442 Boisee H[43]1%, K 1.8 IR T X FTIA 777V w7
D=y hEAEZZ T, HBHMEROMONEATE T;, T, #HERM O N OEERZS
H M3 X OEMHER O AN OBITET M), M, %, TIENOMMER DM OER ¢ 11, ¢ 2,
N DY AMIETES v, SHHEROIR v ), 20 OB E LTEIMEET LV ERREL,
HNORGEEZHT DRI Z T, SHMEOmIO TN S BE e T T L2 5
L TCTW%. Boisee H[43|DIREETT NV ORAEFEDO S Y SV HFFEXZRIZRT.

WYeXpL) acct) Zpgnt)pT L+ 522Q)pT L, +7(;)””

+ 20 (Q)lele"' X2 (ﬂ)ﬂszLz

(1.5)

TIT, pidABENL, W, () & W, ()R ERINIE S BT S (AR, BB
N T AL ETHY, plda=y bEADOFESEZRT. H 1 THEH 2 HIZX 1.8(a)
W HER OB IREC BT DABEHE R L, g,(7) & e, ) AR & B ORHES
WORFROT %, Ly, LITHER ERCRORE S 2733, 585 3 THIEXX 1.8~ 3 N+ AW
BB DA AR U, o) I3HER & BR OIARE AW 2733, 55 4 THE 5 5 THIE
B4 18() T HHER O TSP AT BT DAL L, gy, () & 10, () 1EAER L BER D
AR =R 2~ AN O S1RE AW O RGN 2 T O THIMEEZ BE L T 573,
X (1.5) PHBHBNRE D ICHSDOAT Y MIEITEE S TR0,

S HIZ, Allaoui H44)TREBET NV EZHNTZANT AN v 7 22T ¢TI L0, dhiF
PN LOORBWEICHE X 2EENEETHLH I E2WmE L, —AMBRO T L A RIERER
ZATV, MR K VB ET VO TFHREZBRIEL TWD. LrL, mNO5IRE S
BRI OFRBL L TER Y, KR L LTHRE F AW OMEOHAKRFHENER I T
RWRED D D

1.3.4 FRTP —FDTL ARV Sal— 3y

Bl Z 312 S &7 FRTP & — O 7 LU AL TIIM B IIE L 7 L ARIE T 5729,
R DI DS N 5 2 DB R R E S MBHRFEDIRERMFEOZSEN BRI D, FF
2, BAWEREIRRE KT L CRE AT D Z 03 HE STV 5H[45-47]. BT ReME
IZOWT HIREEIFMEN K E <, SO FRTP ¥ — MIFERIEM 2 A9 5 i 8 2 4
Z &R TCHLII S LTV 5[48].

—7J77C, FRTP ¥ — b DEMEB L OVFRTP ¥ — | & &R OB OB, a2 & ik
DORIENIFAET 2728, G IO 7 —u VEETIER L, K (1.6)
TEH 2 bid VO —8 H AT LT B R A -l 5 2 & NS S TIs v [46, 47,
49, 50], FRTP > — b D3RV FEh A2 EfEICRELT 5 Z LICEH LI2Z < OFZERED Hi
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TEY, ~O—HIEE L BEREETF AN EREIN TS,

g=1 (1.6)

ZIZT, pI3BIEOREE, vIET RV EE, p 3BMEOENTH S, K19 IR T LI IT
N —EURAFE LT, 7 — 1 VERERIREE D O R BRI e £ T2 LT 5.

T 11
—

Contact friction coefficient: log(w)

H: Hersey number (mm-!)

Fig. 1.9 Example of a Stribeck curve;

Region I: boundary lubrication; II: mixed lubrication; I1I: hydrodynamic lubrication

Lyon KZ2DHFSETIE, 2011 4512 Chen H[46]23 1.10 (2779 K 9 (2 FRTP ¥ — bk Dfflifk &
BRI I &2 WFNFHET H2ET LV EREL TV D.

Resin

=

L E
N

Textile reinforcement

Fig. 1.10 Schematic of visco-elastic model for laminates [46]
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Z 512 Chen H[46]1%, BELERMHTIZHEH Z41 D cohesive BFE[51-57]% VY, ~Lo—
BAHEAT U CBA b 2 BBRPI A KT 720, BRI ZBIERE, M|EET), HXEAO
BA%t & L CHE T cohesive MEFET L ZBHH L, FRTP O L AE Y R 2 L— 3y &fT-
TW5. 2L, FRTP v — MIEERZHANCTET /ML TERY, FmIEEsST
WaWbdHoto, ZOREZRT D 72012, 2013 4F(C Wang H[49]73, #hiFHIM: % & &9
% FRTP v — M ETNEREL TS, X512, Wang 54913~ U —EITi 7 L CT&YL
TOREERE RIS D720, EEAE, 1 2 (17) OBtk IT7 v ezl T
5.

u=CH+C, (1.7)

T, G LG, TRVRBRORENDHBONDERTHSD. Wang D491, REET
NERWTT LV AREYIHO FRTP v — FORESMZZBE LTV ARE Y I 2 L—
3 U ETHOTNDN, IEFOREZLITEB L TR,

—7J7, Twente KFZ=ODHFFETIE, 2014 4£1Z Haanappel H[47]1%, X 111 IR T L2127
AR HINZ FRTP 3 — MRS 5 I3 &, moh il i ds L O — MR o #2flic
KBTI ONTZ AL LOBAEOHEENRET H L LT, mNRGMER L O
PAEZET D FRTP > — FETAEZREL, S I~ Y—HUTEATF LT b7 % BEER K
2R (1.8) OB TRTET NV ZRELTND.

u=pH? (1.8)

TIT, p gt TRORBROBRDLEONLERICRD.

Frictional rigidity Piece of fiber
reinforced ply
Bending rigidity

Intra-ply rigidity

Fig. 1.11 Schematic explanation of in-plane loads due to forming [47]

L7>L, Chen 5[46], Wang ©5[49]3 & U Haanappel 5[47]1DE7 /WiE, mNORGHEEZH
T HRHEICINZ T, mAOHITRIMEZZE L TWDD, TG IEEEIEO T RO %
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B LTk, FRTP v — b OERFEOIEFIENEZ AT 5 i ITREZ BB L TW W ER &
2.

HEN S EPIZH1 D FRTP & — F D7 L ARIE~OIFFOEE D 225, 4 Tld Lyon X
& Twente KEFLISNDOIFZE 7 V—T 358 FRTP ' — F DT L ARV 2 2 L— 3 U F
FIPREEIN TS, 2013 41213 Harrison & [S8]25kHE R 710 DR % B — LB, H A
Wit E 2 R CRITD2ET L EZREL TS, £, 2014 4F2i1E, Morris H[59]73
Harrison 5 & [FEED 7 70 —F |2 K 5D FRTP o — b DO T L ARIEMHTET LV EREL TN 5.
LL, ZTRHOETVITENOSIIEE AR ORIZEE L, #FRHEIZEE L TV,
F72, 2014 1T Larberg H[60]1F, ~/V¥—H8UTKAE L CTELT 2 BEEMRELTMZ T, BifiE
DREENER B8 LA 31T 2 HIBERT 23 & 2 BIMEICET 5 £ CHEMMAMER S )
TIERELTWND.

LI EACBEAFIFZEIZ 81T D FRTP > — h D7 L A RRIEARNTE 7 /1[46, 47, 49, 58-60]% 7 L
723, WIILY FRTP v — b O ERIFO iR EO IR EE CIEBE SN T 67, i
Rt DI E BB L -7 MIBEE TREIN TRV, X D ICBEFMIE TIIRIE
BE—EERELEYI 2l —varMEEAETHY, REFOREZLBREEICS
ZHHBENER SN TOARWEERS 5.

1.3.5 FSA77TIVVIDAI R r—ILVET IV

— i ikHEsR LA AEA £ (UD: UniDirectional) O EHREEZ THIT 5 FikE LTI, B
TS0 & RS R 2 A S DY TR T ARSIV B[61]. RENRET L
2, OFTH—ELRE LT Voigt T /L&, G —EZRE L2 Ruess TT VD38 5. Voigt
E T VIEHEHE ST [ OFEEO FRNCHE LT Y, Ruess T 7 /L IARME LA J5 0] O Rk 1 12 i
LCW5. FE 7z, MEMEE A T 0 OFFME T O 72 8, BiGa & 3URAE IR 2 fH 7+ & o 7= Halpin-Tsai
ETNREBREINTND.

@ Micro Meso Macro =
Length scale

= e N

Bundled beam elements Solid or shell elements Shell or membrane elements

Fig. 1.12 Scales usually used in textile composite simulation

—7Ji, RIA 7770 v 7 OMMEE M BHIPIES CTHEHEDS ST 72 o T MIHE SR DN EHE 72 ik
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DG A RO, — b O X 5 ICE OB EZ BIERET VIC LY PHITS 2 &
FREETH S, 20w, K LR ITRTEIIE, I7aX 07—, AV AF—LEBIN~
J B A —)VDENEND AT — VI NT, JIFREAEMTE T VR ST .
AR SCCIHEE E, i 1 AZHRICE A7 — V&I 7 aRr—)b, HERFRIZ/R -7
AR OBAEIEICE B T DR T — NV EA S Ay — )b, BEMEORr— Ve~ aRr—)
LIRS,

RIA 777U w7 TlE, WHERMOMAENERNEDOMEFRMICREREEL 52 57
D, FFICHHERA 7 — L TR O EEZTET ML LTI A YV A — VBT VLD~ 7 alghf
BHRFMEZ TS 2 2 E AR D, A Y A —/L®D FEM 7 /W%, R7 BAEEE W
ET V7 HHRLDICHESDLRB I N TE0[62, 63], T4 TIIX 1.13 1Z/RT
Wise-TEX[64]X° Mesh-TEX[65] & W\ o727 b U = 7 BBAFE S, RO A BFEIZE
T LTe A Y A — VBT VORGSR ATRE & 72> T b . Wise-TEX (Fi#ME D dh 17 = /1
F =N/ DR ZRET 52 LT, MHEROBIBPIREIERT D5V 7 Fov =T TH,
Mesh-TEX (% Wise-TEX THERK S 20 7o M R ORAE 1D HIMED Ve 2 S5 2 & 7 <k
HERMI DD VAR ZEREL, NEEY Y v RERIZTFEM €7 V2 ERT 2V 7 o =7
Th 5. %= D% Wise-TEX & [AERDIEIZFESE, A —7 2V —A Y 7 b7 =7 O TexGen[66]
DRI TS,

(c) TexGen [66]
Fig. 1.13 Softwares for modelling the geometry of textile structures
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AV R —=VET VLY RIA 777V v 7O~ 7 vakttz T3 %729, Boisse HX°
Heivet H[67-73]1%, 2 #i5|RCHAMORERICBWNW 2=y N AL LV T 7 aftEs
RELISTHT 27200y RERZRTET /ME LBHERICE 2 2MEHET L EBR L T
W5, BRENIIAEEHA - RSB T H kMR A dhe s - WERE LTET T 5
72w, K114 1R T X O \SHHET o519k, MHEEAZ 7 M OFEME, #RHETT T OF A, ik
HEEAZH MO AW D 4 SO — NI 2 AT — RISk U CHRE A i Aokt
ETNVEBELTND.

(a) Elongation (b) Compaction of (c) Distortion of (d) Longitudinal

the cross section the section shear
Fig. 1.14 Deformation modes of yarn [72]

IHIZ, TFEOa B a—X—MEREDR RITERK L, LIS TR &9 ICHkiER 2 v —
LEFIZTETMEL, RIA4 777V v 7 OEREEZ FHITH5HELITHONTND
[74-76].

b4 4
.

Fig. 1.15 Woven simulation with beam elements [76]

BURITIE T2 2 Y R — VBT K BRI, ~ 7 itk TR B O R %
IR R TIECh B, 7 0t AREHCBIT 5 7 L ARIEA M ORI I3
HARNKE <, RHERFETHS.
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1.3.6 54277 UvODIA U0 ADh=HIETIL

133 T, RIA4 777V 7Bk EL, REESIHEREEE R T H~ 7 1l
MBI 2 RO = VERZ W TERBLT 5 2 LICER LTCERKET VICL D T
AT77 7V I DT VARIEET ADOWTRLR LTz, F72, 1.3.5 TITkHER A 7 — L Tk
WIEEZ T T ML LTz A Y A7 — VBT /U X 0 $HE TR 0D 25 TS0 fllotte o ) o0 40 AR F % i
rdnZ L TvraoMBttEz PHT 57 e —Fic o0k Lz, —J, gkt
FIVE RS A — VBT IOVOHRERT o —F L LT, RERSLY o /VERE oo
L LT E DB A D = A L eE2 D2 T~ a2 LB+ 5~ 171
AH=ZHIVETAPREINTNDS.

King[77]1%, $EHER DM EIRRE & k&) D A Y 27— L COMMER DAL = 3L F—0
B/INT72 D RVC DREELETE 2 E2 DL TRIA 777U v 7 O~ uzdhzRil+5
BT NEREZL TS, Tabiei ©H[781ITMkHERZ B T IEIMHAET L E L, HA KR v ¥
> 7 LB DR &R OBEIIC X MR OIE MO LR E BB T H5ET LV EREL TN
%. EB5IT Ivanov H[79]1%, Tabiei DEF/L[T8NTHE AMr v L 7 DLRT O it o 5 oD E 2%
2 X A REREHL A NI 5T L A2RE L T4, %72 Shahkarami[80]1%, B AWz v &
T UMD E A IV EMEICRBLT 5720, @HEROES IR L ZBETHZ & T
Tabiei D E 5 /L[78] % HE#E L 7=. Boljen 5 [81]1XH AW v 2 2 7 LU O O ol FE (R AF M D
HEFE CERHTDHETLEREL TS,

Mechanism-based Phenomenological

Meso-scale model Micromechanical model Continuum model

Representative Volume Cell . .
Continuum mechanics

A

Fabric is modeled by shell/membrane elements.

Yarn is modeled by solid or warp yarn
shell elements.

@—— Meso scale Macro scale i
Length scale

Fig. 1.16 Fabric modeling techniques

LiL, ZRBOTA 7 rAD=ANETFMTIBINE, THEAOFHHT 2 » % 2RATHE
DY xy hEPOH#ET Y 7y MBI DIHEREEE WoTo R T A 77 7Y v 7 OF)
WM B 2 R TS 2 720D FiE L LTIRESNTEY, 7YV ARBY Il
— ¥ a2 OOV TIRENS R S 261370,
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1.3.7 BRSO FHEF %

1.32~13412C, BEFEFRICBIT A FEMICL D 7L ARIEY R 2 L—1 g VBT /LICD
WTER L7223, b 0ARESE (FE) E7 A2 HWET LAY I 22— a0
A, FREFEMNIC LI R MERL M 2 TIT 5 2 L IMA T, LhOiEmE & v o 7ok
BARRBZTHL, FYLARFEY I 2 —a ik BRERREREZEE T2 L Th
5.

ERERDO TV ARETIE, BIBARZ PRITHHIELS LT, K 117 12737 &9 il
FRSA#R  (FLD: Forming Limit Diagram) 72323 STV 5. BRI O B 2 Hifl
OB & VTR URIERBRIC L0 RO O 4 & 20 S & TRITO-$ A 2 JlE L,
ZhEEOTHERE EIC T2y FLTRTHAZ SO FLD EMEEN Y I 2L —v 3 T
O R 72 O ZARRED DA L b 2 TR 5 72 DI A< FIA & T 5[82].

risk of
wrinkles

Major strain

FLD-curve

v

Minor strain

Fig.1.17 Forming limit diagram of metal sheet [82]

FRP O 7' L ARSFEAIZ 3\ Tld, Dessenberger 583, 84]13 7 X L~ D7 L AIE &%)
LLLUTHRIEARRZ TRIT 2720 OB SR 2 308G DR L T 5. BRI
1, 2 g RSB A W CEOT B O RZ B S E 2B ATV, RARMEZFHT 5
ZETHR LIBITIRT L D ICEME (EOTFALTROME) A1, 122XV OFAZERICE
(F 2 RGBSR B % BRI HREEE L T 5.
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acceptable

A, Minor stretch

0 1 A,: Major stretch

Fig. 1.18 Forming limit diagram of random mat [83, 84]

LU G, ke 2 5 bAM IZHVNZ FRP > — RO 7 L ARIBICE LT, fRFER
RRTEAR R TH D LHOOMHERAR & 2 T3 5 72 O O IE IR TR BN IR EZE ST 7,

1.4 AHROBEH
119 1%, 1.3 il L72BEFAFZEICEIT D FRP 'V ARIE Y R 2 L— a VD
RIETH D, 2000 FLARTIZIE, FHEAM DD 72 W75 D 7 D kinematic £ 7 /L7032 <
BESNTWADR, 1990 FERE D ITa v a—F —MERED A EIC & v 25 AT EREE)
ERETLFEM 2R L7 2 2 b—3 a3 VBT VOMZENERICITON TV D,
BEFERFZE CIRER SN TV D FEM Z W2 FRP 7 L AIE Y 2 2 L— 3 VBT MIET
HRER EFREZ BT H LU TO X 9127 5.
(1) RI9A4 777V v 7 OEEBCET VO RER
EHEORFEZIRSLD N7 ABEFRTEHRLTNWD0, HNOF5E &S AROM K
AR TV 5.
Lo OFHIZ EE A il P WIIPEZ B L TV720.
Q) K724 777V v 7 OHEfGARET VORI EA
K5 6 D RE & N O = 2 VX — BT B L 7= hyperelastic £ 7 VA2 F|HT 2 H OO0
ZEAETHY, BERCE T VIRRRICEN OS5 1E & & AW OF AR FEZ B L T .
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€)

(4)

Finite element models

REZEZ AT, dFRMERZE I TORWEAENRZ.

FRTP > — DTV ANIE Y I 2 L—3 5 ORI

2011 IS HNTRIMEZ BRE L T2 pl DT AR B L TW D3, $RIZO #h IO 7 %
EJE L FRTP > — R OIERTEMEEZ A T 2 MIT R 2B E L TWh7Ru.

7V ARG ORI LFE T % FRTP FifE o — MERREO SIS K 0 Ve AL LR
FENZALT D03, Vi OBALIZRIGE TE DT /UIIRE SN TRV, D7), Vi
DAL LT BRI, MMM DREN LB L 72 5,

RIBIRE &2 RE LY 2 L— a3 VNEE A ETRIET OIREZLSRIEMIC
b2 55 BABE L TR,

FRP > — b DB RS T 0 R RE A

HFEARMED FRP v — M OREZIRR MR KITE B ICIRES N TE 6T, BRI A XLLTFO
WEO/NSR LD (27872 Ld) IXFEM 2FH L7V R 2 b—y 3 Y OERR,»
HIETHITE 2.

Kinematic models
N

( Mack, et al., 1956

Robertson, et al., 1984

Smiley, et al., 1988  Heisey, et al., 1988

- Long, et al., 1994 Aono, et al., 1994
Continuous models

. Aono, et al., 1995
4 Chen, et al., 1995 Kang, et al., 1995 ) Bergsma, et al., 1995 Aono, et a
R -, Long, et al., 1999 Trochu, et al., 1996

Boisse, et al., 1997 \. J

Boisse, et al., 2001 Discrete models

Boisse, et al., 2006 "‘Thije, etal., 2007 M Kato, et al., 1999

Aimene, et al., 2008 Thije, et al., 2008 Tanov, et al., 2003  Sharma, et al., 2004

Aimene, et al., 2010 ; : Thije, et al., 2009 Skordos, et al., 2007

|

Boisse, et al., 2011

. J CFRTP models

' Wang, et al., 2013 ] bending stiffness Harrison, et al., 2013

Chen, et al., 2011

Models consider

Univ. of Lyon  Haanappel, et al., 2014 ; Morris, et al., 2014 Larberg, et al., 2014

Univ. of Twente

Fig. 1.19 Models of fiber reinforced composite for forming simulations
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Chapter 1 Introduction

Problems for composite forming simulation of fiber reinforced by FEM.

Meso-scale material analysis

Chapter 2 Mesoscopic analysis of dry fabric

rv Starting point of this study is meso-scale

simulations to understand each of the dry
” fabric properties under in-plane (tension,
- ’ compression and shear) and out-of-plane

deformation (bending).

Macro-scale forming simulation

Chapter 3 Forming analysis of dry fabric

z

weft yarn

warp yarn

Shell and membrane
combined model Micromechanical model

FE model for textile reinforcement forming
simulation is proposed. The proposed model can
express out-of-plane bending stiffness and tension
dependent in-plane shear behavior to predict
wrinkle accurately.

Chapter 4 Forming analysis of
thermoplastic pre-preg

4 /= N\r

&
Temperature dependent <~
behavior Reuss model

/\

The textile reinforcement FE model proposed in
Chapter 3 is extended to the CFRTP model for
thermoforming simulation. The proposed model
can describe non-linear out-of-plane bending

property of CFRTP.

Micro-scale formability evaluation

Chapter 5 Forming limit diagram

Forming simulation in Chapter 3 and 4 can
predict the wrinkles. However mesh
refinements need to predict small wrinkles. The
forming limit diagram of a critical stress state
is developed in this Chapter.

Chapter 6 Summary & Conclusion

Fig. 1.20 Scope and the outline of each chapter
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Fig. 2.1 Plain weave textile structure of meso-scale model

Table 2.1 Material properties of the yarn for the meso-scale models

Young’s modulus Ey; [MPa] 175,000
Young’s modulus Ej, E33; [MPa] 11,700
Shear modulus Gy; [MPa] 3,900
Shear modulus G35, G [MPa] 4,400
Poisson’s ratio Vi, V31 0.02
Poisson’s ratio Vi3 0.2

AR — )V T I BRABR A A X O T HBE TR L UL & RBUEE 71T
5. Filz, WHERF Lo L 2 OB O R A ET 505, AR TIEEIR G
fflh & TN T B K D EEAIAIC LD ZORMBEE R T 5. BEEAT v 7BV,
X QD (R TEB S REATTOEMNECLVEIND.

M-i"+K-u" = f" 2.1)
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WEEE7 % . picture frame #R5R 77 1M 200mm, & & 200mm & L, bias-extension 5% 71X 1E 50mm,
R&200mm &2, 61T, MFEBEBORA =X LEHH T D120, K 2.4 1277
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(a) Uniaxial tensile test (b) Biaxial tensile test

Fig. 2.2 Model description of tensile behavior simulations using meso-scale model

(a) Picture frame test (b) Bias-extension test

Fig. 2.3 Model description of shear behavior simulations using meso-scale model
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(a) Bending in yarn direction (b) Bending in 45 deg. direction

Fig. 2.4 Model description of bending behavior simulations using meso-scale model
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Fig. 2.5 Twill weave textile structure of meso-scale model
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Fig.2.6 Relationship between fiber strain and macro-strain under uniaxial tension
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Fig.2.7 Relationship between the displacement and the applied force

under uniaxial tension loading
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Fig. 2.8 Stress — strain response and mesoscopic deformation mode during uniaxial tension
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KA LD F 5 5[87-89].
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Fig. 2.9 An illustration of a fabric specimen under the bias-extension test [87]
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Fig.2.10 Relationship between fiber strain and macro-strain under bias-extension
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Fig. 2.11 Relationship between the displacement and the applied force

under bias-extension loading
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Fig.2.12 Relationship between fiber strain and macro-strain under out-of-plane bending
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Fig. 2.13 Relationship between the curvature and the applied moment

under out-of-plane bending
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Fig. 2.14 Responses under uniaxial and biaxial tensile loading
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(a) Uniaxial tensile test (b) Biaxial tensile test

Fig. 2.15 Mesoscopic deformation mechanism during uniaxial and biaxial tensile loading
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y = 2 _2arccos Q + A (2.6)
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Fig. 2.16 Shear responses for picture frame test and bias-extension test
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Fig. 2.17 Fiber tensile load of yarn under picture frame test and bias-extension test
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Fig. 2.18 Shear responses of plain weave and twill weave

(a) Plain weave

= g -

(b) Twill weave

Fig. 2.19 Deformations of plain weave and twill weave at 35% shear strain.
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Fig. 2.20 Meso-scale preforming simulation on a hemisphere
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(b) In case of large holder force (3.0kN)
Fig. 2.21 The effect of blank holder force on the deformation of carbon fiber bundle
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Fig. 2.22 Influence of the weave pattern on the formability
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Hhaeflnd.

Table.2.2 Deformation mechanisms for dry fabric during the forming

Mechanism Characteristics

In-plane tensile loading e Undulation of yarns is removed in
uniaxial tension. This affects low initial
stiffness zone as long as yarns are
being straightened.

. There is no low initial stiffness zone in
biaxial deformation since biaxial load
leads to elastic elongation of yarn itself.

. Key deformation mode (along with
bending) for biaxial fabric.

L i B O
* * * 1

—
oo CGREeGEREe

In-plane shear . Resistance against a changing shear
I angle is very low until reaching a shear

locking angle.

[' (] . Above shear locking angle, hear
modulus significantly increases due to
internal yarn contact and distorted
yarns.

. Shear stiffness by bias-extension is
lower than that by picture frame.

S —

Out-of-plane bending . Bending stuffiness is much lower than

o

in-plane stuffiness as fibers within
yarns can slide relative to each other.

*  Bending stiffness depends on the
direction; bending stiffness in yarn
direction is higher than in the bias (+/-
45° ) direction.

Fo, FEEROEFE Y I 2 —va v EEML, R —MEOENDN, LORBES
WHERRI O TRV ICHE X 2 EEHR L. I 51T, B BEISEVDRRIBEIZS 255
BERER L. 2B, AV AT — BT NVOYEKBIRT VARE S 2 L—a vid CPU
a7 64 WHFHRICTR S HEE L7z, ERAEEZZ L, B2 LRALETHD.

KX OEMPRETET LV E LT, 78R — VDT VARV I 2 —va BTV
EEZDMNENRDD. T TRETIE, 7 0ATX—LVETLERETD. BEv I/ A
r—VET VT, AV A= VET ML DB CHERLIZ NI A4 777U v
DEFVEF L ORFEM BARAYELZ AT 2 mANOMEREEE), k2 A3 2 msto il
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Tensile behavior

in yarn direction

Shear behavior

Stress

Bending behavior
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Fig.3.1 Stress — strain curves for dry fabric under each loading condition
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(a) Kirchhoff theory (b) Reissner-Mindlin theory

Fig.3.2 Illastration of Kirchhoff and Reissner-Mindlin theory theories
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(a) Architecture of dry fabric
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(b) Conventional macro-scale model
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Membrane
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(¢) Proposed macro-scale model

Fig.3.3 Shell and membrane combined model
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BAAENTAIC KT 5 2 = VERE OO T AT d DMEIE L TRELSFHAE SRS, 2B, IRATOD s
IEREFRIAIN L2y = VR E R T

i
il T |

t : thickness
X d : offset distance

(a) Before bending deformation

(b) After bending deformation

Fig.3.4 Schematics of macro-scale model considering in-plane and the out-of-plane properties
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Update nodal displacement

7 ey \

. Update nodal force Update strain in element
= Translational force .
2 = Strain for membrane
Fx — I ( O_m + O_sfupper + O_s—lower) dZ " a
-2/t & =—U,
” ox
= I o" dz * Strain for shell
2 0 0
e = —y+—- 0,-d
. O_m >> (O_s—upper + O_s—lower ) ax ax
*Moment s—lower _ iu _9. 6,-d
d+t/4 s—upper ~d+t/4 s—lower ax ax
M= o’z dz+ J o z dz
d—t/4 —d—-t/4

Update stress in element
= Strain for membrane element
(micromechanical model)

o = f( gm)
* Strain for shell element
(orthotropic elastic model)

S—upper S S—upper
oI — S L oS Tupp

s—lower Es s—lower
= - &£

Fig.3.5 Numerical procedure for the proposed macro-scale model
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Fig.3.6 Material properties of the in-plane model for macro-scale model
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Table 3.1 Bending properties for the macro simulations model

Defined parameters on shell element

Defined Young’s modulus in shell E* [MPa] 6.11
Defined shear modulus in shell G’ [MPa] 2.02
Offset distance from mid-surface d [mm] 2.4

~ 7 B A —IVETIVIZ, 2.2(a), 2.3(b), 24@)B LROITRT AV A —/1%E
TN ERIFEOMERERFMIE G52, F0NDMEENFHEE XY 25 —/VETIVIZ K D
kiR & i+ 5.

B4 3.7 13 1 o [IRE B % b5 2 T BROMEETBRMEDOHE TH L. ~ 7 v A7 —/LET VI
TAY AT —=VET N EFAFOGIRFERRITE TV DNRDN5.
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3
S 6000
3000 —Macro model
O Meso model
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Displacement (mm)

Fig.3.7 Comparison of responses to uniaxial tension between meso-scale and macro-scale models

3.8 IX bias-extension R & fifE L 7= 2% 5 2 B OMBEAR RO TH D, &
AMBIETE T Th~ 27 0 A7 —)LET IV TA Y A — VBT )L &[5 OB SN R 2 3%
HTx5.
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Fig.3.8 Comparison of responses to bias-extension between meso-scale and macro-scale models
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WThb., ~7aAr—)LETIVICTAY A r—) L85 )L & RO NITRIME R X O TR
PO T AMEIFMN 2 FR TE L2 2R LTV 5.

100 - ——Macro model in yarn direction
----Macro model in 45 deg. direction
80 - O Meso model in yarn direction
o) O Meso model in 45 deg. direction
E 60
Z
= -
% 40 -
= 20
0 1 ‘
0 0.1 0.2 0.3 0.4

Curvature

Fig.3.9 Comparison of responses to bending between meso-scale and macro-scale models
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Material tests / Virtual meso-scale simulations

4 N

Tensile property Shear property Bending property
F, —i—
——

=

. . . &? \
Uniaxial tension test —— //
or Bias-extension test Cantilever Drape Test

_

Bending stiffness
v
Biaxial tension test
Tensile stress—strain curve
/ Picture frame test
Shear stress—strain curve

Macro-scale forming simulation ) .
Bending stiffness
is converted to
&~ d, E*, and G*
by equation
(3.14)-(3.106),
and given into
shell elements

In-plane properties
are given into
membrane element

pper Shell

Membrane

\_ /

Fig.3.10 Flow of proposed macro-scale model building
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NE—FNTT T 7 a——UlEE X A \ZHET 5 &M TR N F % 30mm #f
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Uy 7 ALT 4 fEHTIC CEFZER 2mm LU F THIUTZALN 202 L 2R L TS T2, 3
ZREIE2mm & T 5.

Fig3.11 Influence of the material properties on wrinkle in forming condition with a blank-holder
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54



(a) Meso-scale model

(b) Macro-scale model considering only tensile and shear

(c) Macro-scale model considering tensile, shear, and bending

Fig.3.12 Influence of material properties on wrinkles in forming condition without blank holder
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(b) Bending stiffness 1/100

(©) Bhending stiffness 1/10

Fig.3.13 Influence of out-of-plane bending stiffness on wrinkles
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NEZDEBEERIETDH. S5, MHEROFRIRIEIC X B b4 58 AWM D (L%
AR TV AKIEY I al—a VETALRERL, FOEMEEHERTS.

3.3.1 FAMBENTLABBEBICEZ 588

HAMUREER 7' L ARSI T TR B A R T 5720, 32HiCRE L~/ r AT
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(a) Macro-model using shear (b) Macro-model using shear

property from bias-extension property from picture frame

Fig.3.14 Comparison of deformations without a blank-holder

WIS, B 315 W RT KO ISHEHER D S HRIRIBIC TT L AR SO R(IEE LT, 7T
RN E =, 7T 7R NE S Z LD ORAEZME LEERGIRO R F a2 L TR
< 50mm FTHUIADSFMHICTT LAY I 2L —va 2179,

57



100

Fig.3.15 FE simulations of macro-model with blank-holder
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(b) Macro-model using shear

(a) Macro-model using shear
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Fig.3.16 Comparison of deformations with a blank-holder
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z fill yarn

fill yarn

7] BN %
watp yar warp yarn
S : yarn span 0,: angles of fill yarn
¢ : fabric thickness 6,,: angles of warp yarn
w : yarn width q,: direction of fill yarn

S': yarn cross-sectional area  q,, : direction of warp yarn

Fig.3.17 Representative volume cell (RVC) of micromechanical model [79]

KA 78 AT =TV T TIEMHER ORI E A SRR L L, oWtk
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EONED, FEHERONE, EA, Wrmfhs L OWER &R ORZZEA I e & Ok EE #ow
ey X U T HERMBIAIERE LCERT L. b, KET /LT ABZER R Ok
HMESR D F 1AL & BRI OB L2 BEEREZZBE L R4 777V v 7D~ aks
PEAERBT 22 LICEREE N2, ERH OMMEROWERALIZ IR L, & Ok fHE

F—E eSO, ek, MRHTIZINHAIRESEVE = — F LS-DYNA[86]4 MV /-,

RIZA4 777V w7 OENEABNCENTEARE v & 7 AE Cik, MHESRITFE 72
TAUCE VD HEWICEEET 5. ZOEAW e v 72 HET 720K 317 IS/l
NG MV qp q ZED, KitHEAT v 7 CREEAEE LTRET 2. B, i’z
FOf, widhisk (fill yarn), #tk (warp yam) ZR9. ZRENZOFHMART MVITER
[T YV F ZMOWTERT v 77— had. M31TITRT 0, 0,13 85% LR O
WAKETHY, TNENMHIMEIL 45°, 45°% LD, FRERLI-AKLIETD EEEN
Ao yx oLzl HESRD.

Ivanov HINRRT HAR~A 7 1 A=A )FT 0D RVC O 1D F R FNEZ LTI
R

1) fHEROmE N AR & O By AN

F74777Jy?@ﬁﬁﬁh%;kwfﬁh%my%yﬁﬁifm,%ﬁﬁ
AT RIC K W RNICEEET 5. ZowAWe v X 7 EHET S0, n
2Ty BT DK 317 (R THHERO NG m~2 M g, q, 23 (3.17) @
FolcEw, KHEAT v I CTREEAKE LCRET 5.

ZOHERY UL ntl AT v FIZBWT, EhEnX (3.18) [T X oI
WATERTER LT n AT v 7HOLERART > VL F Z2HNTH &7/77~
FaEnsd. K317 1RT 0, 0, 13808 EHEROHNAETH Y, TnEndilfA
JEIT 450, 45°% LD, FTERLICAEIET L LEBRENEAM R v X7 L

CHEEND.
qf};f) :{ cos 0}”) sin 49_,(,”)} " q" :{ cos8" sin QV(V”)} ! (3.17)
q" =F"q", q" =F"q (3.18)

ZZT, n A7 v 7H®D F L, Green BT V)V G ORFEAESARIZ LD, RVC
JERE R BT D OIS T v Vv Ae 2B (3.19) THRED L4 5[102].

FOTE® —T+2Ae™ = G™ = Q(n)TD(n)Q(n) (3.19)
ZIT, LE2AT25IOHALT YA TH Y, QIRERT V)b, DIFAT Y
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2)

NThDH. Fi2, GITOTHOHED Aey,, Agy, Aey, B (3.20) THERINLD.

14248 Asgl)
G" = g “o (3.20)
Aely  1+2A8"

DEY, FlIIG ORREENMICIVRAICTRT I ENTE S,

F™ = Q(n)T ,/D(”)Q(") (3.20)

X (3.20) IZEVEERAT v 7 HICF 23RO DIFFHEARMBRKZ VN, HoEX
TEZLT0, OFTHWP ML FET I, FIZRATELE TE 2.

(n)

PV R—
FO =(1+24¢™)” ~1+Ae™ = 2 (3.21)
Agl
Xy (n)
1+Ag!

OFTRIAS BN S TFUE EFRO F ORI T 528, AWFZE TIBfiiE
EHWD T, 7 =T R X DFRRME S ORI 22, FEAT v 7
RTINS 2D, 20, OTHEMSE, Bl 2 01c+4
NS WEEZD.

RVC JEAE R D O By Ae IZEEFEZEHAT Y )V Ty (0), Tu(O,)IZ X
Yz BHE VT 6 6, 0 Ff SRR IS A S A0, MEMESR DA BN 31T 2 ONF B 4k
9 Ag, Ag IEMEND.

A =T, (6? ) Ag™ TT( ), A" =T (6,)-Ae™ - T (0,) (3.22)

s OFR L OFE

WA, AR R] L ORI X 2 R IRPT 2 SR D 2720, fkiEiE DRk
EHET S, BEESICTLESEEZHVEEA, K318 IR ntl2 AT v
H® RVC Offtsk (EH), Bk (FE) OMRHER 2 Bl U 72 Pt iE 2 5 2
%.
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(n+1/2) (n+1/2)
s 2 s 2

N, =(c" +Ac™ /2)s

. w Ih(@ _5(n)/2

SEI;+1/2) /2 |/ S‘(/Vn+1/2) /2

I IS

Fig.3.18 Equilibrium of the vertical components of yarn forces [79]

F7, X 323) X (324) TEIND ntl2 AT v, n AT v T OREHER
D ONA Z B e UTEREF 5.

A(;H/Z) — A(;)ﬂ,gf'ﬂ/z), A(Zv+l/2) _ A(Z)ﬂ’sz:l+l/2) (3.23)
AT = APAT, A = A2 (3.24)

T 2T, MIHEROMOREZ IR L, K (3.22) TREHEREEIEIZA S SO A
kv, mkcREND.

A (”) (n)
A2 = 1+ Al z1+—‘92f“, Art) = 1+Ag§:;>lz1+_A“;wn (3.25)

/11 W

A = 14280 =1+ AeW), A =1+ 246" ~1+Ag) (3.26)

i, wHl2 AT 0T, 0 AT v FORER, B OEHERIG 5, 5, 4 X OHkKE
SRR L7 S — OEBE S Ly L 12k RIC TR SN,

SA(;1+1/2) :A(;H/z)s’ S(n+l/2) =A(Z,+l/2)s (3'27)

w
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S‘(fn+l) — A(;H)S, ("+1) A(”+1) (3.28)

(n+1/2) ) m\? n+1/2) )2 )2
L.(;H]/Z):\/{szJ +(h.(fn)+5;)J , L(;H/z):\/[ssvzlz)j _(hv(v")_'_g;)j (3.29)

(n+1) \? (n+1) \2
0 = \/(_sz J (1 + 5™, L = \/[_Swz J —(r +smf  (330)

WMER AT EORE Y Fy Fo 13 3.31) BELOK 3.32) 1LV ERFZENT
&, £, WAFTRICBT L2050 H50WEE UL, X (3.33) BRGLT 5.

b)) o w e 2)f ) Ae) )
f L(;Jrl/z) f LE;”I/Z) f 2 '
hO—(6702)  h—(6"R2) ) Ac?
FWZWNWZW o, + > S (3.32)
2F/,. =2F, (3.33)

ZIZT, hy h TR O O RVICEBEARTMOES 2R, £, diIxFD
W ThD. Ny N, [THEHEROBRMETH Y, MR OMHEEAZ S LOE
A DI TR IREAE ST R DS T & b U CIFRIT/ I S & U CTRlkiE 5 T ELS )
DHZEE L, MHEROEIHIE S & O TROLND.

op oW THEHER OREHES DI ) TH Y, FMEROMEHME 7 mBRMERE, E, 12
X0, ZORNEMIRAICTEIND.

Ao =E A", A" =E A (3.34)

yl1 y11

72, Aoy Ae, IHHEROBHES T OOFT RIS TH Y, KT TREND.

L(V‘H»]) _L(n) (n+1) _ 7(n)
Ag&n) _ 5 s Agﬁv”) _Ly L) (3.35)
A L L
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L \FRBHE R 2 BiffE L 72 " — OO ERE S TH Y, RATRESND.

2 P 2
L= (E} +(_j (3.36)
2 4

A (3.33) 12X (3.29), X (3.30), X (3.34) BLOK (3.35) #fUA L CTHEE
+25&, X (337) BEHN, ZiLE Newton-Raphson 1EI1C & VR = & T o™k
DHEND.

(6 + 20 W(5 =28 4 (str2)Y

w

g(n+D) .
x| 26+ E, | (6" +n ]+ 22 -

2

(3.37)

+ (61 =200 W (5 + 20 ) + (st}
n+1) \2

3) RVC OG5 5

Fig.3.19 Smeard RVC oriented in yarn direction [79]
4 3.19 (279 K 512 RVC Dtk & Rk 2 g b U7 2 5 2, fHE SR o8

JEARIZ 31T 2 OF B0 B, MHER DI RG220 (3.40) ~ (3.42) (2T
R
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20008 ) 2A0"S

(n+l) _ (n)
o =o+———, o) =0 +—— (3.40)
11 11 o, 11 11 o,
O'_E,"Zzl) = 0'}"2)2 +aF yzzAg‘(f”z)z , o-fv”;zl) = o-fv”z)z +aFE yzzAgfv”z)z (3.41)
O'%;l) = 0'.5»”1)2 + aGyleb‘_fr"l)z , o‘ffl;l) = O'Sﬁ)z + aGylegfv”l)z (3.42)

Z 2T, Aopi, Aopr, Aoy BEDY Aoy, Acw, Aoy IZEIVENER, BRO
WAHE SR OAHE ST 1), MRMEIE A T M DB T &R AW I DR CTh 5. £72, E o,
E 22, G oo (IHEHE SR OREHME 7 R MECR AR, SRHMETEL A2 T5 1) D BEPEER SR, & AW s
Thd. s, t [ TTENEIHERORN, AZES (KA 7770 v 7 OHEE
ARHER D E EEECRLIZGDME) ThoD. £, A —nN7 7 7 % —a XM
ROEHETIIC K DR AZBERITIHRET, TAWR v o 7 LRTTkHE R R L
DOREST R OBERRAAE U, MHEdAE T M OIEMAR L 2V EUEL, ald 0 Oz
EV, myX U TURKE L OEEED. 20 a EAWVDLONE, MM, ®mN
HAWERICK L, AW v %2 ZICE D F TR X 22 Tz L
HNICIEET 2 723, MEHEROB T OB N4 Ui, 20k, KA~vA 7
AA=ZHNVETIZENT, HAWTE v F 0 ZICE D F TRl 3 o GHEE 22 5 1)
DIERFETG 0T AWET T2 WMEEIZEE SN TN 5.

X (3.40) ~ (3.42) THE SNSRI L OMER D EHMER OIS TR 7 13k
T RVC EFEIZB T D5 a;, G, ICEHBShD.

G, = T.;(ef)'“f Tf(ef)’ c, = va(ew)"‘w ‘T, (ew) (3.43)

S BT, X320 IR T L O ICHEHER DS Eimmc R 23 D RiE 208 L, 20 (3.31)
BELO (3.32) OIEE S AR BB A (N TERT 2 EET
X, EEREERIC L AE— A v MIkRUT L 0 EED.

Ale@ﬁLm%:b&%iLmM (3.44)

2T, vITMER M O BRSO 1F Macauley O v =1, r 1L RVC HULEEEE )
LOHHECH D, Fiz, AFTRACTEREINS.
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A=—" (3.45)

Wi —RAE— A b LAZIRAUT TR S5 [103].

] :J m’A:Lw3 o tan(45°+(¢9/2))+ ?0s9 N sin @ (3.46)
4 tan(6/2) sin’@  cos’ @

X
0 :angle between yarns
A :contact area
M :frictional moment
A= > /sin(2 9) w :yarn width
Fig.3.20 Rotational friction [79]
BEMPEREIC & D IEHIRAYG,, 6, BRATRYES.
6 = 2T sin ngn(dé’) __2Msin fsgn(d@) (3.47)
st, s°t,
&, = 2T cos@sgn(d@) _2M cos?sgn(d@) (3.48)
st, s7t,

A=A 70 AN=TNET VO RVC BRI DG 0y, 0y, Oy I TIRAEHY
2, MEHER OIS S L BEIC L DIEr 2 R LEDERAD L )ik s,

Eﬁcx + wax A
o, =—"—" 165, (3.49)
’ 2
o, +0,
o, =165 (3.50)
y 2 y
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:O'ﬁcy-i-O'

o, e (3.51)
2

X (349) ~ (B51) MOEBWLNREIIIARSA T v AT =T VE T VITNEESR 2 {8 E
LTHELTEY, FIA 777V v DT VABREY I 2L —a VBT DIEMZR L
DRI S AW & & B ICEE AR EITRIMEASEIN TRy, ZhucxiL, 3.2 #icf
RUTEBEERIC 2 VBEREMNT 5 FEEZMNZ, WERICA 72 A= AVET IV E
AVHENOEFEIERB A L, ¥ = /VEFEE AW CHTHIMEZ N5 2 &<, #iiF o R
2RI 2.

B 321 1%, WAREZ RS OBEERIC~Y A 7 1A D= VET VERG, mo T
PZ2RIT 5 2 VEREMINT HARBREET VOMEHET MEEDOHHINLTH 5.

Material tests /
Textile material data Virtual meso-scale simulations
e N ] )
In-of-plane property Out-of-plane bending
i
s : yarn span //
¢ : fabric thlckness Cantilever Drape Test
w : yarn width
warp yarm S : yarn cross-sectional area Bending stiffness
Textile data for micromechanical model \_ , Y,

- Geometry of textile material
- Material property of yarn
\_ - Fricti?n between yarns Y,

M le formine simulati Bending stiffness
acro-scale forming simulation s converted to

4 / N d, F5, and G*

> - by equation

K (3.14)-(3.16),

/D d and given into

In-plane properties Upper Shell shell elements

are represented by
micromechanical
membrane element

Membrane

Lower Shell

- /

Fig.3.21 Model building flow of proposed macro-scale model with micromechanical model
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3.3.3 RA4HOOFH=HILETILOE A BESNIREE

322 WRT AV A= VET NN VT, R — 1 H 72 0 I Z 3£ 10N, 20N, 40N
DFEMEZ AR LR THENICE— AV MiEZAM L, TAMER 25 2 5%
119, 728, WhMEREI O E/ERITBEfMER L 7 —n VEBRET VIS L V#EITT 5. A
A — )BTV L RBROBEG M A FRGE L 72 STHR[69, 851 Ci, EEEMRENE 0.2 705 0.3 OfED
AVSnD ZEns, REHTCIIEANFINICR Lk b RERIMEAT L EE26ND
PEBRRE 03 Z V5. K B2IZIVA VB AN HNETFTNMIEZ HEETHS.

e

e S S O SITN

= e e
= N
N
Bt

o\ “
S\
NSRS

V\
SV
) ] ,
% Wt = ~
Moment
o] 4+
(a) Before shear deformation (b) After shear deformation

Fig.3.22 Meso-scale model to verify the tensile dependent shear behavior

Table 3.2 Material parameters for textile micromechanical model

Yarn span s [mm] 2.0
Textile thickness t [mm] 0.24
Yarn width w [mm] 1.7
Yarn cross-sectional area S [mmz] 0.15
Longitudinal Young’s modulus Eyun [MPa] 17,400
Transverse Young’s modulus Ey» [MPa] 11.0
Longitudinal shear modulus Gy [MPa] 1.0
Shear locking angle Orock [] 32.0
Friction coefficient v [-] 0.3

F7m, AV AT — LT IVOMITRERPEOR VW2 R~ T SIRE L, LLUTFOfENT %
Ehid 5. bbb, EUERFEO T A 7 a X =TT VE WS E &
A A — VT RN R A T 5 2 L Cv A 7 B A= IVETF VOB EKIED Y
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AMIZEEN ZRGET 5. X323 1%, AV AT —LETABLIOYA 7 2 XA =HVET LD
BE—AL NEERAIVEN LIEEARIG ) —EABOT HOBMROHKER TH 5.
% 7z, picture frame U5k & bias-extension FER 2 15 fEE L 7= X V' A7 — VBT IUIENT L 0 15 7=
IWHHREZ B CORT. R~vA 78 A =B VET AN, #MiHEH RO 5] 8EME %2 21k
SHLAIRRBIZBNT, A Y R — LE T VRERIZE AVERITEDS SR AT E O IR & 2
M 5582 LK TELZLERDND.

100 - O Meso-model
fe— Picture frame
= Micromechanical model
80 r
s
[a )
S 60 -
2 40N Tension
=
2 40 20N Tension \
S Bias-extension
7
20 -
10N Tension
0 | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Shear strain

Fig.3.23 Shear responses under various tensile loads

3.3.4 FLAE VS aL—ar~DE RREE

PRIV = VER A MAR DY FEE VY, 16RO hyperelastic &7 /L& 5 % 72 JlE
R AT, EAWRED S IRIKEMEAZE T o~ A 7 a A= VETF VE#EM L, 33.1
TAITO BT L RIRRIC 7 T v 7 R H—H W WA & W56 OFERBRO 7 1L 2
WIEL R 2 b—var&f7). S OIZRAROFRETHRIT LI A Y 27—V ET VORER %
T 52 & T, RFEOBEMEERGET 5. 728, AV AT — VBT IVOMRIHRERNE
DLOLOFRARNREZRLTNWD SO ERE LKRIEZED 5.

4 3.24 1%, X311 (TR LIE#ERICIR D PMER LRVIREETHIE SN D 7 T v 7 Rv s
— W RO TIT o e iTiE R CTh 5. Z DA, hyperelastic &7 /L& W= fi#fr ©
I% picture frame #U5R L U 15708 VWM 2 A D) LT fHTRE RITIZFER 1L < O L b3 34
TH Y, bias-extension AR DFFEA AT) LT i#NTHESL 23X 3.24(2)D A Y A r—/LET )L &
EL—HLTWDZ oD, ZOFRMTITEMERGTMOSIEY IXIZE AL EHAEL RN
72, HAMRIWEZT 7 v 7 R A= HOEREL VNS D, K~vAf7a X =0
NETNVE AN, K 3.240)0RT LAV A — LT L ERED LbaRETE
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DT ENDLND.

(b) Proposed macro-scale model

Fig.3.24 Comparison of deformations without blank-holder

3.250%, 31517 LICifERICE IR Y BAM SN OIREBTHRIESND 7 T v 7 KL
H—Z WD M THT S T TR R TH D, X 3250 T LI A Ay —LET )L
DFFFTTIE, LOBELDERESED. ZOFMTHE, TABREIRERICIE N AT
% picture frame FBR DS CHUS L7 FFHEICE b0 &E X NS, —F, BHERIC~
A7 aA=TIINETNVERWEEES, BIEVICE 2 ABRIPEDOHEMAZE I 572
B, K 325bNIRT LAY AT — VT TILVOFER L GBI DR EED.

RERICA~A 70 A D= NTT N ERANWD Z ET, EEOREGEHMEET L TIX
KT DN TERDSTMRMERICEIRY BDAETCHEMEEE U WEHICB T 2 AW
FEPEDENE A Y A — )LETIVARRICRBIATRBIZ 2 5. 2072, RFEICLVERSE
PR ET Lo A & SFHiiTREZR 2 & 3 s.
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(a) Meso-scale model

Wrinkles

(b) Proposed macro-scale model

Fig.3.25 Comparison of deformations with blank-holder

EBIEYA I B AT =HNVET N EBEERICHEA LIoAKRE~ 7 v 27 —/LE T LDk
MEJTZEAL, e O THIMERE 2 355 .

3261, 77 RN =2 HVBRWREDAY 2y —VET N ERRE~ 7 v A
—VET ORI TR OEAMETADOHK THY, X327 1%, 7727 HRKAE—EHN
5D A A — LTI L RERR~ 7 0 R — LT L D% O VETZETEA O
Wi Thd. N4 7770y 7 O AWRWEHE S o5 8RRIME IR LIEF IS/ &0
7o, WHER 45K THL 7 T v 7 RHAOF IR EL MO ERETRT. £/2, 1R
T RX e AWETE N4 L, Skordos & OFRERRE HR[26] & FAROMHE M Z R LT\ 5. K
BEETIICTA S A — VTNV ERIZEOEEE SR Z TND Z ENbND.
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OMeso-scale model A Proposed macro-scale model
45 -
40 -
35
30 -
25 -
20 - ) é

15 -
@
IOQ@ Q @ Q

Shear Angle (deg.)

) @
T T T T @ T T T

1 2 3 4 5 6 7 8 9 10 11 12 13
Shear angle locations

(a) Shear angle locations (b) Comparison of shear angle

Fig.3.26 Comparison of shear angle without blank-holder between meso-scale and proposed model

OMeso-scale model A Proposed macro-scale model
45 -

40 -
I o
30 - A A
Q@ ®
25 -
20 -
b5 @ é
10 4
2497 > @ @
O T T T T T T @ T T T T T T
1 1 23 45 6 7 8 9101112131415
Shear angle locations
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Shear Angle (deg.)
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(9,1
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Ay

(a) Shear angle locations (b) Comparison of shear angle

Fig.3.27 Comparison of shear angle with blank-holder between meso-scale and proposed model

328 1%, AV AT NETNLVEBIORREET VOEFEROT 7 > 7 FEMIZ 12mm v
Y FTHIWIZEARZ 7 ) v ROERBKTH 5. B RS AW E T ORGSR &R O I A
VAT —)VET VTS, REERETNTST LA —HLTEY, KERETVITTA
VAT =BTV ERIFEDO T VARG OMMEER 2R THD Z LD 5.
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Punch stroke: 40mm

region of the largest region of the largest
shear deformation shear deformation
AL PSS o

Punch stroke: 50mm

(a) Meso-scale model (b) Proposed macro-scale model

Fig.3.28 Comparison of fiber distribution between meso-scale and proposed models

X 3.29)\CiE, AV AT —ILETILOMHST O OT IS %, X 3290 AR~ 7
0 A — LTIV OHER TR DO BIBEOT DDA Z R~ . A Ay —ETT )0, KR
ETNE L LEROIEHN OO LT N ZODHEKIC TREROTAHANELCTND., AV R
r—)VET VTR RETRNCHRME T IS 0.02 2 X H5IROTHNEL LD, REERET IV
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BT DHEHER F OB RKOT L0012 THDH. AV A7 —) VBT VOMGHERITS5E & E
WHITF OEEER 2% TR Y, mWNHFICx LSBRAIOEFE T 0.02 %88 2 2l 5 1m5]
ROTHPELTWD. HELEREZT D EOMMEBHER OFMIZ OV TIEA %, FE7Ze 5
AEZINZ 2 ERDH DN, RREEET VOMMER TR OB ROT BN A Y A —E
TV ORHEDBIIEOT B3R L7l 2R L TR Y, AREEETT VIS CTRlHERHRZ 71
THODORMNBRER R D ENTEDHLEEZD.

0.00

Yarn width

W apie g

AN itfesT ’ .‘ &% ////‘/’/:
More than 2% strain occurs
only at one-side of yarns.

(a) Meso-scale model

1.2% tensile strain occurs
in yarn direction.

(b) Proposed model

Fig.3.29 Comparison of strain distribution between meso-scale and proposed model
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34 &

ARFETIX, RIM THEO T Y 74— A TRICBT 2B REONRETH D LR E Ehk
R 572D KT T7 77V v 7 OT VARIEET LV ERE LT,

FT, mANFREEZRBT DEERICY 2 VEREINT 5 2 & Cmst o T RIMEZ Z5E
TAHYIBAT—IVETNLVEREL, H 2 BT A Y AT —)LET )VICE R EZ
5 2 ZMBRFERNT L RSO~ 7 a M B E 2 RBLCE 2 2 L AR Lz, £/, i
W% BT HARIBR~Y 7 B AT — VBT VI T, AV AT —/VET VOfFFERIZIV L
DRARDAE TR TEDH & 2R L.

W, mNFFEORBUCE LT, 763D hyperelastic E7/LX° b 7 AHEZ A GDET
ETVTIEA IR ORI % FERICMSIICH O 729, BERSGMEIC L0 HER O A& L 5513
REMNFL72 V) | bias-extension FRER D H 1572 W AUWIFREEN #5354 & picture frame RER ) 515
T AMERENE TG ERNHH L ER L. ZOMEERRT D720, RFE T E
FLOMRELR & v = VER A MAE DE D REE T /L O BRI 1 N EE ) O R BLICHME A H
DEBIEGIEZ MR D 2 & THREAFOE AWRHENR B ERRE/e~ A 7 = A =T VET )V
WAL, AV AT —/VET VRN L RIEOSIRIKEEZ AT N OE ABiREZ R B
TELILZMER L. £, KR~ I QR T—/VETMITT 7 7 RNVE—DHE
72 EORERMITEFE T, TV ARIETROXEZ EREICLbO TFRINAIRER 2 & &k
RLT. 61T, PV ARIE OMEHMETT ML FE A A Y X —VE T /W X D fRHT & TR
EThHDHZLERLE. £, RRERY I RA T —VETIICT, AV AT —)VET VIR
BT OAEFRIZAE C DHHE T MO OT B M OFHE AR 2 TR Y, #RMEMIE O FHID /672
T L EMER L.

A AT =BT IVOYERT VARV 2 2 b—3 3 UE CPU 27 64 WAIFHREIZTHI S
HELZOIZKL, A 78X =V ET Vv ERNFEORIUCEA L7-ARR~ 7 o
A —/VE T VOFREEHIE CPU =27 4 WAIFHRIZ LY 30 oA T > 7. AERET /v
ERHWET VAR Y R 2 b—1 a2 k0 UbRA, T Moz b, MR 2 me
MTEBBLRATHTHZENTE, YU 74— ATROTVAREDO 7 1 ARGFHIHE
T&HLEEZD.
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F4F B FRTP OTLRARKIAL— 3y

41 # §

FRP [XH O EALIZ L HRE R LGRS Hivd ABHE S IFIZR W TR 268
& LT, 2Ol L RAHIFF STV 5. 1.2 fi Tk~ 7e X 5 ISR PERTEHN OFERE D> > FRP
O AR SO BRI & & F o T, U IR LR 2 S B S 7 AR B %
(2D 10 2 LIN TR FIEEZ: RTM LiE S B S[8,9], BIEHFH S RIRIZ LM S T
4. FNTHEERICERSNDLIET A 7T 1 HUNTH Y, BPE L ~AFE 58 ]
ENDHTDITIE, FRZEEREOEHALELE SN TWD., £2C, X0 kErEEZE
M C& DLk & LT, M b IS BT IVERI IR 2 302 S 72 FRTP & — R & IIEAL T L X
T 5 TIENER SLTWAD. FRTP ¥ — O VAR TIL, 7L ARIEORT LIEIZE
WCF Y T LT EFTEDHICTEE L, 2\H 7 L AT 4 5= S &8 FRTP v — b %
ERT 5. ZOLRTIHIRE, BIBE, MERFMEOMRIERIMIZE Y FRTP > — FD Vi
ZBEL, MEHERKE S ZB{LTHZ L bmbn T 5. M7 L A2 TFRTP v — b &1{E
i L7, BRIGIREE £ CIEL L7 FRTP v — b2 @RI T VAR T2 TIEREZ BN T
W%. FRTP O L ZARJE TIEIZ@MORESREN O REL 2 BEICHHETE S, —2IF,
SIRNTINB HEEE 2 H6DIAB BT & FRIZIRIE £ TMEVL7REETT LA L, 0%,
WHTHTIETHD. b o —20F, FEEOSMEHNTT U ARE TR & mE TR % P e
WCEBIET, BE LR OmEITHTIETHDH. BEOTIETIE, R EHEIO TR ZF
BTV, SR OMBSHIO LN 2N =8, 1 53 LANTORRIEIS FHRE & 72 5[11]. FRTP
V— bOEIRESR AW TV ARIEE, KEAEICHE L7 IEF IS8 7 TIETH 503,
FRTERE DM BB OFIEH R L <, ZTOFETBEH OIZDDT I 2 L—3 3V FIEOHSIN
KdoiTng.

WHERILM DT L ZARIBICK T 5 22—y a r 7 Fr—F & LT, 13 fichk~r-
£91Z, RTIM TEDOT Y 74— A THREXIGE L, flEx 52 S 5010 KT A1 ik
HEREM O T LAY R 21— a VO FE BT ANBEICEIBREREN TV DH[2544]. L
L, ZTOFEAEE, LLOREARE T LVARORFNRER 2 THT 57 DICEE
HANOITHIIPEZ ZE L TR, FB3TETHE, RIMOT Y 74— A TRESRE L, #h
FHIMEZ BB L, S HIZENOE ABFREDS BRI S CRBLAEER K74 777V v
IOy I alb—va BT AVEREL, TORMEER L. —T, ENAEBIERAE
ZERSETZFRTP v — b O U ARG TIEIMEHZ BV L 7' L AT 572, BIER DR
FENERIEZRENC 5 2 D BN R E < MBI EOIRERFEMEOZE N EETH S, £72, FRTP
V— MR S T RRE S IR & on - 2 & VIRBR TR S UV 5 [48]. Wang 5 [49]
X°> Haanappel 5[47]1%, HIFHIMEZZET S FRTP > — FOET A EZREL TS, FT-,

76



NIRRT T VISR N2 S Z E TRILL TV D, L, BEo#S
FetEDHEE z, ERFEOMITREOIERRIEIE E TIEBE L T\, 2ok, 7V
L7 BB L AT FRTP ¥ — &R DO MIEREOETIZ LY Ve kL,
Z DOMEHRENZAL L2 BRITIE, FROMERERBRZ 1TV, MOEHIEE 2 R 2 B D 5.
S 512 Wang 5[49]35 £ O Haanappel ©[47]DE T /MIWT b8 A2 L, FRTP > — bk
FEIREICCT VARG T 5 LiEEGE LTRY, &8 L Ol X5 FRTP > — b
IR E A B ZEENT 5 2 5 5B DU TUIMRRE S LTV 720,

Z ZTCARETHE, BB 1 DN EB AREZR Tik s L CEH S RO % H
WBT VAR TIEEMGE L, 328 CRELZEOMITHIEE2SZET o~ a2 r—
JVET V%, FRTP ¥ — kO EiR R IR IEME 2 A3 2 dh i FetE 2 KRB ATE /2 &7 MITHERT
5. HNFFHEICOWTIE, 338D~ A 7 8 A0 =TT WS CRET DHHEEEM DG T
RO VZHEAR OIS TR A AN L C, BARTIBPERAR DR B K D IRER T & Z 18 L 72 IEH
FEED DB E AT HRHMEEZRBLT H. S 612, MmN AKEE 2 EMICEKIT 5729,
HiR DN BRI DO O Bl 2 3T DB/, Reuss E7/V[611ZH AL, KD FHM
DOMEHRFE & Ver & FRTP 2 — O AW Z THICE 2 E7 VA2 RET 5. K41 13,
BEETTLVOMETHD. BEETTLVEHANT, BEFOREEE ZUtE D MERE
DIV % B [E U 1= B EE AT 21T\, & & OB X 5 FRTP > — k OIREZ LA Bk
TBERENC G- 2 2B ALY 5. £z, RBHEREHET 52 L TREETMVIBIT LT
L ARG DB AR L, £ ORI E R T

In-plane model

Membrane element Membrane element

fill yarn

s /
warp yarn
RVC of micromechanical model [77] Thermal effects & Reuss model
Textile model Thermoplastic model

Out-of-plane model

Shell elements whose reference surface is offset

The shell reference surface is offset
Shell elements consider thermal
effects.

Fig.4.1 Schematic of the proposed model for FRTP sheet
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4.2 #%¥ FRTP OV ART—ILETIVIRE

AETRETDHFRIP V— FD~ 7 a0 A7 —)LETFNLTIE, HIETHRELEZRIA 7 7
TV v OTVARIGET VRIS, wNRRE ISR, o i PR R E R A L
T2y 2 VEBETRET L. @A EEL FTRP > — b O SRR o th i PRt o It 2 A
T OREERRBLCTE D L9 ITHRE L, mWNRFEI IR D52 % Reuss £7 /LI KV 0
. ESITEEZ RIS 5T L TIER X CHENEHEEZ KRBT 2 HNE T /UL TIEIC
ST, FNFENOFEMZ TR T 5.

4.2.1 @SB ITIEDOM B IEREFEEZERLI-ET L

Hi 3 ETIRARTZ L9, My — NMIEHEZR 3 ocE A R o RNt Bt ch v, &
O HNTRFEILERE « SIIROENFFENDITHEE TERV. 207w, HANOFIE L AW
DHORIUCIER L, w0 EPEXE AN O 51 3ERIME S LIEF IS/ S WE LT, s
W 2 R 72 7 W EER & W2 T E T VN B AW B ALAH[29-41]. LavL, L ARTE
DX IZRTENEETH LRGN 51218, THIMEOZEENLEARTT R THD.
Z 2T 328 T, K 42 1R T L D IZEAFOLE I B O T N R & LT A IR FR T,
AT HINEZ BT 57O ER LA A IE T2 o VEFREE 2 BRANTL2ET L
ERRE L.

L22L, FRTIPIZEM T 51TiE, @R R K & 2RI R o721, dhid
RIPEZAINT 2> = VET VA, ERIENEER T 5T REEZ R TE L L9 #%#5
VNS D, Z OB ERIAEE T572018, BN ERBY 2 REL, KTT L
DY = NVBRICEZDIEHOTHREEOARE £ L L, ¥ = VEEOMITE— A My
AM % 3 EOR (3.7) ~ (3.9) OHELHERE LTRTZLITT D, B, Yo VEFED
BTz z & L, BEAPOLE (FIH) 2 =0 &3 5.

AM={AM, AM, AM}" (4.1)
d+t/4 !

AM .[d » frAg! zdz+_[ f Ag zdz (4.2)
d+t/4 !

AM . Id t/4f Ag’ zdz+.[ f Ag zdz (4.3)
d+t/4 !

AM Id » S Mgy zdz +J‘ f Ag ,zdz (4.4)

F 77, EiEOEEEEAEESY ALY S = VERICAE L AT A1, X 4.5) TR
WRTxBH7-0, K 42) ~ 44) 1%, ROXH>EHBRIND.
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o
A&l Ox AO
Ag® =< Ag’ +=2{ 0 9 ¢ (4.5)
. ay | A,
o) ola o
oy Ox
(00, , ot
AM = £ A td>+— (4.6)
g Ox 48
’ 2
am, =2 A el a2 (4.7)
oy 48
' 69 2
AM | = [ A — + 99 da>+ 2 (4.8)
4 7 oy  Ox 48

y WA Y OfhE ¢, x WE Y R ¢, BIVRLYE o, DHITAe 1, X (49) ITTERS
ns.

g
A 15
s, Y
Ap={A¢ t=10 — g (4.9)
® . o (a0,
Ag,, o 0
oy Ox

“hER 46) ~ 4.8) ICRATIIE, Y=V EHEIZEZD x HaBL Oy FEoiEH0
TREEDOREL £, B LR AMOIEHOTLEEO AR £,°1%, ¢ d, T RER42]
TSNS E— A2 Miliih#R, XL 0% L0 RBR[100, 101 TRl DL 0 E— 2
¥ b - AU RMBOMEE (AM/Ap) 1IZL VK (410) ~ (4.12) IZTRITIENTXS.

" AM
fr=—" ? . (4.10)
Ag, t(48d° +1%)
! AM 48
1 : (4.11)

T AG, (4847 +10)
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' AM
fo =2— ? 5 (4.12)
A, 1(48d° +1%)

X 42b)ZRT L D ICHITRECA L 0 RBRCHE O IEREEZ A T A T RRE D, K
(4.10) ~ (412) ZHNWHZ T, REITHIENTE D, ks, moMeEEIERRIEM:
TEELIEZETVICIEELTYH, AETI/VTIE, ORI & mN ORI AR T
DR ERITMN e b D & LTRZS.

Defined curve

Experimental measurement on shell elements
=f (&)
> 7
Z .
conversion
S . s
d : offsetdistance ¢ byequation €
X (4.10-4.12).
(a) Shell and membrane combined model (b) Non-linear bending property of FRTP

Fig.4.2 Schematics of out-of-plane model considering non-linear bending property of FRTP

422 AREABREICH T SEEOREEERLI-ETIL

FRTP o — h DHEINZETNE, BGMEDOIEMICRNEE B8 T DM £ 7 L &R
RAEMEZ A T 2 MRV R O BT MERIIEE T MIC KV RELT D, MR ET L L&
BRTVAERIIE T U SIRERL & L, TR EAUCHEE R Z 5. £72, #&% FRTP > — b
VEARHE T 1R D B3R 0 ISk 9 B ETARUTI R E WA, HNOXABHIS L TIEBIEZETR 2 &
TH OV IEIUIIEFITNE L, 33ETRULEL I ICT VARBICBIT 58 A ML O 2N
REWV. 2O, FRIEAWRIEL EMECRBELT S 2 L2 BEHLEET MEFEESRE
T5.

HEHEFA B0y OIS IRHRICIE, 33 FIC T RIA 777V v 7 OHWNFHEE RBUZ V-
AT AAI=HNVET NEBEAT S, 72721, FRTP ¥ — h O 7 L ARIE CldsEa iz
IR EET 272, K (3.45), (3.46) (T L7l sk [ o0 BEERHSHU 238 AUWHHEPTIC 5-
ZHEBIBE LN D LT 5.

WAZHERE 553 DIS TTFHE FIEIC DWW TR T 5. BT 7 /W3 b £ 7 L DI B SR
CHIN AEF T ARERICTRET H. 2 2 TlE von-Mises RO IEMEE T 1 % H W,
BEREEZ AT 20O T HAREEZEET 5. mNFHEORBUTITMEEEM OIS Tk 5y
ERIRR DRSSy i 2 \ZFHR T 5. MM ERTT IS & 725 0/90 J7 13 D I ) Al o3 1t
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L THEHESEA OIS Iy 033 L K REWTew, BIIRDIS Iy v~ 7 mReth~5 2 550 %

FIEEITNS W 07, BABERICR LT, 33 Hi Tk ~7z K9 ISH#EEM 7 1 Ici
HAME X ZICELETIISHBAETT, BRSO OHBERT 5.

UD laierl UD layer 2 textile pre-pre

_—|— =

\
fiber thermoplastic

(a) Before deformation

un > u
o' : deformation of fiber
o u™ : deformation of matrix
é

=i

(b) After shear deformation
Fig.4.3 Schematic illustration of textile as superposed two UD layers

) FRTP > — R DAY 27— )V OMEMEIE Z S LT 5729, K 43@IRT L1 2
DOED UD @RENEN 90°HHA L TREINTWDS EEZX D, 2 DORFITHAKFEIR
R ENENMSLIZETET 5 LAE L, MtEOREL BT S5, M 430b)ICr7T X DI,
FAMZER T T, ki BIRICH CEABIS IOMERT 5 S IRET HONZETH D L
Bz 55728 Reuss T T /L& ATHAUL, BHEOT 2 " 13O T 2y & 7Y FL 70
~7B0FTH (DFY, EEROOTH) ¢ EIROBEBATERES. 22k, BAFOLfEm
IEENETEHE (fiber) EHIIE (matrix) Z7/R7.

v oS
w &5 V8

gl = ———— (4.13)
a-v,)

ZIT, VARG AR Th D, M ORIMEIIHIEIC LR TIERICRE < 2> 6
>ely B AT " IIRA TR CTE 5.
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el = ! (4.14)

WHERA £ 7L & BT RIR © 7 VI3 E N B U EESR & O CESE A I TR S
ol LTWD72, ARIIBIEOOTHRIFEERDOOT AL —ET 20, BIEOOTHD
BT (414) ZHVWS. B SHBIEO & 0T Halsy £ 0 BT T I X0 5
DISEHRA %228 U, M OIS S c &2 = & T, FRIP 3 — OIS AR 6
o, RETNVERAND ZET, 7L AR TR EZ 22 N A BT REE 2 1R O F5 i &
Ve B PHIATRETH Y, 7L AREOFI LR T FRTP > — M &1ERR T DB Vs {k L7z
B, BE, RBUC X0 EAMREZ G LR EZ T 5 2 L2, Zo'A
WrREtE 2 THIC X 5.

43 BEKEHEEEELE-#EY CFRTP DIHYORT—ILETIVEE

AWFSETIE, MBI T 7 U VKIE (PMMA) %, SR{VEEFA (T B FRHE 3K Tk
Z HU T2 CFRTP > — R i x4 &35 . (K 4.4 1%, fEfT x5 & L7z CFRTP v — h CTh 5.
PMMA D77 7 ARERIRE (T, 1% 105C, f@lAlE 265~285CTh 5. BH T L AT LV
JEEER LIz 4KDOT ) 7 L7 SR8 CERTP 2 — k& /ER L7=. CFRTP ¥ — ks DJEAIL
H) T 0.84mm, VilXFEHIT 70% Th o7, AHITIHE, BT L A% O CFRTP v — I
WTC, I OIREEZEAL & 2T D MEHREE D 25 A B 8 RTRE e M BHE T UARERIZ D
TRLIRT 5. FRENTICIXATE & FIERIS, IWHATREFEMAT = — N LS-DYNA Z H\\ 5[86].

200 u m
 —

Fig.4.4 Micrographs of the material

82



43.1 BEEGFEZSEL-ENETIL

CFRTP > — bk DS F R E DR ER T2 IR T 5729, T LA FOIRESM:, 50C,
75°C, 100°CIZC 3 T aBR 217\, CFRTP v — FO#iiFREZFHIL 2. BB ITE S
60mm, & 25mm OFLMAY, S F R 30mm & L7z,

¥ VR T VITITIRER A BE L BT T V2, BB O iz dh i Rk
R (4100 ~ 4.12) ITEV S 2 VETFNMIEZH5MERD D, #411F, > =LE
TNDEMETHD. 728, ¥ /VEZROHRLHE O OERE d IZHRED 10 fFOEE 5 2 T
L. ZOWE, Yo VEZROZRE AR & L CEHEET 56 & ik LT 1/4800 O
PERE 2 VERIZEZ 2 Z ETHEOHMITRINEEZRBITE S, T0®), Vo VEEN
T VAR OHNFEENC G 2 5 FBIIBETE DI Z E I hENnEB 2 5.

Table 4.1 Defined parameters in shell element

Material parameters 50C 75C 100°C
Young’s modulus E [MPa] 35.49 34.65 25.00
Yield stress at &', = 0% o) [MPa] 9.01 5.20 1.60
Yield stress at &', = 0.2% o', [MPa] 9.58 5.44 1.74
Yield stress at &', = 0.5% o', [MPa] 9.81 5.79 1.94
Yield stress at &', = 2.0% o) [MPa] 9.94 6.32 2.63
Yield stress at &', = 5.0% o', [MPa] 9.96 6.35 3.11
Offset distance d [mm] 8.4

BEETNVOKIRE ST AT HEBORBRIEEZ BT 5729, 3 TR & Fss
OB E, BREIZ 5 2 DT 21TV, FRITHE L 2 5Bt L & i35 . BB 1
mm A A TERGEIL, EHREIL 3,000 HETHD.

X 4.5 1%, 3 AETREBRD G5 505 IS O R O BERAE R TR R TH 5.
FRATIZIE 3 BERR CIT > TV D720, MEMKEIIFEM CER2 W2 2B E L, RRmE
CELZETOFEECTHAITLSABKLTEY, RBEET /M TRBOMMT ML L < F*
BTETWAHIENDND.
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800 |

""""" 50°C experiment
~ 600 - — 50°C simulation
% """ 75°C experiment
g — 75°C simulation
2400 - ; .
= 100°C experiment
UT; 100°C simulation
=
5 200 -
=
=

0 - T T T T T
0.00 0.01 0.02 0.03

Flexural Strain

Fig.4.5 Comparison of bending responses between simulations and experiments

432 REKFEEZERLE-ERETIV

WIZ, EET NOKREITKT HENE BB ORI ZFRGET D729, +-45 A
(R T 2 5E X5 bias-extension ABRIZ LV CFRTP o — b Ot AWHREZ FHAI L7, 3K
B IR & 150mm, 5 25mm OB CH b, BEREF ORI 25°C, 50°C, 100°C, 150°C,
180°CH LTV 200CD 6 & LTz, fkHERM OB E 2 a 4 & T D 2372 < ke
WOFBEEENE LW E{ET I, bias-extension #RER D17 & 257 DO BIR D & H AW
JEH & ABTOTAOBR AR T& 5[87-89]. IRERETTLEMANWT, K4.61TR-T LI
bias-extension DZHE) % AR ERMTI 5.

150

Fig.4.6 Dimension of bias-extension test specimen

SRALHEAI3EE 3 B L [FIERIZ R FBMAHE 3K Sk TH 7D, A 7 10 A D =T )VETITIEE
BELF UM EGAD. 122 L, BIRO X 5 (ZHEHE R O EEZIRIITEE L2 b o
&L, MMERM OBEEMREIZIT 0 252 5. K 4.2 1 3MIMHEIEM T VICHE A D RETH
L. Filo, £4.31%, BOTEMEBIEE T VG2 MMETH S, BT ERIIEE T /VIZ S
Z2 % PMMA DS JOFT HEHEIZHDOWT, Tg BLFORE (25°C, 50°C, 100°C) DFtEiX
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CAMPUS 7 —# X—x[104]# &M L7=. T LLTFOIRE (150°C, 180°C, 200°C) TlET
— B R AN Do Tl D, FENTRER O AW OF T &AW T O BIR AN ERBRAE R & —
BT 5L OICHIRLFEZITY, KiRED PMMA OGS HOTAREMEZREL TWD. 72
B, MBI Imm ¥ ATHERDEIL, FHREL 7,500 HRTHD.

Table 4.2 Material parameters for textile micromechanical model

Yarn span s [mm] 2.0
Textile thickness t [mm] 0.24
Yarn width w [mm] 1.7
Yarn cross-sectional area S [mmz] 0.15
Longitudinal Young’s modulus Eyn [MPa] 17,400
Transverse Young’s modulus Ey» [MPa] 11.0
Longitudinal shear modulus Gy [MPa] 1.0
Shear locking angle Orock [] 32.0
Friction coefficient v [-] 0.0

Table 4.3 Material parameters for thermoplastic model with Reuss model

Material parameters 25C 50C 100°C 150°C 180°C
Young’s modulus E™ [MPa] 3,730 2,867 1,106 18.3 4.0
Yield stress at £, = 0% d", [MPa] 23.15 13.46 7.52 1.90 0.23
Yield stress at £, = 0.2%  ¢", [MPa] 39.02 28.41 12.09 1.96 0.23
Yield stress at £, = 0.5%  ¢", [MPa] 54.49 41.22 15.97 2.04 0.23
Yield stress at £, = 2.0%  ¢", [MPa] 77.16 49.55 18.33 2.16 0.23
Yield stress at £, = 5.0%  ¢", [MPa] 85.10 52.24 19.72 2.23 0.23

4.7~4.11 1%, FEHER, Reuss BT /L2 L72WENTAE R & Reuss BT /L&A L7
EMTAE SO faf A TEARRE D D E LI KRB 2 mNE AW OIE T — O3 A5 Th
%.

FT, K 4.7~4.11 [T TR L7238 CRLIN S 7z & AW I DWW TR 5. T LA
T 25 C, 50 C, 100 ‘CTIXX 4.7~ 4.9 1Z/RF X 5 ITHPMERD K 5 7o A WrkeE %
AL, REIEAF LU TRERRESELLTND Z ERbnd. —F, TLEo 150 C,
180 °C, 200 ‘CTIIX 4.10 B LU 411 (TR L 912, TAWMRIMEZ T, AT OS54 & Hik
LCHEFITNEL, AW v % 7RI BRI 20 ER-35. £/, 180CE
200°C TIFEABIEEICIZE A EEITR SRR,
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| experiment
— w Reuss model

Stress T,, (MPa)

wo Reuss model
[

0 0.1 0.2 0.3 0.4
Strain g,

Fig.4.7 Comparison of shear responses between simulation and experiment at 25°C

300

S -
> ]
&
? 100 1 = | experiment
7 il —— w Reuss model

] wo Reuss model

0 T T T T T T T !
0 0.1 0.2 0.3 0.4
Strain g,

Fig.4.8 Comparison of shear responses between simulation and experiment at 50°C

150
£ w0l e
= " e
S
% 50 I experiment
A 1 —— w Reuss model
wo Reuss model
0 1 T T T T T T T !
0 0.1 0.2 0.3 04
Strain g,

Fig.4.9 Comparison of shear responses between simulation and experiment at 100°C
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10
8 .
& shear locking
2 61
8 e
2 41
s 1/ | e experiment
n 2 - . .
simulation
0 T T T T T T T !
0 0.1 0.2 0.3 0.4

Strain g,

Fig.4.10 Comparison of shear responses between simulation and experiment at 150°C

1.5
= ! _
= 1 L S
2 shear locking :
-
f_é 0.5 1 ,',;:»"::::: """""""" 180°C experiment
@ 1 & 0 200°C experiment
17 simulation over 180°C
0 T T T T T T T !
0 0.1 0.2 0.3 0.4

Strain €,

Fig.4.11 Comparison of shear responses between simulation and experiment over 180°C

X 412 IR T X918, T LA EDRETIE, HANE v %2 7L CIEiHE R o2 5 o
BHE DB LRoHER O 0 2342 U 5 Z & I S 7=, Harrison H[105]1D1T - 7= mEiE T
\Z331F % bias-extension SR CTHEAMrE » % 2 FEIBEICHRHERIZH O AT 5 Z & 03Bl
SNTEY, HAKE »F 2 ZLEIZEUV T bias-extension AR THF O AU 721 A WrkErE D
picture frame FER DFER & bl U TR AFED Hivd Z ERfER STV 5. X 4.13(a) i3k
HER DAZZEZTBIT RN TIE Y 3 U725 D bias-extension OFKHER DA EITH Y,
4. 13(b) I THHE R D ZZZETNIT BN TR W ME U724 @ bias-extension Dl s DA 28 T
b 5. WHERMBIZIE Y BAECTLEEITIE, EAMERS T 52 &<, RB Ak
LTLED. £D®, bias-extension iR TH O EAMIFREITEANR v X7 1D
NS 7O ABFEIIZ BN TOREHAMED & 51 AWHFFEDR G TE TV D &I L, fi#br

i & O HBIREE AT 9 .
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(a) Before shear deformation (b) After shear deformation

Fig.4.12 Experimental specimens before and after shear deformation at 180°C

R o

(a) With no inter-tarn slip

S

Slip

Slip

e

Fig. 4.13 Schematic of one set of yarns in the deforming regions of a bias-extension sample

(b) With inter-yarn slip

WIZ, X 4.T~411 \ZER TR LEFIREICBIT DIRETT L OV AWBENMEO T EIC
DNWTHERT 5. T LA FOBREIIZB W, ROFERIT 422 TRELEZBIBOTAOR
HHIZ Reuss E7 VA MA L CHEAE LS EORKBRTH Y, FOFERIIEER O~ 7 0 OF A
EZHAMICBIEO T AL LR LEESGAORRTH L. BIIFOT HOFHEIZ Reuss 7 L%
A U7z fH RS R AR EBR O AW RHES L0 EfECTRIL TWD Z ERnbnd. £,
47~ 49 IZRTEHICHAMOTHNKEL 2D ERBRFER & REERREL D, I
I, WICFEIR T D K O ISRRIHE S £ 7L L BTV E T VO R T Y U NRIZE D
& T DB OENRNRIR EE 2 HRD.

414 1%, E & 150mm, M 25mm O R OFER ;% HVN T, bias-extension 5k & [FIEE
(2, HEHEELH =T v 0+/-45 J51R), BHIETET LB L OAIRSE CFRTP €5 /L D+/-45 JFAIC
50mm DB IRIEN & 5 2 T-BO BRI O Il Tdh 5. # Wl b £ 7 ik 5 A2
X, MEERORZEBIZB T DEHREENETH Y, MR RIITIEE A EMOERIX
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AT, ZOT28), +-45 HROGIRER T TIEM 41407 K 9 I mfEIEHE ) S 4,
Mg IR & SHMETe BB 23 . —JF, BRI 7 It 7 v 2 Tk
0, BEEAE T CIIAE -EE2NKEL TWD7, K 41400 T X9, €7
NEMESETEGE L AR TIREF R OMEAETIT/N S V. WE T L OE S O OE
XD, BUERIMED R E U T, LT OIRE S TIEE AWOT HA R E L R AN
THEHEIAT 7L TRGHE R T NS SR A U AWRIME BN+ 5. LaL, 7L ARRE
T TG LA T OREE TR E 2 AW U5 L BRI OJRIA & 72 5 7=, b7 544
TTLVAREENDGEIE, Ty U TORETREREAMEREZE TS Z i3z, 7L
AT FHOEFHREE G52 BTV nNEEXD.

shear angle [deg.] plastic strain

0 0
I initial length displacement l@ initial length displacement
5

60, 150 .50 =] 150 .50
_r LN kY + o —e d
L& F
F : loading force[ N yarn scarcely volume is s -
d: displacement stretches. constant.

[ : fiber length

(a) Textile reinforcement model (b) Thermoplastic model
shegr angle [deg.]
I initial length displacement
60 150 L 50
3 I~
&

lp@
interaction in
orthogonal direction

leads to tension of
yarn. [mm]

(¢) Textile model + Thermoplastic model

Fig.4.14 Experimental specimens before and after shear deformation at 180°C
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4 4.10 3 X411 1T T L EDIREIZIBN T, HAWTOT 2 & WG ) 0 BIR AN RRER
R =T DL IR LHEEZITY, FiEDO PMMA ORI OT 256 2 [FE L 723
BRERZROERTRT. PMMA BIIEOIS ) OTHEHELZRE T 22 LT, AR v
VW ELE T TR E L BT AREEE WL Enbd. Ak L7e LD
(2, R AMT T Y % 7 DU AR B O A BT PE ASERER & 0 IS K X < 2B, 2
AU TRMER T X0 AT TS TH Y, bias-extension 7SR TIIE AWz v &
> T LRI IERE 72 AWTRFEDS SR CE RV Z L D RATH 5.

7
t y4
y4 /

(a) Pre-consolidated CFRTP sheet
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(b) CFRTP sheet model
Fig.4.15 Model for CFRTP sheet which consists of 4 plies

4.16 1%, fHEEM ORNFHEZ RBLT D~ A 7 0 A D=V ET NV EEH LT EER,
[ N ORHIE D% Reuss T 7 /WAZ L0 AN 23R, IR 24 3 2 mshih F ReE %
FKHT L 2 VERZTHER SN ARREETT VOMEET WEEOTNTH D, B, K
FEMTCIX, HTREIZ 4 D7) 7L 7 BAERL LT-FElE CFRTP 2 — b ol i35k 7 545
TREZEAL TV D728, [K4.151277F X 512480 CFRTP > — h % —{K®D 1 ¥0 CFRTP
VbR ELTETMEL TV, RETI/IEIE T OIREZE( & ZIUTFE D MR D 28
b BREARERET L Th 5.
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FRTP sheet forming simulation
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o"-¢" relationships over T,
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Fig.4.16 Model building flow of proposed CFRTP sheet model
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433 RRETI

CFRTP D7 L ARTEIZEIT 2 HNEAMIETR OREIIRE {, TAMETOEMR LS
IRRFICEEC A2 B8, 432 T/RLTZ X 912 CFRTP & — b OB AW B ITIKAE LT
LSBT B, LAY I 2 Lb—3 3 BT SIRERFNED W AW %2 %
BT D LIFIFRICEELEEZD.

AMFFETIL, CFRTP v — M X OV OBRE - BUREA BIE T 2 BVRIT & WIS %
AL, B OIREZEIC K DM EOE A ZET 5TV AREY I 2 b—va v
ZIT). F44 13RI 2 L—2 g VAT EENRNTA—FETHS.

Table 4.4 Thermal parameters for thermal analysis

Thermal conductivity K [N/(s-K)] 0.024
Heat transfer conductance h [mJ/(mmz-s-K)] 3.0
Critical gap for HTC Lmin [mm] 0.01
Critical gap for HTC Lmax [mm] 0.4
In-plane thermal conductivity of pre-preg K, Kp;  [m)/(mm-s-K)[ 3.40
Out-of-plane thermal conductivity of pre-preg  Kj; [mJ/(mm-s-K)] 0.68
Heat capacity of pre-preg HC [(mJ/(g-K)) 1,100

master
segment

contact
area

if0= Lgap <L, lfme = Lgap L,.. if L, < Lgap
h = hcontact h = k h =0
Lgap

Fig.4.17 Calculation of heat transfer for thermal contact

BB I MHERC [ 2 B R L TR TR OB ERICR G2 BT 5. BYERITRFM
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Heds KOV PMMA OZF NN OB L I TEM B GRE N— A L Lic~v A 7 a A1 =T
AMTEFET Y 7Y 7 b7 =7 Digimat-MF[106](C & VW IZHH L7z,
F Bl TR BT 2 B Rg I XSS TRET T 5.

G=hAT, . —T

aster slave )

(4.15)

ZIT, b FBMEERRER, A4 THEERL, T Towe 13 EENVEERIE ORUROWRE Th
L. b 1EK 417 ISR T X Iy — b ESTRIOBEMIRIEICKFE L TEBLT 5. v— b T
DRFE Logp 75 0= Lygp<Lyin DEAFTIX, ¥ — b E&BNTS2RITHSR L 72 & 2l S D . kI,
Laap B Lipin=Lyap<Linax DZAFTIX, BEfHHEMOZERZN L TEMET D B2, RO
(R Ly CHRUTAEZE h & 95 Ly Ly CIIHERARR OBOBENI 2N D LT 5.

4.4 TLABBIZIaL—av~0ERREE

RERETNVDOT LV ARIBICEIT DEE TS EZRGET 57207 L AR ATV,
HBREF UM E 52D VAR Y I 2 b—va vz, ey Ial—raro
BB % i3 5.

4.4.1 FURABRER

A, BAE 7 L A2 T(0/90)]4 38 L TN(45/-45)], DFEJE CFRTP 2 — M 2 {ERK L, € D% 250
mmx250mm {24 > h L72 CFRTP ¥ — R &4 —7 > OFCTHEAL, B HL T&RIcE » b
L7 VARRIEEIT> T2, EIROEH ZHWT\W\WA 7%, b8 CFRTP ¥ — MMIFiEREICE
WTET LT 5 L 0 ihEIS NS, 7L AR & R CERTP & — F3GEI S5
T2 OB OIMBIBEN DB A 7 VISRETH Y, SIEYA 7 v 1 GpLINRNEB AR T
Thod.

SRR, K418 R T EHICHBIEOY A K7 L —AZH ML L S L—AJRIR E
L, /S F A b —271% 40mm, 70 F T 20mm/s (2 CTT LV ARKIET 5.

B 419 13RO ETH D, ok, MBEROT— FOWREE, 4201257759
WY —F 7T 7 4 —ICXVFHEIL, 185CTIRIE HERIEENAIC/RD Z L 2R LTV D.
B4 4.21 1%, [(0/90)]s 35 L UY(45/-45)]s DFEfE CFRTP > — F DT L AR Th 5.
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(a) Lower die (b) Upper punch

Fig.4.18 Die and punch for forming experiment

50

40

Fig.4.19 Geometry of the tools

Thermography

Fig.4.20 Distribution of blank temperature was confirmed by a thermography
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(a) [(0/90)]4 layup

(b) [(45/-45)]4 layup
Fig.4.21 Thermoforming result of CFRTP sheets

442 BREREDZ ALV DEREHHE

REET NVEHNT, [(0/90)]s & [(45/-45)]s DFEE CFRTP > — MIXfL, PV ARIEY X
al—LarEITH. X422 1%, T ETAOETHD. 7L AR OREZEK
BN 52 DB ERIET 5720, 7L AREH O CFRTP > — h OEEK T 2% B9
E—E L& LTIT O RT &, OB O EEZAY & APBHRFE O IR B A 2 5 8 L 7 B i
B ARAT 2 Fhti 3% . BRNT CIE CFRTP o — k & &RIO#EfilIC X 2 25 & CFRTP > — b
DHENB LM F OB K DREEEZFRT D, £, ST I35 mL %,
BRAT I IR AREE N D

7L ARIEAIH O CFRTP > — N OEEIL 185C L L, &M DIREIX 25°C L3 %. CFRTP
> MTIIMERZR B ORGERNT CRIE L IZIREROMEMIEE 52 5. FIRER ORI
ML TR 95, 7e8, SROBMERREIT 10° 04 —F —Th D70, SROEELE
bz X 2 BMESRE DS CFRTP v — N DETEEENZ G- 2 2 I DL LT, 1B L0V
FIERERARE Y = VERTET ML T 5. £z, AR TEM L7 U AT RR
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TiX, AJEHIZ CFRTP ¥ — OB TR0 IR S oo 72728, ITIZHE W T E
MDOFT R IZEE LTV, CFRTP v— b & &R OBAMEEERIS, AR EE R AR D
FlRLL T O HRWVRER Th 5 Z L ORI Clir —w VEERET LV AZ RV, IRE
PALITE TR SIL 02 CT—E & LTEHET 5. CFRTP v — O EFEY A XX Ilmm
&L, BT, N TV OBEESE RSN E T VDY = VB B A - LT 250,000
WRTHD.

out-of-plane punch
shell element \

in-plane textile reinforcement
membrane element

in-plane thermoplastic resin
membrane element

out-of-plane /_,
shell element

Fig.4.22 S-rail thermoforming simulation model

4 4.23 1X[(0/90)]s T8, [ 4.24 1X[(45/-45)]. FE )G OFER, W —EMT, 6 X ONREZL b
% B8 U T BWEESE AT O 7 L AT D4z Fan S RIEAMERRO R TH 5. E
A% B G LT OSBRI, [(0/90)], & [(45/-45)]y DWW OFEHERC < & ikBR & K
<—ELTWb., —F, RE—EMTORIIE, RBRE KT 2 LI RE AL
TWBDNRDIND.

RS — AT CRERICKT L C, RERMADELCTZRRICOWTELET S, X 4251
[W%WEECWHVM$®Q%E@WMW®7Vx%%¢@GRWVWF®mE%ﬁT
Hb. NrFa—F—f(HEO TETIZBWT, 7L ARETICRMRBEEKTREL T
WDDNDND . T THREECIX T A RRERNIC CFRTP & — RO A /ST & X A 1T
T 570, FIEFICHMLUWVRERTFTAET TS EERD.

KIZ, [(0/90)]4 F&J@ CFRTP > — kD7 L ARG D 1= TREERD 7 F o1 —F— i DffE
SR EMRDRTAHEIZONT, 4.26 |ZRBRAE R L AT RE RO i 2R . L ARUER
%Ti B DO AMER 28T 5729, 7L ARKIERTD CFRTP ¥ — NIk & AR
FIIZH > T 10mm By FTHEHRZ U v REHiE, BERZIT-oTW5D. ]IEZOMER &R
ﬁ@@#%& X, RBRCIL 710, B —EMITIX 61°, BUEEHERMITIX 71°CTH D, X 4.25
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(R LT & D1, B RRNT T3 7z TREER O DS EE IS BIIIR T L, & ABTHI
PEREEINT 5728, ZOMy TEAMER R IR SN2 L3bing. —7, REEKTIC
KoM ED 2 L 2 BIE LR DI —EffRT TIE, RERBAMATENECL TN S.
M —EfTTIE, 72 CTHERNICR S R AMETEN AT, B & i L T 5 TR E 22
APNAELTZEEZD.

> experiment
—————— 1sothermal simulation
— non-isothermal simulation

large draw-in of
1sothermal simulation

Fig.4.23 Comparison of final outlines between experiments of [(0/90)]4 layup

o experiment
...... isothermal simulation
non-isothermal simulation

OO O KO
<

large draw-in of
isothermal simulation

Fig.4.24 Comparison of final outlines between experiments of [(45/-45)]4 layup
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temperature [C]

50

temperature drop
during forming

(a) Stroke 20 mm

temperature drop
during forming

(b) Stroke 30 mm

Fig.4.25 Temperature distribution during non-isothermal forming simulation of [(0/90)]4 lay-ups

e

(a) Experiment (b) Isothermal (c) Non-isothermal

forming simulation forming simulation

Fig.4.26 Comparison of shear angle of [(0/90)]4 lay-ups
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HIROSIE WD 7V AIBICK L, $REET V& AW CEWEE SRR 2175 Z &
2RV, JE% D CFRTP ¥ — F DANEIZIR O TRl Z &, 7L ARIEH OLTEZEE) 2 T
TELZEERETEEXD. 708, AW TIL CFRTP v — D7 L AKIEE T LD
Bk b U CHHIEE T VI 5D von-Mises BRIRSRE 2 VT2 28, BAAT SRR O It )
O T HEFEI T KBRS 2R3 2 & S S TE D [107-119], S HIZEBEIZ T L AR
T2 2 T4 % 72 0120%, BVATEBVERIIE OIS O B O HoK B IR EIES S BB LT
W) 72 BRARBIBOREN S HOME LB 2 5.

45 # 8B

RETIET VARIE T OMEIRZEENE T 2729, wIhO i F R & N o Rtk 2 57
\ZFKHLT D FRTP v — D7D~ A7 —)L FE 7 VaE#RE LT, iRk, 3.2
B CRIA T 7TV VDT VAKEY I 2 b— a VO DICRE L EERICY «
NEREMINT DET VEJLEL, FRTP > — b O ERRFOIERIEE 263 2 T Fet 2 %
BABE L L7z, 7z, mNOZFENTIE, MR OfEE R T~ A 7 A =T NVET L
2, Vi DE{LLBETE S Ruess E7 /L& HWTHIIR OIS I & 519 5 €7 L &85
L.

E5IZ, BEICE Y K& <Lt 5 CERTP 3 — b Ofish & mN O R & 4 B BRI L v
R L, BERFMEAEE TS CFRTP & — O FE 7 VAE L. MEL-ET VA
T CEMEE AT 21T\, FIROSM Z V57 L AR 1T 5 CFRTP > — kD%
TE2ET 3 T C & 7=

CFRTP ' — hDFIRGR Z W 7V 208X, BB RFRI N < REAEREICH L 72 IEH
WCESIH R TIETH LD, TV AL GAEIZFE L LR TIT O 72D, @MAZINE L CFRTP
U— M —EIREIZR S T VAT 5 TIEICH, IEREOMBFEB OFIEE S #E Ly, AR
BEETLEAVETLAREY S 2 Lb—y a VICTRBARBRIEREZ R TS 2 L T,
CFRTP ¥ — b D7 L A LIEIC XD ERE OBEMEICHF G TEH 6D EBE X 5.

LHEOT U ARERBR TIIREARARDRETH DL LOIFELT, IBEET I L DT
THRERERIC LDITER I ol L L, KR~ 7 B A7 —)LET ML LD
(CEE T RE 2 EMEICEB L T D720, FRTP — DO 7 L ARRIBICBIT 5 L34
DTFHNZHDONTH AR FIEICRD EERD.
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FRIZUD 7V SV %7 Z 0 7 e LEGAEITIEIERINNSREEO LD (2717 Lb)
DAELDZENMLNTWA. X 5.1 1279 Haanappel 5[47]0 7' L A& TE#RER Cix, UD 7
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Fig.5.1 Micrographs of a region in the product where the small wrinkles develop typically [47]

BRBEROT VAL TIE, BEARZ FHIT SFEE L LT, FLD 2AMERS41[82], ¥ 3
a2 b—ya rTCHELNE R OTHIREN S, Ere Lz TR 2 72 DI IR < FIH
SNTW5. —J7, FRP O 7 L ARIEIZISV N TIE, Dessenberger ©[83, 84123 N 5D
BHRMEZFF DT U X b~y FOT VAR Z G & U CHkHERIRE & L2 Tl 5720,
B 5.2 1R d &9 I EME (EOTFAFTROME) 1., 112XV OFARZERICET 5 RE
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#E FRP o — F D7 LV ARRIBIZOWTRIEARRORETH L Loz FHIT 2720 D FEETR
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0 1 A,: Major stretch

Fig. 5.2 Forming limit diagram of random mat [83, 84]

F7o, MERICEITHO BN LB LIERIE Y 7L 7 DR OFEEM T % 12N
BUBHIR 2 i k3 5 TAIC I TR ORI LIRS X 0 e Eh < 2 & T 5.3 1TRT &
ICFEBANERCLONRAETHZ E MBI TND[120]. ZD X 97 LbidaKE Lo
MasR 2 RIBICIK T S EKRZ2MEZ S SR A eEnH 52, EENETO Lbid AR
IZ XD T TX Wz, BRIEZ Y K LRIESR OB Il L 5 Bz & cxt
IR L TCWBDONRBIRTHB.

Fig.5.3 Out-of-plane wrinkling on joggled spar with quasi-isotropic layup [120]
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7% CFRP D HIL 25%I2 & EE o> TWD ORI TH 5[3]. KA D T 2HE &~ CFRP
Z i3 2 BIIREEAER DO Z WVEROTEEM N LEIZ /2 5. T D1, BEHEMIC CHE
WNEBIZAE TS Lba Tl - #l4 2 FIESHESL TE T, KO T EM S ~0 CFRP j#E@ ]
ICREHEMTESH 52 5.

Z ZOARFETIL, HeHkiE FRP > — N ORIBIRA Z I 2 FIEMEOE B L LT,
BELPERIE UD 7V 7L 7 (REMME =R 28 26%L L~/ e A7 —/LFEET
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DIl Lbx PHIT 23 EELIRET 5. 61, S{LIEEOMIELE(LRIEFIC
REWBGELHRE ) 7 v M ORIE Ok TR TO LbORETHI O DD E—
HE LT, mARFURHIEOMALATO UD 7'V 7' L 7 L i{LiEFEIRRED UD 7Y 7L 7 d 2
OOMBHFEICZR LT, LoRAETRORERFERL, THMERZHET 5.

52 JLAEMYIalL—avIckbLhHEE TR

H o4 ETIE, BTEMERE 2 BRI BRI EL T L — M EEE LT
CFRTP > — h&Xxfge L U, WEWNFHEIIEZEER, o dh PRt 3 R AN Lz s = VB
FCREATIITETNEZREL, HNOEENITHHEEM O 2R T~ 7t h=hL
FTTMZ, ViDELBBETE D Ruess T7 NZHWNTHIEOIS Iy Z (N5~ 7 1
AT — VBTNV ERRE LN, T2 TlE, FRP O 7 L ZARRJEIRA A O 55— B M DA 58 T
HDHZEND, HHEOEOELZBRGE#EET VEHWZY I 2 b—2 3 V&7, Lb
FAEDOFTRIEEICONWTEREITHI LD ETD.

5.2.1 UD F)FLT O#H ¥ ItERE

UD 7V 7V 7 EARRGHEEET T L E LTI DBRIC LT & 722 DA R E S & s
T D78, 4505 & 90 ST M DB BRERER 24T 5. £z, 0°H M TIEBIEREOT ¥ v 7
WNOT R BRAET D ETFTHINDT20D, 0°HAMICOWNTIE 3 sl TR DA EES Z
BS45.

45° 7 akf OB R ORER A 13 E S 300mm, 18 40mm & L, 90° 5[k D5 |iEaRER DR
B I3 R & 220mm, 8 40mm &35, K54 0%, SIERBROMETHDS. RBRAICT AR
= AOEC X W WEEHRA AR L, v 7 a2a—7 2 COTHREFHHT 5. 728,
UD 7'V 7L 7 DERIE, 0.19mm TH5D.
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Weights of aluminum

Microscope

Fig.5.4 Tensile experiments in 45 deg. and 90 deg. direction
AR TR S

5.5 1%, 45°J5 M DG IRRBRIC TR L 728 ) — O T BEHETH D
T — O BN & B/ N RIEIZ K D 4505 mkF O B EAR S L 14.9MPa &S 5.

Egpe =3.2 MPa )
0.05 r i o experiment 1
H O experiment 2
004 + /o o
< !
! O
S o003 | o O
<~ K O
2] - O
o2 | B
“ 001 L ,"I Fiber splitting is occurred
' ,." in this deformation region.
Y !
0
0.02 0.04 0.06 0.08 0.1
Strain

Fig.5.5 Experimental results under tensile deformation in 45 deg. direction

5.6 1%, 90° 7k D BIERERIC CHBI L 72 1 — O T 28 Th 5. O 4 0.01 248
ZZTIEEOT A 0.01 K CRE

A DB BN TIIERIENE 2 D BRI 2 7R3,
WS T2IES] — OF HFR D B de/ N ZRIEIZ K0 9005 A4 O BMEAREIT 3.2MPa &3l d

5.
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Fig.5.6 Experimental results under tensile deformation in 90 deg. direction

0° 5 1aAf D 3 sl FRER OB 1L, SME S 150mm, 18 40mm & LU, S13EER & [F
FRIZT VR = 2O LV MEZ AR L, 7mbi a4 2 2 & T oS5 mbt o R %
B4 2. K570, FRBOMIECTHS. 2B, UD 7V 7L 7 ORISR RER[E R
12 0.19mm TH 5.

Fig.5.7 Three point bending experiment in 0 deg. direction

X 5.8 1%, HTRBRNOME—T-DOLHERTHDH. 0°H MM OEMREIIR (5.1) kv Et
B L, 44,100MPa &1 %.

PI?
4bh*s

E = (5.1)

T, PIREIC K 0 RBR A ICAR LT E, ISR EIEERE, b (3B A obE, hIi3ikBr A
DIER, S 1 IEEDHEAF DT A THD.
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Fig.5.8 Experimental response of 3 point bending in 0 deg. direction

FRBICBWTIES ROERITNEL, OFTHOHUIZREECH 7=, ZD7=w, 0°5
B & 90° 7 [pF DBRIELRER, W AWIRIELREES K OVR FfHE & =R % IR O FM O EH
D, K (5.2) ~X (5.6) OEEERRIC L VHEET S, 511X UD 7V 7L 7 oWER
HIUZ AW R FBEHES KO R RIECTH D, 7038, UD 7Y 7L 7D Veld 50% T 5.

v, = Uigi +u’"(1—Vf) (5.2)
v, E
vy, = VLV, +(1—Vf{v'" - 22] (5.3)
11
Vi _ Y _ Ui (5.4)
Ell EZZ E22
4 _ 1 N 1 _2012+ 1 (5.5)
E45° El 1 E22 El 1 G12
G, =——Ltz (5.6)
2(1+v,,)

22T, En EnB I Gl BBV 7, RIHEE AZ 7 0 O LR E ds KOV AU
PERBCTH Y 007 Mt O fFRABR & 90°J7 Mk 5| aRaER I L O 457 J7 Ak O 5 [ 5ERER -
LIFONTEEZ WD, vIIART Y U HTH OV EOWRATFD f& mITENEIVRFMRNME &
TARFUBIEERT. VATESEEELTRL 05 95, F, A TFORIATFOHETIL, 1
DMRMEST IR, 2 & 3 DAEE A T M AT
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Table.5.1 Material parameters for carbon fiber and epoxy

Material parameters Carbon fiber Epoxy
Young’s modulus Ey; [MPa] 230,000 34
Young’s modulus Ejs, E33 [MPa] 14,710 34
Shear modulus Gs3 [MPa] 5.0 1.3
Shear modulus G35, G [MPa] 94 1.3
Poisson’s ratio V23 0.45 0.48
Poisson’s ratio V3; 0.01 0.48
Poisson’s ratio Viz 0.20 0.48

Table.5.2 Material characterization of UD prepreg

Young’s modulus Ey; [MPa] 44,100
Young’s modulus Ej, E33 [MPa] 32
Shear modulus Gs3 [MPa] 1.1
Shear modulus G35, G [MPa] 223
Poisson’s ratio V3 0.47
Poisson’s ratio V3y 2.5e-5
Poisson’s ratio Vi 0.34

5.2 1%, 45° 5 Akt & 90° 5 Mk D 5 3ERER 35 LU 005 [k D gl i 5RBR 2> & FHE L 7248 5
[ DBEHARE, 32 5.1 1R L2 IRBHRHE & =R % IR D FM OB MR, B L O (5.2)
~ (56) OHHBXNILVFEIELZUD 7Y 7L 7 OERZR GO ER THS.

5.2.2 UD FYFLT DT A EABR

L O3RAZBIHIZRM B OMIT OZERIC L 0 AT 5720, ARG TIRET R34 U
S T VAR AV BN D REWRBIRTH L S L—IBREZAWTRIET 5. %
53FRIESRETHD. T T MOV A XT 140mmx105mm & L, £TFI7AENSHEHED T 5
I UD TV TV T o— R0 T T MEDVHEL, L ARERBREIT.

Table.5.3 Forming condition of UD prepreg

Travelling stroke of punch [mm] 20.0
Travelling speed of punch [mm/s] 20.0
Blank holder force [N] 500

B 5.9 137 L ASIZRBREZ OB R TH L. K59 IR T LIy =7 FREIZT, #
HES BT ORBEREDOIRIBORE R LOBHERTE 5. WM MICAET L Lok, #
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Fig.5.9 Appearance of wrinkling in forming process

523 UD FVILT DIV ABREYSaL— 3y

T VAR & RS ORIESRGE 52 b~/ a A —)V FE TV EEET L. UD 7
V7V OEAE0.19mm & L, ¥ =/LEFE[98, 9 LV BEHEV A X lmm (2 TET ULT
L. EFEHIL 14700 EETHDL. SMOX A, NUFEB IRV E —TREK Z RIS
cNVERTET T D, 7707 EeTOBMBEMREIL 02 L35, X510 1%, f#T
ETNVOMETH D, 728, ATICITILUHAREZRE 72— N LS-DYNA[R6] &V 5.

punch

20
L
TR
18
Fig.5.10 Geometry of S-rail tools

52.1 OMEERBR L 522 OF L AKERBRICIHBWT, UD U 7LV RERFOIRES %
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Fig.5.11 Comparison of deformation of UD prepreg (£ of matrix is scaled to 10 times)
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Fig.5.12 Simulated deformation of UD prepreg (No curing: £ of matrix is not scaled)
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Deformation that can be represented by
the element size of Imm

Fig.5.13 Capability of representing shape depends on element size
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During in-plane compressive Once out-of-plane wrinkle occurs,

deformation before out-of-plane compressive strain trough the
wrinkle, compressive strain trough the thickness shows ununiformed
thickness shows uniform distribution. distribution.

(a) Strain distribution before wrinkle (b) Strain distribution after wrinkle
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o —
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integration point

Compressive strain in fiber direction

»

Time

(c¢) Timing of wrinkle outbreak

Fig.5.14 Judgment of moment wrinkles occur
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Fig.5.15 Computational representation of strain indicator for curing transient UD pre-preg

(E of matrix is scaled to 10 times)
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Fig.5.16 Computational representation of strain indicator for uncured UD pre-preg

(No curing: £ of matrix is not scaled)
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Fig.5.17 Schematic forming limit diagram for UD prepreg
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Fig.5.18 Contour plot of the formability over deformed FE elements with 2mm mesh

54 #&

ARETIE, UD 7V 77 (REMME/ = RE MR 28 E L, v~/ A7 —/LFE%E
TINZ KD TIE, TNETTFHUT DL ENTERPo72I 7 vl Lba T RIREN
ORI 2 HEAEEERR LTz, BRRICIE, BERRFVEHIEET VAR W7 L ARE Y
2 L=y g YOOTHRIREZZEINICHRNT L, LbOIERFOOT ZAR BB MHET 22 7 18—
HEIROOT IR L, MM M OEMEOT oL X — LB R T OBIIEOT Ao
FNX—DFHPRIEE R TIREDORICH D Z L 2GR Lz, & 5IZ, ¥~/ B A —)LFE%®
TVOBEROERRP GEETHTE NI 7 al Lba REEEMEICL Y THITx 5
ZE&RLIL.

AETIRELEZLDRAREZFATL LT, UD TV L7 TcELLI7uzlbh
BEMZRFHE A MO~ 7 0 27—V FE 7 /M TTHNFREICZR Y, UD 7V 7L 70
TLVARBIC L D27 0 AFFHI TG TEL D LEEZD.

AT T, HHHE FRP ORI RAGHN O FIEMEOH —Bp & LT, BRI IEH
PEET VA RO TERITRE R O L ORAEREEZHEE L7223, UD 7'V 7L 7D 90° FFakf
DR CIIIEMENE 2 BT 2B 2 B L T D, F7e, 8 4 =L, miEmE
SOIERIENERS L ORI % EMICERILT 5~/ n A — L FEET LV ERELTEY, 4
BB E DO R 2 EHEIC BB LT~ 27 0 A7 —/LFEET LDV I 2 L—3 3 Uk
FEND LOREZED TG IRR OFEFIEOBEL RS BETHI BN ELEXD.

ij

115



51T, 5,1 Tl L 91z, Bl ) 7 L 7 OEROFEEHM CIRIRIE % I INEL U
LT 5 TRICHN T, BIOBLIHEC X 0 SN B X, BB ONEIC T Lb 2%
ETHZERMOLNTND. 20X S REENHO LbDJEs~ 7 1 X —/L FE EF /L
DY Iab—a  ACTTRHT 570I00F, ERFROIE%EE L= LbRAEDT I
WEAHRET HZMEThD. 20D, BERELZY ) v NERTEFAELEZY I 2 L—
VA UREROOPTIRIEZ FHNC O L, UORATMIEEL BT 5 2 L NS % OME
LEZD.

116



FoE & R

CFRP (%, HHRER X ORIPEICEND Z 2D, M2y T iz omAiiRic Lo K
7B AR DB BN EB STV D, —TF7, PR ARSI Sk, Him oIz X
ZDIRE A EARO B BEIHEIZIHB VTS, RTM 5 Te FRP O 7 L A Tiko B
(2 XV B 23 RIS BLME S 4L, A%, EPEHIZIIT 5 CFRP OB ERT 5 2 L3 T
HETnd. Lo, FRP OF VAR TIEE, IRIBROHIEH T A —2 013, BERIC
K DSt DR I X% < O E BAN MBI R 57280, TLAREARREZTHIL,
BRI RR TEDY I 2 b — a VRIEOMESINTRE L 72> T 5.
Z ZCAMFZETIX, FRP O VAR R 2 L—1 3 > L il OR i 2 AFgexg & L
72. FRP ¥ — M, @B L IIRE < B RGN OIERIEE A T DM 2 7~ d 7
D, M B IVE L IR BT DM BN A~ 27 1 A —) LV FE &7 /L CAIZ R BT
LONZFHEE LIEFZEM T CE . L L, TVAREFRO XN ERE—RTHD
AW ORBUCOWTIE, MMM &AW &2 522N O CRET HET AN
EEAETHY, TAMEEOSRIERIFERBE SN TORWRBER S 7. S 5IZ, A
FEARRDORFETH D LOROTHIZIXimS O T RO EMER KRB N EE TH DM, i
kD~ 7 v A —/VFEET /VCEREEZENHWV O TE Y i RIS B E TR0
N H 7. 2011 412 Boisse H[43)1ZiAA O hiF M2 Z @ L7~ v A —/L FE €7 /L
EREL TS, L, ELEFEOMITFHIEOAEZZBELTRBY, KIA4777
U v 7 OIF RO T HIPESS FRTP > — b O @R O IR &2 A4 % #hiF Rk 3%
BN TWRWHEERH 7. S 61T, #iEiiE FRP > — F ORJERA 2 T4 5 FiEIX
WEICIEESNTELT, UD PV L7 ThHLNLHI I nxLbhk~2/ 1A —/L FE £
TATTRT 20, FEFINSLSBRESFISNTZET NV ERACDLLERD Y, R X
kN OFFIN BB ERNIT TFRIAFTRETH - 72,
BEMFAFIEIC 31T 5 2 b OB Z R 5720, AR T, TRz ifseEE & L.
(1) HIEARRDORETH D LLDRAETHZEDMIEEZ R EGENCTM T 2720, diFwHl
P& AW B OSBRI EBE LI NI 777V v I D~ rn A —) FE &
FILOWER

(2) FRTP > — s O SRR ORI 2 A 2 M TRk & IR A OB R E 2 B8 L,
S B Ve OEAIZKHE TE % FRTP v — O~ 27 8 A —)V FE &7 /L O#E

(3) FRP ¥ — h D7 L ARRTERRI & T 5 FIEMEEOH B & LT, BRI MM
HET NV EA N7 B A —)V FE £ T AOFEROOTHIRENS UD 7V 71
7O LDREETRIT 5 FIEORSE

117



6.1 ABRDEE

KIFFRORREZLLTICEL DD,

H1ETIE, Himd LTHBIESE CTERBICb MBS L THiIfF &b FRP O IR
W&, BPEHFAET Z YRS D 72 OIS BPEEEAT OMSL R 2 > TV D 2 & ARtk L7z,
X5, RIM T3EOT ) 74 —ATFESLFRTP ' — O T LV ARIEY I 2 L—1 3 &%
Bl L, BEMRICTHIRESN TS~/ B Ay — )L FEET /L 26 OMBESRIC OV T
Rk L7, FFERME LC, AN ITRIME & N A B OB RIKFIEE BB LI KT A 7
77Uy 7 ETNORE, IR EAT 2T RER X O Vi OB GRS U2 IR EE R
PEZZRE L7 FRTP ¥ — MET/VOREE, HHiit FRP > — F O 7 L ZJZRA T RITFE
DIEEDHE —BEME & U CEAZ R G HEHMERET VIC R D LORA TR FIEDRE AR E L
7. TNHOHMEENT 2 Z LT, HEESEIZIBWT, FRP O&EFERE~OmHICH L
T TH DT VAR L D BERBEINOMNICERT 2 2 L 2 &N AEE T2
Tl EFiak L7z,

%2 BECIE, BIMEDOIMIENEER T D KT A4 777U v 7 OB LS, 2 55
W5 2 R AE LT, MfERA 7 — LTl HEE Y U v RERIZEIVET UL
L, W#EROEE EMAERZEHFE T DAY 27— VET v EAOCTHIT 21TV, R
TA 777 Vw7 DT VARFEREOMEI T 2 Lz, £72, FEBROMFEY I 2L
—YarvEEL, 777 ERVE—FEOENE LDRAESHHERM O+ I 25
2 N SN ARYING % 2 i ANy T i N B

AR —=)BNIE R T A 7 7 7V v 7 OMEIZFEEZ 35X D 2 LN TE DI
A TETHLN, TET VT EHREaX MRERICRDT-D, X0 FEMMLRTIEE L
T, HIETIE, RIM THEOT Y 74— LA TRENBICLERIA 777V v D~ o8
A —)VFEETNVERE L. NIAT7 577V w7 O VAERED L D34 % EREC
TFHT 5720, RERIZY 2 VERZMAEOE THITHEZ NS 2 FEZRE L.
BT, BIRIKAF OF ABIFEN BE R~ A 7 0 A =T VBT VA RNZEB) O REL
WCHEAL, BEETAEHNVTT VAREY I ab—ra VAT, 3 2 BTEMLEKR
BUEA Y 27— VBTV EREO LORETRB AR I L 2R L. AV AT—LET
WONERT VARG Y X 2 b— a3 I CPU a7 64 WFIRHARIZTHI S HET 2 DITxt L,
KRG~ 7 0 A — )BT VOFEREIL CPU =27 4 WHIFHRICL Y 30 5 CTHY, LbD
TR Z G ORI 2 AR RE T M CEFB T PRITE 5 2 L &R LT,

B4 BT, AUERERE] 1 S LANSEELATEEe TiEE L CHEE SRS HIROSTEZ v 5
FRTP ¥ — hD 7 VARRIE LiEZx G L L, HIBETRELIZNIA 777V v 7 ETVE
YL5E U Tl ORI 22 i Rt £ TRBLTE 5~/ m A7 — /)L FE E7 V&R L.
E£70, EAFEICOWTIE, BTN OB K D IR 2 KB L, Reuss T7 /L
ZEANTDHZ L THIEOM B L Vi D FRTP v — R OFABEEZ TRl S LTz,
E5IC, BEICK Y K& 2T 5 CERTP 3 — b OmshahiS & i PNt A Wr oo Rtk & b Bkt

118



BRICK VMR L, EERFEMEZEZEEB L7 CFRTP > — M ET VAR L. BEL-TT L
Z D CEREEE R AT 21TV, 7 L A RIS AT BRI S K & < B b3 2 HiIRD 47 %
W2 THEICE T 5 CFRTP v — FOEBFEIN TR TE L2 & 2R LTz,

WIEEE A4 ETIE, BROERIBRNS LbDORETH A fE/R~ 2 a A/ —/LFE €7
NERELE. ZNOHOFIETIE, BROVA XLV /NEREREO UDIZTHRITE 220,
Z 2T, S FETIE, EEEHE FRP O 7 L AR ORRIE IR RN 2T 2 720 0% 4
LT, vZ7 A — )LFEET AT THTE RN 7 vl LbaBERREGEEEET L
DEBEROOTHIREN S TRIT 2 FELZRE L. S5, AFECLYV~vI7nRr—
IVFEETWVIC K DBEBOEBIGIRNGIFEEZ TR TERWI /e Lba FHITELHZ L
oLz,

AWFZETIRRBLIEFIEICEY, FRP OF L AREED LbEaE ol fEhEs s I 2 L—
Ta Ak FHERESE L2, L ARIBIC LD FRP O BEMRIFEMMESLICEIRTE 5
DEZEZD.

6.2 SHEROERE

6.1 ICABFFED R R ZFLR LA, 2 alb—va VOIEHIZLY FRP O 7 L AR T4
DT O ARG EIIRET D120, RFROLSHOBEZLUTICE LD D,

H 2 BT, WHEROEEB IO EEAZEEETT ML LAY A7 —UigiTickh F
TAT7 77V 7 DT VARIET ORI B 2R L, b 2REAFGER~ 7 1
A —)VFE BT NEEIETIRE L. AV A= LVETAZHNETVAREY I 2L
—2arTE, TV AN —MEZMEICRESRE LSS, LOOREITME S
DN, MHERMTT RO PETHKY BPHBIRPHERENTZ. ZORIRAY R —
NOBRIIRTA 777V v BHEERCV 2 VERTET ML~ B A —LET
JVTIEHER RO TRITE R, LL, &0 EEDOZEZ K0 FEICARNT TRME L 720
WAL <, BIENRFE X b TR OW D /NS 78 Lib7g 82 ifir © % 5 FIED
ETXIE, MEHEE L 7L ARIEMEOBE e & X 0 BE R T AT RRIC R, ek R
(2 LT R E TR MATATREIC e D & B 2 5.

5 4 BT, mANO TR & N ORI A MNLICR BT S FRTP & — h D~ 27 B 27—
JVFE BT NVEREL, CFRTP > — F DT UV ARRIBIZHB T 2 EFE R THITE 5 2 L &R
L7z, HRRGEDO G & LTz 7 U ARG BRIL R e SRR 2 W 2720, AR RO
REBETHDL LDITEL o7, 5%, KOEMLRSARE W7 L AIERR & O
HIZ LY, RIERET VO LDLFEED FRIMRICOWTEHMEAIT O UERH DL EEZXD.
F7o, BIIEET VT MED von-Mises FEIRSeME 2 FIW =Y, & BICEREIC T L ARIEAS
B A2 THIT 2 72O12iE, BRTEEYERIER OIS )OS BRI O B KBRS S B 8 L 7= )
IR RBEBOREDLETHD.

119



55 BCIE, EiiiiE FRP ORI IR N O FIEMEEOE BB L LT, BT
PEET NV E AW BHTRE R0 D L DR AR MEL L L7, MEIOIERIEMEZBRE LTz
FRIERFGEMICIER T D MER D H. S 612, EROBEM ORENEO Lba T4 5
7eOIZiE, BARFHOIEIEBET D LORETRREEC OV TES BETILERH S.
FENEOLOR Y 2 b—a ACE ) TRIFTRE L 2L, A—A 2 787 K= T /N A
A350XWB O X 9 2P o> 132720 Ce <, KA D 372 & ORI D 2 B RS
ER ~ DA 72 CFRP O JHIZ I ARG — TR D B RS,

120



AR LEFEEDDHITHTZD, BN hE T E A TA 2 KRR KR LR e Y ) A
V=TIV EE HfR EFE OB ERICKL, Z2ICRKEIMLR L B R, £, A
DAERRIZIN T, A7 S L) S 200 72 KKK 22K T2 e R T 52 K
B B B L, REVRAT V=TV EHIEL i KA BT IR ELBRL
FiFET.

RIERF R LA BRI R AT D =TV VB R Af #4E Mhicg, &
A AT T HICHTY, BEEOEIEELHBIZZ Y, A SLONEFIZ OV THEMCH 28721
BEZTEXELZ. AEMERIRICIE, FE O REITICHI VKR VR EATHEX EL 2L

ZZICREL, LEVEHOEERLET.

AW ELEDDIZHTZY, /2 TS, THRERL M E TSWELIZRIRKRY: 4EH
B OEE B ELIOEEILBL P ET.

AHFFETEHEIZUT CFRTP O 7 L ARG FEBRIT, Rk 24 45 Bk G A0 JA B it FE AL B =+
S TEATHEYE CFRP IZ X2 A KA MR B L D R FE AT D B 56 )12 I W TS 172 b D
THY, BT — X ORI W E2TEW R SRS R (K, BE TEREHEM P
MR Lo FE #o Bl HERR L, BEREEERIN 2 — SR AR OLRVEILEL |
FET. 7z, UD FVT L7 OMERRBR O T — 2 BEEN A I TE - KRB T ZER e Y *
AZL V=TI HH FHERE 2 B RIOESHN L ET.

LIRS OENE PAREAR T, ZLOMSRATAW RS 1L JSOL v =7
Vo7 EVFARER M BEL FEBEICEINELEY. [ BB M ST v —Tr—
I, ABFIEEATHE oM EAE-CIEE, HFIED T, MSCOBER ST OV THIRY) T 570
FREZTHEELZ. SHIZ, ERSN OB OMEE LV GIZo0TRE, FEEIZESTHELD
REEE D52 THEEL. Z2IODIVOEILEZ R L BT £, £, KFEOZXIT, i
SLDOAERIZ 87202 KA W 1% TAWT N5 00 Je 2k - RS I 0 B A R L ET.

WAL, BBl nD 2 TN=EE - b OB NG L 7.

121



S5 Xk

REEPEE, “AM EEM O )5, L7 EAF, (2009).

Boeing website. http.//www.boeing.com/boeing/commercial/787family/index.page, (accessed
on 8 August, 2014).

R, BE—, RS, B EEbe - 5ifiieier, Z¥Rirr—e X5 —,
(2011).

PR website. http:/www.env.go.jp/earth/ondanka/ghg/2012.pdf, (accessed on 26 August,
2014).

WA B2, < B KB 72 SN2 A D IR E B O BLK & 4127, JAMAGAZINE, (2008).

C.D Rudd, A.C Long, K N Kendall, C. Mangin, ” Liquid molding technologies”, CRC Press,
Woodhead Pub.: Cambridge, UK, (1997).

R TLRWI N~ Zi&ED MEN ITHERE”, H#Eutomotive Technology/ H#¥ & O
o< 7, (2013).

L. Ulich, P. Fairley, “Carbon car [2013 Tech To Watch]”, IEEE Spect., Vol. 50, pp.30-31,
(2013).

g =8, BAF®RYE, LA RAE], “/NA %A 7 VRTMIE HiEOBIE”, wENL,
Vol.19, pp.645-648, (2007).

BIFfRYE, IR, SRR, sUH 1R, FIHE S, “RTMAIRIEIZ X DA 1
7 WK ARG EIN OBAFE”, HAE S FFF258, Vol.34, No.2, pp.89-92, (2008).
A.C. Long, “Composite forming technologies”, CRC Press, Woodhead Pub.: Cambridge, UK,
(2007).

C. Mack, H. M. Taylor, The fitting of woven cloth to surfaces’, Journal of Textile Institute,
Vol.47, pp477-488, (1956).

R.E. Robertson, E.S. Hsiue, G.S.Y. Yeh, “Fibre rearrangements during the moulding of
continuous fibre composites I’ Polymer Composite, Vol.5, pp191-197, (1984).

A.J. Smiley, R.B. Pipes, “Analysis of the diaphragm forming of continuous fiber reinforced
thermoplastics”, Journal of Thermoplastic Composite Materials, Vol.1, pp.298-321, (1988).
F.L. Heisey, K.D. Haller, “Fitting woven fabric to surfaces in three dimensions”, Journal of
the Textile Institute, Vol.2, pp.250-263, (1988).

A.C. Long, C.D. Rudd, “A simulation of reinforcement deformation during the production of
preforms for liquid mouling processes”, Journal of Engineering Manufacture, Vol.208,

pp.269-278, (1994).

122


http://www.boeing.com/boeing/commercial/787family/index.page
http://www.env.go.jp/earth/ondanka/ghg/2012.pdf

[17]

[18]

[19]

[27]

(28]

F. Trochu, A. Hammami, Y. Benoit, “Prediction of fibre orientation and net shape definition of
complex composite parts”, Composites Part A: Applied Science and Manufacturing, Vol.27,
pp-319-328, (1996).

O. Bergsma, “Three-dimensional Simulation of Fabric Draping”, PhD thesis Delft University
of Technology, (1995).

M. Aono, D.E. Breen, M.J. Wozny, “Fitting a woven-cloth model to a curved surface:
mapping algorithms”, Computer-Aided Design, Vol.26, pp. 278-292, (1994).

M. Aono, D.E. Breen, M.J. Wozny, “Fitting a woven-cloth model to a curved surface: Dart
Inse”, IEEE Computer Graphics and Applications, Vol.16, pp.60-70, (1996).

Siemens website. http:/www.plm.automation.siemens.com/en_us/products/fibersim/,

(accessed on 23 August, 2014).

ESI Group website.

https://www.esi-group.com/software-services/virtual-manufacturing/composites/solutions-cati

a-v3, (accessed on 23 August, 2014).

A.C. Long, B. Souter, F. Robitaille, C.D. Rudd, “Effects of fibre architecture on
reinforcement deformations”, Plastics Rubber and Composites, Vol.31, pp.87-97. (2002).

T.C. Lim, S. Ramakrishna, “Modelling of composite sheet forming: a review”, Composites
Part A: Applied Science and Manufacturing, Vol.33, pp.515-537, (2002).

S. Kato, T. Yoshida, H. Minami, “Formulation of constitutive equations for fabric membranes
based on the concept of fabric lattice model”, Engineering structures, Vol.21, pp.691-708,
(1999).

R.R. Tanov, M. Brueggert, “Finite element modelling of non-orthogonal loosely woven
fabrics in advanced occupant restraint systems”, Finite Element in Analysis and Design,
Vol.39, pp.357-567, (2003).

S.B. Sharma, M.P.F. Sutcliffe, “A simplified finite element model for draping of woven
material”, Composites Part A: Applied Science and Manufacturing,, vol.35, pp.637-643,
(2004).

A.A. Skordos, C.M. Aceves, M.P.F. Sutcliffe, “A simplified rate dependent model of forming
and wrinkling of pre-impregnated woven composites”, Composites Part A: Applied Science
and Manufacturing,, vol.38, pp.1318-1330, (2007).

B. Chen, M. Govindaraj, “A physically based model of fabric drape using flexible shell
theory”, Textile Research Journal, Vol.65, pp.324-330, (1995).

T.J. Kang, W.R. Yu, “Drape simulation of woven fabric by using the finite element method”,

Journal of the Textile Institute, Vol.86, pp.635-648, (1995).

123


http://www.plm.automation.siemens.com/en_us/products/fibersim/
https://www.esi-group.com/software-services/virtual-manufacturing/composites/solutions-catia-v5
https://www.esi-group.com/software-services/virtual-manufacturing/composites/solutions-catia-v5

[31]

[32]

W.R. Yua, F. Pourboghrata, K. Chungb, M. Zampalonia, T.J. Kangb, “Non-orthogonal
constitutive equation for woven fabric reinforced thermoplastic composites”, Composites Part
A: Applied Science and Manufacturing,, vol.33, pp.1095-1105, (2002).

P. Xue, X. Peng, J. Cao, "A non-orthogonal constitutive model for characterizing woven
composites", Composites Part A: Applied Science and Manufacturing,, vol.34, pp.183-193,
(2003).

P. Boisse, M. Borr, K. Buet, A. Cheroaut, “Finite element simulation of textile composite
forming including the biaxial fabric behavior”, Composites Part B: Engineering, Vol.28,
pp453-464, (1997).

P. Boisse, A. Gasser, G. Hivet, “Analyses of fabric tensile behavior: determination of biaxial
tension-strain surface and their use in forming simulations”, Composites Part A: Applied
Science and Manufacturing, Vol.32, pp.1395-1414, (2001).

P. Boisse, B. Zouari, J.L. Daniel, “Importance of in-plane shear rigidity in finite element
analyses of woven fabric composite preforming”, Composites Part A: Applied Science and
Manufacturing, Vol.37, pp.2201-2212, (2006)

Y. Aimene, B. Hagege, F. Sidoroff, E. Vidal-Sall¢, P. Boisse, S. Dridi, “Hyperelastic
Approach for Composite Reinforcement Forming Simulations”, International Journal of
Material Forming, Vol.1, pp.811-814, (2008).

Y. Aimene, E. Vidal-Sall¢, B. Hagege, F. Sidoroff, P. Boisse, “A hyperelastic approach for
composite reinforcement large deformation analysis”, Journal of Composite Materials,
Vol.44, pp.5-26, (2010).

A. Willems, S. V. Lomov, I. Verpoest, D. Vandepitte, P. Harrison, W. R. Yu, “Forming
simulation of a thermoplastic commingled woven textile on a double dome”, International
Journal of Material Forming, Vol.1, pp.965-968, (2008).

R.H.W. ten Thije, R. Akkerman, J. Hu'etink, “Large deformation simulation of anisotropic
material using an updated Lagrangian finite element method”, Computer Methods in Applied
Mechanics and Engineering, Vol.196, pp. 3141-3150, (2007).

R.H.W. ten Thije, R. Akkerman. “Solutions to intra-ply shear locking in finite element
analyses of fibre reinforced materials”, Composites Part A: Applied Science and
Manufacturing, Vol.39, pp.1167-1176, (2008).

R.H.W. ten Thije, R. Akkerman, “A multi-layer triangular membrane finite element for the
forming simulation of laminated composites”, Composites Part A: Applied Science and
Manufacturing, Vol.40, pp.739-753, (2009).

E. de Bilbao, D. Soulat, G. Hivet, A. Gasser, “Experimental study of bending behaviour of
reinforcements”, Experimental Mechanics, Vol.50, pp.333-351, (2010).

124



[43]

[44]

P. Boisse, N. Hamila, E. Vidal-Sall¢, F. Dumont, “Simulation of wrinkling during textile
composite reinforcement forming. Influence of tensile, in-plane shear and bending
stiffnesses”, Composites Science and Technology, Vol.71, pp.683—-692, (2011).

S. Allaoui, P. Boisse, S. Chatel, N. Hamila, G. Hivet, D. Soulat, E. Vidal-Salle,
“Experimental and numerical analyses of textile reinforcement forming of a tetrahedral
shape”, Composites Part A: Applied Science and Manufacturing, Vol.42, pp.612-622, (2011).

P. Harrison, M.J. Clifford, A.C. Long, C.D. Rudd, “A constituent-based predictive approach
to modelling the rheology of viscous textile composites”, Composites Part A: Applied Science
and Manufacturing, Vol.35, pp.915-931, (2004)

Q. Chen, P. Boisse, C.H. Park, A. Saouab, J. Breard, “Intra/inter-ply shear behaviors of
continuous fiber reinforced thermoplastic composites in thermoforming processes”,
Composite Structures, vol.93, pp.1692-1703, (2011).

S.P. Haanappel, RH.W. ten Thije, U. Sachsa,B. Rietman,R. Akkerman, “Formability
analyses of uni-directional and textile reinforced thermoplastics”, Composites Part A: Applied
Science and Manufacturing, Vol.56, pp.80-92, (2014).

Margossian, A., Ding, M., Avila Gray, L., Bel, S. and Hinterholzl, R., Flexural
characterisation of unidirectional thermoplastic tapes using a dynamic mechanical analysis
system, Proceedings of the 16th European Conference on Composite Materials (ECCM16)
(2014).

P. Wang, N. Hamila, P. Boisse, “Thermoforming simulation of multilayer composites with
continuous fibres and thermoplastic matrix”, Composites Part B: Engineering, Vol.52,
pp-127-136, (2013).

Y R. Larberg, M. Akermo, “On the interply friction of different generations of carbon/epoxy
prepreg systems”, Composites Part A: Applied Science and Manufacturing, Vol.42,
pp-1067-1074, (2011).

P. Rahulkumar, A. Jagota, S.J. Bennison, S. Saigal, “Polymer interfacial fracture simulations
using cohesive elements”, Acta Materialia, Vol.47, pp. 4161-4169, (1999).

P. Rahulkumar, A. Jagota, S.J. Bennison, S. Saigal, “Cohesive element modeling of
viscoelastic fracture: application to peel testing of polymers”, International Journal of Solids
and Structures, Vol.37, pp.1873-1897, (2000).

S. Maiti, P.H. Geubelle, “Cohesive modeling of fatigue crack retardation in polymers: crack
closure effect”, Engineering Fracture Mechanics, Vol.73, pp.22—41, (2006).

H. Kim, W.G. Buttlar, “Finite element cohesive fracture modeling of airport pavements at low
temperatures”, Cold Regions Science and Technology, Vol.57, pp.123—-130, (2009).

G. Geilller, M. Kaliske, “Time-dependent cohesive zone modelling for discrete fracture

simulation”, Engineering Fracture Mechanics, Vol.77, pp.153-169, (2010).

125



[56]

[57]

[65]

W.B. Lu, J. Wu, J. Song, K.C. Hwang, L.Y. Jiang, Y. Huang, “A cohesive law for interfaces
between multi-wall carbon nanotubes and polymers due to the van der Waals interactions”,
Computer Methods in Applied Mechanics and Engineering, Vol.197, pp. 3261-3267, (2008).
A. Turon, P.P. Camanho, J. Costa, J. Renart, “Accurate simulation of delamination growth
under mixed-mode loading using cohesive elements: definition of interlaminar strengths and
elastic stiffness”, Composite Structures, Vol.92, pp.1857-1864, (2010).

P. Harrison, N. Correia, “Temperature and rate dependent modelling of molten thermoplastic
advanced composites during forming”, Proceedings of the 19th International Conference on
Composite Materials (ICCM19), (2013).

C.D. Morris, L.M. Dangora, J.A. Sherwood, “Using LS-DYNA to simulate the
thermoforming of woven-Fabric reinforced composites”, Proceedings of 13h International
LS-DYNA Users Conference, (2014).

Y.R. Larberg, M. Akermo, “In-plane deformation of multi-layered unidirectional thermoset
prepreg —modelling and experimental validation”, Composites Part A: Applied Science and
Manufacturing, Vol.56, pp.203-212, (2014)

D. Hull, T.W. Clyne, “An Introduction to Composite Materials”, Cambridge University Press,
pp-60-77, (1996).

T. Ishikawa, T.W. Chou, “In-plane Thermal expansion and thermal bending coefficient of
fabric composite”, Journal of Composite Materials, Vol.17, pp92-104, (1983).

H.J. Kim, C.C. Swan, “Voxel-based meshing and unit-cell analysis of textile composites”,
International Journal for Numerical Methods in Engineering, Vol.56, pp.977-1006, (2003).

I. Verpoest, S.V. Lomov, “Virtual textile composites software WiseTex: Integration with
micro-mechanical, permeability and structural analysis”, Composite Science and Technology,
Vol.65, pp.2563-2574, (2005).

T. Kurashiki, M. Zako, H. Nakai, M. Imura, S. Hirosawa, “Damage development of woven
composite based on multi-scale analysis”, Proceedings of the 16th International Conference
on Composite Materials (ICCM16), (2007).

TexGen website. http://texgen.sourceforge.net/index.php/Main_Page, (accessed on 24 August,
2014).

P. Boisse, B. Zouari, A. Gasser, “A mesoscopic approach for the simulation of woven fibre
composite forming”, Composites Science and Technology, Vol.65, pp.429-436, (2005).

P Boisse, A. Gasser, B. Hagege, J.L. Billoet, “Analysis of the mechanical behavior of woven
fibrous material using virtual tests at the unit cell level”, Journal of Materials Science, Vol.40,

PP.5955-5962, (2005).

126


http://texgen.sourceforge.net/index.php/Main_Page

[69]

[70]

(73]

[79]

[80]

[81]

[82]

P. Badel, E. Vidal-Sallé, P. Boisse, “Computational determination of in-plane shear
mechanical behaviour of textile composite reinforcements”, Computational Materials Science,
Vol.40, pp.439-448, (2007).

G. Hivet, P. Boisse, “Consistent mesoscopic mechanical behaviour model for woven
composite reinforcements in biaxial tension”, Composites Part B: Engineering, Vol.39,
pp-345-361, (2008).

P. Badel, E. Vidal-Sallé, P. Boisse, “Large deformation analysis of fibrous materials using
rate constitutive equations”, Computers & Structures, Vol.86, pp.1164-1175, (2008).

P. Boisse, N. Hamila, P. Wang, S. Gatouillat, S. Bel, A. Charmetant, “Composite
reinforcement forming simulation: continuous and mesoscopic approaches”, Proceedings of
the 18th International Conference on Composite Materials (ICCM18), (2011).

P. Boisse, E. Vidal-sall¢, T. Nguyen, A. Charmetant, “Hyperelastic and hypoelastic models
for the mesoscopic analyses of composite reinforcement deformation during forming”,
Proceedings of the 19th International Conference on Composite Materials (ICCM19), (2013).

D. Durville, “Simulation of the mechanical behaviour of woven fabrics at the scale of fiber”,
International Journal of Material Forming, Vol.3, pp.1241-1251, (2010).

S. Green, A. Long, S. Hallett, “Numerical Modelling of 3D woven composite Preform
deformations”, Proceedings of 9h European LS-DYNA Users Conference, (2013).

VHIEN, “WRHETRIGAE M BT I D CAEELNT, H AW 7= = itk b
G FI DR BTATIR, (2014).

M.J. King, “A continuum constitutive model for the mechanical behavior of woven fabrics
including slip and failure”, Ph.D. thesis Massachusetts Institute of Technology, (2006).

A. Tabiei, 1. Ivanov, “Computational micro-mechanical model of flexible woven fabric for
finite element impact simulation”, International Journal for Numerical Methods in
Engineering, Vol.53, pp.1259-1276, (2002).

I. Ivanov, A. Tabiei, “Loosely woven fabric model with viscoelastic crimped fibres for
ballistic impact simulations”, International Journal for Numerical Methods in Engineering,
Vol.61, pp.1565-1583, (2004).

A. Shahkarami, “An efficient unit cell based numerical model for continuum representation of
fabric systems”, Ph.D. thesis University of British Columbia, (2006).

M. Boljen, S. Hiermaier, “Continuum constitutive modeling of woven fabrics”, The European
Physical Journal Special Topics, Vol.206, pp.149-161, (2012).

J. Jakumeit, M. Herdy and M. Nitsche, “Parameter optimization of the sheet metal forming
process using an iterative parallel Kriging algorithm™, Structural and Multidisciplinary

Optimization, Vol.29, pp.498-507, (2005).

127



[83]

[84]

[85]

R.B. Dessenberger, C.L. Tucker, “Forming Limit Measurements for Random-Fiber Mats”,
Polymer Composites, Vol.19, pp.370-376, (1998).

R.B. Dessenberger, C.L. Tucker, “Ideal Forming Analysis for Random Fiber Preforms”,
Journal of Manufacturing Science and Engineering, Vol.125, pp. 146-153, (2003).

P. Badel, E. Vidal-Sall¢, E. Maire, P. Boisse, "Simulation and tomography analysis of textile
composite reinforcement deformation at the mesoscopic scale", Composites Science and
Technology, Vol.68, pp.2433-2440 (2008).

J.O. Hallquist, “LS-DYNA Theory Manual”, ISBN 0-9778540-0-0, Livermore Software
Technology Corporation (LSTC), (2006).

W. Lee, J. Padvoiskis, J. Cao, E. de Luycker, P. Boisse, F. Morestin, J. Chen, J. Sherwood,
“Bias-extension of woven composite fabrics”, International Journal of Material Forming,
Vol.1, pp. 895-898, (2008).

A. Willems, S.V. Lomov, 1. Verpoest, D. Vandepitte, “Optical strain fields in shear and
tensile testing of textile reinforcements”, Composites Science and Technology, Vol.68,
pp-807-819, (2008).

A. Willems, “Forming simulation of textile reinforced composite shell structures”, Ph.D.
thesis Katholieke Universiteit Leuven, (2008).

S.V. Lomov, P. Boisse, E. Deluycker, F. Morestin, K. Vanclooster, D. Vandepitte, 1. Verpoest,
A. Willems, “Full-field strain measurements in textile deformability studies”, Composites
Part A: Applied Science and Manufacturing, Vol.39, pp.1232—1244, (2008).

F. Ludmila, “A new method of measuring the bending rigidity of fabrics and its application to
the determination of the their anisotropy” Textile Research Journal, Vol2013, Vol. 83,
pp-883-892, (2013).

A.C. Long, “Design and manufacture of textile composites”, CRC Press, Woodhead Pub.:
Cambridge, UK, pp.73-87, (2005).

J. Launay, G. Hivet, A.V. Duong, P. Boisse, “Experimental analysis of the influence of
tensions on in plane shear behaviour of woven composite reinforcements” , Composites
Science and Technology, Vol.68, pp.506-515, (2008).

U. Mohammed, C. Lekakou, L. Dong, M.G. Bader, “Shear deformation and micromechanics
of woven fabrics”, Composites Part A: Applied Science and Manufacturing, Vol.31, pp.299—
308, (2000).

G. Kirchhoff, “Uber das Gleichgewicht and die Bewegung einer elastischen Scheibe”,
Journal fiir reine und angewandte Mathematik, Vol.40, pp.51-88, (1850).

R.D. Mindlin, “Influence of rotatory inertia and shear on flexural motions of isotropic, elastic

plates”, Journal of Applied Mechanics, Vol.18, pp.31-38, (1951).

128



[97] E. Reissner, ”The effect of transverse shear deformation on the bending of elastic plates”,
ASME Journal of Applied Mechanics, Vol.12, pp.68-77, (1945).

[98] S.P. Timoshenko, S. Woinowsky-Krieger, “Theory of plates and shells, 2nd ed.”,
McGraw-Hill, New York, (1959).

[99] K. . Bathe, "Finite Element Procedures 1st ed.”, Prentice Hall, (1995).

[100] S.P. Timoshenko, J.N. Goodier, “Theory of elasticity, 3rd ed.”, McGraw-Hill, New York,
(1970).

[101] S.P. Haanappel, R. Akkerman, “Shear characterisation of uni-directional fibre reinforced
thermoplastic melts by means of torsion”, Composites Part A: Applied Science and
Manufacturing, Vol.56, pp.8-26, (2014).

[102] Ala Tabiei, Ivelin Ivanov, “Fiber Reorientation in Laminated and Woven Composites for
Finite Element Simulations”, Journal of Thermoplastic Composite Materials, Vol.16,
pp-457-474, (2003).

[103] J. Page, J. Wang, “Prediction of shear force and an analysis of yarn slippage for a plain-weave
carbon fabric in a bias extension state”, Composites Science and Technology, Vol.60,
pp-977-986, (2000).

[104] CAMPUS® website. http://www.campusplastics.com/campus (accessed on 12 December,
2013).

[105] P. Harrison, M.J. Clifford, A.C. Long, “Shear characterisation of viscous woven textile
composites: a comparison between picture frame and bias extension experiments”,
Composites Science and Technology, Vol.64, pp.1453—-1465, (2004).

[106] Digimat-MF website. http://digimat.jsol.co.jp/index.html (on 12 December, 2013).

[107] K. Matsushige, S. V. Radcliffe, E. Baer, “The pressure and temperature effects on
brittle-to-ductile transition in PS and PMMA”, Journal of Applied Polymer Science, Vol.20,
pp. 1853-186, (1976).

[108] K. Matsushige, S. V. Radcliffe, E. Baer, “The mechanical behavior of poly(methyl
methacrylate) under pressure”, Journal of Polymer Science:, Vol.14, pp. 703—721, (1976).

[109] D. R. Mears, K. D. Pae, J. A. Sauer, “Effects of Hydrostatic Pressure on the Mechanical
Behavior of Polyethylene and Polypropylene”, Journal of Applied Physics, Vol.40,
pp-4229-4237, (1969).

[110] S. Rabinowitz, I. M. Ward, J. S. C. Parry, “The effect of hydrostatic pressure on the shear
yield behaviour of polymers”, Journal of Materials Science, Vol.5, pp. 29-39, (1970).

[111] R. A. Duckett, S. Rabinowitz, I. M. Ward, “The strain-rate, temperature and pressure
dependence of yield of isotropic poly(methylmethacrylate) and poly(ethylene terephthalate)”,
Journal of Materials Science, Vol.5, pp.909-915, (1970).

129


http://www.campusplastics.com/campus
http://digimat.jsol.co.jp/index.html

[112] A.W. Christiansen, E. Baer, S.V. Radcliffeac, “The mechanical behaviour of polymers under
high pressure”, Philosophical Magazine, Vol.24, pp.451-467, (1971).

[113] C.A. Pampillo, L.A. Davis, “Volume Change during Deformation and Pressure Dependence
of Yield stress”, Journal of Applied Physics, Vol.42, pp.4674-4679, (1971).

[114] L.A. Davis, C.A. Pampillo, “Deformation of Polyethylene at High Pressure”, Journal of
Applied Physics, Vol.42, pp.4659-4666, (1971).

[115] A.A. Silano, K.D. Pae, J.A. Sauer, “Effects of hydrostatic pressure on shear deformation of
polymers”, Journal of Applied Physics, Vol.48, pp.4076-4084, (1977).

[116] J.S. Trent, M.J. Miles, E. Baer, “The mechanical behaviour of high-impact polystyrene under
pressure”, Journal of Materials Science, Vol.14, pp.789-799, (1979).

[117] R. A. Duckett, “Transitions between crazing, fracture and yield under hydrostatic pressure”,
Journal of Materials Science, Vol.15, pp.2471-2477, (1980).

[118] R.W. Truss, R.A. Duckett, M. Ward, “Effect of hydrostatic pressure on the yield and
fracture of polyethylene in torsion”, Journal of Materials Science, Vol.16, pp.1689-1699,
(1981).

[119] A. Haufe, P.A. DuBois, S. Kolling, M. Feucht, “A semi-analytical model for polymers
subjected to high strain rates”, Proceedings of the 5rd European LS-DYNA Conference, 2b-58,
(2005).

[120] P. Hallander, M. Akermo, C. Mattei, M. Petersson, T. Nyman, “An experimental study of
mechanisms behind wrinkle development during forming of composite laminates”,

Composites Part A: Applied Science and Manufacturing, Vol.50, pp.54-64, (2013).

130



1. BFERX

[1]

[2]

[3]

[4]

2.

[1]

EfR=

FIEA, R, B4, “ARERECLIHEBERIA 777 ) v 7 OBV I 2 b
— 3 7, Journal of Textile Engineering, Vol.60, No.3, pp.51-59, (2014).

PFEIEN, M, B84, “CAMET ORI RKFEEEBE LI NI4T 77 Vv 7D
TV ARRIERRNT, H A S X aE #1FL, Vol.63, No.5, pp.380-385, (2014).

M. Nishi, T. Kaburagi, M. Kurose, T. Hirashima, T. Kurasiki, “Forming simulation of
thermoplastic pre-impregnated textile composite”, International Journal of Chemical, Nuclear,

Metallurgical and Materials Engineering, Vol.8, No.8, pp.671-679, (2014).

VEIEN, AR, BORUHER, ‘e, B8 54, “AIRERIEIC X 2/ im b BT i
BHRE D 7" v A BTN, H AR 7= X2, Vol.80, No.820, (2014).

T. Fukushima, M. Shitamichi, O. Nishikata, M. Mori, K. Hatano, T. Torigaki, M. Nishi, T.
Miyachi, “A study of the ditch fall-over test method using numerical simulation”, SAE 2012
World Congress, (2012), Michigan, USA.

M. Nishi, T. Hirashima, “Comparison of meso-scale modeling and macro-scale modeling for

draping simulation”, 17th Korean LS-DYNA Users Conference 2012, (2012), Seoul, Korea.

T. Fukushima, M. Shitamichi, T. Torigaki, H. Sokusai, M. Nishi, T. Miyachi, ‘“Parameter
identification of sled test method to simulate vehicle soil trip rollover dynamic accurately by
numerical simulation considering soil-vehicle interaction”, SAE 2013 World Congress, (2013),

Michigan, USA.

M. Nishi, T. Hirashima, “Approach for dry textile composite forming simulation”, 9th

International Conference on Composite materials (ICCM-19), (2013), Montreal, Canada.

131



[3]

M. Nishi, T. Hirashima, T. Kurashiki, “Textile composite reinforcement forming analysis
considering out-of-plane bending stiffness and tension dependent in-plane shear behavior”, 16th

European Conference for Composite Materials (ECCM16), (2014), Seville, Spain.

M. Nishi, T. Hirashima, T. Kurasiki, K. Uenishi, “Forming simulation of textile composite by
finite element method”, 12th International Conference on Textile Composites (TEXCOMP-12),
(2015), North Carolina, USA, (submitted).

M. Nishi, T. Hirashima, T. Kurasiki, M. Kurose, T. Kaburagi, K. Uenishi, “Thermoforming
simulation of thermoplastic pre-impregnated textile reinforcement”, 20th International

Conference on Composite materials (ICCM-20), (2015), Copenhagen, Denmark, (submitted).

3. ER#ER

[1]

FEIE N, BRI, wHlifEmE, MERR, <L vt REEMRIT IR T 2 RER & 2D
fRUZ BT HHL Y KA HYCRASH #8Y7, 7 14 [E]7 5 15774 %, (2009)

PHIEN, R, "EAMEIOfNT V) 2 — a o7, ARG 72 2 K7 >
RIFFEL, (2012).

BIEN, PRI, “AS AT —LVETNE< I B AT —VET ML D FL—E v IR
Bro b, A AW S MEM20I2FFL) 0 > 7 7 L 22 X, (2012).

BIEA, EEME, “AYVBLO~27 a2 —LOEFY L7285 RL—E o FEHT~
DT T —F7, F4 6] H KL L FI=25JCCM-4), (2013).

PEIEN, “a > RYy MBI CAE YU 2—3 a2, AP Z 7R E P—FE2 FPF
D, A R, (2013).

fEEEL, TERES, BXFHE, SEMEMm, EIEA, BH#ifEZ, “Soil Trip Rollover Z5H) %
BHILE CHILT 2 ERFIEOMIE, HEIFELRZIT= 2013 FE5FLE, (2013).

S, TaEHE, PEIEA, EHUEREZ, B AR, BHEAT, “@HIIIs T D Bl DR
R ORKEY R 2L —a v, Z18 EifﬁI%ﬁff;\ﬁ, (2013), (XX p NN T T
— N H).

132



[8] FHIEA, EEME, AL, A Ay —VET VLD RTA 777U v 7 O
2 b— 3V, HAHHE S MEM20I3ETELF 0 > 7 7 L2 R, (2013).

[9] — /7 WEEIH JURIOEE, PFEIEA, “= Wi Ic K DRIM7 Ao I 2L —T g
VLG — T T Iy AN A (2013).

[10] FEIEA, JE/KRIKE, S, SR, SBeEd, REERFMEEZ B RE LBtk SR
Wt > — SO TV ARIERENT, 5 5] H A S #2735 CCM-5), (2014).

[11] Kif=d, FEIEAN, FEEE, A4, “CFRTP 7'V 7 L WD 728 D A ) R Ar—
JVERHT”, A AR S M&M2014 FHEL 20 > 7 7 L2 X, (2014).

[12] PHIEA, “HHERZETE & B8 L 7= FRP O L AR, H AR ES =
T Z AT, (2014).

[13] FEIEN, “$lHEsf b A MBHT BT D CAE Bi0i, A AR S g S fEaE L AE
GBI DEATR, (2014).

[14] BHEA, “BHERICEOMEIOT L ARG L 2 Lt a v, AR S - —
T /T RS AAFTEZ, (2015).

[15] BIFREETs, SAEE, PIEA, AR, FGEHER], <MLK & 2H 95 CFRP OQ L
NWETAZR T 2 OT B MR, HAERFS PR 21 B = - iffi=, (2015).

133



