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Fig.1.1 Woven composite and its triple-scale internal structures.
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Fig.1.2 Schematic diagram of woven fabric structures [2, 3].
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Fig.1.3 Examples of woven fabric structures [5].
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Fig.1.4 Examples of woven fabric structures [6].
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Fig.1.5 Conceptual diagram of Building Block Approach [7].
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Fig. 2.1 Periodic internal microstructure of unidirectional reinforced composite

and unitcell Y.
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Fig. 2.3 Periodic and point symmetric internal microstructure of unidirectional
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Fig. 2.4 Uniform distribution of constituents in y, -direction.
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Fig.3.1 Plain-woven composite with laminate misalignment in the vy, -

and y,-directions, basic cell A and its boundary 7~ - 7"
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(b)

Fig.3.2 Microstructure of plain-woven composite; (a) in the y,-y, plane, (b) in the

cross section containing the central points of 7" and I"{”
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Fig.3.3 2X2 twill-woven composite with laminate misalignment in the vy, - and 'y, - directions,

basic cell Band its boundary 77 - 77{".

Fig.3.4 Microstructure of 2x2 twill-woven composite; () in the y, -y, plane,

(b) in the I-1' cross-section and (c) in the J-J’cross-section.
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D, Ay v alKFEOMBEEAERTE 2 & & bIZ, BREREZBIFIZHR TS LW
IA Ty NHIEET D.

Fig.3.5 5H satin-woven composite with laminate misalignment in the y, - and

y, - directions, basic cell C and its boundary 7~ -7,
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Fig.3.6  Microstructure of 5H satin-woven composite; (a) in the y,-y, plane,

(b) in the P-P’cross-section and (c) in the Q-Q’cross-section.
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UTE, SISHOMEERZEETELLONEE L. 1970 FRNLHEICED F
T, ERREMET I IAT IV TRBEIBESNTE. 77947V TICHAT L%
UHEORGESDY, F2ER[106-110]721F T/ < BEMEAT[11LIC L > THITON TN DD, &
DY FTAT VT N —FEHINEAMCEZRVORBIRTH S,

T ZCARMIFETTIE, e TAFZE[12]12 3D & Hoffman HI[112] % V% . Hoffman A &
1%, SRk L OVEME OMEEREE OE W Z 28 L T Tsai-Hill Bl ZEE L —#xb L7z o
ThO, UToOXGBLOLEDOME (FME) N1 EERIGAICFOERITHEEG L

Fig. 3.7 4 types of damages in fiber bundles;
(@) mode L, (b) mode T and LT, (c) mode Z and ZL and (d) mode TZ.
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Table 3.1Damage modes of fiber bundles.

Damage
modes L T LT Z ZL TZ
2 2 2 2 2 2
Stress to O_ | O7 [TLT ] Oz [TZL ] [TTZ ]
strength ratios| Ftre |EYRC |\ F2 ) [FIFS(\ RS ) (| B2
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Fig. 3.11 Basic cell C of 5H satin-woven GFRP composite

and finite element mesh; (a) full view and (b) fiber bundles (warps and weft) in C.
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DI, CRMEMARGOWMERINET /L EF L, QKR TE X bR HIA
RTHD.

10 0

[Q"]=|0 coso, sing, (3.28)
0 -sing, cosb,

[ cos 6, 0 sing,
[Q"]=| 0o 1 0 (3.29)
—sin ‘9y1 0 cos le

X (3.28)FB LV (3.29)D 6, 5 LG, 1T, T LH weft OFTT [ &y, filDd e ¥ &
W warp Q7R &y, #iD72 T Th 5.

Table 3.2 Material constants of fiber bundles and viny lester

(Uetsuji et al., 2004;Soden et al., 1998; Kaddour et al., 2012).

Fiber bundles .
) Vinyl ester
(E-glass-Vinyl ester)
E, 4280
Young's modulus
E, 1222 E 3.334
[GPa]
E, 1222
G,, 4.872
Shear modulus
G, 4775 G 1282
[GPa]
G, 4775
vy, 0.254
Poisson's ratio v, 0.233 v 0.300
v,y 0.233
. F' 2024.0
Tensile strength . .
F,' 108.2 F* 88.26
[MPa] .
F,” 108.2
. F° 2982.0
Compressive strength . .
F.° 2423 Fe 117.7
[MPa] .
F° 2423
F;,° 50.0
Shear strength . .
F,° 730 F° 88.26
[MPa] .
F; 730
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Macroscopic Strain E;1[%]
Fig. 3.12 Macroscopic stress-strain relations of plain/2 X 2 twill/5H satin-woven

GFRP composites.
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X312 £V, UIHHEERHCE BT 5 &, MfEo@E oL, PIHBRERAEREO AN
ISR OT R HE D BE RIES RN RS, £ 3.3 ICHHIHEEIERIC
BIDAMBIGEH EOTAHOMEEE LD D, —JF, RRIGHEISE L %0287
JISME TAHEICER T2 &, AMZIGTHKR TOBROOTAH O AL EHRT D)
21F, BEERRBEEEEEN RO D, ZHICH LT, BoRIS MBI 1B R 7o it
AFPET R 72 o 7o, 3R 3418, BRIGIME LW OT 2ad £ L Db DO THD.

LIRECIE, PRIRAEEEREE 2 15 2 & T, B3 R IEO N A S RIS
DNTHELT D,

336 MTER(WHRMNEGEREHOLEK)

ARIETIE, ()HIHHREIEERE, (2) E,=1.0%8F, () KNIt 14 D22 E 11K T AT,
(A2 TNME TR T T, TRENOMEEMEHIXT LT, MEREEERZ
Bl 5.

Table 3.3 Macroscopic stress and macroscopic strain of plain / 2 X2 twill /

5H satin-woven GFRP composites at the initial damage.

Macroscopic Macroscopic

stress 2,,[MPa] | strain £,,[%]
Plain 113.8 0.88
2% 2 twill 114.8 0.86
5H Satin 112.7 0.84

Table 3.4 Macroscopic maximum stress and macroscopic fracture strain of

plain / 2 X2 twill / 5H satin-woven GFRP composites.

Macroscopic Macroscopic
maximum stress | fracture strain
le[M Pa] Ell[%]
Plain 142.8 1.41
2x 2 twill 141.4 1.29
5H Satin 136.9 1.12
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4 3.13~3.15 ([Z WIHIHE G A R ORI EG oM 2 7= 3. X 3.13 13 kA5
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LCWBD, KEMRIETIE D 2 DT 5729, weft (17 FiEd) & [F
BRBIETE— NICKARBAEZT 5.

[43.13~3.15 XV, WTNOMEEDOLE TS, MIHHEGITAMEASHRMER T
bbb warp lZFAEL, TOREBET—RIT THDH. ZOFMEE LTiE, £, warp
DIBHEE R T CAMEZZ T RO Z ENEET 6D, R OMMEIC BT 5 05
] D E R B, =12.2GPa Td 5 DITkE LT, #EHEST M &5 E E, =42.8GPa
EREWV. LER-T, AROKRF¥E weft (BEESAOMMER) 23208, A
T TBARRIE D oy, MR E L 72D (X3.16). LavL, MEHEEL ST MR F ANk
HEF BRI L0 H/h S Wiz, warp SEICHBEENRRELT-EEZOLND. &
2, AR LD weft ©27 U o TEHOFEIRLRE R biLd. weft OSFEIFKIZIEW,
warp (LA G (y flm) IS LS D, ZORER, weft & warp DAZZEH
IZEWVIS IR AE LT B2 605, 2 OfaiE, X3.17 12T FEsAX
MO LR TE .

Y3
T<f
Y1
m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
:Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)

m: Undamaged

Fig. 3.13 Microscopic damage distribution in A at macroscopic strain £;, =0.88%.
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m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
:Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)
m: Undamaged

Fig. 3.14 Microscopic damage distribution in B at macroscopic strain £;, =0.86%

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
:Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)
m: Undamaged

Fig. 3.15 Microscopic damage distribution in C at macroscopic strain £;, =0.84%.
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239 MPa

182

T 125

67

10

at macroscopic strain £, =0.5%; (a) fiber

bundles in A, (b) fiber bundles in B and (c) fiber bundles in C.

Fig. 3.16 Distributions of microscopic stress o,
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Fig. 3.17 Distributions of F value at macroscopic strain £,

A, (b) fiber bundles in B and (c) fiber bundles in C.

55



(2) E,,=1.0%0:

3.18 |2 E;,=1.0%FF DB ME G EHT 61T 2 il RO MR ARG A X 2 7= 7.
318 LV, WITNOHEEDTATH, (1) THAELL warp iildE— R T
EBRELICERLTW ZERWb0s. ZOHREIZ N TV ANR—=RT T 97 LI
I, FEATEFZE[9,1L13/IC B W T ERMIC BB SN TS, LI, EidoiEE
FHEDORRIZ, BIENRAE LERL T, ZIUTHHER 0BG IS S MK T
ZREN AT 216 TH S, ZO[nIE, X 3.19 12733 E, 2% L.0%KD F Sy
M (BAEDA) 1ITX Y, warp O TOBAEER D F A 1 ITEWZ & h
HbiEETE D,

(@)

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
:Damaged (mode 2Z) : Damaged (mode ZL) m=: Damaged (mode TZ)
m: Undamaged

Fig. 3.18 Microscopic damage distributions at macroscopic strain £;, =1.0%; (a) fiber

bundles in A, (b) fiber bundles in B and (c) fiber bundles in C.
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0 0.25 0.5 0.75 1

Fig. 3.19 Distributions of F value at macroscopic strain £;,=1.0%; (a) matrix in A, (b)

matrix in B and (c) matrix in C.
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(3) WAL/ E DRI TNE TR CEfk © £,=1.41%, 2x2 fEfk : £,=1.29%, 5 &
KAk E,=1.12%)

[ 3.20~3.22 |ZHARICIMEICEE L, RIS IR T3 2 B Rl OBRAEE /54
K& rd. X 3.20 (X TRE AR X 3.21 1% 2x2 fERRE AR EE, X1 3.22 (X 5 A
REEMEICHD. X320~3.22 LV, WTFNOHEEICBWTYH, warp b
AT ICHAE LTEBIEREG N EARELVORBE TEL TWDL I LR DND. L
L, ZOBEESMIIHESEICL > TRR> TS, 20X ) RBESMIC/ -T2

Y3
T<2
Y1
m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)

:Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)
m: Undamaged

Fig. 3.20 Microscopic damage distribution in A at macroscopic strain £;,=1.41% just

before the sudden stress drop.

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
:Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)
m: Undamaged

Fig. 3.21 Microscopic damage distribution in B at macroscopic strain £;,=1.29% just

before the sudden stress drop.

58



m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m=: Damaged (mode TZ)
m: Undamaged

Fig. 3.22 Microscopic damage distribution in C at macroscopic strain £;,=1.12% just

before the sudden stress drop.

(i) Weft pushes
waty warp
(i) Smooth ] v
weft |

r"/r’/

~

(ii) Weft pushes
warps

(b)

Fig. 3.23 Deformation mechanism when weft is smoothed; (a) plain-woven composite and

(b) 2x 2 twill-woven composite.

59



(4)

FRA I, #RAEIC XD weft OEIBILIZEEYY, warp DR ENEWLAA T, warp
SRR D ARV LRI E COEMICENEEN LI NS EE X NS, [K3.231%
SRR OMEL & 2 X 2 A AME D weft O SEHBICEE 5 warp DA ZEE) & L
A THD. ZORIRLEZX I, TRk TiE weft OSEMLIZEE warp 12
HIF AT Z 2 DIkt L, 2 X 2§D L 5 IZAM TNz I 5 warp DS weft
DELE TS L TOWRWES, P ERITEZ Y 56 <, BEREEN K L 72 5[13].
L7=23o> T, #EARE/LOFREE TOHEBENITV warp il & 50 warp Sl 23 5 4
T 5. (2 THilR7= X 512, warp BREEOMIMAR T ICE, ZOFHE OB ILEE
T D7, HAE )L OFE M £ TORREA ALY warp Sl (U O IiE B3R (T3 5
AL, 320~322 O &) 2GSRI RoTo B 6D,

APRIS R T Gl B, =1.41%, 2x2 ik B, =1.29%, 5 A4 Tk £, =1.12%)

D3N, K 3.24~3.26 [Z R R IG SR T 3R AE U 72 B % O AR AR5 317 X
. X 324 IR ERRE AL, X 3.25 13 2x2 #ERME A EE, 1K 3.26 13 5 A
THEEMEITH D, £, —BHMAEE TH L HRESH IRV T, &
W B MR TR COBBEEICOVWTERT S, K320FBL10324 kv, £
weft 7 U o ST — R ZLBERREET L2 03005, 2O weft O
OHREEFTIICERT 2L, bro2Ewarp D b T A= T T v Z3EAEMTT
. ZAUE warp 38 K OWHIE OBREHERIZEE O MR T, 72 5 ONC weft O g1k
IZRED ZL HAWNSIOBINZER L TWb EE 2 6d. D%, weft 1234
L7=E— RZLBERHEKR L - T, E—RLTROTZHEENEAEL, hHEPL
ORGSR, B— N LG (MEm) siEEzeBZzxond. LT, 3351

T LIRS MR TIE, R OBHERINIC K- THRELELDEF R D,

WIZ, 1X13.24~3.26 LV, #tEEIC K> T, B O DITHEHER K% ORI EE
OSARNEIR D Z 3D . BARRIICIE, 2x2 fERfk L 5 KA TFRAEAMEHZ B W
CHEMER T 23 & 7R8I, SR A M BN 35 CRIGHERR T 3 B & 7= SEIIC
TREV., ZOHBIZOWTEET L7201, X327 12k, 2x2 ks L U'5
RRT AP ELNER D weft (231525 ZL Y AWNG T 0, 90AAX Z 773, [X] 3.27
F 0, 2x2 #Ek, 5 RKRFRESHEIOSE, EMESHMEIOSGEICHRT, 7
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Y3
T<:

Y1

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)

: Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)
m: Undamaged

Fig. 3.24 Microscopic damage distribution in A at macroscopic strain £, =1.41% just

after the sudden stress drop.

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m=: Damaged (mode TZ)
m: Undamaged

Fig. 3.25 Microscopic damage distribution in B at macroscopic strain £, =1.29% just

after the sudden stress drop.

U ¥ TERIC BRI W ARSI A L TS, £, 5 ARTREEAHEO
BAWE AL, 2x2 48Rk L 0 & 27 U U FEERIZIEN > TWD Z ERbns.
INHDZ LR, HOT HOMEEREELSIEEZLebD LB LN,
7k, WAk, 2x2 fERkE LU 5 KRR AW AITE VR R S0
%, Q) TERLELYIC, @G> CTRIMICEANAERDOE— FBIORZED
LT INRR D00 LB HND. TRV T, 2x2 fEfkiC b~
T, 5SARKRFRITESNER LT <, fMERIZE 3.23(b) D & 5 Z2[ElA)8 i & 3
WEDHRENHD.
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m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m=: Damaged (mode TZ)
m: Undamaged

Fig. 3.26 Microscopic damage distribution in C at macroscopic strain £, =1.12%

just before the sudden stress drop.

PLEDRERM S, MEIETHERIT, VTR OMIEOSH AT TS, warp S0
TR THE (FS5L A= 5 v 7) BIRETSH L ZANLEETS. Z01E,
T— R ZLABRHR L 220 TE— F LG GRERED 2SR5, LoL, il
(& o> TEAVERRB N R D00, T— F ZL HEOXRMRFRK & 72D ZL A
W) 00 SIARINEALT 5. EORER, BAHIRBIRRREHE R ICE VI EEN S,
E72 20 £ 5 R HEBIILIATIIEC & % KIR[9,11,13] & EPERIIC —HH LT B 7,

62



KT FE T Z AR DD LB BNS.

-16.2 -8.1 0 8.1 16.2 MPa

Fig. 3.27 Distributions of microscopic stresso, at macroscopic strain £,
=0.5%; (a) in A, (b) in B and (c) in C.
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34 HWYMEESMHOBRGEREDICRITI ARMEDERTE

RIS NDHE

FRIEFRE DB B I TT & 1%, BHIE 2 BV L CHL S8 D BRI H 2 D K& ARIREAkIC
PRV, HEHESR S BIIE D CTE DOiFEWIT X o THIES ORI OFEMESR - REAHIT R
A BRETDIGNIOZ L ERT. 20X REBGREICNIX, EAEME OB %
BB LOMEICHEL RITTAREERDH Y, EEEIC UD MExL & LT,
ST 15 00 BAF% BE i 1 D kA REA ST T B )~ 0 52 B0 B G 3 AR R T O
BAb, AETERE~ORBNRPFHAE SN T X 72[116-120]. FTH REIZTB T 5
IS DEAIE, UDMICIRS THMEASM BBV TH LITLIERAET D b
FZUAN—RA7 w7 [911- 131K E#ET L LD TH DG, BRG]
DEBOHEL, WMWEASMEHICE T 2 EHRMEESCHMENBEEEREICH
WEBLERETZLENTHEINS., TOREBORAELITOA TV DN, Tk
BAMES, RoNT-HEICB W THEM ST &7=[19,53]. & Z TAHEITIL,
W EE B O RIGR I Z R AT 2 BFR B IG I 2 F2hi L, # otk, HEERENT %
Ehid 5. AIEIOMITRER & OBIC XV, HEERETEIC RIT T EGRREIRT) DR 2

L. RE, TR LOARERENIAE & FETH D72 0EIET 5.

341 MEEH

RTER & RS, MhMES T E-F 5 R dkiE /B = /L= A7 LD UD # & L -CRESE J7 i (4
ERRL, —J, BMIZt =L 2T L UTETMMRE Z 2 7. MEhEICBT
2 PR ERIS KO B IE, 333 EFERTHDH. £/= CTEIX, JEATHIFE[G3]IZ
KOSERISDEIICHE L. RBAETIE, WINOMEER G IRERFMEN 72
WbHo LT 5.
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Table 3.5 Coefficients of thermal expansion of fiber bundles and vinyl ester

(Uetsuji et al., 2007).

Fiber bundles .
) Vinyl ester
(E-glass-Vinyl ester)
Coefficient of a, 7.09x10°
Thermal o, 4.05x107 a 7.0x10°°
Expansion(CTE)[1/K] a, 4.05x107°

342 BTEH

ik, 2X2fEMd KOV RRFRAEAHEHIRT L, lIBROmENEREZ4E L, #
fEfE{L% 100°C 7> 6 =R 20°C £ TOEMI—FRIREZ L AT =-80°C % 5- % 7=. & DFE,
324 HTRLELDIS, MBOBMERZHFAL, BEHIIEN =025, %
D%y, w7 (weft J70) (2 EDOFMBOTHEEE, =10°s" %4 5%, 338 LA
BRI B Kl & CRENT A 4T o 7= BR B JIRAT & BIGHE RN T O W Tz N T,
3.3.4 HH L REDEE R KM 2R LT,

343 FRHTIEE (B CTE , DHE)

Pk, 2X2 kIS KOS AR TR G BN LT, A (B.18)IZ L » TEIEAE L7k
WIS B O CTE o 235 3.6 1T, £ 3.6 KV, mNHM (y,-y, FiE) 108
F %o 1%, EOMMEEIZBNTHIZERLUTHL. —FHT, mhHm (y, filsm)

BB ‘o 1F, MORAEE LN THRNTIE S 203 kS, Zhid, FRko

HARBE LN, MOFEARENVIZHERTIZ VU TRPREWI ENFRTEEEZEZLND.
WHER L MR CTE Z el L7ZBRIS, fHERDO T NILD TS, L7edi - T,
B EAMEHNTIREZN G 2 5N -BIE, BRI RESEBLE D &7 2508, )k
MRITHEVER LW, BIIEOERZRET2EEZ2 06N, 7 U U THEREK
TWGAIIE, EANFICHHER DM BIE L 2 < DD, HRESMEIOmES O
CTEDNMELS pol B2 BD.
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Table 3.6 Homogenized coefficients of thermal expansion of

plain / 2x2 twill / 5H satin-woven composites.

Plain 2x 2 twill 5H satin
Coefficientof | ‘a;, 2.54x107° | *ay, 2.53x107° | ‘e, 2.53x10°
thermal ‘a,, 2.54x107° | ‘a,, 2.53x107° | *a,, 2.53x107°
expansion[1/K] | ‘e, 7.27x107° | *a, 7.33%107° | *a,,  7.34x107°

344 FRITHER (MEMRKRBIL AT MDLEER)

F9°, K 32812, Tk, 2X2 R L OV AL TRE AN y, fil 5 1A AR L
BRGS0 o™ Zond. K3.28 KV, W oG ICR W T HRBIIRIZIXS R
NMFEALTEY, vy, 7 iR R TH 5 weft (Z1X-T0MPa & D [EHEI /123354 L T
WD ZERDND. THUE 343 HTIRATHER & #IIED CTE O X A~ v F 3 RA
ThreBExbND. WE, WEZAT OFFFITATH L0 G, BABITETRIITIL
ML ET D Ll weft 1, BIIRIZHy ®liFEICIEE A EER L. L
Do T, Weft I RE RIS NINFEAELTZEB LoD, ZHUTkEL, y, B7 Ak
WTHD warp 121F, SERISANEAEL TS, ZHu warp @y, 510 CTE TH
%oy WHEIIED CTE LRIUA—X—Th o=, BIELRSEOEEZRLIZLDEE
ZHID. TRBARTET OB ORI FREN S, y, #l05 mH AEVR
JEF153A5 o™ 1, ARAOBER RIS 10346 o™ Oy, dil T I ER Sy &y, T sy B N
NWEZTbDTH LI, KL TIIEKT 5.

WIZ, X 3.29 Ik, 2X2 fEfkF L OV 5 AR T-RAES RN D v, dih 7 M n Bk
RAIG 15540 ol 20747, X329 KV, ZOHALEEIC L AHEEREVNVIRON
97, warp & weft 2NE 72 o TV D A7 TSI WO EME I D3R L, 0 IS ikE R
IEAEETHIAR Y v F & Tl IRISNBEEL TNDLZ ERDND. 2O X957k
SIS AN I o =B & LTI, (IBETE & D70 <, WITHINE Y v F &
TR EDRKE N

~Y WA
ﬁL%:u

EMEZ BNDH[22].
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Fig. 3.28 Distributions of microscopic thermal residual stress o, in

(@ A, (b) Band (c) C.
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345 BTER (ERNEBGESHOLR)

FEARRZRBERENIC OV THERT 5. X 3.30 IBVERIS 1 &5 8 LT 56 Ok,
2x2 #Efk I L OV RAFE S B AR M ERRIS )-O0F % (2, -E,) BfR%
AT X330 KV, WTFNORMEDSLAIZE, EARMOT 4 E, 2 0.82%f1 i TH]
HHBRERRBELTND., 2D &b, Rk OE TP HIHREFE AR O AT 7 MG
NROTHICLHEVRELRITSRNEF R, THUTBERREIC N ZZE L 20 ol
335 HOMER (X 3.12) LFECEMTHD. L, #IHHEERAERFDE, BRI,
X 3.12 DA L LR T 0.04%BFEE /NS W ElbhoTz. #3711, BIEREIG1E25
&L= SE OVIBERAERICK T 2AMAGRIN N E OTHOEEE LD 5.

Z D%, B2 3.3.5 HOM R & [FERZ A THRENER LTV DY, A& mlran
DI SIFFELRE OIS IR T DAL, BUREIG 12 ZE L WA TREND
DML . RIS ORISR TR LT, BURRIS 2B B LW
Bty LRERIZ, BT ONT 2 IR e S RS b, ZAUSx LT, &G
IHMEIZIE S £ 0 BESRAEIT R O e o7-. K381, BUERINIZEE L2
B OERRICIE L EOTHOEEE LD 5.

| —— Plain

T
o i
2 L — 2x2Twill ydik
.= 100- —— 5H Satin -
&
& _
S 50 -
8 4
8 L
s
2 1 1 1 1 ] 1 1 1 1 ]

% 05 1

Macroscopic Strain E;41[%]

Fig. 3.30 Macroscopic stress-strain relations of plain / 2 X2 twill / 5H satin-woven GFRP

composites with thermal residual stress.
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Table 3.7 Macroscopic stress and macroscopic strain of plain / 2x2 twill / 5H

satin-woven GFRP composites at the initial damage with thermal residual stress.

Macroscopic Macroscopic

stress 2,,[MPa] | strain £,,[%]
Plain 107 0.84
2x 2 twill 108 0.82
5H Satin 108 0.81

Table 3.8 Macroscopic maximum stress and macroscopic fracture strain of plain / 2x2

twill / 5H satin-woven GFRP composites with thermal residual stress.

Macroscopic Macroscopic
maximum stress | fracture strain
Ell[MPa] Ell[%]
Plain 125.4 1.39
2x 2 twill 121.4 1.11
5H Satin 128.8 1.28

[ 3.31~3.33 X, KMk EEMEIOBIREIG ) 2 ZIE LTHE& O EMNIGI-0 7
AR E & BT, 33H TOMITHER LI THEE L T\ 5. [X3.31~333 % 7.5 &,
BURRIGC I OFEIZ LD, SRk, 2 X2 fEkd KOS AR HAE A B O R RIS B
ZNER, 14%, 1T%B LV 6% HLENELTWDLZ ERbsd. b0 LT, K
(ZENRREIG ) % B RS TR L7258 I ER M AR S D TRt b 5 =
CEBWRTOIND, BETREIMRETHD. i, BURRIEIBHE O A KIET
HEICEET D L, FOBE, HEVREBIRONLVE, 2x2EROSE, BUk
RIGHEEBET D L, BrOFHRPREICHED TS 2 ERNbnsd. £ 5 KEFHD
AT, BRISHEIZHD T2 00, BEOFRTHENT 5 2 Lnbns.

DI, MRMIRGEHER ST 2 15 2 & T, Lo BURRIS O HEIZ L -
THERHBEZRENC N A U RIS OWTERT 5.
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150

- - - - with thermal ’,-,‘T—.I 0
- residual stress o 14 12%
' —: without thermal P E

100'_ residual stress

50 ]

Macroscopic Stress 2};[MPa]

o o5 1 15
Macroscopic Strain E;1[%]

Fig. 3.31 Macroscopic stress-strain relations of plain-woven GFRP composite with /

without thermal residual stress.

= 150F T T T T TS
o L - - : with thermal Lot
= residual stress Lo ! Jt 15%
Dq: - —: without thermal s ]
r residual stress !
@ 100- '
9_.) r )
= |
N ]
L |
g 50- |
2 1
2 [ .
o L
© L
2 0 ! ! | | | | ! ! ! |
0 0.5 1

Macroscopic Strain E;,[%]
Fig. 3.32 Macroscopic stress-strain relations of 2 X 2 twill-woven GFRP composite

with / without thermal residual stress.

r—  ~  + T T T 1T T T ]

| - - : with thermal Lo 8 %
| residual stress et
| —: without thermal 2%

100  residual stress

50 ]

Macroscopic Stress 2;[MPa]

L L L L | L L L L
0 0.5 1
Macroscopic Strain E;;[%)]

Fig. 3.33 Macroscopic stress-strain relations of 5H satin-woven GFRP composite

with / without thermal residual stress.
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346 MEHTIER (MENBEERESHOLER)

AT, (DUIMERERENT (E,=05%8), (Q)WIIRER/ER, (3)E,=1.0%H,
(B)Fe KIE )% DB 72K TR, B)aIR 7RISR TRIZH T T, ZEREN O
BAMEHIRT LT, B EER S Z iR T 5.

(1) WIHHAEGRAERT (E,;=0.5%FF)

BURHIE N L A AR GEREES OB L HET 570, K 3.34~3.36 12
BERFE L T E, =0.5%FIC 31T 5 FIEAG MK A ~T . K 3.34 13 EkE A
ek, X 3.35 1% 2x2 fERREAME, X 3.36 1% 5 ARFRREAMEITHY, Th
UK LBVERIS 2 BB L BE OB T T, BURRIS 2 EE L7
Mo BGEORE B3O LI CHE WD, [X13.34~3.36 LY, AlE
REIC R AE L= R BRRRIE N Z L > C, FIEDHNZEL L TN D Z L Bbhb.
BUSRIS 2B R LTI SE 0 FAEIX, BE, RIS D67, BURRIG ) &
BRELDWEAIZHS 2 FIEEE. R, BVERIENEBE LI-5E 0 warp
SR, W OREEIZB VT, 5052 &K AR LN THIK I SO EE
ARLTWD., ZoOHIE, 344 HTELLILKL I, warp O T HAIZIESIHED
BRI DM N T LB EE 2 bND. — T warp & weft 25 ETFIZER
DR, BURBIENEEEB LIS AED FIEON, BUREIE1%5)E
LEWGAEXVELS 2T D. BB E LT, 2O OEATE 3.4.4 HIZBWT
B LB S MO RS SO AEERFT (X 3.29 ) (T3 L TR Y, A
THEHEICHW TV S Hoffman Il (X(3.1)) D 6 O ENA L2579,
FENNSL 2ol be&EZBNS.
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0 0.13 0.26 0.39 0.52

Fig. 3.34 Distributions of F value in A at macroscopic strain £;, =0.5%;

(a) with thermal residual stress and (b) without thermal residual stress.

0 0.13 0.26 0.39 0.52

Fig. 3.35 Distributions of F value in B at macroscopic strain £, =0.5%;

(a) with thermal residual stress and (b) without thermal residual stress.
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(2) PIHHREFE AR (V48 : £, =0.84%, 2x2 ik : E,,=0.82%, 5 ATk : E,,=0.81%)

3.37~3.39 ([ WIHIHE I LR OTHHRE oMM A 77, X 3.37 13 kE A
B, X1 3.38 3 2x2 fEREE AR, X1 3.39 13 5 AT REAMEI CH . [X]3.37
~339 £V, WINOEEEOLES THLEIEEIN I Z B8 LR WGE &[RRI,
PIHIHEEG L L CAMERBER THL warp I h TV ANR—2 7 T w7 (F—RT

Ys
Y,
Y1

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)
m: Undamaged

Fig. 3.37 Microscopic damage distribution in A

at macroscopic strain £, =0.84% with thermal residual stress.

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m=: Damaged (mode TZ)
m: Undamaged

Fig. 3.38 Microscopic damage distribution in B
at macroscopic strain £, =0.82% with thermal residual stress.
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(3)

Y1

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)
m: Undamaged

Fig. 3.39 Microscopic damage distribution in C

at macroscopic strain £;, =0.81% with thermal residual stress.
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Y3

Y,
Y1

m: Damaged (mode L)
: Damaged (mode Z)
m: Undamaged

: Damaged (mode T) : Damaged (mode LT)
: Damaged (mode ZL) m=: Damaged (mode TZ)

Fig. 3.40 Microscopic damage distribution in A at macroscopic strain £, =1.0% with

thermal residual stress.

m: Damaged (mode L)
: Damaged (mode Z)
m: Undamaged

: Damaged (mode T) : Damaged (mode LT)
: Damaged (mode ZL) m=: Damaged (mode TZ)

Fig. 3.41 Microscopic damage distribution in B at macroscopic strain £, =1.0% with

thermal residual stress.

m: Damaged (mode L)
: Damaged (mode Z)
m: Undamaged

: Damaged (mode T)
: Damaged (mode ZL) m: Damaged (mode TZ)

: Damaged (mode LT)

Fig. 3.42 Microscopic damage distribution in C at macroscopic strain £, =1.0% with

thermal residual stress.
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m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m=: Damaged (mode TZ)
m: Undamaged

Fig. 3.43 Microscopic damage distribution in A at macroscopic strain £;, =1.39% just

before the sudden stress drop with thermal residual stress.

W

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m=: Damaged (mode TZ)
m: Undamaged

Fig. 3.44 Microscopic damage distribution in B at macroscopic strain £;, =1.11% just before

the sudden stress drop with thermal residual stress.

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m=: Damaged (mode TZ)
m: Undamaged

Fig. 3.45 Microscopic damage distribution in C at macroscopic strain £;, =1.28% just

before the sudden stress drop with thermal residual stress.
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Y3
2
Y1
m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)

: Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)
m: Undamaged

Fig. 3.46 Microscopic damage distribution in A at macroscopic strain £;, =1.39%

just after the sudden stress drop with thermal residual stress.

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)
m: Undamaged

Fig. 3.47 Microscopic damage distributions in B at macroscopic strain £;, =1.11%

after the sudden stress drop with thermal residual stress.

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m=: Damaged (mode TZ)
m: Undamaged

Fig. 3.48 Microscopic damage distributions in C at macroscopic strain £,, =1.28%

after the sudden stress drop with thermal residual stress.
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Fig.3.49 Laminate misalignment of (a) plain-, (b) 2x2 twill- and (c) 5H satin-woven

composites where the red points respectively indicate the laminate misalignment

considered in this study.
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Fig.3.50 Macroscopic stress-strain relations of woven GFRP composites with laminate
misalignment; (a) plain (13 cases of misalignment), (b) 2x2 twill (21 cases of

misalignment) and (c) 5H satin (8 cases of misalignment).
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m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)
m: Undamaged

Fig. 3.51 Damage distribution in basic cell of plain-woven composites at final fracture at

(3174, 0) (maximum strength).

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) w=: Damaged (mode TZ)
m: Undamaged

Fig. 3.52 Damage distribution in basic cell of 2x2 twill-woven composites at final fracture

at (31/4, 31/8) (maximum strength).
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m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
: Damaged (mode Z) : Damaged (mode ZL) m=: Damaged (mode TZ)
m: Undamaged

Fig. 3.53 Damage distribution in basic cell of 5H satin-woven composites at final fracture

at (I, 0) (maximum strength).
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Fig. 4.2 Boundary facets of A';(a) 7,-7,,(b) I,-T5.
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Fig. 4.3 Periodicity in the M, -direction and point-symmetries with respect to the centers of
I,, Iy, I'y and I7,,and perturbed velocity field u* and unit normal vector n,

on each boundary facet.

Basic cell A’

.
“““
.

Matrix

Fig. 4.4 Plain-woven composite with nesting in the y, - y, plane and misaligned plain fabrics

in the y, direction. In the figure, a indicates the amount of misalignment.
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Fig. 4.5 Boundary facets of A’ with nesting and laminate misalignment;

(a) rl're’(b) r7'F12'

(@)
e~
(b) a
r.tlr. .
I, —t—{ | I,
} 1_' 9 F 10 :
-—/ =

Fig.4.6 Microstructure of plain-woven composite with nesting and laminate misalignment;
(a) in the cross section containing the centers of 77 and 77, (b) in the cross

section containing the centers of 77, and 7,
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FHRIOMETH Y, —RITHHERL A & X . =0, 15, 30, 45 Datli i % Hefi L
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50 Ny
¥ L
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j ://// gauge
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tabs 150 %
Yok
2 25

Fig. 4.7 Shape of specimens with dimensions in mm.
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EHMEEEH L. b ORER TR KO ESMEE RIS, vy, -y, FEICBW TR A
TAV T AL, BHERIKRERN 69% THHIEAL LA ZERL, T4 V8T ALY
v 7 BREMNTHBERSFI L (K4.9). ZEHREE, #Hiafuizin£hn 1,888, 2,329
ThV, ZIOIFEITHE & e TIEFITD R <A 5TV 5[97-99].

Mz T, M4101TR-TE9IE, AEEIET D Z & T, MfEFIRMA [ CHEARE L A
HIERR L7z, ZORIVIIHERDEF KL TH Y, SHERIATERIL 62% & A OFHER
BRI H/hE 0D, BRI O MR AR ITITE ERICEL TS, 2

IT 726, EHREALTIE, SR EEROVEGHEI 2 RBLIT 5 2 L 23
LNWZEZEWRLTWDS. LD - T, i TR ERELVET Y 70, HEgH)
EIAHE R AT O O MBI ICA I R FIETh D L 52 5. 23, EARELA
X, XAT 4 T ORBICL DB R D70 423 HTHEMT 5.
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Fig. 4.8 SEM images of plain-woven GFRP composite; (a) cross section parallel to the

(c) enlarged cross section.

warp-direction, (b) cross section parallel to the weft-direction

(b)

(a)
Fig. 4.9 Basic cell A'of plain-woven GFRP composite with nesting (1888 elements, 2329

nodes) with dimensions in mm; (a) full view, (b) fiber bundles (weft and warp) in A'.

)

(b

woven GFRP composite without nesting (1888 elements

2329

Fig. 4.10 Basic cell A of plain

nodes) with dimensions in mm; (a) full view, (b) fiber bundles (weft and warp) in A.
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WRHERIX, E-H T AMHE AR XTS5 — s b EA M B L, RS
BRMEIR S ROE L7z, Z OMBHERNT, MHERPNES ORI RN 72% L —ETH Y,
Z OHEBLTI D A FESITH D L WHED T, WEABEmICL Y FEH L, #HEIC
il L7z BE- 7 7 Afffeds L OV AR % O O eI T, £4.1LIRTH8Y THDH. £7-,
FRME SR PR OIIHERRRIT, X1 4.8(c)D X O ITHkMERINER A SEM Bl T 5 Z L2k -
TROTZ. 4.8(c) L U FLESAIRAE L B IC AR LTV D Z D, fRHERLY OIE ©
BHTHHEEZOND., —F, TRFUVITHEFHRBEERERE L, LT O
RUZHEI bOE LT

(o} S
gﬂl+vmd"—zidh5~+gé§[ & } i (4.1)

ZIT, E, v BECNIEIMEIERTH Y, g(2° )12 e ITRKAF T AL TH D
AT, HEUOBALRERTH 5 Voce Bl & AV 72[81, 95]. £7z, 3L U, 11%
NENBROTHAEES LORAELNEEL, o0,=[(3/2)s;s;] X3 —LRDHY
IS THD. ARETH, HERBLIOZAR T INIBEE LR & L, fHEERR R X
OWRHEIR, = AR5 SR O FBESPEERITIBR LN b D LT 5.
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TRV OBPEERR L ON@AL) OB 2 ED 5721, RigD ZHS>OUVT 7
HHEL107° 3 L N0 I BV T I L 7= ik GFRP AR ELD 0 =45 ° FiB i 0=
IREBREE T (298K) 12351 2 B 3RER D 15 b L ERIG - O BB A A L 7.
0=45° FHRBR A OfERE AW ZEHIE, ZOH RO TR S o O,
N —FXEANZ /2D Z ERMBINTNDEMNETHDH[86, 91]. FAE/L A ZHWT,
(2.26) HAGF LN LIS N-OFT HEARNRERFERICTE LT EI<ED Lo, Eid
DIRTA=BHT 4T AT LI RE LTNRTA—=F 2R ALIRT. £72K 411
KV, TNHDNRT A—=FPHTHRER & ERERO BRI —H a2 b7 b6 LTnH 2 &
NHOID.

BB, ERT 4T AT OO FE N LB RRBRIZE VT, BN CRIEES
BEEEDFEA L CWEIGAITIE, 74 v T A T HIEORE b, RE LT A—HIC
HEECEBROEBNE END B ON, fiFE L THBENICRHIBESCEROMEL S
BLTWAHZEERoTWHEEZLND. FLEARFHILTIE, &EMEE DL X

Table 4.1 Material constants.

E-glass E, =80.0x10° v, =0.22
E,=35x10° v, =035 & =1.0x10"
n=30 g(g")=19-18xexp(-190x&")

Epoxy

MPa (stress), mm/mm (strain), s (time)

0 =45° 7

(SN

o

o
T

(o]
o
— T

SN
(@)
T

Macroscopic stress 2, [MPa]
()]
=

i a E,=107s"
20 o EH =10"s"
I Simulated
L L L L | L L L L | L L L L
0 0.5 1 1.5

Macroscopic strain E, [%]

Fig. 4.11 Macroscopic stress-strain relations of plain-woven GFRP composite with

nesting at 6 = 45° at constant rates of 10° and 107°s ™.
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426 FEITHER (BERNE-EEEE)
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726=0, 15, 30, 45, 90°IZ351F D BRI SI-OFT HRER TH 5. B OfFHTHE S & 52
BRAS R, TNENEREAHEEOMNIZTRIE LTS, K412 Lo, BEFRMETI-
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Fig. 4.12 Macroscopic stress-strain relations of plain-woven GFRP composite with nesting at

0=0, 15, 30, 45 and 90° at E,=1.0x10°s".
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Fig. 4.13 Macroscopic stress-strain relations of plain-woven GFRP composite with / without

nesting at E,=1.0x10"°s™; (a) 6=0°, (b)@=45°.
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BTETWLEOTHD. MBHEENELIZONT, FAT 4 VT ORWERICE
WTHIB-OTHBEMRICEVRE L, RIS RAT 0 7087, BT
HLARWEADOMENG N —FIEL feoTz. —J5, FAT 4 I RBHAEE, KiErtsE
WIZBWT—FBWVIE LV E RS> TS, 22T, FAT 4 VT OFEIZL D
LI DEIZIERT S E, OTHAPEIDICONTEDELRELL Lo TNE,
€W45% BILXRAT 4 TRHLBELARART 4 7B IOEETRA RN
DWENETIDZET 21%IT 72 5 T2. ZNDDFERND, XAT 4 > 7 OB
PEFEIRIC B W T L VBHETH DL L E 4D, ZOHBIZHOWTIIRIATIERS.

WIZ, X 4.130)2FB1T 5 0=45° DFERE L THD &, ¥ 4.13(a) & Rk 23 &
DI ENDNDL., FAT 4 YT PIRWGEOBMERIMETIZE A EFRUT, BERRD
— T, RAT 4 TR L5EOMWERIMET, 20GEEITHAST 4% SN &R
DPNDL. LDLRBED, E,w=15%CBITLRAT 4 7 OFEIZ X LENISTIO
721X, METNRNH 55613 11%, BETNRRWIEEIT 7% THY, i oI35k
FIMEDZEL D H/hEW. L7z -> T, 0=45° DAGPIREEICB W TY, X AT 4 7%
BAMEIORIROREPMEREEB ZRELFDL L E2RB LTS, ZOZEIZONTH
WHEIZB W T 5.

427 FEITHR (MIRRE-HEEEE)

Jeilk O -fk GFRP A EL O ERAIZEEN KT TR AT 4 7V OB h i 21
DIZ, AR MTEIT DMENFEENCER T 5. 1ZUOIC, M4141CE, . =1.0%I2F
F B EARE L OEBRB L ORI — B RS AR %73, MR OEBRITER
L0 fFICIER LT D, R AT 4 V7B XOERE TR 2GS, K 4140 LY,
BAEICFERE A (y, 851 ICERREE THhDZERNbas. ZOMEE, weft
HRAER O U LIS LTWAH[91, 93] 2D Z &A% warp D LB S 1084
MELORBEZREZ L7205 L, fRE LT, KA13@TALNEE IS, FAT 1~
IR IOBEBTNNRWEGERIC, —FIROCEHRICIDBER LT EEZX NS, R
NS, RAT 4 T RATHHEE (X 4.14@1), BLIORAT 4 o 70k, #EEd

101



nNEHT L2546 (K4.14 (b)) ITBWTE, SEOMEEHFR~OERFEITR R0,
ZhUE, BEEET DA OBV A/ ERORETH L EEXOND. BRELT, X
AT 4T HDHGHEICBNTIE, FAT 4 7 BLOBEB TR RNGEITH AT,
FFIZ warp fRHERICD 2 D WIS TIDREE D Z LN TEX D, RAT 4TI 0nbD
GAIZ RIS &L 5 mE, BETHLEAT 258ICHAT, B oikdm o
HHREDSEV D TH D, 2O X ) RENZERDS, X 4.13(a) T LI ERIZEE 2 6
o llzeéBZxohnd.

BRI, X415 (2 E, . =1.0% TP 0 =45°\23551F % AR /v L oA R WSS
A TT. 415 ORI MADKE S, Job 0l Thh. XAT AV I
H8%6 (K 4.15@) 1%, 72WiEE (3 4.15(b), (€) (TEETH ST E WA RCE AW
JIENIBFEAELTNWDZ ERNbod. 2, BET 2 Rk OfHe d i o B i
CLICERLTREY, ZORWRINRTRY CORBEERE LZOT D EEZD
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L. SEEENREE,,
J i = =

I—) Loading

direction I ]

Nesting and
misalignment direction

Fig. 4.14 Deformed shapes of a cross-section on PP’ of the basic cell and the distributions of
Mises equivalent stressat 6 =0° (E,_,.=1.0%, displacementx 10); (a) with
nesting, (b) without nesting and with misalignment, and (c) without nesting and

misalignment.

103



(@) HHEH
i T
g A
il
Pl B
| [
Y A
CHAARNLL S
(b) 1 e
I | ] L
LR [ W
I FPEK
]
1 1 Il 1 1
RN [
T !
1
| I I
| I — |
e e B 1 A
© PR
e e T
] e
- I
W [ 1 2
] -
‘* 1
j:,, =IF[F[*
Y2 I Y A N

I 3 Loading
Vs h direction CX

I s = -
0 5 10 -,
MPa

E M
Q Nesting and
misalignment direction

Fig. 4.15 Distributions of resultant shear stress \/o% +cZ on the upper boundary facets of
the basic cell at & =45° (E,_,.=1.0%); (a) nesting, (b) no-nesting with

misalignment, (¢) no-nesting without misalignment.
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(a) {J(Mwww{}%w

200000C,
264564 9%

o

E,=10"s"

Fig. 4.16 Schematic diagrams of loading conditions; (a) uniaxial tensile loading,

(b) biaxial loading for [0°/90° ], (¢) biaxial loading for [ =45°].

Table 4.2 Loading conditions of biaxial loading for [0°/90° ] and [ =45°].

E@ E0+7r/2 E& E0+fr/2
Type of [0°/90°] [+45°]
composite
1 —0.1 1 -0.5,-0.4,---,-0.1
Strain rate 1 0,0.1,---,1.0 1 0,0.1,---,1.0
[107s] -0.1 1 -0.5,-0.4,---,—0.1 1
0,0.1,---,1.0 1 0,0.1,---,1.0 1

Fig. 4.17 Laminate misalignment of plain-woven composite with nesting;

(a) a =0, (b) I3, (c) I/4, (d) 31/8 and (e) /2.
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R (y, ) ICEB LT WZ SIGER L TERY, MEEEEE2 L vsl&k
Y. ZOME, ERAIGHIIEETHOOHAL YV BIETFTLAEEEZOND. B
4.19() & (b) £ v, HARRIFR YIS DRI b RRIE T A2 DTN S N Z &3
5. DN TK 420(@) & ()P L v, FEE T4 0 X 0 bFEE T 12 D5E D553,
BRI N HEVER L TN ERbnd. BETH 12 O5h, ARG TH
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AZITZD LD B bITEZ I WG, BEREN NS RolztBZB2bN5.

107



= [ Misalighmen{ a=0 ' ] = ‘ ‘ 44 570
E 300 Misalignment //8 } 10[%] £ 80- S 3%]
= [— Misalignment /4 ] = s
A I—— Misalignment 3 //8 W 6ol
2 Misalignment //2 ]
£ 200- - 0
% y % 401 / — Misalignment a = 07
B A L Misalignment /8
3 100r . S a2l / —— Misalignment /4 |
e ' o — Misalignment 3 //8
3 8 r Misalignment /2 ]
z ) = S S S S — 2 [ R ——
0 0.5 1 1.5 0 0.5 1 1.5
Macroscopic Strain £y [%] Macroscopic Strain Ey[%)]
(a) (b)

Fig. 4.18 Macroscopic stress-strain relations of plain-woven GFRP composites with nesting

and 5 cases of laminate misalignment at (a) @ =0°, (b) 8 =45°.

(a) (b)

g9

V3
L
V1

Fig. 4.19 Deformed shapes of the basic cell and the distributions of Mises equivalent stress at

858

0=0° (E, ,.=1.0%, displacement X 10, unit: MPa); (a) Misalignment a = 0, (b)

Misalignment a = /2.

Fig. 4.20 Deformed shapes of the basic cell and the distributions of Mises equivalent stress at
0=45° (E,_,-=1.0%, displacement X 10, unit: MPa); (a) Misalignment a = 0, (b)

Misalignment a = 1/2.
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Fig. 4.21 Macroscopic initial yielding surfaces in the vy, -y, plane of plain-woven
GFRP composites with nesting and 5 cases of laminate misalignment;

(a) [0°/90°7, (b) [£45°].
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Fig. 4.22 Deformed shapes of the basic cell and the distributions of Mises equivalent stress

Macroscopic Stress ratio 2, / 2™,

under equibiaxial tensile loading ( E,_,. and E,_s,-=1.0%, displacementX 10, unit:

MPa); (a) Misalignment a = 0, (b) Misalignment a = I/2.
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Fig. 4.23 Macroscopic normalized initi

Macroscopic Stress ratio %, / 2™,
(b)

al yielding surfaces in the vy, -y, plane of

plain-woven GFRP composites with nesting and 5 cases of laminate

misalignment; (a) [0°/90°], (b) [=45°].
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Fig. 4.24 Macro/meso/micro-scale model of woven composites and outline of triple-scale

thermo-elasto-viscoplastic analysis method.
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Table 4.3 Woven composites for experiment and analysis.
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Fig. 4.25 Microscope image of (ii) plain-woven CFRP composite.

Fig. 4.26 Microscope image of (iii) 2 X 2 twill-woven CFRP composite.

(b)

Fig. 4.27 SEM images of (iv) plain-woven GFRP composite; (a) cross section parallel to the

warp-direction, (b) cross section parallel to the weft-direction.
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Fig. 4.28 Basic cell A’ and semiunitcell Y of (i) plain-woven GFRP composite and its

laminate misalignment.
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Fig. 4.29 Basic cell A and semiunitcell Y of (ii) plain-woven CFRP composite and its

laminate misalignment.
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454 BREFHBIVERSEH

BEGRIEE LT, X =X FHERWNICB W T X, i s o5 00, 15°, 30°, 45°, (90°)
Table 4.4 Material constants of glass fiber and epoxy in (i) plain-woven GFRP composite.

Glass fiber E, =80.0x10° v, =0.22
E,=35x10° v, =035 & =1.0x10"

n=31 g(z")=100.0(z")** +25.0
MPa (stress), mm/mm (strain), s (time)

Epoxyl

Table 4.5 Material constants of carbon fiber and epoxy in (ii) plain- and

(iii) 2 X2 twill-woven CFRP composites.

E, =235.0x10° E. =35.0x10° G, =14.0x10°
7 =020 v =040
E,=35x10° v, =03 & =1.0x107
n=35 g(g")=142.0(")"* +24.0
MPa (stress), mm/mm (strain), s (time)

Carbon fiber

Epoxy2

Table 4.6 Material constants of glass fiber and epoxy in (iv) plain-woven GFRP composite.

Glass fiber E, =80.0x10° v, =0.22
E,=4.0x10° v, =035 & =1.0x10"

n=30 g(g")=170.0(")***+6.0
MPa (stress), mm/mm (strain), s (time)

Epoxy3
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Fig. 4.32 Macroscopic stress-strain relations of (i) plain-woven GFRP composite at

0=0, 15, 30, 45 and 90° at °%,=1.0x107°s".
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Fig. 4.33 Distributions of mesoscopic equivalent viscoplastic strain of (i) plain-woven

GFRP composite at °c, =1.5% (6= 0°); (a) whole view and (b) fiber bundles

in A’.
e

(1)

.
0.0 0.03 0.075

Fig. 4.34 Distributions of microscopic equivalent viscoplastic strain of (i) plain-woven

GFRP composite at %¢, =1.5% (6= 0°) at the point (1), (2) and (3) in Fig.
4.33(b).
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Fig. 4.35 Distributions of mesoscopic equivalent viscoplastic strain of (i) plain-woven

GFRP composite at °c, =1.5% (6= 45°); (a) whole view and (b) fiber bundles

2) (3) iié[
. | .

0.0 0.03 0.075

in A,

(1)

Fig. 4.36 Distributions of microscopic equivalent viscoplastic strain of (i) plain-woven
GFRP composite at °s, =1.5% (6= 45°) at the point (1), (2) and (3) in Fig.
4.35(b).
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Fig. 4.37 Macroscopic stress-strain relations of (ii) plain-woven CFRP composite at

0=0, 15, 30 and 45°at°,=1.0x10"° s,

0.015

Fig. 4.38 Distributions of mesoscopic equivalent viscoplastic strain of (ii) plain-woven
CFRP composite at °c, =1.5% (6= 45°); (a) whole view and (b) fiber bundles
in A’
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Fig. 4.39 Macroscopic stress-strain relations of 2x2 twill-woven CFRP composite (iii) at

0 =0, 15, 30 and 45°at°s,=1.0x107" s,
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Fig. 4.40 Macroscopic stress-strain relations of plain-woven GFRP composite (iv) at

0 =0, 15, 30 and 45°at°,=1.0x10"°s™".
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Fig. 4.41 Distribution of mesoscopic equivalent viscoplastic strain of (iv) plain-woven
GFRP composite at °¢, =1.5% (6= 0°); (a) whole view and (b) fiber bundles
in A’

Fig. 4.42 Distribution of mesoscopic equivalent viscoplastic strain of (iv) plain-woven

GFRP composite at °s, =1.5% (6= 45°); (a) whole view and (b) fiber bundles
in A’
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Fig. 5.1 Specimens of plain-woven E-glass fiber/epoxy composite; (a) thickness direction, (b)
short waviness direction and (c) long waviness direction, and the shape of three

specimens with dimensions in mm.
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Fig. 5.2 Thermal dilatometer (DIL402C, NETZSCH) and inside of specimen sample chamber.
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Fig. 5.3 Macroscopic thermal history; (a) input data and (b) actual thermal history.
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Fig. 5.4 Basic cell A’ and semiunitcell Y of (i) plain-woven GFRP composite.

Table 5.1 Material properties.

E-Glass E, =80.0x10° v, =022 o, =4.9

E, =(-0.011xT +6.753)x10° v, =035 «, =0.44xT -54.8 &P =1.0x10"
g(£°) = (-0.636xT +289.7)(g ") %7092 _( 327 xT +122.95 n=-0.363xT +139.4
MPa (stress), mm/mm (strain), x10°°/°C (coefficient of thermal expansion), s (time), K(temperature)

Epoxy
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Fig. 5.5 Macroscopic strain-time relations of plain-woven GFRP composite; (a) whole view and (b)

enlarged view at the area where the maximum peak strains occurred.
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Fig. 5.6 CTE® e, ‘o -temperature relations of plain-woven GFRP composite

in the process of (a) heating period and (b) cooling period.
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Fig. 5.7 Mesoscopic thermal residual equivalent stress distribution at T =301 K;

(a) whole view and (b) fiber bundles in A”.

Fig. 5.8 Mesoscopic thermal residual equivalent viscoplastic strain distributionat T =301 K.

(a) whole view and (b) fiber bundles in A”.

M @ 6

Fig. 5.9 Cross-section of basic cell A’ of (i) plain-woven GFRP composite

and its stress concentration.

142



y 48 ~ 15
1 ) o8 )
’l,”ﬂ _— l
y3 ;" g 5
-
L MPa

Fig. 5.10 Microscopic thermal residual equivalent stress distributions at T =301 K

at the point (1), (2) and (3) in Fig. 5.7(b).
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Fig. 5.11 Macroscopic strain 0533 -time relations of plain-woven GFRP composite.
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Fig. 5.12 Mesoscopic thermal residual equivalent stress distribution at 8 h in Fig. 5.11;

(a) whole view and (b) fiber bundles in A”.

RV E O REN BN D AR N H D720, EENLETHS.

563 ERTOESLDEMNEREFTHETIE, TOR 240VEELTLELEIV
NNEEATRELIEE

PRI DIREZEAGIZ K o THRAE LI BUREIS 1B L OOT 20, IREZ b L U4
NuEGEZ TR LIEGEICED LI IZET 20FET 572012, 5.2 HilckiT 5%
R CORmERE (T = 3535K) 22H=R (T =299K) £ CTIREZ FIF T, £0D% 24h
TRFFI D MRMT 2 T2 L 7=, 7e o AR & DBHIE O — IR AV 72 L IRF#T 202 &, PrdpiRe ] 2 24h
ERRE LT

144



FT, IRERT £ COEBOEHZMHET 5. }5.131%, BE M~ 7 n 03 7',
SREBFRTH S, K513 E D, ERBERIIHENEE L EEZLND. K
514 1%, =|IRT =299 KIZE LZBRDO A VBUREMLIC oM TdHD. K514 LV,
FEHTRE A, x 38 KO, 7 ke S R A 3 2 BB IG IR & < =0
CTWAETHD. UL, EREARNEOMHERORESBLOZ U v TOEA IR
22570, MHERIZHAET D EMIG NS EZRE TN D TH 5.

Wi, IEEREREOXE 2 MR T 5. X 5.15 1%, AT CORE G~ 7 1Ok
O, IRERIBMR Td U, BB TR RFFBRAG A% t=0h & LC, 1 Z&ic7my b L

Macroscopic stainog33 [%]

353 343 333 323 313 303
Macroscopic Temperature[K]

Fig. 5.13 Macroscopic strain’c,, - temperature relations of plain-woven GFRP composite.

Fig. 5.14 Mesoscopic thermal residual equivalent stress distributions at T =299 Kin Fig. 5.13;

(a) whole view and (b) fiber bundles in A’.
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Fig. 5.15 Macroscopic strain °c,, -time relations of plain-woven GFRP composite.
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Fig. 5.16 Mesoscopic thermal residual equivalent stress distributions at 24 h in Fig. 5.15;

(a) whole view and (b) fiber bundles in A”.
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Fig. 5.17 Distributions of mesoscopic thermal residual stress 'c,, at

(@ 0 hand (b)24 h in Fig. 5.15.
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Fig. A.1 Two kinds of rectangular coordinate systems;

(a) global coordinates and (b) local coordinates.
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Table A.1 Material constants of fiber bundles and epoxy

(Soden et al., 1998 and Kaddour et al., 2012, partially corrected).

Fiber bundles
Epoxy
(E-glass-Epoxy)
E, 58.60
Young's modulus
[GPa] E, 18.36 E 3.50
E, 18.38
G,, 6.786
Shear modulus
(GPa] G, 6.618 G 1.29
G, 6.618
vy, 0.352
Poisson's ratio v, 0.249 v 0.350
v, 0.249
. F' 1536"

Tensile strength A “ ¢ .
[MPa] F,' 480 F' 80.0
F' 480"

) F° 960.0™
Compressive strength . " . "
(MPa] F° 174.0 F¢ 120.0

F° 174.0"

F,° 60.0"
Shear strength ; “ ] "
[MPa] F,° 876 F* 54.0

F,” 876"
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Fig. A.2 Macroscopic stress-strain relations of plain -woven GFRP composite (i)
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ZORED FESAR (X A4d) ICHEBLTHDE, warp b b A A, K A4
oD 1 C [ Ao A 72 £ T O AR SO s 7 TR REME AR (weft) IC b B WVES R B 5.
X, FAT A TICKDINNERICLDIbDEEZLND.

B A5 L, QFFDOMHENBE S MXTHY, RO A4 TO FEDEW
warp KR AT 4 U THICENENBENEAE L., EEITANEE, 3 ETR
RIZBEEET—RFTHDHE— FZLEE R LI, weft ITF— N L 815 (RHEA )
MELELTHNDEZLETHD.

X A6 X, QFOMBEMBENAKTHY, E—FLEGIERLELET
TEZ2R <, B weft fnfiicE— F ZHESREEL, BRI HBEENIR
ALTWD., ZhIZXY, AR NERTAEELEZZoND. MATE
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m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
:Damaged (mode Z) : Damaged (mode ZL) m: Damaged (mode TZ)
m: Undamaged

Fig. A.3 Microscopic damage distributions in A’at macroscopic strain £,,=0.5%.

Fig. A.4 F distributions in A’at macroscopic strain £, =0.5%.

m: Damaged (mode L) : Damaged (mode T) : Damaged (mode LT)
:Damaged (mode Z) : Damaged (mode ZL) m=: Damaged (mode TZ)
m: Undamaged

Fig. A.5 Microscopic damage distributions in A’ just before first stress drop.
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m: Damaged (mode L)
:Damaged (mode Z)
m: Undamaged

m: Damaged (mode T) : Damaged (mode LT)
: Damaged (mode ZL) m: Damaged (mode TZ)

Fig. A.6 Microscopic damage distributions in A’ just after first stress drop.

m: Damaged (mode L)
:Damaged (mode Z)
m: Undamaged

m: Damaged (mode T) : Damaged (mode LT)
: Damaged (mode ZL) m: Damaged (mode TZ)

Fig. A.7 Microscopic damage distributions in A’ just after second stress drop.

m: Damaged (mode L)
:Damaged (mode Z)
m: Undamaged

m: Damaged (mode T) : Damaged (mode LT)
: Damaged (mode ZL) m=: Damaged (mode TZ)

Fig. A.8 Microscopic damage distributions in A’ at macroscopic strain £,,=2.0%.
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A35 FLEHELUEE

ABBHBIWNAZATHEZEE R D &, TICBVWTHHET &R E LTI
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THE[16], 2X2 #E##%[130]4 K O 5 AR F#ik [1311NT e L C i 4 FH i v 2 v 7z
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