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Jun WATANABE

Abstract

Carbon fiber reinforced plastic (CFRP) composites exhibit high tensile strength and high
tensile modulus as well as lightweight property, compared with other materials. Accordingly,
the application of the CFRP composites has expanded dramatically for sporting goods,
aerospace and industrials so far. In recent years, as the worldwide interest of global
environmental problems, the improvement of fuel efficiency for airplanes is greatly required
because of the future expanding demand. Therefore, the application expansion of the CFRP
composites is expected because of its large influence and economic efficiency which are given
to the environment. In airplanes, the characteristic on the fiber axis direction of the CFRP
composites is important because that is linking directly to a weight saving, and it is required to
understand especially the tensile strength of unidirectional CFRP composites. The purpose of
this thesis is to acquire the design criteria for fibers, matrix resins and their interface in order
to enhance the tensile strength of the CFRP composites, due to make the proposal about the
accurate prediction model of the tensile strength of the unidirectional CFRP composites.

The first chapter is the introduction of this thesis describing the background and purpose of
this thesis through the review of previous researches about the tensile strength distribution of
carbon fibers and the strength prediction of the CFRP composites.

The second chapter describes the tensile strength distribution of PAN-based carbon fibers, as
knowing that is one of the factors controlling tensile strength of CFRP composites. First, we
determined the tensile strength distribution of carbon fibers with different gauge lengths using
both the single fiber tensile test (SFT test) and single fiber composite four point bending test
(SFC test). Next, the strength distribution for long gauge lengths was determined by
conducting the SFT test with gauge lengths of 10, 25 and 50mm. Then, we explored the
strength distribution for short gauge lengths through the SFC test to determine the Weibull
parameters by fitting of the experimental date using the elastoplastic shear-lag model. The
bimodal Weibull distribution model was employed in order to describe the experimentally
obtained data for fibers with a wide range of gauge lengths. It is found that the value of the
bimodal Weibull shape parameter for short gauge lengths was higher than that for long gauge
lengths. This indicates that the tensile strength of carbon fibers is governed by two different
flaw populations and that strength-limiting small flaws are more prevalent at short gauge
lengths. The tensile strength for shorter gauge lengths is revealed to be lower than predicted by
the conventional unimodal Weibull distribution model. These results indicated that the tensile
strength of carbon fibers, which are high strength PAN-based carbon fibers, could be improved
by up to 14 GPa by reducing the flaws in the fibers.

The third chapter describes a simulation method for predicting tensile strength of the
unidirectional PAN-based carbon fiber-reinforced epoxy matrix composites which are prepared
by impregnating the carbon fibers with alicyclic epoxy resin type. We simulated the tensile
strengths of the composites using a spring element model (SEM) and size scaling technique.
The SEM consists of longitudinal and transverse elements in a three-dimensional hexagonal
arrangement. The longitudinal spring element represents the fibers, while the transverse shear
element represents the matrix. The simulated model was composed 1024 fibers, and the
simulation was performed under displacement control. The tensile strengths predicted with the
SEM are compared with the experimentally-obtained data to demonstrate the potential of the



SEM. It is demonstrated that the tensile strengths predicted with the SEM on the basis of the
bimodal Weibull distribution, which were determined at the second chapter, were reasonably
consistent with those acquired by resin-impregnated strand tensile tests, compared with the
prediction on the basis of the conventional unimodal Weibull distribution. We then also showed
that the improvement in the tensile strength distribution of carbon fibers for the short gauge
length is needed as well as the tensile strength distribution for the long gauge length to
enhance the tensile strength of the composites.

The fourth chapter describes the fiber breakage behavior of the unidirectional PAN-based
carbon fiber-reinforced epoxy matrix composites which was estimated by taking into account
the stress concentration in the adjacent fibers, which results from the matrix crack around fiber
breakages. Analysis of the breakage behavior of the adjacent fiber in double-fibers
fragmentation tests showed that simulation using the SEM, by taking into account the stress
concentration on the fiber surface, corresponds well with the experimental results. In addition
to introducing the stress concentration factor, it is essential to employ the bimodal Weibull
distribution, which is narrow strength distribution in high strength region in order to explain
the experimental behavior of the double-fibers fragmentation tests. Furthermore, the predicted
tensile strength for the unidirectional PAN-based carbon fiber-reinforced epoxy matrix
composites using the SEM are in reasonably agreement with the experimental results after
taking into account the stress concentration on the adjacent fibers. This suggests that there is
considerable scope for improving the tensile strength of composites by suppressing the stress
concentration on the fiber surface.

The fifth chapter summarizes the concluding remarks. This study provides important
implications for understanding the tensile strength distribution of PAN-based carbon fibers and
the tensile strength prediction of the CFRP composites. We believe that this study provides the
design criteria for materials development in order to enhance the tensile strength of the CFRP
composites. The results of this investigation will contribute to reduce energy consumption by
the adoption of novel materials which we expect to develop in the future.
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Table 1-1 Production capacity of carbon fiber.

Production capacity Share

ton/year %
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Toho Tenax 13,900 139
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Formosa Plastics Group 8,750 8.8
Hexcel 7,200 7.2
Others 19,200 19.3
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Fig. 1-7 Weibull plots at different gauge lengths and Ln characteristic strength versus

Ln length showing parabolic fit to data *?.

W B R D EBAETDHDEREL T, ENORBEAELTHEET LI EEDET L
FLTC AV AZETNVECESSEZEET - RIS TANMARRES TN D 3,
BEOBK BERNGFET D EEOZTNZ N O 3 2% 5546 B8 s X (1-4)
TRINLDOT, 2RO MEE FIZA(A-5)TREIND,

Fi<a>1_exp{—ﬂ§m]m} (1-4)

1- F(o) = i{l— F.(o)! (1-5)

T MERNIEETFET I IEZSZAONIPEHERZ VWS SDLEET D L
fRAT SN & 72 D720 W BRI N 2 fEHD & & 25 2 5 & A (1-5)1F A (1-6) T
IN5,

1-F(0)={-R(@)fL-F, (o)} (1-6)
5T, Fi(o)& Fulo) D VA TNVRERMEZNEN oo & o VA T VBIRE
BAa m & m&TsE, RA-6)IFTXRA-D)E 0 RA-NDNICFRTEE T A TV 5
(Bimodal Weibull distribution) T% X1 %,

my m;
F(a)l—exp{—%[ai) _LL(JLJ } (1-7)

AT U728 — U A 7V 00 A0 TRl B T & 72 W i 38 il e B A HE 98 B2 0 A o iR B K
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FEPEIZ DWW T, HE T A 7oA 2 ARE L C B HE TR B A0 2 HE & L 72 iF 28 6 1%
£ DN WTFRLERBREZAATI2LDICHEETA TV RNT A =4 %
T4y T AT RTA—=F L LTHITLTEY ., ERICHERE#EBICE VY T K
DR WT BEIR 2 B LS L 7= B 22 0,

Flo, B Z LT RO mREA RS B2 s & RE L., Bili#ERF T m
DR FE AT & HHER OBRE NS AT 2 B 2 1B 2 T AR Y A 7 T T L (Weibull of
Weibulls) b 2R S TH Y . 2000 42 Curtin 5 D 1Tk > THRE S, ME
Andersons & Nz Lo TIEH SN TS, £, BT L ICRKRE L2 b 2 5%
MEEAICB VT, LB O | OmWR SR P ARA-8)ICHS L HET S,

P =1- exp{—%(ij } (1-8)
Oy

ZIT, PRUATARREE., o3 R E Lolck i DM i 0 U A T RE
B¥ThHD, ST, BEWMEO T A TAVREF Koy bE 2T A TANMHITH D &
T5E, VAT AVRERBMITIN(AL-YTEREN D,

F(a('))_l—exp{—(g:é’j } (1-9)
Oy

22T, Flo)d&Mieo v A4 7 REBEICHT HEHER, m 13205
BIIDTATARREE LD RCIC o iV A TVRERBKTHD, DE 0, Hiki
BFHMOBREZMDILNBY (Fp)id—ETH DN, FHMHEDO D 1 7V RE R
DEHLHOEEFZE L TREBBEMERLZEMBEEDOETEZATLL DO THL, 2D &
AT B FMAME R HE TR E DA OB EREEZRA T 2200w 20U AT
MO BREINTVD L ODORERITHE LN TR,

i FARAME O AR HETR BE1E . Fig. 1-8 IZR T R O IC, @MY T I HHE 2 g
AICHEEZATV, #8827 T LRBRBICEET 2 2 L CHEMEICH B EL AN T
HZLTRODL, TRDLL, EEEEICH BRGSO TR L
MbsZ iz, REECHLTZ Z 0 TEHOORBRRKEL 25HRAEHKO
FEMICEB WTIEBET 2L ENH 5, Phoenix 45)@\ Kelly-Tyson % o i 77 [0l 18
ZAGE L CHEEHEBEOBBMERE~ORE(Z 70 7R RABEL Y KE 1 mm
IZFB W T B MESR E Y 10~20%IK F9 5 & &G LT\ 5, £7z. Stoner 5 *°
R Padgett'” H ik RE IR LR WEEBEKOEEEL U 4 754 ICEE L TR
Wr&a4T>TWn5b, 8512, Pavia & NI v F % R FE ML PAN &R FE i &
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B & Tp R FEMEIC K L CHEEEI O B A ZE LT &2 17 Moran® 5 11

TUTEHSORBEERFRMEORBAUEEZEZD L THRFZITo TS, Zh

b OMREMN 22 5 | K 5~10 mm & B £ T i3 [ E fH ik O Bk ME R~ D 8B 1T & <
ITNEVBVERRERDEI TV THPORBEEZERERT XS THLLLTND,

I DOELZITKESW T, I Tanaka Hix. PAN % bk F ik 12 >0 TR 5~50
mm OGPV CHBEHESI ERR AT EREMEZITo A T VAL —

AKOEMTEHTELHZ L2 LTV, ®EKE 5-50 mm @ B IC IV TIid b FE )
MeD B AMERE DM II RO MICEROBRVVE U A TV A TEREDZ &%

5 L, kBkx 72 PAN SRR FEMEMED U 4 7 08T X — X % Table 1-2 IZ/7 7 &

INTHE AT T\ D 2D, — 05 —J5 18 CFRP #2 & 4 Kk o ik J5 171 51 85 98 B 12 B 2
ZREE S MM LD b & SIS WIS oW T, B S IE R B T R B Y A
ThDI b HHRBRFEITHOA TR,

Cutting before the tensile test

M Single fiber

\

—,
i -
/

Grip Area Gauge length Glue

Fig. 1-8 Single fiber testing tab.

Table 1-2 Weibull parameters of the carbon fibres *®.

00 =C 1000 =C TEOOG M305 Maos M50s
oo (Lo =10 mm) (GPa) 14 45 6.8 6.4 449 4.6
o (Lo =100 mm} (GPa)} L1 22 39 35 33 3.5
m 1 45 48 4.6 52 9.0
o7 (GPa) (GLS of curtin) 1.4 45 6.3 6.0 48 43
0° UD composite strength (GFPa) L5 44 59 56 45 3.9
Tensile fibre modulus (GPa) 55 240 295 295 380 480
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1 TR ABAE OO LR ME TR A3 AT 1S o T LR ME ST IR EBR 1T N 2 T, Fig. 1-9 (&l
AT D BB BARME 2 B DA A TS BLfkAE = > AR 2 I (Single fiber composite) (2
LB A AL TS, B RNy FRBUT. EBEDO CFRP#H &
MBI TRAET I ZEBMMAZEEBRT L5 TE S, MA T, Hi
Mo RYy NMCBIRMEEZAMNT D 2 & THMEZ BB S8 CARMIS A & ki
T W7 5 0 BIAR 20 & AHE Y T M ICFE T D RE AR AT 2 2 L BA R TH 5,
Hui & SO0, #HE R I 05T 05 12 38 1 2 JlkE 0 5 ) o0 A & R BLT 5 b TR AE
IS B A SMIBICEIET S L LERR2BIRTET LV EH O THIT21T > T
W5, X512, Okabe b AWM OTHABKE LS RofztED~ MU v 7 A
DOT HELEZZE LIZETZIT> T 5D,

RSO 2 3T, BT RRBRIC X v B EHEBO B #SMERE S OR
HIZMZ T, BMEESH B2 WG ERBR(7 7 7 AT —va VkR)IC X
D —Jim CFRP EAMEI MM MBI RMEICEE LB 2 b2 HRKERO R
AL TR L A O 21T o 7o, HRREBICIS T 2 MR E S MEMAE T 57
DT, WIS 2 AR SEZRMICHE O THMHE - BHE O RE X< BERE L 20
KOk Rm LB L BIE 2 MO IR L TRHBREZIT o7, £72. B O 72 Bl
MEBRESMAIZONVTIE, TRNETHRFAT SN TELERARKFEDOEZZ G L OBELME
IZOWTHREEHIT o 72,

Embedded single fiber

Matrix

Tensile load

Fig. 1-9 Typical single-fiber composite specimen.
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1.6 —J5 1 CFRP &4 ¥t D 5| iR 78 B fa

— M ITEAM BB T oMb EE LN R ORI TDIRETH Y . — W
CFRP #AMEtOMkMEm T mliRMEICEA L T o R TE, K
Wrikit o EAH S Z F —FENICHFIET 282 TORRRRMEIC L > THEIC
Dl D EE L7 T /L% Global Load Sharing (GLS)E® 7 /L &5, GLS %
HTFTOBEEMETIE, ~ NV v 7 R T v 70t~ M) v o7 2 EDREIC
TR EICER LT, BrimFmics L CHREMOIS N Z2RET L5~ MY
7 ABREEG L, TORENE R Z R0, Z DT HRKE R B T O fkHE okt
L CRFTHY 22 R )8 U AR 3 SRAEM T30 3 B 7= 7 ke e r 2 3B e 2 2 &
X722V, GLS SR T OEEMEHT I W TH AT 2 fEHERL W i1, e G E o AL &
IR FEE T HEMBHCR T 2 AMIS ) MR DRI MO HRITHKE SN D,
Z ZC.Curtinix, GLS I S < Wi Tl AT T L A2RE L TV 5 %, Fig. 1-10
WCRT IO~ MY v 7 ZBEPICHAMES —FNIRHE SN THDIETLIZEW
T, A I L TRMCTh D~ MY v 7 AR ORIME TR O TRV O % O i
BEABIIEZE L2, HHEOBESMITR(1-10)0 T A TSI LT 5,

Lo )
Pf(o-f,L):lexp{L—(a—j } (1-10)
0 0

Pt (or, LYIZAE L O BEBEHEIZIE Do DIERA L TV 5D & & OB O EMER, L
TRERAE, aZ VA TARERE,. miZVA 7AVERERTH 5,

breakage
Fibre

Matrix

~—U

Fig.1-10 Fiber reinforced composite: failure model ¥,
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AW AME DI D o325 2 % &, kfEih r m o EA TR mICAELT 28
MBS k> THET B0, Hoo A0 b - 11)0> 7 5 7 HEA 59
DFLND,

do, 2¢

ez r —

2T oridBHE LR TH L, MR E O E 2 1K FE T —EEERXDHE.
K (L-1)IEFR(Q-12)D L HlcFEsh b,

o; =— (1-12)
r

X (1-12) L V. Fig. 1-11 (2R T X 5 ICHk#EIS D ixMicelE T 2 2 &2 b, §
bbb, MEEL S rof2dMEN D L EEERBHEE R IS A SMERY . 2D
ESRENEEES(=)EMIEND,

&=10,/27 d=t0,/2t

Fig.1-11 Schematic of stresses around a broken fiber and axial fiber stress o7 vs

position z around a break °%.

W2, Fig. 1-10 D KM CRTWmEA DICAE L TWDHIEHIE T E=E 25, KT
RYWIE S 2 D oLl BB - E T OMMEMBTIIER TE S LB, FHIETS
DHEMIIT ETSOWBORrEEZ 5, Z OXBITHEIET DMk s & O 2
REME O EI G IER(L-11) K D L Pi(or, 20)B XN 1-Pi(ay, 20) & 72 D, EAIRIRMED
IV R RT & FARIZ or Td D | AR R ME O S 013K TR L 72 IBrim 2 & BT L
TWORETOREBML 1 &35 LX(1-13)D L DI D,

e (1-13)
MRMEME T X 2600 XEC—H8RIZE Z 0 9 5 DT, BEWrikHEIC A C D 8IS 11X,

Omean = 5~ (1-14)
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LD, Lo T, KW ToFIIE X
o =Vf |_O-f {1_ Pf (O-f ’25) +O—meanpf (O-f 125)”

zaﬁh%fépdawaﬂ} (1-15)

kﬁéowfwﬁﬁM%Téﬁ$PAWZ&%?4§~%%@%1%&?&5&?
5N RT Lo IcEETE %,
P, (af,25)—§(—j <<1 (1-16)
L, L oy

S5, X(1-16)2 R(L-15)ICRAT B & R(1-1T) &R B,

avf{ —l(ﬁJ }af (1-17)
2\ o,

ZZ T, o &,
1
o, {GO—ILOJM (1-18)
r
Thbd, —FHMOKRKEREIX, oo a2 2T o TN EREL 25
IMNWEZTLEEZDIENTETDHDOT,
m+1
oo :1_m+2(0f] ~0 (1-19)
0o 2 \ o,
Thy, XA-1YIFLLTO LIRS,
1
2 \ma
= 1'20
O-f (m_'_zj o-c ( )

K (1-20) 2 K (L-17)ICR AT 5 & — J5 6] CFRP # &8 B o ik HE dilh 75 111 51 3 58 FF oyrs
ZRX@A-20)0 LK H T B,

1 1
oy L,z \™( 2 \maf m+1
_y [ %ok 1-21
urs f( r j [m+2) (m+2} (1-21)

Lo X 9iz, Curtin 12X (1-21) TR S LD L 5 IHEHME ST 7 0 51 5K 58 £ oyrs
(X LTy Vi A DB SR, Lo RERAER, o0 VAT ARERE, m: U A
TNUTERARE, r fRHE R, o REEAWREDO L TR ELMMELRNEZRERE L.
EREREZDHLY>DZ L E R L TW5DH, 7=, Numeister {X Curtin & [F £ 12 fiF
Fregiz Bl EMRE 2 5 2 % Hui 51X CMC IZO W TR EREZ R LTV
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S BT, Zhou BIE, 3 WL B M B2 fkHE R 7 I ICHEBE L T2 EhicB T
HENMBE Y - BEBKICIVEHRL, ZCEFT L E L THREL T 5D ), Okabe
SlE. v~ MU w7 ZABIBEOMBHEIH L ZBE L3R LIT 77T 2RI 5
Z& T, — M CFRPEAMEIOGIEREIZOVWT IV KEICHERELIToTWD

58)

o

— T, FEEEDO—Jim CFRP HEAME O M MER T OB MR L2 3 x5 &,
Wik OIS ik~ b Y v 7 ZABIRIC B SN D O T, MMM EFTLEO~ ~Y
v 7 ABIBICIEIE WEFRELTWDEEEZLND, Thbb, B E
B 53 % TR — S TN O B T R ME S BR IS AL T D MBI SR E W & W D R T
RIS EFRRNFRET D L 2% E LT T V% Local Load Sharing (LLS) €5 /L
EWV I, LLS & T OEEMEHT B W T MW ik ME o S ) A 5 03 W — i N D
NI L > TAB SN Z LT GLS KU TOBEAME LR TH DN, %
DA TR Z LA R R0 | RHE R T T R AL E T DA LS AR
L, WWE A LWETH ARSI LR TEOABES LT, 20K
DRIENIEEMETH D7D, R—FHENICEBWTRATHRIE RPN FEEL.
Fig. 1-12 IR T X ICHENER LT WIREBE o TWD, ZOBEEEMBIT
7T AR — LR, RIS FET S~ MY v 7 ABIR A L TAT
PID,

Breakage of Carbon fiber

| ] 50 um

Fig. 1-12 Microscopic appearance of T700S CFRP 9.
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LLS (2B L Ti% Zweben 23 56 1 72 BF 92 & 47\ °9. Hedgepeth & Van Dyke |Z+
IO BRZBT D~ N v 7 ZBIE & FMRICEE S 470 BiHEZE R TRER S
e ZWRILHMEET L Th D HVD Bim a2 R L. Fig. 1-13 I 77T X912 1 AD
WRAE ST U7 & S ICJEPH OFRME~D IS JTEE P E 2 R E OENICE Y 5 2
T3 o,

(2) (b)
Fig. 1-13 In-plane load transfer for a single broken under unit applied load, as

calculated the Hedgepeth and Van Dyke method: (a) square lattice, (b): hexagonal

lattice °V.

Wada © 1% HVD B & 1 W THRAIEAR S U 4 7 VR B3 IE D ETREICE 2 5
MEEZREMELTWD %, Landis S IXMMERETE O OIS HETEFRET LD HR
THEEER W ERZR _RTY T 77T VE 2RIV T 7 T T L
ERESL, v U v ABEREEMEAOHRATEHLILOD, v b Y v
J AR OEM MO HTAHEZRETEL22 2R LTS, —F, HVD #i T
(WM OB B E~ DR W EFREEN 11 LHERSTT TV 00,
Nedele & Wisnom % 3 Rt AR EHRIEIC L 0N 217\, BEEEEHE~ OIS S8
% 1.06-1.07 & EDIZHEI L, BREEMME~DIS L o —Fm CFRP #
EME~OFHG T NEVERERMNT VD6 H 5 %), 7, Okabe i~ k
Vo7 ABIEOWMBRNBELZEE L - KRITY T I 7ETLERREL O <~ Y
v 7 AR ORI 2 B JE L 7 3 koA BR B MEAT & RME R BT 8 O oI T oy AT 2
—H L TV AHIERERT T VA& H W TR GHE 5 U 057 A D Rk~ I )
#£ 1 % £ J& L 7= Spring Element Model Z & L T\ 5 7 ZEMICHOWTITE 3
BTk X %72, Spring Element Model |3 /X8 G5 & 2 8 & 3 2 fkHERL T 12 X 5 1%
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— J7 18] CFRP # A B o e dih 51 3R 58 2 12 2\ T, ke & B o R i kB o B
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RERETOHEMY I 2 b — 3 VICEVKRF L, Fig 1-14 127737 X 5 I
AWRENMES RmHBELA REWVWRIZMA TREEAWBENIEFICES ~ b
Vo7 A7 7y 7%+ 2R THESIERENMETT22L2R0LT05 ™ %
72, Li 5%, Fig. 1-15 12" 3T K S i — F Mk =R % O BHAEE A M B & — 5
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BRI A B ST E D~ FHMOIRMEL FRERETORML I 2L —v

IC X W BFE L, Goda & RO ZHE W TW5 ™, Zhao & Takeda I, 7 7
AfHE L AR X UBIEE G MBI 2 RERERSIRBEICE 2 2 BT
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O i E e o AW E O EIX SRR oK FAFHE T S 2 & &R L Fig. 1-16
AR T R ICHRMEBEIT S O RERBESL~ N Y v 7 27 T w77 O KE ik
MRELSEETDLLEZFBLTODN ™ LLS TS < G55 R I3 fmw A W
SREEM @I E G RME IR E DO T, ERMBER L ITEHEL ARV ), Ochiai b 1%
VT ITTMATICE YT A u Y ab—Ya VEMAYEREETVEREL,
REE<BECHES ~FmMomERRZ R L TWD ™7, Johnson 5%, o-7
WX THRHERT 7 ABME L =R UBIBICRBNT, 777 AT = a VRBRIZ
LDERBEABPEREE T2 L0 | IR HIE RO AWK IS T 0 E
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Fig. 1-14 Effect of interfacial shear strength on the strength and reliability of

boron/epoxy composites '?.
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Fig. 1-15 The strength of the epoxy-matrix and PP-matrix composites is affected by

different interfacial shear sliding strength "®.
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(@) (b) ©)

(d) (e)

Fig. 1-16 Typical micro-damage modes in SFC with different interfacial adhesion
strengths. (a) Water-sized; (b) »~-GPS-treated; (c) y»~-MPS-treated; (d)

7-APS/urethane/paraffin-treated and (e) urethane-sized ’*.

CFRP # & M ELHh O LM T 2 8) &2 B EE > O 7 2 — 2T v/ =3I v v
= 87 & T Synchrotron Radiation Computed Tomography®?i2 Xk v Al #i{k4 %
& T T RRHE O B IS AL B S D B BRI ~ D IR IR T & SRR ISR 5 R
Hb oD, TAD FEEAE R S IT B VS J1 T Fig. 1-17 (2R 7 & 9 22 ke ik
WroEHMTHLZ TAZ—NERLTBY, WHEPFICERNT L7 7 2% =ik
MERAEKBICEEZTHLHLE LTS, I HIZ, EFRBOIZHGELNTLZ T AF —TEK
XA EBRETHICHEAT LA AL RO D P,
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Fig. 1-17 SRCT image of (a) diffuse, (b) co-planar clustres®®

5 VBT A 8 0T 5 I A2 1 DR ME ~ OIS W R 2B D720 T VI BER
MEA B ARWATICHE Lo~ VT 7 7 A4 X —a3 R Ty k& v T ke o B 82
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E WA O BB~ OIS E TR 1.16-123 THH LW 5z Lz 2079,
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Fig. 1-18 Strain profiles determined from stress-induced Raman band shifts for a
Tenax HMS-40/epoxy microcomposite containing a 2-D array of five fibres with a
relatively small inter-fibre spacing. The inter-fibre spacing is a indicated in each plot in

terms of the fibre diameter, ¢. The applied strain is (a) 0%, (b) 0.9%, (c) 1.1%, (d) 1.7%
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[F) E 24T o 7o, B MEDI IR BB &2 W TR BRR Sk o0 HLkHE 98 FE 43 A7 o [/ E & AT
W, SHICEHHBEBLEY I 7 AT — v a VB A OV CE R R IO B
MEBRESMOREEITS LT, RAREENOHEREHEKE TFERIFYPT
EOHRMMERESMICONWTRE L, 70, AE LZREBEHERESMIZONT,
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INE COHEMMBRESMOREKRGEEICETAIMEN OB EZITWV., 5561
T HEEHE R E A O SMICBE L TEREITo T,

fRFEMEHEIZ X, LM PAN R E TR - MRS R BEME N Lo T800S & &
BT o FEVEBME IR EMKE N L A7 T700S & V7=, T800S. T700S D ¥k %
Table 2-1 2~ 7,

Table 2-1 Physical and mechanical properties of TORAYCA ™ T800S and T700S

fibers 9.
T800S T700S
Bundle strength GPa 5.9 4.9
Tensile modulus GPa 294 230
Density g/cm?® 1.8 1.8
Diameter pum 5.4 6.9
Crystallite thickness nm 2.0 1.9
Orientation parameter - 0.82 0.81

2.3 ZRGIE
2.3.1 BHHMESIRD AR

R EHEBIC I T 2 HghMeomE oM 4 B ERBRE WD 2 & TR L
oo REBEMMHERNO T U X DY TV 7 Uiz BiliME % #2355 (Three Bond
1782)IC X W k&% T CBEV . T v a o T REM BB (Tensilon TRC-1210A:;
A&D Ltd, Japan)ic & v BiHESI R Y SRBROFEM A 1T > 72, REIL 10, 256 B LW
50mm THO ., SIEVEEIZWVFNASL 004 mintE L, WFRoREIZEWNT
¥ 50 A D HAKHE I DWW TREM 21TV, T800S Mk E 25 mm & 50 mm {22\ Tk
[l — @ Bk HE 2 W CREM 247 - 72,
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232 797 A v T—varyryR]R

TARFUVEBIEA~Y MY v 7 AL UTHEM L7 BElHEE S M OB o Bk HE R EE 5
ik, 4 REFRBRELZHWE 777 AT —va VRRICEV RO, =AK*x
Vb w7 A EAT =) — )V AR RS URBHRIL AW A R KE R B 23
1mm &+ IR TV D 5 AR O H i #E % 50-80 um O 3 X 12 A A 77 L HE
AEMEtORB A ZER L7, BIEORE ICIX,. E4l DGEBA (Diglycidyl ether of
Bisphenol A)IZxf L THE &kt 10% D &4 TrE{k Al DTA (Diethylenetriamine) % fifi
L. EA - A2 RB<IEALE®RIC, 50COIRESMN T 5 KM OMEAKE % 17
Sl 777 AT —va yRBRICH W DGEBA #E DMtk & IS -0 A X
% Zi Table 2-2 & Fig. 2-1 12777, &6, ERLZHBA LMV
4 Sl TR E%E Fig. 2-2 [T AERLUEHBR I3 L ERER FIckB W T 0.1%
FECOTAE b 2 WOCHEMEIC LB O PO 10 mm 1220 TEIZE 217
DT L THEHETR T AR L7, EBRICHELERBRAIE 5 ATHDH, T T,
BiHEICAMINDI O THgiEIXQ-D)DLEEBY TH S,

Es :gcxgx(D_Zdj—gr (2-1)
K D

TIZT, g lEarRYy hOTH(N)., kXX —T 7 77 X — (=2.03), D 1T
FIE A (mm), dIZHEBHERDIALES (mm), I TEHOTH (W) THDH, EH
O H (e)ld TMAIZ & 2 B RRIIE 2 S 0.14% & L7, KT & O T % (1.7,
2.7 L U3.6%)IC 31T D kMM WS O R LCBEMEBE T E L CoxD¥ 7 7 7T V&
W7z Is I RlE 28 & o ki 2 Z £ 3 Fig. 2-3 & Fig. 2-4 (2”7, @O T AH
WIZEBWTHHEBMEEBIEEOMICITCEEIBREETICESEL TWVWD Z L2
BLTWD, £, ARFTIE, ~ NV v 7 ZBERNEEEEZE L TCWVWDHZ LT
S AW S I L WM > T 7 V' T v & 7= Okabe-Takeda &7

NCEVTATART AL DEMEIT T2, OTHEIRNICERT D & XX
Table 2-1 [Z/R L7 A b7 & RPERZ VT, BERIZOTHEEERS —E L
L CTHEAT &2 4T > T2,
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Table 2-2 Material properties of matrix utilized for SFC.

Matrix initial modulus GPa 3.9
Matrix modulus after yielding MPa 57
Matrix yield stress MPa 77
Matrix shear modulus GPa 1.4
100
lllllll" e

<
o
2
g
)

3 4 5

Strain (%)

Fig. 2-1 Stress-strain curve of the matrix used for SFC.
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Single fibers . Observed area

€ m e e >
A
10 mm 7.3mm |
<> .
: 26 mm
[ |
g 7.3mm ||
\'2

Strain gauge Thickness of the beam: 2 mm

(b)
S mm
O )
I I
Keoooooo oo e >182 mm
)
18mm 5mMM 74 mm

Fig. 2-2 Schematic illustrations of (a) the specimen and (b) four-point bending rigs
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(a) (b) (c)

1.7% 2.7% 3.6%
Fig. 2-3 Birefringence patterns around a fiber break at (a) 1.7%, (b) 2.7% and (c) 3.6%

single-fibers strain.

& (%)

=
T

(é) (b) (c) inFig 2-3

0 200 400 600 800 1000
Distance from fiber break (um)

Fig. 2-4 Predicted behavior (elastoplastic shear-lag model ®) and experimentally
determined stress-recovery length values. The images (a), (b) and (c) in Fig. 2-3 were
converted to grayscale images. The brightness distributions of the fiber-break point in

the images were measured to determine the lengths corresponding to (a), (b) and (c).
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24 RRARHEBICKIT 2 BBRMERE M DOFEE
FRRHEEOBBEERE S MITRAREKO BB MERE MR ZE L%
570, ETITHEMBESIEVRRE 77 720 T —va VRBRICED ERE
5 15 (10-50 mm) D H ke 50 B 23 A7 O [F] E &2 1T - T2,
HikMESI R R B 2K 10,25 B L OV 50 mm (2> W TR F ik BH& 50 o
kW T, X-2QicESWTU AL 77 ey FLT,

NIn(—)—Ih-= =min-< (2-2)
1-F L, o,

ZIZT, L REREEIOMM), oo iZ TV A TV RERE, mix U A 7R IRBR
Thod, FRARECBITDIIVA TNV T ry NETUALTRANT XA =2 E2ZNER Fig.
2-5 & Table 2-3 (2”3, Fig.2-5 10, K 10-50mm BV THEMELZY A

VAT I ROBERTEHTELZ 0005, £, L=10 MmO L XD U
A TNVERBEE MIZ 41 THY, VA T VRERN KL 69GPa ThHho7, Zh
5 O#ERIL Tanaka H OFE R L IEFICLLS —H L TRV, BT E Y KB

ODFHMEEL Il mnZ EBnrRShlc, BBREMO T oy MIBH—-U A 7 L5

DEMED S FITAMEL TWD, ZHIFRBRFICHEABRELELZDEEZE IO
5. ALy K 10-50 mm T HEMMEREDMITIHE -V A 7L MTEED
ZENDbhrol,

WIZ, 777 A 0T —va rrRBRICEVEOREHRZHVWTRARERO R
WAE 90 BE A3 A D W TIRENT 24T o 72, Bk#ME 55 KD 7 T 7 A T — g ViR
f5 B & Fig. 2-6 (27 37, S HE Al B 4% 2% 1{8/10 mm D & & O & HME D O3 A 1 1.3-
3.2% (3.9-9.6 GPa) & IEFITIRWVEEIRIZ /oA LTV 2 DIt LT ke Ak B %2 23
15 f#/10 mm & & & O O T AT 3.5-4.0% D $\ O H I 12 85% 0 B #E 23 /0 A L T
HZENbMND, T2 T, MHEMWT S Y 1 E/10 mm 0> & X 3k HE R B A8 ik HE
2D+ ICBEAL T WD O T EHE T A 1 E/10 mm D & & D & B D O
HEISNDICEBRLTCIAL T VT ay MLz D% Fig. 2-7T1273F, OFT HEMNDR
TN EH T ZBEIZIE Table 2-1 ® A b Z ¥ RMEREZ 0 CTHEAMESRIZO T 2K TF
PEMN7RL —E & LCMIT 24T - 72, Fig. 2-7 £ 0 . #EHEM & A8 1 48/10 mm @ &
EDOKEOTHDOU A TG MITHBMESRRBROMEEEFERIIH T A Ty
IR, MR FHMICL ~EDONRTYXFEEHESOLTHIIALTAETTTAL T
THMMERESfME2ET @3 Y IRV ERbrolz,

WIZ, VAT NVREBEOREKGTMES Fig. 2-8 12" T, RQ2-3)ICESVTL
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TATNRERBBEOREKRGFENORD T A T VIERFEE MIT 3.9 TH Y | Fig.
25 TRLERQ2DICESVWTREMELZY A T ANDHANLRD -MH (m=4.1)
LIEEHTHIENbrol, DFED . WE 10-50 mm O e fF TILEMER &
Wi R FOBRESMIT—BLTHY, HBHER L RFOXRMOMAIZRETH D
ZENRbinol, EHIC, BEEBEBICEB W CHMEEESER OB BREET HBS
ThLI TV THREBELEZEVATAVREBEKOREKFE OV THLAD
T Fig. 2-81a7-3, AEARAS MM LV EWE EZITH—-T AT A 5MHMTTHS
NHME L KRS AEFEbOND, Thbb, XELOmMm ETERERY T T
MROELEBITIALN NS, MESMM XV LB VR E CHBEHESIERBRZ1T 5
GaRFI IV TOROREEBRETOLEND D,

O, _ Lsz
%2 _| =2 (2-3)
0, [|-1

*SFT L=10mm
®SFT L=25mm
ASFT L=50mm
0 |osFri=t0mm*
o SFT L=25mm*
A SFT L=50mm*

InIn(L/(1-F))-In(L/Ly)

o (GPa)
Fig. 2-5 Weibull plots (L, = 10 mm) of T800S (filled symbols) and T800G (*, unfilled

symbols) '® determined using Equation (2-2).
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Table 2-3 Weibull parameters of T800S and T800G fibers *°

L =10, 25 and 50 mm Lo =10 mm L =10 mm**

N L o m o) m 00 m

- mm  GPa - GPa - GPa -
SFT T800S 50 10 7.2 4.5 6.9 4.1

50 25 5.2 4.2
50 50 4.6 4.5

T800G* 50 5 8.4 4.7 7.1 4.1
7.0 3.9
50 10 6.8 4.3
50 25 5.7 4.2

50 50 4.7 3.9

SFC T800S 55 10 7.3 5.1 7.3 5.1

*: Previous study '

**: Slope from the curve in Fig. 2-8, which was plotted using Equation (2-3).

30

25 |

I"/I//I///
aa ] i
iz
/‘/‘ W/

15

10

Number of fiber breaks (/10 mm)

0 1 2 3 4 5

Fig. 2-6 Number of fiber breaks versus strain measured in SFC test for 55 fibers.
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x SFC
Predicted behavior of SFT

InIn(1/(1-F))-In(L/L,)

o (GPa)
Fig. 2-7 Weibull distribution of the single-fiber strength estimated from the elongation

at the first breaks for each single-fiber composite and those obtained by the SFT test.

4 r & Experimental (SFT)
A Experimental (SFT)*
x  Experimental (SFC)

Predicted
- = = = Clamp effect

2 I
1 10 100
L (mm)

Fig. 2-8 Characteristic strength measured by both the SFT and the SFC test as a
function of gauge length. The solid line is the line predicted by the simple Weibull
model and the dotted line is the line predicted by taking into account the Clamp effect

by Phoenix and Sexsmith V).
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2.5 ERAREEICII T D BEEBRHMERE S O E

2.4 i, RAREEOHBMERESMORE LT, AHITIEZZ T 7 2
Y7 —va VRIS XV E R SE 00 BUHE R BE oy A o R E &2 AT o 1o, Hk#E 55
KIZDOWTEE Z ATV £ OB AW o %8 & Fig. 2-9 1277, ARk HE
tok o> B HE 9 43 A A R E T 5 72 i, Gulino B0 F v T H 5 K (2-4). (2-5)
B & UN(2-6) % F W TRk HERK BT £k 5-10 fH/10 mm OFEIK T T 4 v T 4 > 7 & AT 1=
WHR A Fig. 2907 A4 » TxrT,

O S N I

b" = (%)‘mﬂ L, (2-5)
Oy
20, -

O'* _ (_0)m+1o-0 (2_6)
do,

T 2T E(Np) 37 TR AE AR T 55, 13 5 i A BT R B2 (=57 MPa). d Ik HE EC B (=5.4
X107 mm), Lo iz AFERE (=10 mm)7Z &5 R LI E (10 mm)TH %, Gulino &
DETNOPLEB LT A T VRENK oL 8.0GPaTHY | U A T ILIBIRER
Bomix 15 Th o 7o, MR IO B kHE R 53 A 13 R 3R B8 1 o0 Bk A ol 2 4y
FEFIRELSBRDZZENDFERENTEZED, RICKQ-NTRTEEUVA T A5H
DT 21T - T2,

L(o\" Lo )"
F<")-“X'°{L—O[G—J =) } “n

ZIT. on b ol Z VAT NAVREFETHY, mi & miZV A7 LVIERBETH
Do FTo. FEMIL 2.6 Hi TR AND DN, MRAMEMITIZ o 72 KB I RRAE 3R 1 AR IS AF
ETDHEREL, &BY V7 RRITADEE IR ADREHEICKH L TE 21,
INHDNRTA—=FOREFIEZHOWT, £F, 2.4 HiCTRHE L7z BEEHMES =R
BICED2EREHEBEDoEMZEAIATANRTIA—FZOLIEHETH Doy & my
Ellz, BT, BAETATNVNRTIA—ZD2HEHATH D og & m DFRIEIZDWD
Tix, M - REICE 2B 7 5 77 I L 2 MEMKT V2 vz, £
FEREHEBHERESMEZE UL TAOMEBEET A T A0 % H TR L
ok B % Fig. 2-10 12”4, MEMEMMT 2 & O F RO W TR ETREZ L TWVWD Z
EnD, HEIRY A TOURRBREISH IR T S Y, Fig. 2-10 X 0 | FEBRE B o Mk
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WX E T 0T A 3.0%CTHIEBLTREBY. 22008257 4 7 VBRBENGFET
HZENbholz, ¥hbb, RE 1-10 mm (2 B 1F % H ik = 5858 0 Bk #E 58 5
fil, B~ U A TNADHATCERLEBRVATADHTREDLZ ERNbhol, &
DT, MR - EEVEEE R R FBMHE TH D T700S 2 H Wiz & & 0 FEBRAES R & Bk
MERENS M ZB — U A TV HMEEEY A 7 V04 % W TN L7Z#E SR % Fig.
2-11 (27597, T800S & [Fl Bk (Z 5 B il R o0 fliHE A I 28 Bh (X O 97 A 3.0% T th L T3
D, RFBMAEOREIC L S FRE 1-10 mm o 53K FE I 0 B ME R A ik, B
—UA TN GHATHEBRLEARVA T VA TREDLZ RN, 22T,
T800S 5 L X T700S DAV A TN /NT A — K & Z N F L Table 2-4 & Table 2-5
ICRT . WTFNOBMEREIZES N TS 2HEO YA 7 ABREHE m i 1 HEOD
A TNAERBEE m L0 bREVWZERbhote, T7bb ., RFEMME D HEKHE
BREE 3 AR LT F5 N T, AR R BE (R 0 R ) 13 R AR R B (I R EE fE ) K v b iR
ok, SHICFEREEKE RARERTIIRRD 2 5O XMoo AmB 17
ETHIENRBINT,

N
o

s Experimental
Predicted (Glino & Phoneix) [17]

[EY
o1

Number of fiber breaks (/10 mm)
o =

o

& (%)
Fig. 2-9 Number of fiber breaks versus strain measured in SFC tests on the averaged

fragmentation behavior of 55 single-fiber composites.

Plots: Experimental results, Lines: Predicted behaviour using Okabe-Takeda method.
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O  Experimental
Predicted(Bimodal)
------- Predicted(Unimodal-1) o
2 h——- Predicted(Unimodal-2) -
el |

=
=

0

-1 =

-2

0.0 0.5 1.0 15

In &
Fig. 2-10 Number of fiber breaks versus strain measured in SFC tests on the averaged

fragmentation behavior of T800S on the log-log scale.

Plots: Experimental results, Lines: Predicted behaviour using Okabe-Takeda method.

3
O Experimental
Predicted (Bimodal)
2 Predicted (Unimodal-1)
------- Predicted (Unimodal-2)
.1
=z
£
0
-1
-2
0.0 0.5 1.0 15

In Ef

Fig. 2-11 Number of fiber breaks versus strain measured in SFC tests on the averaged
fragmentation behavior of T700S on the log-log scale.

Plots: Experimental results, Lines: Predicted behaviour using Okabe-Takeda method.
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Table 2-4 Weibull parameters of T800S obtained by SFC tests.

Oo1 my 002 ms
GPa - GPa -
Bimodal 6.9 4.1 8.3 13

Unimodal-1 6.9 4.1 - -
Unimodal-2 8.3 13 - -

Table 2-5 Weibull parameters of T700S obtained by SFC tests.

Oo1 my 002 ms;
GPa - GPa -
Bimodal 5.2 4.8 6.1 12

Unimodal-1 5.2 4.8 - -
Unimodal-2 6.1 12 - -

2.6 BiMREORRKFH
2.5 i T/ S AL7- T800S DA U A T /RF A — & Z JUN T Bk 38 BE 4> 10 D
REERFMEICOWTERZIT o, BT BRBRICEVEL LR E 10, 25
BLOE0 mm i) 5 HEHERE 2 72 v T Fig. 2-12 1237, AKX, B
—UATNGMAICLDREELREREORBRBKRICMA THEHAEY A 7 V5461
RELHMHMEREOMGZRE AV TCRLTWDS, 777 AT —va VRBRIC
SONTZEAETVA TN ERCTTH LR E & MR E O B 6% 13 Bk HE S|
RRBOMRELEDHEELS B L TWL MR TEL, Thbb, 7774
VF—va YRR TELNEEETVA TANGAEMVWS Z L TEREEBRERE
10-50 mm) D BEARHERE DMICOWVWTHERT ZENTELH I R bhoTe, 22
T, H—UALTADMEEAM T A T AT ORE LM REOBERE kT %
L AESMMICBIT52ERITNRETHY . ZIEHE 5-50 mm Ok TIX
B HERE A ILH —~ U A4 T4 TRED Z L &R L7 Tanaka & O fzE &
FFEF—-HLTWD, —F T, RESmMm IV b EAEHEKICRDLIEHE UL T
DHEEETATA A TCRERERPNBDODON, BEVA T NAVGMHMITH T A
TNAamEn s, WE L mmoGAIEKN 28%, K 0.1 mm DA ITK 82%(i#kKE
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SRR N Z & D, R EFERIC /R 51 HMERE N En Th D Z LN
bmrole, WIZ, BEVA T aMICE T Dk & &R OBk Z L (2-8)ITr
9 PLAW £ 5 /L (23 H L7,
1
a:ao[%jp' L p=m (2-8)

IT.IATAEREE mME 41 L L TRHE EBMEREOEEIOEB Lz p
X166 THY., KEB)MLLHEHELZalX 06 THo7=, Zh D DOEIZ PLAW %
Wi B N IRE T IR THY  EHAETA T AN ERND 2
THWHEMBI D72 >7- PLAWEF LA ET LN TEXH 2 Lo LT, £72.
Fig. 2-12 TRENDHIEETA T A0 AAORE & MHERE OBfRIT, WD 72 R
X2 Wb DO, Fig. 2-8 D7 7 7R EZFE LT E &R E ORR & —
TOHLZEDNHRTE D,

W EHEBROB@EMERESMT, RREFHEEI VBRSO HTHL ZLRHL
PITIR T, ZHIERRD ZODORMPMNPFLET DI L amELTEY, &
REEBOBEIEHEEOXMBICIY XBEE IS TnDHEZExLND, 22T, &

£ 5mm (Z fé%ﬁﬂi@%@f%%S%%%Hﬁ&%ﬁ@saw@%Fma43K%
o HAMKKE D BT 4G R O IFIE R THOHBAMERIEHFICHFMEL TVWDLZ LR bro

oo DFD, RQ-T)THRLIEHEBHEREDEHE VA T A aMITBWNT, &Y~
JRBIEEDNERBECE R ADREHEICH L TEXLTHERNI ERRENT,
Flo, BiMEOBKBM2HET 2SR EROESICHRELRRITHE TE RN L
PH SEM O RETIIBET 22 L NNEECTH 2D T/h S 2% A XD R H
MEDOXERF LRI EDTBIND, SHIT, EAYA T NnAmE v TE
BN s#E 0.1 mmip LO0.01 mm OEMEFREIZ L ZH 12 GPa & 14 GPa T
boLZEnbholc, T72bb, PAN RIKFMMEIIRMEZBD> L & THRE
14 GPaF CTH ETE22 27T HDOTHD, SHIT, RIEEOBPA M T,
R FBAEAE O BEBE B O FICX o ChlERERM LT B35 19,
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64 & Experimental(SFT)
42 GPa A Experimental(SFT)*
X Experimental (SFC)
32 Predicted (SFC: Bimodal)
Predicted (SFT: Unimodal)
10
o
O
N—r
o8
4
2
0.01 0.1 1 10 100

L (mm)

Fig. 2-12 Values of the characteristic strength of T800S fibers for gauge lengths up to

0.01 mm, predicted using both the unimodal and the bimodal Weibull models.

Fig. 2-13 Scanning electron microscope images of T800S (11 GPa); the fibers were not

with carbon, Pt-Pd or gold to increase conductivity.
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2.7 GLS EF NWVIC & B —F ] CFI= R ¥ 8 B0 5] E 5 E T H

26 HiE TICHEZAT o I HBMERE S M A AW T, —Fm CH=R* U #EM
Bt O BRI E O T J 24T > 7=, Curtin (X— W\ CF/l=ARX v EEMEI O O
KA R(2-9) L (2-10)2H WD Z L THIHLE Y,

a:VfEfg(l—%j (2-9)
_ Eqer ( Efg]m
w= (2-10)
L,z \ o,

TIZT, VeIXMHE RS AR, E o o IR L ITRERE (=10 mm), 1
AR AEE . X A E A AR R E (=10 MPa), slZ AT v U A4 RTINS EES
MEOOT R b oI BAMB OIS Th 5, HMBMRE S AN HE—T A 7
VoA T D & &, —J7m CRlm R X I EEME OS5I RMRE oyrs 13, (2-11) THE
IN5,

1 1
oL,z ™ 2 \mi/m+1
o —v.| %ok 2-11
uTs f( r j (m+2j (m+2j (2-11)

— ), HilfERESMA P EE VA T A DA THDLEEXTDO—FM CFRlmARX v HE
MEro g E®RE X, X(2-9) & X2-12)TEEND,

o= Efgr[[Efgjml +(Engm2] (2-12)
L,z o Oy,

K Q1D R LT A TNVREFRE (001 & 00 BE T A T ARRERLL (Mg & my)
I3 Table 2-4 DEA AW, AT A TANAMICE Y EHLE oVt X% Fig.
2-14 12779, —FH M\ CFlmR X U EAME OBEME X, Fig. 2-14 ({28 L2k K
CThHd, —JH CRImRX T EAEMEOERFERLEFEBRE L OLE % Table
2.6 I T, BEVA TN E RO EER(6.3 GPa)ITH — T A 7 Vi &
VT3S 5L (6.5 GPa) L V) & EBR#E R (5.9GPa)Z FE R FHITE 5 2 &34
o Tz,

LLE &0 BRFEEME D B REME RS A 1T R B IR O BE S M ARNES T A

WA TERE, —FHM CRlm R v EHAMBI O RBELZREEICTH ST 5720
IFEREEK O BBERE A EREICIG T2 ENEETHDL Z L AR
L7,
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6.3 GPa

Bundle stress (GPa)

0 1 2 3
Strain (%)

Fig. 2-14 Calculated bundle stress-strain curves for bimodal Weibull distributions.

Table 2-6 Experimentally determined and calculated data of bundle strength (V¢ = 50%).

Experimental GPa 5.9
Using the Bimodal Weibull distribution GPa 6.3
Using the Unimodal Weibull distribution © GPa 6.5
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28 fEE

B2 ETIX, —Hm CR=RF GG B OMKE T M 5] R8O IR+ o —
DTH D R FMME O HBMMERE S MOFEEZITo /-, FIZ, ZNE TOHFRETIE
AR SN T Ao B EHEEOBEHERE DA IS >V THEICHEmT D
7o HURKHES SRR & BBMEE A M B H W Bl ERBR(Z I 7 A v T —v a v
AR L0 Bl A AT W R R A B SR EE 0 A O REMM 2 AT W VUL T O R R & A3 T

1 MM ERBR L HBHEEHAMBZ2AVWE 797207 —va VRBRIC LY
R B AR R DI OV TR 21T o7& 2 A, ARAREEEZEZOLHE
R 90 BE > A0 I X m SR EE B D S AW S RN A U A T V434 (Bimodal Weibull
distribution) D EH N Z Y TH DL Z B hoTc, MO R 2 2 FfE O PAN

R FEMRAE (T800S, T700S)W\THICEBWTHHEAY A 7 V04 O 28 %4
ThdZEnbhrol,

2. MR E N MIZHOVWT, RREEBEO T A 7 A BIREE m 2 45 THLHD
Zxt LT, ERREEEOU A TV IRRE my 13 12-13 & K& < BEfk#HE 78 4y
MBENZ R Do, THNIFRARHEE & EREHEKTRZR D ME AR
FTHRHEETHIEEZTRTHLOTH D,

3. SEM (T & % [k F& ik #iE B A o0 A T TR B 22 1T I W T AR IBT B AR AR D 1T & A BN
MEREEHETHY . WTILOXRM S MMERTITGICHEET D LR DnoT,

4. H R R SEIE O BOHE R 1X A FnE 1A T D . T800S T 14 GPa F THl R
ErxmbhsEs2 RN TEDL, ZNLHLDORKREZZREL Ta RNy Rl EREL
IZOWTEHMRT DULENH D,
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PSR MRAE LT X R L PAN SR @ R - VSRR BE N L7 T800S &
R - FEUETRME SRR FMHE b L 8”7 T700S 2 M\ 7=, T800S & T700S ¥tk %
Twm&lmﬁf”oit\ﬁ%ﬁ%®%@%ﬁ§%ﬁﬁﬁ%ﬁ%%%ﬁ%k%@
MEAGMEIZAWEGERBR(Z 7 7 AT —va ryr®RB)ICI v EREHEEEZ S
O THAGALmBEFEBOMPRNEES VA T AGoMEMLRDODE U A T 1
N EHWTHRE 21T o7, BAEVA T A5 % H - BIEB SR F(o)ld
B-NThHEzBLND,

L m L m;
Hﬂ—rﬁm{I{é?]—t{iéJ} (3-1)

TIZT, LIRS, Lyl RE S, o Lol VA TV REREZR L O
m & midv A 7L EREBEETHD, 7ok, 5 2= CTHE L T800S & T700S @
BEUA TN NT A —XF % Table 3-2 [T~ 7,

Table 3-1 Physical and mechanical properties of TORAYCA ™ T800S and T700S

fibers”.
T800S T700S
Bundle strength GPa 5.9 4.9
Tensile modulus GPa 294 230
Density g/cm? 1.8 1.8
Diameter um 5.4 6.9
Crystallite thickness nm 2.0 1.9
Orientation parameter - 0.82 0.81
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Table 3-2 Weibull parameters of T800S and T700S obtained by SFC tests.

001 m; 002 m,
GPa - GPa -
T800S 6.9 4.1 8.3 13
T700S 5.2 4.8 6.1 12

3.3 EBRFWE (—FH M CR=RXTEHEMBI D5 REERER)

— J5 18] CFRP # A Mkt o 5| dE 58 B 3Bk 1X . JISR7608 (2007 4=)IZ #EHL L T KR &
BANZ U RGIERABRELZH W, BEZRANT » FERBR A I, Fig. 3-1 IT7x
TEREEZAOTERLL, BE2 3RS ELRBMMERLZE LEEICE S
F 7B L 21T > 72, BARICIE, 34-=AFRF v 7 "F L AF L34
TRFV I AT AT AR L — K100 EEH)/Z 7 vk v EE ) = F
NTIV@EER)TE NG EER)EH W, MBAGLIZA —7 12T 125C
OISR T 35 pERFFT 252 L TiTole, RABRICHWIZBIEO WML b NI
JENOT R Z Z N EFh Table 3-3 & Fig. 3-2 (2o ¢, (ERLZBIEEREA T
Y RREBRAICHOW T, E 200 mm 72 5 I 53R £ 50 mm/min @ &4 T Fig. 3-3
R T ol iRARBRIEEZ AN TRBRELITTo70, 72, MHEAERES A RITH0 500 L
CT. —J5 1A CFRP & M ko 5] iR 58 B 13X 5B i o 51 IR 50 B I ik E IR B & B 3R & B
LCHRMLE,

Bobbin Resin bath Squeeze rollers Wiper rollers Winder

Fig. 3-1 Resin impregnated strand specimen.

Table 3-3 Material properties of the matrix used for the bundle test.

Matrix initial modulus GPa 2.7
Matrix modulus after yielding MPa 32
Matrix yield stress MPa 24
Matrix shear modulus GPa 1.0
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Modulus after yielding: 32MPa

—

Stress (MPa)
S

[E
o

Initial modulus: 2.7 GPa

0 2 4
Strain (%)

Fig. 3-2 Stress-strain curve of the matrix used for the bundle test.

Extensometer
Strain meter

S e ape——
(s = )

Crosshead Motor

) Stationary gri
Load cell LERE

Clamp

Fig. 3-3 Schematic of the tensile testing machine.

(gauge length: 200 mm, tensile speed: 50 mm/min)

3.4 BEYIaL—vav
AW T, Fig. 3-4 IR THEF M E ZNICBEARB I MOEHE D42 51ER0
2 £ 7 /L (Spring element mode)*®Z W T, v T L aiEic LA HEY S =
V=Yg v E To e, RRHTE T VTR, —H 1 CRI— AR X A B o ik
EARATRES ST moERE LT, < Y v 7 AR A KREIYED % %
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(b) Unit cell
{hexagonal array)

Fiber axial direction

Periodic boundary conditions

Fig. 3-4 Schematic of the spring-element model (SEM).
(a) Unit cell, (b) Composite model®.
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Fig. 3-5 Comparisons of stress distribution around a fiber break: SEM and FEM denote
the spring element model and the finite element model, respectively®.
(a) Axial stress distribution of a broken fiber

(b) Axial stress concentration on nearby fibers around a broken fiber
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Broken fiber

Fig. 3-6 Finite element model having twelve fibers in unidirectional composite. The

model is represented by a 30° wedge.

V)

Strength distribution of fiber elements
[Unimodal or Bimodal Weibull distribution]

J

Stiffness matrix [K]

J

Calculation of displacement

J

Estimation of stress component
(Each element)

Fiber element failure

NO
Stress level less than 90% I_ncremental
displacement

YES

Fig. 3-7 Flowchart of Spring Element model.
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Fig. 3-8 Comparison of the size-scaled values obtained from the SEM simulations

and the experimental data for T800S/alicyclic epoxy resin composites.

7
S 6}
S
=
25 r T e o
<5}
s 4 || ¢Calculated (Unimodal)
§ O Calculated (Bimodal)
Crd , oExperlrlnentaI . |
100 1000 10000 100000 1000000

Size (mm)

Fig. 3-9 Comparison of the size-scaled values obtained from the SEM simulations

and the experimental data for T700S/alicyclic epoxy resin composites.
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Fig. 3-10 Comparison of bundle stress-strain curves obtained from the SEM

simulations: hexagonal, square and random fiber packings.
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Fig. 3-11 Comparisons of axial stress concentration on nearby fibers around a broken

fiber: hexagonal, square and random fiber packings.
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DAL T L LTORBAEFREIT 11-12 THHEHRESATVWS P, Lnli
286, bR U7z Raman 73 6 HEIC K 2 HE RS RITIWER O MATIC B T 208 NEF & 1F
FERBETCHYD, WIIEWIE I Ty A2 —NEKT L2583 2zHHTE5L0
TERW, —HF T, v~ ) v 7 R7 Ty 7 OFAEITHENSDEFFREILR LT 5
EWOBmELDDL, WAEDE~ NI Y I R T I RBEAETHZLICLVIENE
TR S £ 5 2 & % Shear-lag Bl &2 1V 5 2 & TR LTV 5 20 Galiotis b 1%
~ R NV I AT Ty I EFBE LT FEM AT 217 9 2 &2 X 0 MEHER R 23 &
WA O BEHERHE~ OIS W E TR E 1.16-1.23 THDH 2 L AR LTV D 27729,
IHOLDOMTRERNS, ~ N v 7 27 T v 7 ORI LV BBEHE O S 4
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5P, EHLICEVWVRREICE T DMENMTIX, EREREZH U A 7 L4013
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WHEEAMEZRA W77 7207 =3 a3 RBRIC X0 B HE T8 FE 25 A 13 7R

RO SR RNEAE VA TASHTREND ZERHL NI TND 3,
Mz T, ZTOEEDO RO KRBT RELEFIHFEELTEBY, v M) vy 7 27
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ZZT, ABETIEH, v Vw7 R 7Ty 7 IR DBEBRERT~DIZNEF %
ERELL—FHM CRlmRX v EAEMBIOBIRMBE TR AT o 70, £7T . MET#ME
W OB R T ~DIS NEFTIZOWVWTER T D720, 2 ROMHME %2 WAT 2
BLEX TN T 7 ANRN—T T 7 AT —va R zE A0S EFREIZS
WTEBWICHT 21T, SDHIWK, X TNT 7 ANRN=T T TR T— 3 UKk
BRIC K DAF DAL MME R T 25 B s & HEE L 7o A BT AR A L PR 2 L 72 R HE ~ D IS )
LR REE S LI, —FHm CR=RX U EAMEO G RRE FRIZIT\V, E b
DB L BER LT o T,

4.2 KRB E

PR SRR (213, LB PAN SR o0 AR R MAE ¢ R Lo " T800S A W, 7o
HHE S SRR B & M MEE A M B2 M WS ERBR(T7 77 2 T —3 3 Vi)
2 X VG N R B HE O MR E oA, XU-D)TRTEEVA TV D0 %
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NVNRERE . m & mZUVAT7AVRBIRGEETHD, B H2ETHRENZLIIC
MRAEE W 2B E T 2 RIBITMAEREAFICHFEEL T2 2 E0no&kB Y V7R
MITAENERETERSADREBIHF L TELTWD,

F(o)l—exp{—%(%} _LL(GLJ } (4-1)
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431 BTNT 7 ANRN—T S TAT—va VRE

EAT =/ — VAR TR VBB EWICHEBMEEZ 2 K OATZ LT TV
TrAN—a Ry PoORBRAFEZER L, BIEOKEICIE. 4] DGEBA
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10% D& & THEM Lz, EAEmbHZ2R<IESG LZREIC, 50COMRESRMHT 5
RER O MBI 21T o 72, BIEOHER L OIS HOTABRKIZIENETNE 2 ED
Table 2-2 & Fig. 2-1IZ " L7 BV TH D, ok, v MU v 7 ZHAEH O HEKHE
2D TR, B HE O R 25 2-5 pum DB R i 2> & O B A A 50-80 um & 72
59T 2 KOEMMEE FATICH DAL, XTIV T 7 A R=T T T AT —
g CREBRIT 4 Sl T RBE 2 WD TIT W, SIS R BERE L 50 mm TEH Y . M
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BRI RBAOF LSS S mmn OISO TR HE AL Bk & 1w
L7z MIEHIT N=20 TH D, 2 A0 HgHE DR ES 2 Fig. 4-1 12737, #7107
TAN—AKRY Y MCAMEND 0T B . BBRAME IS (7207 4
F—=TERAWTHEZ, HEICARMINDI0 T Aeald, RN(4-2)ZHVWTHEE L,

o =€CXQX(DE)2d]_gr (4-2)
K
2T kF T =77 = dE3BMEORBRAFZR N DO OHOIALRS, DI

R EL 2D N g 3EBOT A TH D, iz, 4 AHITRBRE ORI
BT 5~ b Y) vy 272 2277y 7 0oBEIT. &yl i E T BHEMBE
(FE-SEM)S-4800 (H \i A 5 7 7 4 — L F ¢ o 7 ()8 % F 7= JdE I 13 5.0
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e SRR
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Fig. 4-1 Schematics of the position of double fibers.
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A& CTai{k A DTA (Diethylenetriamine) % fif il L 7=, I {1 50°C @ I £ &R 12
TEHHEFTE2 LTI, RBRICAVEZEBIERIE 22 LFAETHY . AR
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TH Y. —Jim CFRP A M B O 5l ik 58 B X505 F o 51 3% 58 B2 IS Mk R FE & A =R
ZERLCTHRE L,

44 BEY I =2 —va v
441 BTN T 7 ANR—T ST AT —va VRRICBITS
B HE AR W 22 B T

AT, A FENITIXIEASAEOTE A L TS, TEE 7S R B
EREL., SFEAMEZERTEE LZEZREZETSAVZHWCT, T 7 vk
ICEDEEY I av—va a2 iTolc, TRERET VOB % Fig. 4-2 1T
T RN E TV TIEL. — 7 MERHEE S B O #RHE & N A T B S S 7 HiE T )
FReELT, v ) vy 7 RIELZE AWM 22 B3 2 FmMiERE 35,
HESRE AT ICIXAI R OEE T A T A0 VEmH L, K587 A —& L LKIc kS
WTITET VNOBBMERERICT L TREICOMELG X2, 2OFETVITHL
T, BMHEICE2HMEY 2 2 b—3 3 v (BMEARS : 28, #iER S 3mm, #i&
M D 4y EIEL : 500) 24T o 7o, EiAIEAKFEEAN 50X50 & L, ZOHLOREET S 2
MOBPHETHY , BOOEHRITET~ M) v 7 2fEE LTS, &5
Bk O AMBEREMATIC LV RSN DMK LG ICHEET DI~ N v
27Ty 7 ICRRT DBEREETI~O RTINS IETEEET D20,
MEASH T L7235 23, BREET D MHERE A~ IS OETNEL D L Lc, T DR
(2 G REARME DS IR LT 2 OBME R T afE DI IR EL D ET D,
F o ISR T RE T AL E 2 & O fEGRRKERR) T 1 O BEEE x LIS AEER S
D EHNT, XU-BNOLIITHRBICIKTFTT D &L,

a:1+a0x(1—TX) (4-3)

77



DEY . YHEUMHEIZ DD IR OFEEEEIED L RN OO fHER O
WISAIDREFRFLTVDLEREL TS, L, AHOET VLTI, BT 2
MEIXLIADHLTHY MOBIEERE~DOICNETOREIBEL TRV, REB,
RKETNMIZBNT, IS NEFFEE =1 OEHITIE, Fig. 4-3 & Fig. 441237 &%
D, RUMHERZRD CICHBMERE S Z 5 2721 RO AL D Shear-lag €7
U DL SEMERE TS D OIS A B L O T e e AN EE B LTV D L E#
HBLTWD,

Unit cell
(hexagonal array)

Fiher axial direction

Periedic boundary conditions

Fig. 4-2 Schematic of the spring-element model (SEM) 9.
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Fig. 4-3 Axial stress distribution of a broken fiber using the shear-lag model and the

spring element model.
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Fig. 4-4 Fiber breaks behavior at 3.5% predicted using the shear-lag model and the

spring element model.
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BTNT 7 ANR=TF 7 AT =g VRBROMMEBR N 28 2 BiFICHIR T
L2 ENDbnoTe, £z, 3.5%D 0T A a AL LI BR D 2 A o JHE R B (7 & D £
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Fig. 4-5 Birefringence patterns around a double fibers breaks at a strain of 3.4%.
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Fig. 4-6 Polarizing microscope images of matrix cracks.
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Fig. 4-7 Scanning electron microscope images of double fibers and matrix cracks.
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Fig. 4-8 Scanning electron microscope images of fibers and matrix cracks.

(fibers: no treatment and no sizing agent)
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Fig. 4-9 Number of fiber breaks versus the strain measured during the SFC tests.
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Fig. 4-10 Number of fiber breaks versus the strain measured during the SFC tests.
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Fig. 4-11 Fiber breaks behaviors at 3.5% predicted using the Spring Element Model
with Bimodal Weibull distribution.
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Fig. 4-12 Fiber breaks behaviors at 3.5% predicted using the Spring Element Model

with Unimodal Weibull distribution.
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Fig. 4-13 Finite element model having seven fibers in unidirectional composite.
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Fig. 4-14 Stress concentration factor analyzed by FEM
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Fig. 4-16 Comparison of the size-scaled values obtained from the SEM simulations and

the experimental data for TB0O0S/DGEBA composites.
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Fig. 4-17 Schematic of unidirectional CF/epoxy composites specimen after tensile test.

(a) T800S, (b) T800S (no treatment and sizing agent)
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