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Damage Behavior and Practical Characteristics of Carbon Fiber Composite Materials
for Aircraft Structures

Kenichi YOSHIOKA

Abstract

Application of carbon fiber reinforced plastics (CFRPs) to commercial aircraft structures has been
significantly expanding after year 2000 due to the increasing needs of reduction of fuel consumption through the
structural weight reduction. As a typical example, the primary structures such as wings, fuselage and empennage
of Boeing 787, which made its first flight in 2009, consist of the CFRPs. Although such use of the CFRPs
contributes to weight reduction of the aircraft, further improvement by the design optimization remains as an
issue because of the continuous needs of the efficiency improvement and the increase of air traffic in the world.

Uncertainty in behavior of structural materials generally leads to conservative approach in design. Due to the
short history of the CFRPs as structural materials compared with the metallic materials, the uncertainty
associated to the behavior of CFRPs tends to lead to conservative design approach to ensure the airworthiness.
In order to pursue design optimization without influencing any safety features of the aircraft, further
understanding of damage and fracture of CFRPs becomes essential. The purpose of this study is to gain clear
understanding of behavior of the CFRPs that is either currently used in the aircraft or represents any specific
features. A database showing the durability and fracture behaviors of the CFRPs qualified as aircraft structural
materials is established. A practical method to accurately simulate the damage behaviors of the CFRPs is also
presented. In addition, an approach to improve damage resistant of the CFRPs using nanotechnology is
proposed and evaluated.

This dissertation consists of five chapters.

In chapter one, the background and motivation of this study is outlined. Historical and current applications
of the CFRPs to aerospace industries as well as technical background of the CFRPs technologies are introduced
to give a general view of the research field. Current industrial techniques, such as the molding method and its
trend and property improvement, are also addressed. Three typical damage modes featured in the present study,
fiber breakage, matrix cracking and delamination, are defined and described. Relevant research studies in the
field are also introduced to clearly identify the scope and purpose of the present study.

Chapter two is the main part where the damage and fracture behaviors of the CFRPs currently used for
aircraft structures are examined and discussed. The material systems are selected around the interlaminar
toughened prepreg based laminates qualified by the Boeing commercial airplanes. Firstly, environmental
durability of the material qualified for Boeing 777 aircraft is assessed to confirm its performance under current
design criteria. Extensive database showing long-term environmental durability of the material system is
established. Secondly, matrix cracking and delamination behavior of the interlaminar toughened laminates are
experimentally studied. Especially, effects of the edge finishing conditions are examined in detail for the first
time. Significant effects of the laminate edge, which suggest high potential performance of the materials under
controlled edge effects, are experimentally shown. In addition, advantage of the interlaminar toughened system
in terms of delamination induced properties is found through the evaluation. Finally, damage initiation and
propagation of fabric based laminates under cyclic tensile loading are investigated. Based on the experimental
data and microscopic observation, damage mechanisms are elucidated by an approach based on the crimp model.
It is confirmed that the model has capability to predict the effect of the matrix cracking and yarn-level debonding
on the laminate tensile modulus. That finding is consistent with the residual open hole strength data after cyclic
loading in light of stress redistribution caused by local reduction of the laminate modulus.

In Chapter three, a numerical approach to understand damage mechanisms of CFRPs is studied. Focus of the
study is efficiency of the numerical simulation, where calculation model size is minimized maintaining accuracy.
Open hole tensile strength, one of the most important properties in the structural design of CFRPs, is subject of
the study. Two types of numerical simulation model, cohesive element and the continuum damage mechanics
(CDM) are selected and incorporated in the calculation to model the damage in the CFRP laminates. The three
types of damage mode, fiber breakage, matrix cracking and delamination are subjects of the study. In order to
find out a practical method to efficiently predict the strength, various different combinations of the models are
applied to the three damage modes. It is found that the appropriate selection and combination of the models,
where the cohesive element and CDM are applied to the delamination and splitting, respectively based on
experimental observation, give the most accurate and efficient method to predict the laminate strength. In



addition, a fabric based CFRP laminate is also used as a practical case stufy to demonstrate the advantage of
such the approach.

In Chapter four, a new approach to improve performance of the aerospace grade CFRPs is investigated.
Based on the current practical issues in the industry and the findings from previous chapters, improvement of
interlaminar fracture toughness is selected as a property of interest. A nano-scale reinforcement, carbon
nanotube (CNT), is used in the study. Two forms of CNT, i.e., unidirectional sheet and dispersion in the resin
matrix, are selected for the toughening agent. The unidirectional sheet is fabricated by drawing from the CNT
forest synthesized on the catalyst surface. Particular interest is in the combination of such CNT forms and
conventional thermoplastic based interlaminar toughening. Application of the CNT forms to the prepreg process
is firstly studied to address future application of the technique into the industrial scale of production. Laminate
configurations are selected so that such scale up is feasible. The toughness data and microscopic observation
reveals that an appropriate combination of the CNT and thermoplastic toughener exhibit significant improvement
in mode Il interlaminar toughness. That is realized by containing crack propagation in the thermoplastic
toughner domain. It is also suggested that future improvement in adhesion between the matrix epoxy resin and
CNT surface would improve mode | and Il interlaminar toughness of the CFRP laminates.

The concluding remarks of the present study are provided in chapter five.
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PRFEAEHMET, PEoREECHLBRMERICHE N 2 FLMHE DGR & L TR RRA S 4y, Bk ds!
NGz~ hU 7 R L3 D mGHHMER AT, 1970 (LR, B&E - Sl - mEIPES R S
DB b s L) ic7eo7c. L <IT, BEGERDEWEEDONRE Th D M2
FIEICB W T, Fig. 1-1 T3 &80, #IENTIZ/ N - EAE~OEHICHED, fn
T 1980 AFARLARE, BRI O EAEIE~ O H A AREAL[L] L, 2000 H4=LARE KIE LK L C
W5, 2009 FEIZWITRAT L 7= K [E Boeing @ 787 AKX, Fig. 1-2 0k Hic, T, BHE, AK
78 EHEARE IS E B OK) 50%IC REMMEE S EIBEN Sh Tl v [2], i & a3 2 M
Airbus @ A350 RUEE (2013 FEAITRIT) BIRAIBRORERL & 72> TN 5.

A, HIERIERE L 72 CEREERIEA~ORIC OB & Z O L X8 F T F 49k < Rk S 41,
FEROBBEAMPHERROKREREHR Lo TS, 29 LERMT, 2RISR T,
BN, $hie SRR OME ORI, HET RV — ORI A E U CREEICERRA
WE D TE LR TEL VWX D8] LEEn->T, #EMEIO&REN D R FBHBHEE SR

DEEHZIT, HENR=—XZHIbDENZD.

L L2RR S, a—W— « ERGFE OPUR CRICRFBHHEE AN, BE(LTEE L
TRIEFERIBRIRE LIV HF T, BIZEREEICIR 53, MIEMEIOBIUE, T34
MO LD ENLWEBIR L, A N EEZREWITHRFIL TR HILDA, BELHIER
B SN OMZERICB N TS, EROBBEM ) HRIRAITESM ML EA TE TRV,
R EHEMBIOBEL T REA TV ORBURTH L. 25 LioRBUZ, REMHEE S
BrOLE - lkHE A T = X 5 ORI LT B O PRIOREES IR LT, 20
TEREREZ EN LU TV RN ERZFDO K EWRZDHZ ENTED.

BEMBHZ L VIBIED S 62 2R EALAHEET 2 FBE LTI, B 2 WL =2
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ThHY, 5B LEDORENFFIZNTNDE LD THDLD, NFEFEZHERF L ODK=2 X Me%x
EET D Z L ITHOW T OHATHIEEEE TR L TR < IE 780,

—J7, WERE(LEEDD L D DT Fu—F L LT, MEONEREORT vy
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ST DFr R %, (SRR 2 MR Lo DR E Ci ESE 2 2 LIk EIEIND. 207

2iE, MBS ED X9 I LIET 500 & W O BB T IR IE LWEEA R A K T
H5.

L 2 A I~ 0D B RAHEE SRR ORI 2 BN T TR R 5. — ki, FEER O
RRETFFAMEIE, FERREE N DRSS & M SV EIT U, BREEEE R SORE g 1 p R 12 B
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THENDLDDE ) v I XTI A=, HOFORHREEAL TREIND[4]. ZFDRRIC
WIRTZIN B BRRMEDHROBLRN D 7 7 7 Z —RRHRIIL T E RV A ROFA - RED 2 S
no. Blaezdiul, FEEROREICT 2FEMEREREBET DI L, MEREH Ol
MEnsHEMRLOFEI (W w5 design space) 705, RERIRUN < DO OREJERERLZ 1K
SHLUTHMEZRZNL, BEOTHPBEBRICRE EKFLRNWI L2l Lo 2T,
BHEWIEOT A% L UCHRERARESND. 212, EEMEORLE - ik
RAHEEMER CRRD LWV A=A LIBEINT, TOREEMITLZEY A R TR
WYIAENDTE L2 D728, & DFEOREERERIC B TR LR GREHFFAME 2 8 L
fER & L TBEOBRE(LAHIR SN D HEDR L.

o, HEEM L LR SN2 REMMERIGESHEE LTI, —Hmsiitz ~X—2 &
THHLOL, MPEIMER—Z LT HHLORHDLN, ZOMmEOEE « EA =X LI
FERDFET DL 5T, BEMAOZ—FAEb OZEE S\ TDHF 2 5 Tk
Wss A OFFRERRD I TE Y, #RIEESMEIORT v v V&2 BRFHI 5318 4D
HFTOWRVONBEIRTHS.

AW TIE, ZNEOBURITK L, KREMMEESHEIOBE - dEEE %2, EHRNB IV
FEFTII TR Lo T LMNCT 5 2 & TGO E(LZ, hofilsmt: (et a2k,
MEHEANE) ZHEFFL 22RO S DD D Z L2 BET 5. L BRMICE, 5IEME
TIZHB T 2 REFBAEESHEORKRORIBERETH D, MR, ~ VIR F 977

B < BEICE B LT, MZERMEEICEBRICERM STV 28 B & TULICHREET 2.
Mz T, BUERFHIBE T2 Z &N LWEH Y 7 v 7 EEEEHIZOWT, HILWT Fr—
FTIhixdEL, THIFEE T OIREBITo7.
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Fig. 1-1 Trend of composites use in aircraft structure [1].
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Fig. 1-2 Materials used for Boeing 787 structure [2].
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0%LL EDB 72 HiHE] THH[B]. T DEFRICHE O RFWHEITZ OFRT U I —Y — DOFEE
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V77 V=RV NR) KEMMETH D, KiwCTIE, EL0{bHE LTZ D PAN &
PRI Z TN TS B Z T BT 5.

PR FEREHME LD [ BRIREE L RN & <, MOBEMENZ ENRFRTH D, fRFBEHHE D TR
70 5 ONTHPESRIY, Zh D 2B TR LI b b IR & HtEsR 2812 & L C Fig. 1-
BDEIICTIIRILEIND. PAN RIKFMAMETIE, T OFGEIT RIS U T i R R HME & =
REPESR IR FRMMED 2 T3 8> D203, MIATHEREIEATBEE DA < BE & Tu 2 D13 s i B £ A Ak
METH D, HRER XL OHMERIIN TN bR IORITCE RS, HIREITHER FOE S T
WAEE R Z OO PITEL FITF 22O TE 2 AEIITHIST 5. Fig. 1-4 I[2fRER72 PAN
RIRFEHE O BMHE (7 4 T A2 b)) OB THMSEGE T

PAN % £k Bl O N EBREIE 12DV CIE, Bennett 50 k< &b =if7E23 & v [6, 7], Fig.
15 IR THEEZA LTV e SN TWD. BEPMMER T 774 ME&ETHDHZ &
25, PAN SRR FMGHED 5 SRR IXBHE 72 KB IR B H[8]. KIMaDKRE &0504i L
BREE & ORREZFEL TN, ZNO~RITTRIEFE - FMEORELI LI LEELT S
LTk, REFEWHEA — N —TIREE N LA FEBR L CEZ[9]. EAMEIOSBRIRE L, iR
L7 bl E D S IRIREE I HAAKE S EEBEIND OO, BIRD X5 ITEEM B TIX



— AR D R FHRHED 5 IRIERTRE DI BRI ITER A 6 F, EAEHEHE L To 5 RmIENIZIX
D% < DBERERNIAET 5.

WHEIRILE AR O & 2 WITHEEERE & L TIE, BIRICTIIRIE T OBIRERED 21 E
HL TS, LRoffEmromic, MEs U TRET 2 EERBENFET D5 2 LML
TW5. 20X RBEONREHN, ~ NV 7277y 7 LEMIEKHTHD. BEMEEIC
AN BN D RBEMAEE S EHZ BN T, MR, ~ U7 2277 v 772 b NI < B
O 3FDOBEIVREIT, FHCEELEZ LN TEY, AFETS 2 b DEEIFREIZIER LT
FBrB LU 2 L7z, LTS, Zhb 3FOBEEICOWT, TREIES LY
wIRARD .
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Fig. 1-3 Specific strength and modulus of reinforce fibers.

Fig. 1-4 SEM images of PAN based carbon fiber filament.
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Fig. 1-5 Structure of PAN based carbon fiber [8].
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B X 91, RFEMHAIAIEO 5 BRIRE I EAN X LikME T H D IRFMHED 53R
BREEICEICKAL SN D, IRFEWHEDOBMHE (7 ¢ T A b)) OBREEE, BT O KXY A
REGFERRIZL VIS 2/ T 5700, TTRPHOEBHESSEMET2 b00, BH
(CIFEEM B 2R OMEE A FHE L. RIFHEMHEN A L TV EHIE, £ 0lfFIC
FET DR Lo TARILSh, ks L TWEAMRENITMR SND. Lieso
T, TS HRME DS T & 2R U741, BAME O RIRIEIEICE 28R T, ko5 H
ke D> & JE BR O A 7 BRHE ~ O B O Byl S e R B 2 7. Zhudi:, ~hY s
ABIORBEBHEL ~ N 7 ZAOREORENKRES EET L EDHbI, ZDOANT=X
LDV TREMZ2AFZE 3 T o T 5 [10-12].

KFRICTIE, o9 HAAE OBWTIZN 2 T, £ ORITIAET D Bl E 2 A HH T 5 Bk
D ZIRAVILAEIT 2 5 oD THEHERMT & PSS Z & &3 5.

122 ~h VI RAT T 97

~ VIR Ty 0%, BILEHERICFET 2~ P 7 2H D 0IEHMHEE ~ U 7 2D
EIZHAEL, MM A o TICERT 227 7 v 7 Th Y, ki & 272 2 N5 R E L3
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EHEZZOJFm (transverse) (ZHA « ERTHZ LMD N TV AN—RT T v 7 EEIND Z
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WEH, — 7RO THRALHEHERC 6 & AT 5 T NE, MO 203 & b IRV 7T
Thd. Z0D, ~ VI A7 Ty 70, bliRME T CHRBIRICRIICHEET 2HBETH
HIENRBN. w N Z AT Ty OIAEIC L > THEHEELAZ 7 18 O 5| SRR A FHRE 1T &b
DD, FEEWRIZIBWTIEF D0 E A2 AT 2 b BT 5 o1 TiZZevn o T2k
B2 LT LHFHE LRV, LLRns, BERNEOIS Ml Z KET b
ZOXFWOHMIEETH L. £, BIELK[UEDBENEN KON DD TED X 5 7akkie
FRlo B H M IR W TIIRICEE LB ERETH D.

AR IZ RV T b, SRAGIRHER & 2 W I3 & ~ b U 7 RO REICFEERRD 7 Z > 7 3
FBETDLH., KigLlZBWTE, ZOXIRI7 Ty 7 b~ NI TR Ty 7 LRSI EETD.
B icB T, ~ MU 27 A2 T v ORI & AR EREZ . &

I, WM AET D~ M) 7 R7 Ty ZITERERE ORIk L0 b1
HTHD, ZORBEIIONTRE2ETHTDIZ L LT 5.

1.23 RN < B

FAFEAR O 8 NI AL 2 JE [T < BE S SRALARAE DR T & o 722 IR SRR BB D AR
2GR TH S, BRI BEOERO T RTHEMERE-C~ N 7 27 F v 7 OFR LD
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FRC A 2R 1E D22 MR ICBR L CEB SN TE T2,
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T<HEE, TO%ROBEEN POMECTITER LW &, &2 WIXKREESIKRE £ Tl
AL R D REIEFTHRE LN EDERINS.

Z ORFEIT R RO ZEMEORIED 7= ODICEERFRE Ch o 72720, FEERO BRI
BIED N T 4 VAR ERAT D 2 LT, X< B OHER 2 M3 53R A3 Tl T
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BT —H 1Tk vnb oo—Fmidfbik & LTHaET 5.

— SRR R O PERY S BN L, ARG b O BB AR E S Ao FEE R O Wi &
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SRR E DG DD N EERE TH 2703, ZOBBITK T D HZEFIITD 720,
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Fig. 1-6 Industrial production process of carbon fiber prepreg.
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—HT, RIAAREBTERIGBHEL I TS LDERSH LD T, @7 v ¥ L~y MLk
HEERENR IR DD Z &, HEATRRO - ORE ORBACKEAME L, OB RT OBk FE )
TR AHMEFFT D MENOBIIERGDROND Z LR EDHIKNNH L. Licrn>T, U7
7/ A — N7 LTRSS UTHEB RO ) E R — RIS 5.

ARIFETHE, A= 7 L= B3AETH LD, BIEREARCIEZFA U2 7 L A & O
MPNETHDL. BIEOEAENZELSTHZL1E, YreRKMEZERET ZE, LG
WEOBIEZ AL, OV TIEAMEIOMIEZ N L3252 LICERVAFELWR, 207k
OIITRZPAC D JE % @< TH2RERD Y, EREFEOK & 2 KEGRMI S Uil
HENRRELS, BEICE > TTRMEOHEKRIZL Y K& a3 X MIINERIZZR 5.



COMBERERIELL) ELEOREEL YU VT VAT 7 —E— LT 47 (VaRTM)
ETHD. ZOHETE, BEHACTEIEZNEEAT 200012, MibEMZE A LR
=)V L THRZEGEL, RRELDOEEZFIAL THIEZEATLIOTHLS. ZHIZE
0, MO FE S 2 HAVTRBRANTEM O R E S OLEEIFKITES 720, LM T
IR D b DR, BFAEE R CICHEH SN TWD . =ZEMZEE R L ED 5 MR]

Prepreg/autoclave process

O\ =
Matrix resin —— - - -
——-
—— P
Carbon fiber repreg CFRP

‘ Prepregging ‘ ‘ Lay-up ‘ ‘ Bagging ‘ ‘ Cure in autoclave ‘

VaRTM process

-,

Matrix resin CERP

—_— "Q ‘-..

‘ Lay-up ‘ ‘ Bagging/infusion ‘ ‘ Cure in oven

M

Carbon fiber

Fig. 1-7 Comparison of prepreg/autoclave process and VaRTM process.

(Mitsubishi Regional Jet) @2k DIz DHEZELV L N T AT 7 —F— LT 4

> UUE TR LT (RBBHEE S BRI 3 BT &5 FE CTh 5 [19-21]. Fig. 1-7121%, B
WLV NG UART 7 —F— VT 4 Tk, TVT VT F— 7 L—TEERERET
R LTWno.

BELYY NI VAT 7—F— )T 4 U ZIEIZBW T, BIEOEANTIRKE L EE D
JEIZ L > TiThivd. 201, BHEOL YV NI UAT 7 —F— LT 47 L0 HIHIC
(ECRERE DRI BER S, F MRS L0 ZDRAVICHEM 2RIATEIED X 5 ITHHIEE IR A
A T EREHIND R — T A EEM 2 AN 5 70 E OB M T TN D

1.5  BEfFEf

B U 7o IRFBEHEE AR D 3 SDONREMLBERE (e, ~ V27227 T 978
FOVEMIE< ) OEBEIEITMERN LIRS, BB OET ML K 2B 72 &
PRAL BN TET. LUTIE, ZO—fRiNRBRD 2\ IIREWRFEFIN OV TERD. 7
B, RFROERAMIE, ZHOIEROEFAVOEIME, BIEITH 2T TEAICE
SHTWOMEITHEIEL, BLEOREICK Y AICEHT 2700 #HE2HL 2 LI2H 5.
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1.5.1  fkHMERR T

FATIHR AT L B0 IRFEMHEITE T 2 v 7 7o & L RBRICHEM R B E e D 22 TH LS
BTG v 7 BT MR T H (LD 1IZR T Weibull 754712 X o THE SR & 7tk 35 7
n—F R < B ZIF AR STV 5 [22-24].

F(o)=1—exp {—L (ai)m} (1-1)

Z 2T, FO)IXILTT o lZ31T D RAGHRHEDIE SR, LITHEORETHD. ook scale V7
A—HTHY, miT Weibull /37 2 —& LI TS, oo & mITDAOEERTELRTH
5. —mmEA OREIE, 0K D IR A RO R AR 2 R, S DI Hk
MM A2~ YU 7 Z2BHE CHOIS ) OB AREL L LTeb D EERX DL ENTESL. £T
X, BHEZRICT D2 L 2T LTS, Fig. 1-8 IRt &R0, MEDRMRLZBEHOH
WAEIC ISR EZINZ 2 &, RIFHEMHEDINT L 72 R ©, £ OHHERSAH L T
7o qnf EE I O A 70 BURKE ISR Il oy S5 . RIS, 3 B GREE 23 N HRGHE 2 sy L
[FRR ISR 4 70 B ME IS T B ANEC /y S D, & OFRMERRIET & AT Ry 7 B AN RSN D
LT, WEORTEDFR D O BHE TIT A L S RVIRIBIZE S, Z OWREBOATED
Zo R OBETHD.

n = 2 bundle with two filaments

Apparent bundle stress
F(a) 4 o (Higher peak)
. O“ o, (If 0,<20, then 0,=0.50,)
a,=0; O, o, (1.0-0.5)
0.5

¥
Y

Apparent l‘)iundle stress 0 =[0{1-F(0)}]max

o —

¥
L J

Fig. 1-8 Model of bundle tensile strength.
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WA 2 HHEDIRE ICRE RIS SENFET D5 BBV TS, WOBREDITS
DX THBMETRE M BAROEE TH D 2 &b, BHEOENRE D LBHITITH
ENWYT L. bbb, ZROBEMHMEZ R Tl T2 2 &2k, RaeEs LT
DIEEDIILOXEMAHZ ENTESH., 22T, (1-1) Kiz/s L7z Weibull 37712969 n
KD BHED D 72 2 WOTRE DLEFREL CVp TR TER SN D.

cvy = [{exp (2) - 1} /m] (1-2)

B DOAEL n OS> THROBMEIZS S IFETT 5. $4bb, RERMEITHO
EEATORFAEMHEL [ & LTHEAEMEBZIENRT 2 2 LT, X520/ S IafEiEsk
ETHIENTED.

WIZ, = b7 ABIEOBRICONTL Ea—F 5. RlROFITI W CITEIHMER O 7
OF EAREEIIAT O RN DT, RNO B W 5 LIS HAHENIZZ O 2RIChZ-
ThRbivd. —J, BEHEMOISIN~ N 7 2 %8 U T TOILDRETIE, BEE» bR
SHWNHEN 2 LIS BEIE T 20T, ISHEMEN RN LM (RS Tm) 1%, ik
SOIERICIRE S D, T Rosen I ineffective length & FEA7Z[23]. F721%, /123 El{E
THECTORILWVWIERTILNEERS L LEEIND. ZOET/MIESITIE, #itaE
BMEIOELESR E LTS L) 2 EiE, REKE S HFMIT ineffective length @ 2 f%53°24>
FIL, EINCHES Z LMY TS, ZHUCE - T, FEMRADRES (KR ZIEFITNE
KTHIENTE, BFEELTHBELZN ELSELHZENRTED.

VIERDY, REMMEE S BN IS D HEM 2B 1T,  BAERIT O 22y 2 {afk & LT
WoH LN TEDH., EHIT, EAMELE U COMEITHEMMERESAMITMZ T, HikMER O
SR ZE A S~ B Y 7 ZRE E REICRE KFET L 2 EABETE 5. IBHEIZBW T,
TR BELARAE 2> & DI I FRBL 7 (2B L CEUEARAT 2 2 T & B ICFEMIR T 28T o, EBR{EIC
ITWEEMEHRE RS DD K 512785 TE TV 5H[25-27].

B, —MRENCRFBWHEDOFIRIRE & L TRbh TS b DI, AHEKE[28-30]I2E D b
NEBEERA NI FBETHY, LRORL~ M 7 ZABNEOREZ Y A ZRET
oo, HHERE 2 X — 2 LT 2 MEMRROHEMICIL, BIIEESREA N7 RIREOMIZT S
DD 715 T HIFR 7 BURAESR B 2 EBRAICR O D Z E BB TH L. TOHEL LT, 7—
VESEBE L HBHEOBIIERBRS M DIV TV DAY, HEHE A BRI DAL, Wb
I T AT — v a AEEISA LS BRAS N OB R A4 - BN LT SEFRD © HUHE
DIREE 30 245 2 J7 15 bIEH STV 5 [26, 27].
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152 ~hVIZRITwD

~ U7 R Ty 7 ORI E LTIE, T0ERLKE, 7027 I/ Ehzdse L
NP D N T U AN=RT T v I 2o OMEFNATISNTND. LD
shear-lag €7 /V[31, 3212 R L7 17 74 7 U A RNE < Mt &z, Shear-lag €7 Vi,
AT Chf U 72 W B ME D D OIS B ZEDBEZ H L FE LT b DO THY, ~ NI I R7 Ty
7 EHTHHEBOISNAREN NS Ty 7 HN LN IZONTEET S EWIET AL TH
%. WO shear-lag €7 /WTIEHAMNGE I EEE L7V 1 IRTTET LV Th o725, Hashin [33-
3BT NE 2T, KWT 3WITITHEE L7-.

Shear-lag &7 /v & W fENTIZEEARINCIE N1 7 A4 TV A NZESLS D TH LN, £
%, V74 A7 7AT VA ERA L= XX —FMfET L~EHEL TV o7, —fK

HE R OSSN CILE RSREE OIS IPIRIERAE L, ZAnRERE RV~ A 707 Ty
JINVERRT D, DO~ A 7w Ty BREERN~EERT L0 EI N (D7 Ty 7D
ZEEBEEI Ty e D) ORI ER VT T ADNKEANTHD Z ENHLI
TWo. 2%V, TRVX—FHEETVIHMEINEO 2 T v 7 BEHE LV L0IE, FH]

Hilr 7 v 7 EREEOHECANTH D, T Y BEEREEO@EY R RE &2 R ET 5
ZEMTED.

— T, MEIWNEID 7 T v 7 B EHEEIIIOEE Y T v 7 ARSI TIER L, A
WCHO~A 7wy Ty 7 ERICET DG Z2RMEE 2 MR T Z E BUEARFIRTH Y, i
T, B HRREA OIS IPRRER HINE Lo~ LT A7 — T 50 <HIRE SN TV 5.
INETIES, v M7 RZ Ty 7 REFFITET 28% < 0BG #E SN TWD
HLOD, ERMRFHIB WL~ MY 7 A7 T v 7 OFRADPEER OSSR (L) (2
INDHZ LA TWE., ZOBGIFRIOFEOA ML E L REL, FEHICkT
HHEKBBEL 2o TNDN, ZOFEFIHRMETOYA 7 1Y Ty 7 AREROEEMED
REEEWR D, A a Ty JAERBERA =X LOBFEIZEL, ~/VTF AT —VEITIC
Mz T, ERIICZORBEZWAMAT LB TENE, ~ NV T A7 T v 7 ERSEBOR
ENFREE 72D 120F T, ZNEIHIT 210 OMEBBIRICH 7 4 — KNy 7 8 A[gE & 72
5. LU s, fRBTROBFZeics LT, EBRAYIC A im0 %4 < b L < MET L 72iF7e
TIEF ISR,

~ MU RY Ty 7 I3REERICET DRENRIBEE TH DL &b, ZORERD Y
T v OFESCEEROFE L EEREE L CR#ShTWb. v~ NIV 7 A7 T v 7 Ot
5 O IR TRy LD DY, ZOBICEM ORI ERLRER & 0 5. B < BE~
DR L U TR BN K 2 s b2 TEANCEME I TN D Z & IET TR~ 7223,
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ZOEMEIERTO~S N 7 A7 Ty 7T AL O LVFZEIZIZE A ERE S Tn
VAN

153  JEMIE < HE
EEIMLZEE O EREE~OARKEE I H T2V, IRFHEE S B O BRI < BEO RN K &
IRRMEE 720, BN LY IR0 RRBA e SN Z LT ER LB THD. E
L < BEOIHNCIX, B2 7 v 7 #ERBICHPD L NET— FBLIOEARET— FOBER-
FNF—FAER (G, Gie) TREINDEMBEGMLZ M ESELZENFHTHY, Z0
72D2iE~ b U 7 ZABHREOBINED M LR E—DOHIETH D, BUE, MG S f#
PITWD~ MU 7 Z8EE, BUli{bMERIE, R T RF UBIE TH L2, T L
T, BARTBMERIIR I ARSI R <, MIZEHREE I LB RTHEWE A F T o =T ) v
TT T AT w7 ERHINDBRTEMERIIE- & 21X PEEK (RY =—F7 L= —F L7 hr) X
PEKK (RVx=—F N7 b hy) B~ MU 7 ZABRICHWD Z LT, @V E Mg e
WEBTEDZEBRHESNTNS[36-38]. LLARNRS, 295 L7 iEE o B AT i
1%, EREMIEERE X 0 @O IRE CRAIN T4 2 L8RS Y, FREEMCRIE T e 20
a2 MSFRERIICEMIC R D E WO RENH 5.
WL, TARFUEED L O REWE LM~ N U 7 ZABIEEZ AW D, JE MR ERE

A ESEDEMOTELE LT, 77 v 7 BERT 28O @ EE O BEE(LERE 2 Bl
ETH200H0, 44—V —=T7EbS5W0NTEMMIEEMETIND. ZOFEIZEL ST,
PERDTRE T~ Y 7 ABIERMEI O 7 ot AR, BI9E - EMERE 72 & T8 )20 &
MEFF L7223 6, M BRI U, @ERATE 252 0 72RO @ E < B 2 i3
D2 & CHERAFREE 2 B S5 FIENBF I[15, 39]. Z oM A LR ¥ R
O JE R 50 L B E MR LS A4 EHT, Boeing o FE[EIHE 777 Rk 787 AL O TAEE I &
NTERY, MAHEN OEERNESHE L o T D.

ZoBEMRMILEEHEHCOWT, ZILO[0IIEH 0T — FEEAME— R ToOER_IE < B
RED 7 T 7 RS L Z KR 2 R 1L B — ROV TREICRET L T D,
ZOWETIE, BIARICL S, BOE— RBIOEAKE— FToBMIZBECMZ, &
D LARTORNE— RIZoWThRFtsh, BNARIC L5 0E— FoErIx< By
7y 7 IEE ORI ONT Y T v ZALEPBNEICER L, BHIEOMEEOZ(LIT R
TANX—REE (Ge) DA LT ZERHLMZENTWS. —F, FHHARIC
LHEAEE— FOEMIZSEEY 7 v 7 TR OBLEERN ZER L, LE LcmOER = x
X —IRBCE (Gue) ZFETHIENRINTWD. MR T, #VIELWMECSA, BN
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T— NEMIE<EEY 7 v 7 ORNEBIIHNUMENL Y bEWY 7 v 7R TEL, ZOHZ
22 Ty 7 ERFEEOEBIIEL TND T L HRINTND.

e 5[4111%, R UMEI 2% LTHRAE— FERZ 7 v 7 % IconTEbic<bL
SHFTL, 77 v 7 RIS LT ERBRZ A7 — L LTRA L, OOV T
LTS, ZOREDRNT, JEHEHEH D IHEE NI E TR O B8t b 217 o 7o ek
ZAWSZ LT, AT —=VOEITICL DA =RV X =R ORI BIK T2 LT
XHTEWTRENTWS. F£72, ERES[42, 43]1%, T 7 /LR B RS E A MBS B R %
W, KRR FIETY T 7 BRMANIE ARG 5 2 LT, BN & ERIE ORE L, HEERES
FOMOBELAMFDY T v 7 EXENCONWTER L. ZORNTY, BRNEE 2 7 v 7R
538 LI B I B RBRIE DSRS0 IR S e 2 E MR STV b,

IO, BB OEEMEHIB T, MEEND Y T v 7 ERICH L TSR
DRHPFHEINTNDZ L AR LTINS, REMMEESMEHIRE LT, ZivE THIZEHE
W e U TRBEMR SN TE R EIIMERETH 208, ZOFELRIBERIL, TAME—F
CB T D7 Ty VERIMAT — VORI X —fBEThH L EEZLND. Ll
WO, A% E SICHERIES - Bk 50T, ZHICMAZ T NE co s 7 v 7 i
% S BITMADFEDLE LR AR E V. T2bE, T TITHFEAEL TV D ERIE<
B o077y 7 #REBET it BAICHS T 2 MBI NS BEEN D, S XITHEAR
X9, AT F—MERE RE M ESE 5 HEE, R BIERTIIRS
NTHEY, FLWEMOERNRD 5TV S.

AR, TARF 72 ERIROREECEIE A R A LS 5 51k E LT, iR #
VERINR 72 & &0 FROBIMOMIT, THEEEROT ) ~T U7 ANER SN TWND. )
Th, W—ARrF/F=2—7 (CNT) 1, ZONFFENOHEEMEIE LTHLAZETHY
[44], HEHIE ARG CEIED AIREMEN FLAD B Z L [45, 46] D, TNE T T AT v 7T
WL CHEREZ M ESERADITHON TV DH[47-49]. Lo L7ein s, PAN R7e Bk
DIRFFHE & CNT & O AT OV TORZERITE 7207200,

WERDRFEMHEE CNT EOMAET L LTIV D00 FEREZ NS, e 2, &
FiE~ N U 7 2RI CNT 2508352 LT, TO8ER FIRICE-Tr 7 v /i
JROMBINHIFRFTED. LMLARRs, LENT e A~OmEHE&E 25 &, CNT 240
BRI LR EO~ M) 7 ABMRIIREREORE MmO TE 720, BURO T rE 2
TIX CNT OWINEIZHIKI DR & 5.

—J7, CNT OKREAKOFTEE LT, R EICAK - i S87- CNT O%EREE (CNT
forest LIEIEND) M D, — MOV —UBREOESR L L TH=MIC CNT ZE0 Hd 51k
DHIHILTWA[S0, 51]. 2D & 572 CNT A% RERMEE SN AL T 7' —F
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X, KEO CNT ia TEN T r A TEBTLHEE LTHRTES. I6I1T, R¥—
G b ORBHHEEAMEIORE - BEA =X L eBE2 - &, LEREFTICKED
CNT ZEHFUMT 5 HEL LTH I DL 57 CNT E£AEROETITHEZTH 2 AlGEERH 5.
fol 21E, EREIZ<BEEY 7 v 7 ORI IEOTZ®IZ, JEROMRIZ CNT & — MERETHEF
BB S 2 HER ENFETHDH. LLRRES, 29 L CNT £ KO RBEHEES
MEBI~OBEAIZET 2RI N ETIEFE A EA LN, S 51T, MIZEHEEEM OBLED
Fitli < 2 BT YBVER IS IC L 2 BRIRIL & CNT ¥ — F OfLAEIZ OV T ORFZEFNIE LAz
S7au.

1.6 AFmSTOREE &Mk

AEE TIZHR 72 & B0, IRFMHEE G ELOBRE THIRT T /AL O B EMT+5 17
ENTVD. E<IT, MiZemis & o B H S 2@l o 3 FEo EE 748
BIFREIC DV TIE, %< ORFEMTON TE 72, B, FEESOMZSHREE I KR O R FHHE
BEEMEIDRRA S DBUIRICB VT, ARBFZETIE, EERICHb T Dk 2 R B 5
RFEN 2 BRI FEICIEIR L, S OICMITET VOAMEEZRGIET 22 L2 EAMET 5.
F7o, EEIE<ECEL X, S/ ~T VT AEEH LTy e —F CRtEom EE
A D

K L ORBELUE T T 2 NE & L FIZRT.

% 2 mTIE, —misfbfEk ORGSR 2 KR 7 e —F IS TRHME 21TV, £ ORI
D—EBIZ DWW TEEGRII 2R A2 A 5. £3, Boeing O 777 i 2 & o RFEIHEFEME EH I ZFR
E RS2 L (BK) @ T800H/3900-2 7'V 7' L 74 L ONVEAUIC B L 7o pBHZ X 5 7%
@i A A, BIRME FCO~ M) 7 A7 T v 7 REFBEFTHDL. 20T, LIE
M ERECER2WERCTHLIBERT v VONMTEHORBICER L, M2 ZRRG 217
7. I, B BRI OWTRERICRERE R v I T OREIZ OV T HEBRIBRR 217 5 .
ZD DT, WIEA—I—NEERT D, BEEXENIHT 5 EMRERBEOREICOVWTE
WER 72T — & Z HUS LEEEM B L COMAMZHRT 5. 618, Mmooy
K USIEAR FCORGEIZEMCBIERL, BROWEEEITY. £/, TORERBIH
T5~ MU 7 ZABIRFE OISOV THI~RS. £ LT, BFEOHDIRILESHEIOREE
TV RO CREBHR O AL OfFIR 253742 5 .

% 3 ETIE, MR CTOERPIMALBEERLEE X9 2T, REMMEESMELDO
Open Hole Tension (2351} 2 G 2 5@t CTHIT 56 2 L2k s. R L LT, —F
MR bFE R L O R b g 2 D BT 5. iy, ~ NV 272275 v 7B XUE
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X< BED 3 DONREFHREGIIEL, ThEhEb TR L FETET ML, FEH
BLE N BEERE & EBRAE R & OXHERE DT ZZONTEET L.

% 4 BETIE, 3 DONKRMBEIZIED 5 b IRFEHEE AP KB KRB O — R &R &
LTHAESNDEICb 2L b7 VT  IVRREHEHE & 2o T2 EMIE<BEHTER 5. —K
HEM IR S TW o EsrEm E (g Ma~—2102, BRIZ<BEY 7 > 7 R
DOBIER L BN D, CNTHEAEE (U— ) ZHWHT- e EistEm Rl 2581, e
M EM 2 R—2 L L TET VI ENE FIET 5.

FHETIE, AMIENOH{ONIHASERE L LD, KX DOfmme LTRRT 5.
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TAF v 7 LRI OB O ATHEICREEN B 25 E 8. RETIE, MZEHERICERIC
WH SN DMEZED B, 2 OBRIGBHEEIC OV TR,

XU I, Boeing O RO EHEE IR S 7o RFBHFEB A B2 51, Bix 2EA
BREE T CORMIMAMEICONWTS D LR, BHEDORGHE & MBIV THEM LoRE
NIRVNDMED D D . W2 DN IS S D K FEDOBRBESRMDS, IRFWHEE A AEL D
BEFCE DL S ITHEBET L2008 V) BT, REEO FMEEM ~0RE - SRAIICEL
THED CTHELFETH Y, FAA CREIEMIZER) 26 OMAXGRE, MERRERSICEL
THHR— T —F & L THEEHAINTZHE THD. AIHTIEL, Boeing ® 777 BIEED T A%
MIZRRRE - TR S 417z T800H/3900-2 JE#Ist k7 ) 7L 7 v % 2 & THiZERERRRT & i
SUOBENOREELEZ LNHHE LEUEREL, KBMRT -4 _XR— 2 2R L.

ZDH R T, SHOSHRDHMIR - Faliskst 2 BE B &L LT, ZoMBHZ a4
INZ 72856 02 BIT 5 FERRIREEZ — ST TG L BEE21T9.

£, AR REERICEET S~ N 227 Ty 7 ORBEICBE LT, ERNRBLET
M L 72 D@ v PO TARRE DB O\ TSI 5. — H R LR O 5| R &
TIBTHAHHHEEL LT, v~ NI 27277973 EFICESHMONTEETHDL Z LD,
ZDRAEFEFONWTUIE L OWFIZEN B H[1-4]. ZHHDHFIETIEY T v 7 DRAEDTHR
WEBOEENRTRORANDRINTET, EZAT, EXERTIE, H<06Z07 Ty
U RAEFEIRER T VO TRHEICEBEIND EOMANFELL. LLens, #
EMELOM THEGIZET 2 %EH 2 b OD[5,6], ~ V7 RAT T v 7 kT 2T EL
BY P CTHRGEE L 7=l T 7o 72[7,8]. AETiX, Boeing i@ EM TH 5
T800H/3900-2 E[#F L 7V 7' L 736 L O OBEE 7 A EHE L 2 FEl 27l 4 & L C,
~ NV ORI Ty 7 RAEIHTHT Y VINTOZEII SN T 5.

COOOBEE LT, v NI T RT Ty Il b SMENRYIPHREECH S REMIEL
BEICDWWT, [ARRIC » VI TORZBIZ OV T, BEOHERIZINT, EEERERIE
<BECXT 2=y VINTORBEEZFTANTIZTEA LRV, KETIE, v~ NI I RTZ T w7
L [RIERIZ, T800H/3900-2 JE@MH{L~7 U 7L /%% W T v VI T.OFEIZ S\ Thhd Tl
N BB OER EORT v v LIZOWTiwT 5.
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5 FERIFTEI, FABRERAE OMHERLI Y 0 FEdH DML 9 0 EDET LA IR
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ZIEREICHEIRE T2 2 e E L 725, 728 20F Sato H[9)1E, ~ /LT R — LFRITIZ LY off-
axis SIREHIOT O TRIZITV, FEMAICBITOIRMEORWHENARIN TS, 20
off-axis Fi & Al DHEAFAT B ARIZADFIE TIEELY LT 72023, Sato & DRFFE A 5 6O i 25 Dl
ICBWTEEINTWRWERE LT, EHRMNITICRIT 28R = N2 T ORERD S.
RETIE, Z OB OV THZHEREIER & IV CERBAYICHEE L7z,

AR, W LB OBREFEENC OV TR 2. izeiidx, BEifie S oM
L L CREMIC K ORBFIRPRKERDGE TH Y, JFReEicEBN 5 — iRt iEE
WL EONLIAETHL. LU 5, BRECwHAHAIC L > TiE, LVkax M
IS FTRE 7R IR FARMEE SR T 2 ZRITIER L TV D, F—ETHERLLL Y R TR T
7 —E— VT 4 U TRITZOMPRIEE LTI SN TWVWAL0]. 2 OFEICB W Tl bl
DREWRTGREITH L 72 D720, i EEMEtOBREEE 2 B8R+ 5 2 L1, %0
K2 2 MLZEHREE D EBOT-DICIEFICHETH L. AHTIE, VYU T RT77—F
—IVT 4 T & D IR BB BRSOV T, SRR Y IR LI E T COHEEFE
& A YE D BRI SOV TR R~ -

DT, WAL EEREAR O SRR BDNCOWT OBEOH G E L Y 2 —T 5. —F
R SR EL & b U TR TRILE A RHE, 2O~ A 7 a S OREN D, TR
DM 72 6 D250, —FRbEE IV B2 AP (Lamination theory)
(ZHAD WL OO FVEREHT FIED R A L TIRE ST & 7o, Blf e L
T, EYA 77/ (Mosaic model) 232 F b b, ZOETATIE, fPHEEE 0 ERLH
DL 9 0 FERLF OEHRIZ/HEN L CHMERMEZ RO D, AU L0 RO ERREE T
RIEDO R " Fondboo, bl (crimp) NHEEINRVOT, FKEICIE
RAPNSH L. Zhicxt LT, 77U 7E7 /4 (Crimp model) 7Y v 7ET L
(Bridging model) TlEZ OREICK T 2EENE SN TRY, iFE L FHgs, %360
THAEE IS L TARITH D Z EARENTWAHIL]. I, wkkEE 2 3 S B AT <
W9 FERC[12,13], == NEROMMISE ZMHTEOIZ R < J71E[14], JRE @ Self-consistent
IR T NRHT[L5] 72 E MBS N TS, IO DOFIEIZ LD HEREICZOWTH D RRED
FEE DT ATRE L 7o > T 5.
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TS, Roy HI161E, #AE th 2 sl p B L7l 2 v 5 2 & T e dh i
WO FHZB T 2 BEEEFOBE21TH Z L THREOESEZFFE L. Gao H[17)i%, O

(S BIEGERORBLABIE L, LR CO~ N 7 27 v 7 LR o
X< HEAR EEARBEEREL LT, ThDLOERFMEL OBREZBLZ L. LrLARRs, #%
WSt AL AL DR IERE & 2 O SRR~ DB SOV COERIT, RIZICEAIBLA D
R s R EAAT AR

B AN BRIZI T DY OB DN TIEZE < OAFFER H 0 [18,19,20], & < IZH#E D K
LBIBRMEIC L D ALIE O YRGS RAREOM EAFET s 2 L bBEIhTWD
[21,22]. L7=3- T, #(bEAMENCB VT, FIROBEEREE & /55t s o/
A EMICHERE LT 2 2 813, ez ERIOHERFHCEMAT 29 A THETHS.

22 FZERE AR R O R M ANE AT

AIECIE, Boeing F:RIFEICFRE S417= T800H/3900-2 'Y 7'V ikt & W C, #&t b
B/ SRR ETE H 2B, & 52 RO EH T I HEE DI S DRI AR BRI B
R L1210, NN E D L 5 1B b3 2% 387

221 HEERH

LR SER O T800H/3900-2 — Ji1A1 7' U 7' L 72 L 2 FEE K & fikakbf & L7=. T800H
I, R (K9 300 GPa) Frtha AT D miREL PAN RIRFMMETH D, T ORFEMHME &
B THWHIH#3900-2 BIERIT, =ARF T RBIIEELEAMKET2H0D, JERHICER
YEVERTAE R 72 RdE 3 5 2 & T, IR OEEEEMRE  (Compression strength after
impact) Z[f] L &SHE75&E Lo TW5H[23,24]. ZDOHBSHEH HWITET M E LT, H
P 28k a2 AT 2R E~ MY 7 ATHGNRN L, BRIOEFTYEIERIE 2 VT /e
WET LS T800H/3631 DERL A 1T SEBRIC ML L 7=, T800H/3900-2 — J5 Ml s kA o FL ARy
% Table 2-1 1T~

2.2.2 7k

£, Fig. 2-1 [T 4RO RMEFRLHZ1T 5 AT, REBEHAMEI Ay 718 L
TR TERU OFREBIR 2 RE LT, 2D ORBESMIT, MIZetiisid o A E BT~
SMRBURBEEISRM L LT, BRABREICL2FAMRTOL L TRELZLDOTHS.

(1) FERREFLOH (100°C, HE 3700 FHE)
(2) BEEFENF (60°C/I85%RH, #rF 3000 H:f)
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(3) #Y 1 7 L (-55°C-125°C, ¥ 3000 1 7 /L)
(4) 1BEY A 7 )VALEE (-55°C-35°C/95%RH-82°C, 1000 -1 7 /L)

KRS Fig. 2-1 1R

Table 2-1 Mechanical properties of T800H/3900-2 lamina/laminate.

Properties Unit Environment Value
0° Tensile Strength MPa RT/Dry 2740
0° Tensile Modulus GPa RT/Dry 156
0° Compression Strength MPa RT/Dry 1560
82°C/Wet* 1300
Compressive Interlaminar Shear MPa RT/Dry 77.8
Compression Strength After Impact™®* MPa RT/Dry 350
Open Hole Compression Strength MPa RT/Dry 296
82°C/Wet* 236

* Immersed in 71°C water for two weeks
** Impact level : 30.5]

(1) Temperature Exposure (2) Thermal Cycle Exposure
T
125° c«h—\
.
100° € RT —
55° G
10min 10min
3min 3min
t
(3) Moisture Exposure (4) Hygrothermal Cycle Exposure
T
T 82° ¢
35: C
60° C/85%RH 95‘“""4/
-55° G
t 24min 24min 72min

Fig. 2-1 Exposure conditions for T800H/3900-2 long-term durability testing.
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Z D AFRDOERRFRGFNI 2T > 7212, EER>ORBRA Z/ER L, R~y 7
(ZYEIL U 72 )RR 24TV, E A RO R & b U7z, S Re et imsE B X LU T
DA4HEETHS.

(1) MEEBLEAMEFRE (Compression after impact)

(2) AMEAETRE (Open hole compression)

(3) JEAEREMEAWIRE (Compressive interlaminar shear)
(4) BTG EHME= (QI laminate modulus)

i
ol

4

&

<
I

IS ATHE OREBRITIEME A Fig. 2-2 128 T. RIS, SIFEMAN EREAN OEAS
IZOWTHRD OB ERERGEAREIT o7, £, AR A 1M — I EAER D
WU EOAMZITV, WICIREY A 7 VA% 1000 Y1 7 VN x, FRAFIEAMRIREE 2 )&
Lic. ZO%&MS, WEHRFIIE L2 E0ARE L2 FAREFTOME, EatEEEIZ L -
TROLEBELWVEAREL LTRESNIZLOTHS. ZORBRTIEZMAMIC Fig. 2-3 1OR
EN

(1) Compression After Impact (CAl) (2) Compressive Interlaminar Shear (CILS)
[45/0/-45/90], [0],,
Impact Level = 30.5] Deflection Rate = 1.3mm/min

Deflection Rate = 1.3mm/min

U B ‘

(3) Open Hole Compression (OHC) (4) Laminate Tensile Modulus (QI-E)
[45/0/-45/90], [45/0/-45/90],
Deflection Rate = 1.3mm/min Deflection Rate = 1.3mm/min

o DU v v P

Fig. 2-2 Mechanical test methods for T8B00H/3900-2 long-term durability testing.
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Cyclic Loading Hygrothermal Cycle Residual OHC Strength

1 iy

.
Zma .
IWAWAWAWAREENE S
Emin \/ U U —\  95%RH E:\
° Strain controlled — C
Emax = 2000 pe e 24min 24min 72min (
€min = -2000 pe
f=5Hz t
T N =0, 10%, 105, 10° 1000 cycles t

Fig. 2-3 Procedure of T800H/3900-2 multi-environmental exposure testing.

223 ERHERB LOBE

A FEDERBEF T OFRATRHEORER R 2 Z N ZE I Fig. 2-4 )5 Fig. 2-7 12739, AT,
Fig. 2-8 121X, FrMEOMERF R 2 RBEEABRA OGO NTFEZ L L TR L L7 fE
ERLTVD. ZILbDOFRERMNG, MZEHMEN 7 IND LHBE SN BEMOREEMEIC
BT, FEAMEOREBERIKMEAIEA LRV, TRTORBRTICONT, B#EE— RO
SRR G O BEMBINBIE S 21T o 120, BRERBOAMIZ L2 2RIR0 bhvkno
7z.

w2, BERERBERROME % Fig. 29 ([2/R”T. AFLHREHBE (Open Hole
Compression) & T800H/3900-2 % FHW/oHERRFI Tl b 7 U T 4 L & SN RHEEE TH
HH0OD0, #0IRLUAM L BREFRBE LA DY EAREZBRRZICBWNT, ZANMETT
LML DR T.

LI OB AMERBROM BI1E, ZOMEBHZ O W TIIRERBLICE D0VWbWYWE ) v 7
Bor 77 78 —%bbbIlBEBTHNEN RN EERLTEBY, REHERICESME
I R HREADENETEHEOND Z MRS,
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Fig 2-4 T800H/3900-2 mechanical properties after temperature exposure
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Fig. 2-5 T800H/3900-2 mechanical properties after thermal cycle exposure.
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Fig. 2-6 T80OH/3900-2 mechanical properties after moisture exposure.
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Fig. 2-7 T80OH/3900-2 mechanical properties after hygrothermal exposure.
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Fig. 2-8 Retention of T800H/3900-2 mechanical properties after various environmental exposures.
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Fig. 2-9 Summary of T800H/3900-2 open hole compression strength after multi-environmental

exposure.
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232 FEHHk
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JE R DR A BT 5 7-9D12, ARRBRIZITET VA T800H/363L ZfEH L. = v D
TR ZHRFT 572912, Table 22212738912, (A) 5 (E) ¥THEMEORLD
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Fig. 2-10 Specimen configuration for matrix crack testing.

Table 2-2 Edge finishing methods and edge surface roughness for T800H/3631 matrix crack testing.

Specimen Edge Finishing Procedures”! R .. (um)
(A) Non 2.3
(B) #80 sandpapering 8.1
© #400 sandpapering 2.9

) AL O, powder (¢= 5 and 0.05uum) polishing
after #1000 and #2000 sandpapering
(E) Hard metal milling"? after diamond wheel grinding"3 1.0

=1; Before edge finishing all the specimes were cut from a T800H/3631 laminate using a diamond
wheel cutter (Grain size = #170, Cutting speed = 1600 m/min, Feeding rate = 200 mm/min)

*2; Depth of cut = 0.05 mm, Cutting speed = 250 m/min, Feeding rate = 120 mm/min

=3; Depth of cut = 0.5 mm, Cutting speed = 250 m/min, Feeding rate = 220 mm/min

1.0

Ty VOMITKREOFREEL LT, =y VNLTHORE RS ZHELL. B I>Y hall
R SHERRT—7 T A R 20112X VY, 0.1 pm OEIERA2HT 502N, =y
HD 9 0EBEITE AF ¥ RS 025 mm T6 SOHEZITV, FHE S Ruya D I Z K
Wiz, Fi S WIER R4 Table 2-2 127”7,

(B) (C) BXD (D) o=y POMEMTTIE, MILEmMEHIVEETZ LIZRD0,
ZNEFAYES Ry ZF— L TEAINHMREORELZE®RT S, ZOREELFT
itz a2 HAE LTHEN L% CORBRAMROE( dW ZHE L=, #3R% Fig. 2-11
(ZRT. 22T, dW IR (A) ZEEHEL LICROZLETH Y, dW OREHED 55 03B
MTICE Dy PEROBREREI LW Z LI 5. 728, Fig. 2-11 2% (E) bEb#
[ 15 & Ryax & HHOHETRL TS,
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wiz, BRBRTIZEIRMEL AN T 5 L FERFCOTHZHE LR D 9 0 EREICHKAET 5~
NV ARD Ty 7 %@BE L. 7 A~y REEIX 0.5 mm/min CHEFRTS SR E 2 AR L

- MEICEE S 72 OF RS — VTR GMOOTHEMR LRN S, #EAARE R L,
R a2 iThTIcmy VRV E— A 7R Aa—7TREL, WmOX 7IHEEnzr—v
(127 mm) (ICHAETDLY NV I AT Ty 7 BT D L TRARE L. AR
J OSBRI 5 £ TR, IR O A A FREk L7z,

2.3.2.2 JEIE < BERAER

IR EREICK D ERIZ<Hz A LT WEMEl L LT, [ (£25) /79 0] i@k
ZAERL U 72, Fig. 2-12 (TR i oK A2 7~ 3. 36 & LTI, Boeing REM TH 5
T800H/3900-2 33 X W& sk > &7 /L kF T800H/3631 & L 7-.

~ NV IR Ty 7B EFRRIS, BBy POIMTRMEOREZRFIT 5720, 21
DERRDEAYEL Ry X —TlBA 200 L7z, £, ML#EOTy PREOMH S %
AIE & RIS T o 7. M, INTER b=y VRIS & Table 2-3 (273, (F)
& (G) 1% T800H/3900-2 TH YV, (H) & (1) % T800H/3631 2 L HERfFTHY, (F)
E(H) X (G) & (1) EHEBLTRERSOREVWT y VIILHE G224 A4 ¥ESF
Ny —EERLIERBRATHD.

Iz, BB 1.27 mmimin O 27 1 Aoy RS CHEFRA S BRITE 2 A L7z, [RIREZ,
AR A WA > 72O T BT =P TOTHhEMR L, =y DIE<KEENELD L, Ty T
U > VRO L0 E O FEAAAE U 5 &[RRI W E — O T AR R X 2228 b2
BHns. Zokzogliszxy DIE< B/ (Edge delamination strength) & L 7-.
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Fig. 2-11 Surface roughness and width change of differently edge finished specimens.
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Table 2-3 Edge finishing methods and edge surface roughness for TB00H/3900-2 and T800H/3631
edge delamination testing.

Specimen No. Material Cutting tool B i (um)
T800H/3900-2  Diamond saw™ cut 5.3
(F) Grit size=#100
Diamond saw*** cut
(G) D Grit size=#170 3.2
Diamond saw** cut
(H) ekl Grit size=#100 L

Diamond saw*** cut
(0 TRA0EIDGE] Grit size=#170 3.1

*: Maximum peak-to-valley height
**: SD100P-14A1 (NIHONRIKI Corp.)
*%%: §PD170/200G1 (Asahi Diamond Industrial Co., LTD.)

[+£25/+25/90]s
P st Y
h
L W
L w t (Unit:mm)

320 25.4 1.9 (T800H/3900-2)
" 1.3 (1800H/3631)

Fig. 2-12 Specimen configuration for edge delamination testing.

2.3.2.3 Off-axis 5| 3Ei5x

Boeing FREHM T&H % T800S/3900-2B % VT, Fig. 2-13 IR TIR DRRER A A 1ERL L /=,
WHER I E LIk, O, 208, 258, 30/, 358, 40, 45FEBLU90E
DO8FEEVERI L7, = RZ 7%, @ O rectangular ¥ A 7 & RE T L D — A% 4
Bl Mo sk L¥E L, OERB L9 0 FELAMIOWTIIAHMTRLD oblique # A 7D D % U
fliL7z. = FZ 713X GFRP 8L L, MEE(L % A 7 DR F DHINE T v 2BEGEF| TR
BT ICEEE LTz,
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Fig. 2-13 Specimen configuration for off-axis tensile testing.

233 FEBRRERB L OEE
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F=VEDI OEREOERETHRLIELDE Y 7y 7 EEL L TURLTWS. ZOREREND,
v NV I RY Ty IREOTHERERDT v VINTLEEICHEZICREBIND Z EB3DMD
OFRBA (A) DORRLFEMTHEMELZIT>72 (B) (C) LY (D) 1220

T, WD T v I BRETLOTHE, RERT ORAEMEEOT A2 Kiiw S & OBFRT
Fig. 2-15 ICE L 7=, ZOREMNS, Zhb0RBAMOEICB W TIE, RERINKE
WNEET T o 7 OBEDPES AR L VN ERbhoT-. ZHUE, INTLH D WITAFEIC
Lo Ty VREITHR S NN RIGR, ~ )7 A7 T v 7 OS> TnDZ &
ERETLHDOTHD. FRIC, 77 v 7 BAERREZ, HDOWETREFRIVDRKENIZE,
FEJE R O B AR O 2RI R & < R 5 BM b B2 72 o 7.

HWINVNM LA L2 (E) O~ NI 7 A7 Ty 7 38E58%, (A) LHEgLT
Fig. 2-16 (T 3. &S (E) X, =y YREMIN/NSWITE10DHT,  (A) I3 L
TELLZ DY NI AT Ty 7 2ROTHTRAET L ERDhoTo., IMLEHFITEY
Ty VREREDNSLKTH Y T v 7R ERDBUNRIEDAE L TV D ATREMER SV 2 & Z2oR
BLTWD., ZOZenb, M7 A7 Ty 7 ORAERLE DTy VREOW/NRIGIL
BETRS O ERIEIECTH D Ry DA TIIRIBTE RN L BN 1z

AR DRI OT %, RBAOTHN 1L3%DEE D7 T v 7 HETEALLZLO
% Fig. 2-17 1R 9. BBRRNZ L2, @Ml I VN LETTo72 (E) #80T, v~ V7 R”
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Fig. 2-14 Matrix crack accumulation of differently edge finished specimens (A), (B), (C) and (D), as a
function of axial tensile strain.
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Fig. 2-15 Crack onset and ultimate strains of differently edge finished specimens (A), (B), (C) and (D),
as a function of edge surface roughness.
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Fig. 2-16 Matrix crack accumulation of differently edge finished specimens (A) and (E), as a function
of axial tensile strain.
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Fig. 2-17 Ultimate tensile strain of differently edge finished specimens (A) and (E), as a function of
crack density at axial strain of 1.3%.
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FIRME T H 28— FEBAOREZFRB THELET D27 7 v 71X DISHEPHEE K,
FRATREND.

KI=O'\/§ (2—1)

DI, o BAERATHY, h i1y Ty s ORRTHS. RS, FHHTH S RIEHR
IZBWTH, 0EBOOTHPEOTHESWIREBIZBWNT, 90ERFEO~ MY 7 X
05y I BEMFEL TS (h BUAEW) (T, B O OIS A KRB I S 15
Z LB SND.

2.3.3.2 JEMIE < BERRERAE R

KRB (F) 226 (1) Oy UMb AL BEORM A Fig. 2-18 12”9, D= v
X< BEIS /1% Fig. 2-19 1R, BRIR(EALD T800H/3900-2 D 5 5, = v JIEEA/AE N
(G) BERICE VBRI BRI Z R~y 2 L3 bhoTz. ZhiL, Biko~ Y7225
v 7 LRERIC, =y VINTRIFCE 0 ERITKBEESNRESEDVEL L ERLTND.

AREBRTHWBEEROBERENIL, JIRMECASICBMIZ<BEELS [ (+25) ,
/90] s ThD. ZoORE, ooy DIEKEHS N OERD, ERRFEICEORER
BY L0 ERR570, FROMEZ HWTERICE<HWLNRD [45 /70 —45 )
9 0] s BEEIEHEEER O RRBA ZER L2, =y PINTRMHE4 Table 2-4 2777,
T800H/3900-2 45 & T8 T800H/3631 D 2 DA KNG, = v VINTRMEDHELD (J) (K)
(L) BLOG M) ©4FEORERF OIER ATV HIIRRBRIC AL L7z,

FlRAERIZ X V1 O ICRE R A Fig. 2-20 1277, ERIE BB CoRER L RERIC, B
sRLEL D T8OOH/3900-2 i8] 72 = v NN TALERIZ 33U CId e il £ CREMIZ B4 4 U
52 EFe<, ZORR, FFEORIGEHEZ A2 S L 0 RS TEWEIRIREE 2 7R3 2
Lol

Fig. 2-18 Edge view of specimens (F), (G), (H) and (I) after delamination.
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Fig. 2-19 Edge delamination strength of specimens (F), (G), (H) and (I).

Table 2-4 Edge finishing methods and edge surface roughness for T800H/3900-2 and T800H/3631
quasi-isotropic laminate testing.

Specimen No. Material Edge-finishing method
E T800H/3900-2 Diamond saw¥ cut
Grit size=#140
Diamond saw* cut
¥ TRHE%002 Grit size=#140
+

Manual sanding
Grit size=#1000 and #2000

Diamond saw** cut
G T800H/3631 Grit size=#170

Diamond saw* cut
H T800H/3631 . Grit size=#140

+
-Manual sanding
Grit size=#1000 and #2000
*: SD140P-14A1 (NIHONRIKI Corp.)
**: SD170/200G1 (Asahi Diamond Industrial Co., LTD.)
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Fig. 2-20 Tensile strength and modulus of the quasi-laminate specimens (J), (K), (L) and (M).

2.3.3.3 Off-axis 5|3ERBRICKBIT D=y K& T D%

WO A DRIERE T % Fig. 2-21 12779, 2 026 4 5 E £ THOLTO off-axis iBRIC
BT oblique # A 7Oy RE TR EWEMIOTAMEEZ R L. 202 &I,
oblique % A 7D & 732 7RO ) Fe Btz LIV BRE, MEOENELZ KD B
SRELTWDZ LR L TR, MrELDOlRIZEL TS0 EEXBND.
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Fig. 2-21 Effect of end tab type on off-axis failure strain.
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AETIE, VIOV MTUVRT 7 —F—)T 4 U ZIEIC K o TEAL U 7= e ek i A
B xR e LT, ETHBEBROAELICEER Y K LAE T CRAET B EL
MNZBlEE Lz, SEIC, ARSI 0T 22 2 O%HE L2 HARE IS 3R 0 IR L E
FAMT D2 L CHEEREE RO LA ERMICIE L. &EZIC, Bl BERE)
B P S DRI A T VIR 8D, RSB & i L 7=,

241 fEEAHS
2411 WM B L O~ U 7 Aftf5

faaibis & LC, BGF Ind. Inc. B 94101 3K-70 fxFEMEHERY) (T300-3K i\ 6k, Bt
193g/m?) ZHWiz. < b U 7 ZABEIZ=RF MG L 7 = 7 —ARHIEZR M Lz, =R ¥
VRHIRIE, AT = ) — LV ARITR S UHR Epon 828 2 X— 2 L LT, e EARA] Epodil
750 % 1 O BRUIN L7Z/RIC, #EAIE LT PACM (ST —7 2 /v 7 a~F i LA &)
R —J, 7= —ARHEIE, LY — AT = ) — LR GP5022 % fRfili: GP4822
AT THW-.

2.4.1.2 Eph

BETCORBAIZIVIO U NI ATy —F— VT 4 V7BV A L2, N-F 300
mmx150 mmx3.4 mm O A F— LEIR DN 16 8 O ¢ S kHE R % [F— Bl ) CREE R E L
7o, WHEARE S A ROFFMEIZ52%TH D, BAEALCHAy h7LVAICZFig. 2220k 512k
v hL, 0CTPELI. WIZ, v~ U 7 ZABNEEINET ¥ o N—NICEE L, HAESIEL
TRIRNIZ, Fa—T7Z2BLTHEALL., HEAROF ¥ o 3—RNF —UFEJ)E 100 kPa (ZHERF
L7c. WEARTET L~ M7 ABEROEZERG NIZEE LS, REIHEALT, EAM
HEICINZ BIEN NS W72, FEEINI=RF UBEO%E1X 800 kPa, 7 = / — /LG
DEE1L 1200 kPa & L7z, MEKREOE L, KAy h TV RICLVREEZ FASE~ R 7 A
R 2 S 7. SR, —ARF BRI OV TIZ100CT 304y, 7 =/ — VRIS
DNWTIE 78°CT 2 Ml L Lz, Z OBOFIREE TS oM & & 55C/min & Lz, %
72, WTIOBARIZ DWW T H AN T 125°COIREESAFIT T 2 R OB ALE 21T - 72
£7-, Wi~ b U7 ABAEOEREMRIE D720, REFEMHERD 2 A FIC ERR L R0
BT K o THIARRE AR 2 /ERE L 72,

AILRRE N L ORI OB OTIR & Fig. 2-23 12”9, ARG AL,
7RI L OWR D IR U A& OFRAFIREHNE I Wz, FALOMTX, =90 MO RV
JLTOABTRZRIZA S L— F U —< TR BIF 24T o 72, fLINCRIC IR A il o Z
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AHEHEFBAE = AR VIR > 7 2 77 U b— N REEEARITEE L, I LEEDERE LT,
Z OLRFERITALIN TR A & 100CI2EvT 5 Z & ThRrELTZ.

HEALREREART, (RESIRE D R U AR &2 R L7z, 3RBR A O Wi X7
T ARRMETRL AR F VRIBIRIC K D & 7 & AR R EEEM THE L.

R FARHERR Y &2 B O ORI L AR T, 10 mm g0 I T L, =Bt L
7-.
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Resin / | Vacuum
—p o [—S
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Fig. 2-22 Schematic of apparatus for resin transfer molding.
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Fig. 2-23 Specimen dimensions of (a) open-hole specimen and (b) flat
specimen (Units in mm).
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2.4.2  FEBRITIE

ARIETIX, AAFERERAE FH 725 573 8RN 2 C, AL AR O AR BTk 0 K L A far sl
DFEFRITEC DN TENEIFECIR RS . ARE 0 K LARTIE, AR RO 2% JIE
UBMMEREEZFET D 2 HME LERBRTH 5.

I

2.4.2.1 A ALFER DR TR
TRFUVBERBL YT = ) —WBIIERE WA AEBERRBR A, A A e
1350 BRIt — A ) 7R 2 A CHERRI IS KO 0 R LS [aRAFE A2 A L7z, HERRIYER
B> 7 v 2o~y REFEEIL 1.0 mm/min TH Y, Fig. 2-24 1279 K 912, #0 K UArEIS 1kt
01 D XD A EEIR— SR E A AR L. I AFMIEICSW T, R
TITHHIIREE D 85%-95% % S KIix /1 & T 248 0 R LI B 2 3B F 3 52 22 Mg 5 £ TA
faf L7z
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Fig. 2-24 Profile of tension—tension cyclic loading in fatigue tests.
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1.5x10%, 1.5x10° L 5.0x10° D 4 DL THSH. KT, AffkOREBT & A\, %
BB R B X OEMSE CoOWmBLEC K 2 Rl 21T - 7o, HEERAD S| BRARBR O KBS
AR Lz & B0 Th A, HENIE, 1.5x10° B8 L 1.5x10° 4+ 7 VAT HORBRA %
R E LT, BB I Th oM L& S 0.5 mm ONLE 2 BEEW I & LU - iF
&L C i L7,

2.4.2.2 HEFLAEE AR OO AEJE B 0 3R L A FF R

TARF VRS L OT = — U E R O AL BGRER f 2 F T, RE SRR Y IR LA
M F COMMEREGEZIT -T2, A > A b1 4505 B E MG 2 IV T, Fig. 2-
25 (R T T 0T A NDIG AR Uiz, Af/ BREaiRiE, ZAHETH 505, R
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B L OFARIS STV B CHIE L7z, AL CORMHEEIEX, RIZH 2 e E e T
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MR L% 1, 2, 3, 4,5, 30, 200, 400 35 L T8 1000 ¥ 7 L OAFHEFETIE, A& by
2620-827 TG & 5 Z & THMEEITHEO 72D O OFTHORE 21T 7. 7 — Y RiThk
WIHEE A T — VOB LZ T+ RIS THDH 50 mm & Lz, OFTHBEY A 7 VAT
% TR TR D AT 2 L <K RO 7 0 77 AT A Lz, BT
B2 b &SN TC, RIS E 108 9o 7 L TOR RIS 95 420 MPa & L7-.
MEBLOPOT AT =X XER 5 ST 7V 7 aiTo7-. WERORMIE, 7 56
MPa E|iE S & A LT 20T 7 0.2%0XH TRIE S BIIFIEEITRD 2. MOGFHE, A
WiBHAGEA> & 1000 B A 7 )L TORPERO FA&RETE T £ TRBR A IS L)y, 2ok
FIZEVFEEDORY 7 OB E PR LT,
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Fig. 2-25 Profile of slow cyclic loading with in-situ modulus measurements.
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2y MUMEBRB OO THD. TRFTREBIOT =/ — L RilB T Ic@m LT 10°
YA 7V TORFWEITB L E 306 MPa Th-o7=. ZDZ Ennh, 10° 44 7 VREICE T
DERAFHRIE L 306 MPa &) Z L2 Dh. L L n, PO TR S5 EAF T
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5x10° A Z L E TIEZN LY HPEFICH O LVLICHERF SND Z L bbb, B Th,
TR RRER T TIL, 1500 YA 2 AT TIRERADIRE 2 LR 5 REFRE MBI SR,
i, B IR LAMmHPICHALESEOBREN AR T H Z & T, RETRZREEROK TS
EHEEMIETNDIEEZREBLTND. LT, £OLH RBIRN 1500 A1 7 /v
FCICHEICAELTWS Z ERTFREND.
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Fig. 2-26 S—N diagrams and residual strength of open-hole specimens.
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Fig. 2-27 Optical photomicrographs of fatigue damage in epoxy laminates
after (a) 1.5 x 10° cycles and (b) 1.5 x 10° cycles.

N E s
-'!_Q..-,"t‘--‘

e

(b)

Fig. 2-28 Optical photomicrographs of fatigue damage in phenolic laminates
after (a) 1.5 x 10% cycles and (b) 1.5 x 10° cycles.

7 x ) —)VHRRBR T O 1.5x10° 1 7 L LY 1.5x10° 1 2 VAT O W BLZ4 & Fig.
2-28 T Y. TARF RMBRA 2 W BIESRER S HBI LT, REBEBHER ORI & DBFE
RIF<HENBIEINA Z EITMA T~ NI 2 A7 T 7 RRO LS. 7= /) —/VEIEDIE
{ERISTHELDMEEKIZE D EBZZXLND26]RA RBPRBOLNTEBY, ZD7 T v 7B~
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B ER DAY A 7 W X DEE % Fig. 2-29 1287, &V A 7L TOT 1y b
SRORERT B OWEMOFEZR L TVD. 1A 7 NVERICHLNDHEEROK T,
OGtO Ty 2 LR DML TERICE Db D EZEZBND. ZDi%, 1000 1 7 )LE|iE
EFTIE, ZRFVRBIONT =/ — VR B OBEMERIK N IXENZI 08% & 5.6%Th -
7.
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% Fig. 2-30 (2R 9. e SNIME—ORUGTREIE, PRFEME RPN CRF B T 5 A4 L7z
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1000 HA 7 MZOWrE#IZEG % Fig. 2-31 12T . =AF T RABRA TRHROLNL TS~ |k
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Fig. 2-29 Tensile modulus of epoxy and phenolic laminates as a function of
loading cycle.

i

Fig. 2-30 Optical photomicrographs of (a) typical cross section and (b) transverse crack in flat epoxy
specimen after 1000 low-frequency loading cycles.
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Fig. 2-31 Optical photomicrographs of (a) typical cross section; (b) transverse crack and (c) yarn
debonding in flat phenolic specimen after 1000 low-frequency loading cycles.

2434 HERIKTICHT 2B

Crimp model 1% V- 0 1 1& OkHERILE A M E O A B 72T £ 7 1 & LCaH TV 5[10].
T ORHABELZET WVITHERELZHAANT- S D% Fig. 2-3212777. ZOET /LVOMEIEIZIR
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Ay = ON(h — hy + ha) + Q5OR2 + QY (hy — hy)
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_ 2 ( D —n)+ =505 — 1)

if X

Q_ﬁ"'
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h
Dyx) = S-( =i+ k) +

w
+ %(hg — h3)
ZIT, QifLofixEn i MY 7 ABR L RSRROMIEY N U 7 AR Th D, fiho
filtE~ b U 7 Zp5y QY 13 OALIE TOMHMERL M 6 12 K> TR TRD b,
()
f(x) = tan (dx (2—4)
X (2—-3) ZREREGRISEM TS 28T, mNa T T4 7 2 Ra; 3ERE x OFEE L L
TRKES. Fig. 2321280 T, HANI LT TA T Rajidx =08 L Wa Thr/MEZ &V, X
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alo -

AWFgEizBnTiE, KQ25) DW= 7Z 47 A% Roseberg D7 /LT U XARINC L - T
7 CRITTEMERT R L, B OEMERITEE) 2 T T AT o ADW L EEARER D
SHENOROBND. ARG CHM LI EEARYMEE Table 2-5 (2R3, MRS E, 12HE
HRBELAR DOFER 725 ASTM D790 (ZHEHL L T =il I 3R LV sk 7z, Bk L O%E
RO IR FAPHER OWMERFNEIE, — BRI D BRIEREED D, BB HRELZE LI-EE
Rild % v i3 Halpin-Tsai HI[28112 & 5 FPHRIEZ ML L7z, h B LW a IZFEEROFEER O ~HEE
FHI UEEA L7z,

FRBTIZ K 0 sked &L T- B MR =R & JEIiE & D bk A Table 2-6 (2737, AR & FH
EIFREW—HE2HZ TS, TR VRARBH LI LT, 7=/ —VRilBr i 05 I3f#
FriE & 0 & FAEMRVVERARD 5D b DD, ZIITEROBERICEET HRA KO
BT X D ATRREA .

WIZ, FEEWREEYERICKIT 2~ hY 7 R0 T v 7 ORBEMEITINCEST L. v~ Y 7R
7T 70 X DB ARHE TR O BRI FIE, Lee B XY Daniel |2 & B1E1E shear-lag =5 /L
[29] CIRXAE W TR L.
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Fig. 2-32 Idealized unit cell of plain weave composite containing fatigue damage.

Table 2-5 Material properties and model parameters used for analysis.

Property Epoxy Phenolic
Resin modulus, E,, (GPa) 2.6 2.8
Resin Poisson’s ratio, v, 0.4 0.4
Longitudinal modulus, E, (GPa) 190 190
Transverse modulus, E, (GPa) 11.6 11.9
In-plane shear modulus, G, (GPa) 7.8 8.1
Out-of-plane shear modulus, G»3 (GPa) 3.1 3.1
In-plane Poisson’s ratio, v, 0.32 0.32
Ply thickness, 7 (mm) 0.2

Length of unit cell, a (mm) 2.0

Table 2-6 Comparison of predictions and experimental values of tensile modulus.

Epoxy Phenolic
Prediction (GPa) 3.2 537
Experiment
First cycle (GPa) 371 55.9
Second cycle (GPa) 56.6 55.0
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Fig. 3-1 Failure modes observed in Open Hole Tensile tests [1].
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Fig. 3-6 Shape and location of cohesive zone for a quasi-isotropic laminate.

332 fiEtrFiE

BT CBERRIC ) 2 BN LIRS, SIRMIT 21T~ 7o, BT <1, RIRIREE (180°C)
MHER (200C) ~DOIREZEAZEBR L. MITIITUHAREZREY 7 & LS-DYNA %/
Wiz R L7 R A Table 3-1127797[2].

Table 3-1 Material properties of IM7/8552 [2].

Laminate properties

Longitudinal Young’s modulus Ej, 161 GPa
Transverse Young's modulus E,, 11.4 GPa
Out-of-plane Young's modulus Ej, 11.4 GPa
In-plane shear modulus G, 5.17 GPa
Out-of-plane shear modulus G,; 3.98 GPa
Out-of-plane shear modulus Gj; 5.17 GPa
In-plane Poisson’s ratio v, 0.32
Out-of-plane Poisson’s ratio v,; 0.436
Out-of-plane Poisson’s ratio v;3 0.32
Interface properties

Mode I maximum traction rf 60 MPa
Mode II and IIT maximum traction fﬁ,rﬁl 90 MPa
Mode I critical energy rate Gy 0.2 N/mm

Mode II and III critical energy release rate G, Gy 1.0 N/mm

Mode interaction parameter o 1.0
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FEM analysis by LS-
DYNA

4
Determine delamination
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load-displacement curve

\ 4

Determine fiber breakage
by Weibull criterion
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A 4

Delamination Pull-out or Brittle

Fig. 3-8 FEA flowchart.
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Fig. 3-9 Experimental strength and predicted results.
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Fig. 3-9 Experimental strength and predicted results (continued).
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Fig. 3-9 Experimental strength and predicted results (continued).

1860
1550
1240
930
620
310

T 0
=310

¥
O I Maximum stress : 1856 MPa I

(a) Stress concentration at hole edge in Model (1ii)

1860
PEAEEEEERTE 1550

1240
930
620
310

W 0
“-u-i.ﬁﬁ
-310

¥
ik | Maximum stress : 1541 MPa |

(b) Stress relaxation at hole edge in Model (iv)

Fig. 3-10 Comparison of stress distribution in 0 degree ply (plate thickness = 2 mm).
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Table 3-3 Model setup and required number of nodes for each damage models.

Model (1) Model (ii) Model (i) ~ Model (iv) Model (v)

Matrix crack None CDM CDM CDM+CE CE
Modeling Delamination None None None None None
method
Fiber breakage Weibull Weibull Weibull Weibull Weibull
Number of nodes 92222 02222 113504 124320 347712
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ENTHRKEL®HOLOHRETFHFEAAMIGENDS Z LR L. AHTIE, Zo77
1 —F AR LA 5. FEBRIC K DR — NI BRI SR & 722 H K7
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Fig. 3-11 OHT specimen made of T700S/2511 fabric composite laminate (Hole diameter of 4 mm).
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Fig. 3-12 Experimental results for OHT of fabric composite laminates.
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Fig. 3-13 Computational model of open holed specimen (hole diameter = 8 mm).
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Fig. 3-14 Boundary condition (hole diameter = 4.0 mm).

Table 3-3 Material properties for T700S/2511.

Bundle properties

Longitudinal Young’s modulus Ej,
Transverse Young’s modulus E),
Out-of-plane Young’s modulus E;;
In-plane shear modulus G,
Out-of-plane shear modulus G;
Out-of-plane shear modulus Gj,
In-plane Poisson’s ratio v;,
Out-of-plane Poisson’s ratio v,;
Out-of-plane Poisson’s ratio V3
Matrix properties

Young’s modulus E

Poisson’s ratio v

Yield stress oy

142 GPa
8.08 GPa
8.08 GPa
4.8 GPa
2.7 GPa
4.8 GPa
0.34
0.48
0.34

32 GPa
0.38
75 MPa
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3-16 ([ZR~d. M 4 mm & 8 mm OEHFDBEAT, RO~ M) v 7 27 T v 7 OFMEC
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Cheng H[10]5H 1%, B A~ LA I FIZ CNT KT 60 vol.%ifishi4 % Z & C, [RFMHMEZ IR
MU E el L CRE S BIIRMEE 2 LS EHL L @iE LT D, nd, HHOBES
BIZEER L7 CNT X7 o F allm L7~ v MEBO LD TH 5. —J7MkELH CNT & — F &
W= BI[7ITIE, 50% vol.%LA L CNT 2R+ 5 L3528 T, 77 A2AF v 7 D55k
FREE & MR AR DRFBBHEE MBI LV @< D 2 ERENTVD.

LEDEFY, CNT ZHWekEEH 77 2AF v 7 IZB8T 24981%, CNT > — h &2 i
BAMEHER O E DD > TV D, —J7, CNT 28— MEREL LTELBIELND &
I/ o12Z LT, RV — MNERBTH D KBEMMEE MBI T ) 7L 7 L OMEERESHD
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REBRARBEMEL LTEZXOND. ZONA Ty NIZREIE, DEOIRINTRE 2ReEm B
HIfFCEX 5 CNT DR A AN LT 7 —F L LT A THDLI EBEZLND.

AWFFETIL, —FmldE CNT o— b &zt IS o BREMAEE S EL 7 ) 7L 7 ol
HEDEIZONWTHE L7z, BRRIZIE, CNT > — FOBE, 7 7 v 7 O, BRI
BIERIZOWNWT S O LN, AR TR E LIoMizedEE i7"y 7L 2703, JEi e
BT M A BN TERY, ZoEmBE(EFES CNT OMERIZOWTHRIZER L THREFT L
7o

42  EBRIE
421 M

—J7 B\ CNT & — R, University of Texas at Dallas L Y 2k &h=bDThsb. U
Ay —%KRELT 400 um OFE I ET CNT RS E72. ZoHETHELNLD
CNT (X~ /L F 7 +—/L CNT (MWNCT) TH Y, RKEEMIIIT> TRV [2-6]. 2D CNT
forest 225, Fig. 4-1 1T X912, ~ MU 7 2R Z %A L7 K7 A EICHE 50 mm @ CNT
v— b EEEAICEE BIF 2. CNT — FOESIZHEMNEHEH -V OERET 0.02 g/m* TH

—JF, TV LG EITH CNT & LT Arkema #E80> MWCNT # V7=, 2@ CNT @
E3X1-10um TH Y, RELHEMITIT > TR0,

TN TV OVEENTAER U7 IREMHMET, B L (BK) L T800 & iR 7 L i SRkt
Tho. ~ b7 2R, KL () "oz 7 ) 7 L 7 f#3900-2 &€ 7 /WAl % H
Wz, ZOBERIZIE, B OTRF R — & BRTEMERIEIC Ko TS B S v
J&E R O & — 2 D 2 SDOFNIFET 5.

422 7IVT7TVvr
R A BT DTRMEE T ) L SRRy N AL METER L. [REMMED B
fHE9_T 190 g/m* TH 5. CNT ¥— MIRPEICRR L 1, FH~ MY 7 2T 1 LA
BV AT 729 2 T Y L7l Lz, —BOBEZ 4 v & BIZRED 4175 CNT &
— hD#ERIE, 258D VNE 100K E L7z, Fig. 4217 U 7L 7 EIZHzE L7z CNT & — b
OEMSIBIZR S &~ T, —JFMEdE CNT > — MI& D CNT OfdmtEx, 7V L7 eo
BAEEIT ST RIZBOW T O RE BN 2N E3bnd. 7 Z AfdE CNT 1E, < b
U7 ZBEC S 29 A THIEZ 4 v Az AERLL 72,
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CNT forest

Resin film
on roller

e
=

s _<—> _
S iber direstion-

10pm —

Fig. 4-2 100 aligned CNT sheets of a areal weight of 0.02g/m? on prepreg #2 showing substantial alignment
of CNT in the fiber direction.

RFMHEE, ~ N U7 ABIET 4L GEEY —rBLXOEREWEY —Y) , TOXME
ZRE D AT Bz CNT —Hfs— b, T L CNT &A~ F U 7 ZMHET 4 /L A OMEHE
2T, Fig. 4-3 1”7 QDR O T 7L 7 HER L=, Fig. 4-3@D 7V 7L 7#l
MH#3 1L, #1 G L LT CNT —FRidf s — F & 2 DOFETHRA LD THS.
Fig. 4-3(b)D AFEEED TV 7L THA D OHT 1L, BRI &MY —> & CNT —Hmidm > — b
EOMAETICET A2 LD THS. £/, Fig. 4-3()D 2 FIEDO TV 7L 7#8 L#I 1%, 704
LOWCNT Zz~ b U 7 2RI~ L7 b D THS.
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Resin film

Aligned
CNT sheet

Dry fiber bed

y—— -

Prepreg #1

Aligned
CNT sheet

Resin film

Fig. 4-3(a) Schematic prepreg configurations of (a) without interlaminar toughener, (b) with interlaminar
toughener and (c) with random CNT.

S it ugheaer
toughener
Resin film
Aligned
CNT sheet
Dry fiber bed
Interlaminar
toughener Aligned
CNT sheet
Aligned
CN?:heet Resin film
Prepreg Interlaminar
toughener
Aligned
CNT sheet

AR AL AP R AL PR AL AL LR

................

AR RARAARRAARRAAS toughener

.4??35@?????5? Interlaminar

(b)

Fig. 4-3(b) Schematic prepreg configurations of (a) without interlaminar toughener, (b) with interlaminar
toughener and (c) with random CNT

toughener

.&EEHRER&? Interlaminar
AR AR AR
RN LW Y Y LY L L PV

Fezin film with Fesimn film with
Random CNT Random CNT
Dry fiber bed Dry fiber bed
Fesin film with Resimn film with
Random CNT Fandom CNT
Prepreg #3 (SR NS 1 aminar
S g G o PG S g toughener
b e

Prepreg #0

Fig. 4-3(c) Schematic prepreg configurations of (a) without interlaminar toughener, (b) with interlaminar
toughener and (c) with random CNT.
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423  FEERE LUWET

JEREIME Ge & Gue lZFNFH ASTM D5528 (ZHEHL L 7~ Double cantilever beam {35 L8
JIS K7086 (Z#EH#L L 7= End notched flexure 452 W THIE L. V7 T v 7 28 AT 5HM
T, BEHRO T 7r 7 VL EA 12 EOPREEICEE L CREMR A R L7z,
JEMR O IL, FEESEE X 1.7°C, LR X 180°C, PREFRERIIL 2 REfE 722 & ONTHE 1% 590
kPa D&M TA— F7 L—7 %\ T4T-7=. Double cantilever beam 435 X O End notched
flexure i & B2, 77 v 7 BNERTHD1L 12 BOTHMTHLE 6 BEE 7 BOTIERT
HoHZ EnD, BRBET S CNT — MIZOBEMOAIZELE L7=. End notched flexure 75
ZHWERBRTIE, Ol >0RBAICKH LT IEDAR - 7 7 v 7 #REZ{To 7.

424 TBAMEBIEILE
AR A ORREE R OBIE2T, EFEEMES (OPTIPHOT-100, Nikon) # VW T{T->7-. CNT
ISR 70 & O G 221, A E - BE%SE (SEM; 7500F, JEOL) % Vv C47

>77.

43  EBRERBIUEBZR
431 —J5M CNT & — h
4.3.1.1 JERifEE

TNV T#4 I X OMe OFRERA T RERE OB BMEE T E A T L Fig. 4-4(a) &
Fig. 4-40)IZ~"d. WTNDOREENS S, RA FFBEIN TRV, BED FA A 2 RE
EALPERIE DER S TH Y, CNT &~ MU 7 AR L 8B+ 5 Z L3R TH LS. ZDH b,
CNT v — hZ2EE 0T Y S 7H#5 W RBEERIZIE, Fig. 4-4@IrShbd L olz,
¥) 22-25 um DOJE S QBTG KA A B ER L@t ENRBo 65, Zhicxs L
Fig. 4-4(b)iE, JE[H T ROBEGEALIESEINEE 2 — 518 CNT A TV HERTF B TE 2.
Fig. 4-5 1%, 7V 7L 7#6 Z Wi B F & ikl <85 7 VARSI AL L 70T OO &1 BN ER
BCH Y, BFTEEEERE OB & 2 OMANARE IS B CNT 2SR T& 5.
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Carbon fiber bed
(Intralaminar)

y
Interlaminar
toughener zone

\

Carbon fiber bed
(Intralaminar)

Aligned CNT zone

-~

Interlaminar
toughener zone

&N

Aligned CNT zone

Fig. 4-5 SEM image of broken surface for cured laminate using prepreg #6
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4.3.1.2 BFTBYEREMERE OENT) LT

JE R OB TP M 2 B L7V U L TH#L, #2 B L U3 O G % Fig. 4-6 12T,
HIEME, R TH 41 IS 24 EE LTRLTWS., U AL 7#2 BRLUH3 %
AWZ3 B A1, ERICEE L7 CNT & — FOBEIZ L 67, #1 I LT Ge 233 L <K
TTHZENFQ 46020005, 77y 7 EBORRT % Fig. 4-7 -7, 77 v 7 3—JMH
CNT v — hOWNEZHER L THD Z ENbD. 207 T v 7 O % 8 1B BT
% &, Fig. 4-8 2T 280, BEEICRFBHHEIFBEINTIZ, £< O CNT BEH LTS
ZERBOLNTND., ZHUTED, CNT LRIEE DEEIDN Ge DRI L Z>TNNDHZ L
DHEZEIND., T7obb, v~ N7 AL OEEMNZ M ES®E5Z LT CNT 2T %
ZlliCk pEREE DM LN H D EB X LS.

TV TV ITH2IZE D Gz 7'V 7L 7 #1 &l LT Fig. 4912777 CNT ¥ — M & iRInd
DT IR DBEREBAITA LD NPT, G lZDOWTH, CNT &~ KU 7 2fE &
DA EEWED ) LR ZHIFI L TV D AR & 5.

LIEX D, —Fm CNT ¥— MZ X5 BRSO L2 RITBEE Tk, +akhRs
D72 0IIE CNT &~ MU 7 ZBIEOEEMEA M ESELMERH L ZENTRBRIND.
ZOME LI ET LM TH D IRFEWMEL ~ F U 7 X L OEEMRE LHERISh, K
FHRHER IR STV PR BRI T % CNT R OB AT A A% B &5
bbb,

160

140 +—| [] 25 CNT Sheets
Bl 100 CNT Sheets

120

100

80

Gy (Relative value)

_B

#1 #2 #
Contrel CNT applied CNT applied
after impregnation  before impregnation

Fig. 4-6 Gc values of Laminates #2 and #3 with aligned CNT sheets without interlaminar toughener
normalized to control.
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e Sl ST A

TR

Carbon fiber bed
(Intralaminar)

Aligned CNT zone

Carbon fiber bed
(Intralaminar)

Fig. 4-8 SEM image of fracture surface in aligned CNT zone of cured laminate using prepreg #2.
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160

140 B 100 CNT Shests

120

100

20

&0

Cipe (Relative value)

40

#1 #2
Control CHT applied
after impregnation

Fig. 4-9 G ,c value of laminate #2 with aligned CNT sheets without interlaminar toughener normalized to
control.

4313 Bt ERE AR T LY LT

JE RN B AT PRI L D Mg 2 Lo ) Lo L, U2 CNT v— b &z
7o#5 O G DHIEREF% Fig. 4-10 (2”9, BITEE [FBRIC, CNT o — F&ALE L7V & 0k
el L CTHEMAMSE TR LTS, @t E2 A L22WES L EERIZ, CNT & — hokd
BT DI LIZEY GefEiTkE IEKTFLZ.

WIZ, CNT ¥— hZ&ffkx 2 BIR DB ICELE U727 ) T L 7#5 D B#HT IZOWT, Gye &
HIE L-#E 8% Fig. 4-11 (SR T. Fig. 4-30) IR L7ZEB0, U T L 7#5 (3R] B &
PEEORMEIZ CNT > — FERELTWD Z e, FEEROBELZICIEERE S Pz
CNT > — 3B S 41, 2 OIS BFT M S M SR E S . —F, 7 L 7#6
FELUHT TiE, CNT >— MIKFEAMESE & BT S tEfE & OFICEE S D72, i
LBV R & b e | BB AL i I T S TR S A, & Ol i O Bk A AE T8 & D RIS
CNT v — FEE SNDIB L 72 5. Fig. 4-11 MO L7 K 9 1C, REMHEE & 20 r i 5
EIERE & ORIZ CNT — R ZBLE L7-#6 S#7 TliE, KiEZe Gcom ERRDLND. 7V
TUTHE E#T L HIT, ONT v— b & 25 ML L7256 K0 b 100 Akl L 7= Sl CHREPED
M BRI E <, CNT ¥— FVEWGE &l L TR 50% D [m LR Th o7, Z DA
7R FE R D\ Esh X, Fig. 4-4(0) R Lz @& IcERNT 20 :Ex 605,
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CNT % 100 #ZBlfE L7= 7"V 7L 7#7 \Z L 5B & VT B R OB 85217 o7 i
o X 5, AFZRIZEBVTIE End notched flexure 75 % W72 ikBREFICAR VB2 L 2 T/
Z v 7% 3EERIETCWD. Fig 41213, D 3EIGD7 7 v 7 EREETe7 7 v 7 ED
FBEZRLTWS. FMIZEWNT, 77y 7 EEEEAHS BRSNS Z EnD
Moh. £, TOU7 T v 7IZHIET D Guel, BEMSOmEBENAREWNIZIERFELS, HEH
FOMEEARE LS RDIEF LT HMZ R L, BEHROEICESL ZERNbnd. Z0R
tBiRsy & Ay D7 Z v 7 OB MRS & 2 Eh Fig. 4-13 & Fig. 4-14 12”7
Fig. 4-13 OEREAE TIL, BVAIEIVERIIE R A A 2 K D & o 2 B 7 WA T OJRBR A
ROLI, ZNNEFEORBLZFEE L VDb EHEEIND. — T, Fig 414 OHEE
D HITRFEBHEOBHBIRDO BN, ~ NV 7 RT T v 7 LRFEWHEOIZ BEIC L > THe
AN S BB EAE - Tr Ty 7 BERLTWD Z ERbnD.

JE MG 2 A T A REERICRB W TIE, —iCy Ty 7 ORIZHEST, 7T v IL

JE 2 & RFBHERENICER L, ZAUCERE L CBRSIEME N 2N e 5 2 L3

BN TND., RIFFEICEBIT D7) 7L 7#6 E#T I X DBER Gie P EIE, 207 Ty

J& RIREE Y — 2 B IR FHHEB N ~DEB 2 CNT > — b L T2 2 &R
THHLDOEEZEZDIND.

160

140 B 100 CNT Sheets

120

100

a0

&0

Gy (Relative value)

40

) 1
0

=3 #5
Control toughened CNT at center

Fig. 4-10 Gc value of Laminate #5 with aligned CNT sheets at center of intralaminar and toughener
between CNT sheet and fiber bed, normalized to control.
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160

140 4— [ 25 CNT Sheets

120

100

80

60

Giye (Relative value)

40

20

I 100 CNT Sheets

#1 #5 #6 #7
Control toughened CNT at center Toughener at center Toughener at center
CINT applied CNT applied

after impregnation  before impregnation

Fig. 4-11 Gy ¢ values of Laminates #5, #6 and #7 with aligned CNT sheets between interlaminar toughener

and fiber bed, normalized to control.

“black™ surface “white” surface

Precrack 1st loading 2nd loading 3rd loading

Grc =138% Gpe = 125% Gpc=120%

Fig. 4-12 Typical crack surface of Laminate #7 after ENF test showing “black” and “white” surfaces.
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Interlaminar toughener particle Interlaminar toughener particle

Fig. 4-14 SEM images of “white” crack surface area after ENF test for laminate #7.

432 T VX L5 HLCNT
4321 BATmvEmbitEig oWy 7L s

CNT 27 VX LI~ b 7 ABRIC S ET=7 ) 7L J#8 O G % Fig. 4-15 [Z/RT .
AEMEIE, CNT RIRMDO T Y 7L 7#l Z it e L THRAMET R LTS, 2074
LA CNT O~ U 7 28RO A EIL 19wt % THLHDD, ZHIZEYD Gl
10%[0] L35 Z EnbhoTz. ZAUL ER L7ZALM CNT Z HWZERIZRE D 6T\ 5 %)
RETRESERLIBDOTHS.

Wiz, Guc DRIEFRER % Fig. 4-16 IZ-9. T2 X L CNT 2N 52 L2k % Guicd
M BRI 25% Th o7, Fetkm EOREITR R 00, ZAUREIZiR <7kl
CNT ICXDRICHLU L TS, T722bh, BATMEEMERES R L2 WEaIE, 704
L7 CNT & —J5 1\ CNT 2— kD@ IR LR ITIBH 0 E— FD G TIERE B85
ZEDBbNG.
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£7] Random CNT

160

140
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= =]
=] k=]

100

(anpea aaneay) 'n

40

#1

Control

Random CNT

Fig. 4-15 G,c value of laminate #8 with random CNT without interlaminar toughener normalized to control.

CC BeEEE B e E "
L R ) L R
" " " " """ " e e " e M M e M " e e e M e e e

160

120

(anyea aaneay) Mo

g 8 8 § 8 °

1

3

Control

Bandom CNT

Fig. 4-16 G c value of laminate #8 with random CNT without interlaminar toughener normalized to control.
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4322 BrBMEmEEE AR T L7 L

Fig. 4-17 12, BARBAEBIVEREIZINAZ T CNT 27 U X AWM EE-7 ) 7L 7# 12X 5
Gic & CNT Z & £\ 4 Z ot G & UTHRHE TR, £72, Guc IZBT 2 [AER DR R
% Fig. 4-18 ITRT. FUTFLJH#HI OF % CNT GHRITE~ U 7 28§ L 3.0
WL% T - 7-. Fig. 4-17 & Fig. 4-18 7°B1%, T2 X L5058 CNT 2T 5 2 L1Ic k-,
Gic & GuiclZ TN L 45% & 30% & K 72 ) b2 oR L7z,

TUTVLITHI D CNT EAREIE, 7V 7L 7#6 B8 L OWT L RIERIC, BVn e s EibEg & ik
FHEHERE & OMICELE ST, U 7L J#9 @ End notched flexure 5RBR% D7 7 » 7 i
DFEFBMEEE % Fig. 4-19 1237, —EICRBRERENEO LN DO D, A EIEEIAE
DPHWEETGIZ LD b D L BON o REFOEMMBIZEIND. Z0Zenbd, EEBED
Kigzerm Bix, CNT @12 7 v 7 R 2 v B EEENICHR T2 2 ik Th 72 b &
NTNLEZEZXHNS.

160

140 EE Eandom CNT

100

80

Gy (Relative valug)

=} #9
Control toughened Random CNT
with tonghener

Fig. 4-17 G\c value of laminate #9 with random CNT with interlaminar toughener normalized to control.
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160

140

120

100

S0

Gy (Relative value)

20

Fig. 4-18 G, c value of laminate #9 with random CNT with interlaminar toughener normalized to control.

Fig. 4-19 SEM images of crack surface after ENF test for laminate #9.

44  #EF

RETHL, AR O BRBER A7 7 L 7 ORI & 0 — ) F 2 —
7 (CNT) T LT B EMHCOWTRE L7, & <, BUEMZHRESH I bR 5 B0
SBMERHIEIC )2 2 R RBME(LEEAT & ONT 12 & 3R ALEIT & DMLAE %, CNT O RECRLE I
B LTI, BB e B FIoRT
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(3)

(4)

—J51f] CNT > — M & EE LB D G DIf kiX, CNT &~ kU 7 Zfifg & o
EMEOKSITER L THIBSN TS Z ENRBINTT. 5%, =FhXT R~ Y
7 ZHthE & OFEEVER E2S CNTIZ XD Ge il EDT-DIZhELEEZ X bib.
BRTPERIE B A A 2 & VT BRI B S A EHZ IV T, — 1M CNT &
— N2 BRI EAVE S IR L & IR B & ORICELE L7255, Guc @ 50%IUTV VR W
M LA THD. UL, B Y Ty 7 BEETEMERBE B A A 2o D IR R E
ICEBTHZ L& CNTU— b L TV Dbt B2 b5,
7 Z LA CNT 2~ R U 7 ZBETICoBSEehGE, BERO G BELT Gic
IIRELHEILEZ. Zh —J7\ CNT >— FEELE L7ZBRICRRO O TV D30 E
CIXRRDHEHTHD.
BRI AE B A A v & T BRI R B MR S EHC W T, T U AL
CNT ZZAr M m A b g & R kg & ORMICELE L7254, Gue @ 30% D[ |
DAEETH 5.

b
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FLZE B DR R AL~ D IRFEHEE A MBI O FIRITKRE VD, BRBEDO I LR 5 WHEDT-DITIT
Z DIV FRE Z R IRICAE DT EREHIN N B EN D . 2D, KREBEWHMEEAMHEIOE
FR RGO EfMERITRICE S W RE T HIO 72D OBERINE T LV OBRFEN LI TH 573,
AR 2 B OHEEGRCE 7 /WIS SRR D, FERLSNTMBR TAICIERTE S 2 &
NEETHD. AW TIE, 95 LEEBEND, MZEEOREM & LU TGRIE - R S M
B K OZCEE LB T A B2 50, SfEklr, ~ NV 2727797725 DNCEHH]
E<HED 3 DD FHERBERIZER LT, AR L TWHERST — & & BRI IS
T5HLEHIT, ITFIEORNMEICONWTHRF L. ZOREGONTMEmELLTICE L
0 5.

2 ClE, £7° Boeing ORI IEIEHREME TH D, T800H/3900-2 J& (A —
Fsg bR RIS\ T, LI~ NI 7RI T o7 ERERIF<BEHCET 27 — % RS &
BT, SONTMBIILLTOERBY THD.

(1) FMEHIR LT, EATREZHE LI RYIOREZRE 21TV, MGt & LT
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FIEITRRO N2 o T 2 &0, BUEDORREHEEIZ T 5+ I BRI ANED
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(3) =~ bV 7RI Ty 7 ORERT, WP =y VOMLEHFIZE > TRESEELZT
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b0 LD, RBRA TOMBIIFMEOMIIEE L TLaET A RORREEL LI
LTWDZEIZRD. ZOZEE, v~ VT AT Ty 7 OREODTHLRBERIZON
TERMICHGR T 2R 5B R T NS BERMALEET L0 THS.

(4) FERT Yy VR ETLEMIISEEL -y PONMTOREZZ T 5 L2 A LT,
Ty VMTEEOR#ELEZRND Z LT, Ty VnbEETLINIZ AT Ty IBE
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Yy ZIZEA L CERNRTHET V2B T 5BI21E, BERT y DI Lo HolET
HUERHDHZ L L LN o7z,

ARETIE, IHEVIPURNTIVARAT 7y —F—/VT VT RIGIEIC X 2 R b 5|
RV IR LATEAAMT D 2 & THRIERENCET IME 21T o 72, BEEEICKIETTHED
PIERFIE DB 2 T 2 AT, =R F VBRI A THBHRBIEDIRW 7 = /7 — Vi
EAEH LT bR R O E R AT e L7z, fama DA FISRT.
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Open hole tension FXERIZISUNT, MV IR LAMEZOERFREEL, S-N HfR» S THl S
NDMELY BERICEN E2VRENE. 2T, BIFRICKTE LZRVWERTHY,
open hole J&PH DG NPT OB|ER AL 52 LT, IWHETZEMSE
TWHHEEZBILD.

M0 IR LA OIS HEFROMEBZEN D, TRXUBIES L 0T =/ — 5%
(TR LT, fERE O EERRO b, T = ) —UBHER TIZZ T Z
THATOY NI I A7 T 7 bBIESNT.

Open hole A L TWRWHEEFAFEHRIZH IR Y K LATEAZ AWM T 5 2 & CTHERH
PERDOBEERIE LIZFER, =ARFIBIER LI OT =/ —BER & b ICHEMERDOK
TAED O, ZOETHEMEE, =R BIER & L T7 =/ —/LRER TR
EThol.

M0 IR LA O BFLREEAR OWnm8iE2 0 1L, WEHIER & BT, REMMERR 01X
BEICIA THRAD~ MY 7 275w 738 bivlz. bk Uiz 2 OB G ORREE
I3, TARIUBHEREHE L CTT = /) — A BHERO T NEE TH -7

F<BER S L~ NV TR T o VEEND, ZARFUBERBIOT = 7 — L HER
ZNENOHIEZRL T Z crimp model TRENT THIL7= & 2 A, EBRE & BV —E03 5
bz,

LLbEX Y, —Jrms bRt U, #ikA g A e i e T AT O 98 AR T 5 HH G TR RE
DEBENFEBROREREICRE BT L ERBRINDS & E BT, crimp model A3
NEFEDZRZZ D THMETINCAED TH D Z LR Sk,

B3 E T, IREMMEESHEIOBEGZEE 2, BEMITHTFIECHERMICTRITLZ L&

AT

(1)

At g & LzalkehiE, —J7ms eRE i & ik e RE i TH D

B IR & L72 IM7/8552 — 7l L As /@ Hizo> Open hole tension 7k T D HH 46
B4, HAMEO Weibull 554712 55 < ShHERLIT T 51 72 B ONCHEARIE 122 £ 7
AN ERBRICIES 7 MY 2 27 597 B LOBMIE MEOEF L EMAET
BEDr — A THEfRT 2 EE L, 1) —OF B OFERIE L Ol 21T >72. %
DFER, ~ NV 7 27Ty 705 bR mE (0EE) O~ NI 7275y
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(WDWHAT Y vT 4 7)) IO ENERZEHAL, MO~ NI 7 27T w7
TIRERHARE )W L2580, o Rt RS & BT AR EAE S N T E D
ZEBNIRENT.

(2) AFVwT 471, MO~ )7 A7 Ty 7 LT, DLW EIHIZK
B0 2o VPR T DL VWIRBERT L2010, BENERICLIBEOR
VMIEST IS FTREIC IR o T2 B 2 HiIvd

(3) T700S/2511 fik#y i Ak ik 2 FIV N T, Open hole tension 7tk T D FEAH 22 8152580 %
FEBRAICRF L, MALAROISHEFFEIR CO~ NI 7 27 T v 7 OFENEIZ O
THRD & & I FHEREEMETZ RS AEIR Ch 5 Z & 2t L7z,

(4) B U72FEZRBIERREZ b &S, HEMEIO Weibull 534712555 < MiHERMTE 7 v &
WH LY 2T, EEEIRENFCESIS NI IR T v 7 DTV T OR%
PRTER, ~ NV I R7 T 7 DOFT Y T OFEINND LT, fENTERIXER
INHRLNIR I —OT HMRE RS KRBT L2 Enbnoi.

(5) ZOMREEZF2ETHONIERLEODOETBEND, AEROHEBEHRD Open hole
tension RERICEB W TCIE~ MU 7 A7 T v 7 OFEREERIPE~DOEERN/ NS W &, F
7z T700S/2511 (23N TIER & 2B ARMIPER T 2 & 72 & kiR 013 < BEAN I &
WERELRNT ENRBI .

LLEXY, fis efgig ik O ERL Ml Fumi E 4 A9 % Open hole tension R IZ
WTIE, v hUZR27 Ty 7 BROERIZKHORBIZTEHE T LbhoTe. 2
72U, WAERCAEN R L TR E 2 AT 5560, MV IRLAEZAMT 5581280
T, FRHEMB AN OB EEEZEUICET b T AMERH D EEZ LD, — RN
PR & M7 FIR ] TR & < BB OBAEMT 217 72013, FRFECEI VAL,
AT, ~ NV 27 27T v 77 b ONSERIZ S BED EERERB 2T ET L EEE D
TENRLAEELELEZOND.

FATETHE, BT EBOEREMEIT 72008 aTEELT, I—KRrF /) Fa—
7 (CNT) ZJERIE M Lz o— 5 mBEER OREREMEIZ DWW TR, LT O & 15
7.

(1) —Im CNT ¥— MafEigmicEmmi Lcsa oBrI8EE, CNT &~ ~U 7 24
& DEEMEORBIZEVIHISND Z LRIz, SR 5EEEDR Lo
=X CNT L mARF 25~ R U 7 AHHE & OREEMEO R ERVNETHD.

(2) BATOBFEMERE B A A > & AWz BRI EA MR HRICRB VT, — [
CNT >— N Z B\ A Ve S i & PR R E & OFICELE L7235 a, BEERD Gic
1% 50%FREE M L35 Z Enbhrolo. ZHUE, BY T v 7 DNEVATEBVERE N A A
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UINDIRFBHEENICER T HZ LA CNT O — RABMIHI L CWnWb 2 Lick bbbl
EZbNhD.

(3) ZUHAZEM LT CNT 2~ MU 7 ZBEFIC B S 5E101E, FBERD G
EGclTE bz RESHEMT L2 EnbhroTz.

(4) BUTOBFTIRMERINE N A A v 2 W@ E SR ERIC BT, 7 0¥ AR
] CNT Z ZAFTVB M s Mg & PR Rk & ORIICELE L7256, FEIRO Gic 1
30%FEE M E3 5 Z EnbaoTz.

VI bS5 &, ARF5E4AE U T, MZemm i i BWHEE SR O TR 3 X ORBIm A

B L CEBRBS LOMITICH LM T 5 2 N TE . 22 TRLN AT EEEM &

L THEDILER D T D IREMEE AT RO L0 @RS H el Z e T2 D Th

5. F, L0EEEEZEDLTZOOI =R T ) Fa—T B HOTERER ETEICOWT

HLIZREL, MBEREOHEHEICOWTEERTDHZ ENTE .
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EifaE

KNG L2 ELODITHIY, < DI ADIT3RE THREEZTHETE L.

£, FEEEE TH D HRALKRFERFEE LAIER, WS EER ) 513, AL S HY
D ETFTeNELSNE &3 D TURWHEIFIZ D @SR DO THEATES & L i, g
AR bl SECHE X L, IRSBILHA L BT ET. 72, BAERFPRFR LY
WFZERL, MUIEEOEEER R D N BABR AR, AR ZHE L Trlimahy L2 &
2, WAEHOEZRLET.

FALREEMUZE T LRI AT 7E R ORISR E OBERRIZIE, FAA F D RNRFFEETD
RFH S BV R VAR DL ThRE 2 72 TSR A W2 & £ Lie. ILRRIMERSR, %R ot 0
WS, ELREBEORBBRSAOD TR LTIIIOMLEELODL I LITTEEEA
TL. REHOVNBEHI ZTZNWELE.

FAEE LD DICHT= Y, EEHTH D Toray Composites (America), Inc. Ut AT T
R, MER—AE, DHEOEZEFE, BTOFTES TH 5 R VRS HE SR SEET
OILE W EZRTTR &L EBREFTRICIE, RO ITEHMATAW O ZITRE L 2l 2 Wi E
F* L7z. %72, Toray Composites (America), Inc., Composite Materials Research Laboratory ¢
FRICITAFZEIZATICRR U REBHERIC R £ L=, &<, BAMLITHIZER, Felix Nguyen
FEEAFSEE, Dongyeon Lee 7 BICIZT — # HEHE « iR & Z D F & OIT OV TEHE /RN %
HEXELE. HOREITINFELE.

RBIC, KXz PHETDHITHIY, TOEITHICHEDFITE & L THO T E A
OERR TERFAEHR) OTHREZAWEZFTZLnREL ROV ELE. BROZ
FRELCRA L Z ZICE AL L R £

201641 A 26 H
5[] e —
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