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Mechanical Properties of A Flax Fiber Reinforced Resin Matrix Composite Material and
Its Applicability to Room Temperature Holding Type Epoxy Resin
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Abstract

In recent years, from the viewpoint of global environmental conservation, awareness of energy
and resource saving is increasingly higher. In the field of composite materials, therefore, advanced
materials with high performance and sustainability are attracting attention. FRPs (Fiber
Reinforced Plastics), which have lightweight, high strength, and rigidity, are being used in
aerospace industry and the automobile industry as a substitute for conventional structural
materials mainly composed steel and aluminum alloys. Thus, FRPs are nowadays being prepared
for mass-production. However, artificial fibers such as carbon and glass fibers are difficult to
incinerate, and also recycling method of them hasn’t been established completely. From such a
background, most of them are currently landfilled as industrial waste. Even in the FRPs market,
which will continue to grow in the future, the problems of marine pollution, soil pollution, and
landfill depletion cannot be overlooked.

Against these composites, Green Composites (GCs) which are reinforced by natural fibers such
as flax, ramie, and bamboo is attracting attention because they are environmentally friendly. Plant-
based natural fibers have high specific strength and rigidity because they have a tough
constructure as mainly cellulose-microfibril component, as well as biodegradability. Therefore,
they are decomposed by microorganisms in compost and the environmental load can be reduced.
Even if plant-based natural fibers are incinerated, they are carbon-neutral because they absorb
carbon dioxide during their growth, and have the advantage of non-CO, emissions. For this reason,
GCs have been energetically studied mainly in Europe, and have already been put into practical
use as interior materials for automobiles. All plant-based natural fibers have finite length and
undulations due to naturally occurring shape changes, which affect the strength properties of GCs.
Therefore, the main manufacturing method of GCs was to mold short fibers with thermoplastic
resin and injection molding. This is because all plant-based natural fibers have finite length and
waviness due to naturally occurring shape changes, affect the strength properties of GCs. Recently,
a flax fiber bundle (sliver) with the form of a unidirectional sheet, which eliminates fiber waviness
and has no spinning, has entered the market, and this product become a pioneer to utilize natural
fibers as reinforcement of long fiber reinforced composite materials. When long fibers are used
as a reinforcement, utilization as a laminated material is a common method. Since the fibers bear
an applied load in the in-plane direction, the laminated material can withstand the load. However,
the fibers in laminated materials are not oriented out-of-plane, and also their interlaminar strength
is not necessarily strong. Therefore, in CFRP (Carbon Fiber Reinforced Plastic), the interlaminar
fracture toughness is improved by stitching or three-dimensional woven fabric. Although these
methods can greatly improve the interfacial strength, there are problems not only the cost and the

complexity of the process but also the decrease of the in-plane properties. Therefore, a method



called Zanchor is attracting attention, in which special needles reciprocate in a fiber bundle and
orient the fibers to out-of-plane to obtain the strengthening effect. As it is a simple process, the
use of this method is increasing. The above is the knowledge about CFRP, but the effect on the
mechanical properties of GCs has not been investigated. Prepregs lamination is a general method
for producing long fiber reinforced composite materials. Prepregs are an intermediate material in
which fibers are impregnated with resin in advance and stored in a freezer to prevent resin from
curing. Since a large amount of prepreg is required for automobile production, the freezing
equipment for its storage becomes large, and also cost and electric energy become extremely large.
Thus, a curing agent for epoxy resins maintaining an uncured state at room temperature is also on
the market, whereas the strength properties of GC using this agent is still unclear.

From the above background, the purpose of this study is to clarify the effects of needle-
punching, one of the Zanchor methods, on mechanical properties of a flax fiber reinforced
composite material. In addition, from the viewpoint of prepreg storage, the present study
investigated the applicability of a room temperature holding type epoxy resin to a matrix material
of a flax fiber reinforced composite material.

Chapter 1 mentions research trends in the field of composite materials due to increasing
environmental awareness, and describing the superiority of composite materials using cellulosic
natural fibers which is attracted attention in recent years as reinforcement, the current status of
conventional research and its problems are outlined.

In Chapter 2, needle-punching was performed on a wavy sliver, and the effect of fiber
orientation change on the mechanical properties was quantitatively investigated. A biodegradable
resin was combined with the needle-punched flax sliver, and the mechanical properties of the
produced GC were discussed.

In Chapter 3, in order to elucidate the mechanism of strength modification in detail by
performing needle-punching on unidirectional flax fibers, a general-purpose epoxy resin, stable
in mechanical properties, was used as a matrix material and the tensile properties of the
composites were examined. After that, the authors modeled the needle-punched single-layer
composite material, discussed its strength properties and Young’s modulus properties based on
various fracture criteria, and clarified the factors of characteristic modification.

In Chapter 4, in order to solve the problem of prepregs that requires low-temperature storage,
the applicability of room temperature holding type epoxy resins to a matrix material of composite
materials was discussed. It was investigated how the strength properties of the resin change
depending on the heating conditions and the degree of curing, and an optimal heating condition
for composite materials was proposed. In addition, when it was actually applied to composite
materials, the compatibility of the resin was also considered from the mechanical point of view.

Chapter 5 summarizes the results obtained in Chapters 2,3 and 4, and summarizes future issues

and prospects for the research field.
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Table 1-1 Mechanical properties of natural fibers and artificial fibers>®

Fiber Density  Diameter Tensile strength  Young's modulus Fracture
[g/cm?] [1m] [MPa] [GPa] strain [%]
Flax 1.5 40-600 345-1500 27.6 2.7-3.2
Hemp 1.47 25-200 690 70 1.6
Jute 1.3-1.49 25-200 393-800 13-26.65 1.16-1.5
Kenaf - - 930 53 1.6
Ramie 1.55 - 400-938 61.4-128 1.2-3.8
Nettle - - 650 38 1.7
Sisal 1.45 50-200 468-700 9.4-22 3.0-7.0
PALF - 20-80 413-1627 34.5-82.5 1.6
Abaca - - 430-760 - -
Oil palm
EFB 0.7-1.55  150-500 248 3.2 25
Oil palm
- - 80 0.5 17
mesocarp
Cotton 1.5-1.6 12-38 287-800 5.5-12.6 7.0-8.0
Coir 1.15-1.46  100-460 131-220 4.0-6.0 15-40
E-glass 2.55 <17 3400 73 2.5
Kevlar 1.44 - 3000 60 2.5-3.7
Carbon 1.78 5.0-7.0 3400-4800 240-425

1.4-1.8
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Fig.1-2  Zanchor method to fiber bundle or sliver
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L, BEERIXEAN T EICEHBICHHEZER TE 5720, BRWEICOWVWTTLLLmMZ 5
ZEMNTE LN, mHAFANCIIBRIGRMED B STV RN, BRERMENE L Z
L%, ZO7doOmNEER EFEE L T=— KL/ FIZ KD Zanchor FE{LZ1T
VY, ORI EESIME 2 5T L7263 H 5 03, RERHEICB W T OB 2% 5 U 7= F 4
XRYE- 5720,

ZZTARETIE, YRVEFETLHHMRA T A /N—IZBNT=— RS TUENRZED
BEMBHC ED L 5 e B2 RIETONRAEET o712, it T, EBRERLEIC=—F
N FREE GBI OET AL ZITV, BITRIRE R O HEIREIZOWT ED L 9 IT/E
AT 200E8%21T-o72.

22 EBRFk
2-2-1 HERAE

A 27 B RS R D X T A AR EERRIIHE 268 F L 72, B RRARME | 2
RIKBHEOF THEBETH Y, MERRUET THE SN —HFETHD. H<NHK
BORRR, T MROMAAEOEA 2 RABICHA SN TE . (HIREDHERRA T A /N —
% Fig2-1 lZ7~7 9. Fig2-1 IZRT L D ITA T A N—IREEFRIEMEIIRKIREB kD 5 120 2 FF
D, Fle~v MUy 7 AMITIE R I MBS R OK B A S FEERIE T T 4
PL-1000 (BAF, PL-1000 & F09) A#E L7-. Fig2-2 IZZ DA RS, £/, Table2-
1 (ZHERRAAE & PL-1000 ORI RE & 79



Fig.2-1 Sliver of flax fiber.

Fig.2-2  Water-dispersible ‘Landy PL-1000’

Table2-1  Properties of the fiber and matrix resin®

14

Material Density  Fiber width ~ Tensile strength ~ Fracture strain ~ Young’s modulus
ateria
[Mg/m’] [um] [MPa] [7o] [GPa]
Randy
1.20 — 23.8 — 4.25
PL-1000
Flax 1.50 10-30 600-1100 1.5-2.4 40-100
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2-2-2 =— RAURUFE

=— RN T (LIfg, NP LEET) LI Fig2-3 IO d Koo —7 L
AN S H D 0 %5 o TR BRI IR O # 2 i MER P IC/EE &8 5 2 & CRkiHELR]
TEAEEEDHZENTELFETHY Zanchor R DA FT 5. 2 kv, BEHRE
BFRETDHILENTED. HOKIXPES, X"—TORRKSHEEDEELZ LTS 2
ETMMEAER D EBTED EESNDN, KFFETIX Fig2-4 [ITRT =TT
SO EN 40 mm, HRELOEZEN 14mm O7 =L M2 RWE, 207 =L MR
Z DOFEIEBIIES, WERPHE» O ZARICEIL L, ZAROZNENLOAEIC 2
OF0, B 6 DDON—T H —FHICE LTS, ARAFFETIE, Fig2-5 (R Bk
R EER O =— LU F o V= v BN T=— R F U AT 7. E
BRD = — RL/X FHUER T Fig.2-5 OME BT E FRIZA N> TT O . W Z1T 9 $H5
I% Fig2-6 \Z" T KO e$tiE L 2o TR Y, EITHMOBMAN 14 $+, ZFNIBIZ 15 $t%
B LIS TH D, ZONPLEOF|ELE LT, ZxoRT 4 F o 7 LI
EEAR_TTY 73— 2 OERNES THH-0EEa X o LR 2z 65 Z &, FLE
872 E~ORFTRREENFRETH D Z ENFET D, YR ZFFORAT A 3—1k
HRRGRAE (LL#%, WF(Waving Form OBS) & FE9) To NP LB G ELZ TS 5. WF %
25em [ ZECIV LY, 1E% Sem | E LIRS, MHEORE 0 — T — TR, — BB Tl
MEZ BMERE T M IR EN S E R OB A1T 5. NP BOEMEB T 2 FH) %
50(0.5/mm), 100(1/mm), 200(2/mm), 300(3/mm), 400(4/mm)EI CEINENITH. T DE
TORFLHEEZLE, NPM-LUEEEE 5. fFlé LT, #iES R NP LB % 400 [E]
1T T-APEHEZ NPM-400 & 72 5. NPM-400 O4MEL % Fig.2-7 12”7

— Fiber bundle

Barb 1 only Barbs 1 and 2 Barb 2 only

entangled entangled entangled

(a) Needle gives entanglements to the fiber bundle
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Roller

Needle equipment

"~ /1 || Reciprocating

FFiber sheets

Barbs _
Enlarged view

\ 'F.

ll .\'e ] \'C.\_..L”[)

1)

(b) Appearance of needle-punching process

Fig.2-3 Schematic of needle-punching treatment

'o" J‘ﬂ
S00um
I

Fig.2-4  Barbs of needle

Fig.2-5  Needle punch machine
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!

Fig.2-6 Needles and needle fixing jig

il il
|- %17 18 19 20 21 22 23 24 25 26 2
I ," B

Fig.2-7  Appearance of NPM-400

2-2-3 Flax/PLA EEEIOER S 3

Flax/PLA EEMEIOERIFEL LT, BEEEL =— RNV FiEo 2 EEZ AL
7o, EEEETIE WF 220 FEFERL, =— KU FiECHE, NPM EE D) TR
NP LB ZAT o 7%, BT 5. MO EEHERBR A (R &R OB % Fig2-8 (TR
9. B X 150mm, 0& 150mm, &S 25mm O TR A E X 125mm, 18 25mm, &S 19mm
DM TH A, FOICTEERICHEZRAL, &S 100mm, iE 100mm, ES
24mm O EFRICTHE 22155 2 L TEEME 2T 5.

BEMEIZAER T 2720, Ay b7 LA (BILAKELEFR, APP—50-300YS)
AEMALE. Ry b7 L RO E Fig2-9 (TR, BURINEGH fEARERE I X v gk
BEAME L, MERE2=y NOBIRE ETSE5Z L TENORMEEZIT .

EREETIEA T A N—IREFEHEE 25em I EWIV ERY , ZOF F 100mmx200mm LA
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Eo7Vv— b0 RIZJRTF 2. O END PL-1000 284 L, #24 BFRSE CEBSE
2. ZTHAFRE 1 EFTO/TV, 100mmx100mm OIEFF & 725 & 5128V k& R
& L. IR O SME & Fig2-10 \Z"9. £ D%, Fig2-8 IR &R EERIAI 4 Bfh
L, IR % 2 # AL, BWGEE % 150°CE T T 7248 v b7 L A T A 7 40 75
FHEA L 72, WRIZIES 2MPa % 20 S RIN1 R 7=, & O%MNEE 1IEDE S 2~3MPa &l %,
ZOREEZROLENLHERE CEOREIToT.

NPM £ TIE NP B AAT o T2 A T A AN —AREREHE 2 B S & [RIRR O FIE TR
RIZT 5. ZORBATGE 2 ez &RUCAN, By b7 VAR TERAZAA, 150°CT 40
DT IEAEIT > 721, SMPa OET1 &I Z 20 pEREF L. ZD%, W E 1L, &
77 6MPa Z i x 7= IRAE CHIRE TEH L.

FNZNOFETIER LI EAME — N 25 0" Frk LW 90° HAICHE
15mm BB TEIY H L, WRGEEZ#180, #2500 DT A U _R— X—THIE L CTEMFIC L
7.

Fig.2-8  Mould.
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Press part

Fig.2-9  Hot press

2-2-4 FIIRBEBRFTE

EHEE & NPM ECIERL L 7B MERBR A2 45° OF — S Z s> 7= 7 1 o
X7 BRI TR VREBERN(T TNTA N, =T NS TREY U,
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L CHBR A A2 £ COMBLZAE L. ZOWMELZTFOE L TRW-RERA T
ENOROT-ARBAWEBE CRTZ L TSN ERB Lz, £/, Fig2-11 177 &
IR AT —VEF R OBIBRF MO OT Bk T AT — P (KFG-5-12-C1-11, 3EFE
EENZHWTHIE L7, ZHICEKY Fig2-12 (R X 5 ICRBR A Z L IS HOF
K Z1ERC LLL T ORI GY > 7V FE RO T

E=22 @21

€278

AREBRTOT — X BERREL 6.25ms TH Y, ZOREHBECHELNTZET —X D 5%LL
FEHBRIISTTOTHBEDOINL S ENRVEOEEORRTE T 7R e Lz, £72, &
B D7 X H TR D O BE R B VAL BRI S O BRI E T/ A A9
AN, FOE5IEERW -,



Fig.2-10  Shape and size of specimen

10 11 12 13 14 15 16517 18 19 2

Fig.2-11 Appearance of specimens

w 'S
o =)
S S

[
[
=

ensile stress, MPa

T
=)
f T

S
Q
&

& 0.3 & 0.6 0.9 1.2 1.5
Stram.%

Fig.2-12 Example of stress-strain diagram
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2-3 ERBLIUBE
2-3-1 BHEFROS RS L HARIIC L2 B8
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2L, BTFoRE RO Tl SRy, & B L.
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Ve = ZIPF (2-2)
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v, EZHM, b LLITEOEBGICBEMESER L, RKIEIN72 94020 %2F L7z WF &tl:ii
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LR TEENE o TNDIN, TN TH WF OFEIZIZIRA TR, P 7R
HEEREE ZR L TEBY, WFIZHXTNPMITEWERATH D Z b hro Tz,

A EWERL U 7o BARHE 2 580 & 9 2 8B 0 BE O IIHE ST 171 D B | BRIFME 1T — AR L E
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%8B R R L CHIBRFFE A 31 9 5 PR 2 A 7. EMtiuT@&kbea
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Q=@W+@ALW” (2-3)
RIBTRR  ZMEHE DS 2 T RIS I (BMR, /X ROVBREE L 3E9) ¢
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= (2-4)

I, @,@i%h%n@AMﬂwm%Fﬁ BIBRBE AR T . o, oplTZILEHLI
M), ~ NU v 7 RS THDH. £, o IBEEMEIOMBIO T HICHY T 5~ Y
77Xmﬁfﬁé.;®%1?F)y71Huﬁthbmm@ﬁﬁ@fﬁ@ﬁﬂ%
ko=, £, WHOTHBREEE S 720512 PL-1000 Z1HRFERE L T, KD Z2EESE
TeDb, SR S ST AR 18D1, HooBUERTERY 2 VT A L TRl A
FERIZ LT BRI B ARSI 3R 3B & RIERIC O 27— V& B L BIIRRBR A2 1T -
7o, RQ-HIZE DA FAGREDOFHERFER % Table2-3 129, £72, NP B & DORA%
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MZXIST 5. ZHHOFERND, NP [EFEK 200 Bl E TIIEAMEMICH O, ZiLLIREE
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LEEL L EIR S TWDH I ENHBA L. ZORRZRD 7280, sEfbiiio BERH
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Y72 E © 220 BFER SN D Z LD, NPM-100 (2B W CIE D 220 2N BERY &
720, MAHAOFEL B HMHERL M OELILN A BTz, L L7enR 5, NPM-400 (233
WTCTIEERAICIE D 20 SRR OELNNZ E A E AR LT, —HHEICESI Lz XL 5
IR S, £ 72 NP AR A AT o 7§ CILIfRIREE & bhig U C AT & H IS SLIREY
R E IR o TS ZOFRIIA NP ABRICH T 58 EHOMR EIZIF—FK Lz, =
DR OBERRZ D70 T < F 57280, %ENOHIRA Y TRE L2 Eg % Fig.2-16 |2
RT. Fig2-16 OEE LY, HHEIREEN D NP AL 1T > T\ < Z L2 K W HROFE R
THHMEZ TV Z ENHER SN, £, BRI 2 k5 m & L TRE L
TRERTH DN, BHGIREERRC :tﬁ“?é%%b WZELM Y DRME S A IR IE S, ot
TR OB B 2 FREIC NP ALFRIZ X 0 B O 2L U - #iHE(AEE, NP il & 309 204G
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T 5 EEZHILSH. NPM-50 ° NPM-100 (235 1F 2 KEIEL D NP ALE TIX R T A S — Dl
HEO RV MR TE T, MEERMOENE U D70 —FE 0 RARENMET L, Mk
9220 HIEETE S 472 NPM-400 TIESHHIR Z & T b £ & £ S RVRE D
ERBbNTEEZOND. —FH T/MNRBICE & F o 7ol R 2 NP i 28163 2
ZEIzk Y, NP EEEOEWEH CIHEBOTARETREINEEZLOND.
F7o, #HERE (LS VG EEE 2 5. A TO=— K/ FABRT Fig.2-6 D
HETEEZ AW T=— KR TFUEEZIT-> TRV, #EICEY & 9 & & &t LR RSk
X 2.5mm THDH. BN JFIERTEVEWVCEESND 20, =— F/wﬁﬁﬁﬁrﬁ
W29 58t o UL ETERREIT 1.25mm & 7R 5. zmﬁ T@f+@.ﬂi/n/\f IR A
B EIETERN, @fﬁ“ﬁ[ﬁmf@ NPM-400 (Z351) % #iHEREAR(Fig.2- 16(D)’%*%JCE’J
FT L Fig2-17 DX 2D, ZI» %%F‘ﬁ%%r% L Cw< Z & T Fig2-17 i Fig.2-
18 D X 9 RERMEICEL L T < &%7_ b, 72, Fig2-17, Fig2-18 IZBW T x F
M NEHEER T ),y FAIIEEE R AR L CWD. T, SRR KRE RS2
ETCHMEREY7-Y ONP EXBDT 5. 2 L0 /INEBSHER D —>— 2 | XEHHE
EIRKTHATED A ANRKEL Y, ZOREIIEST5H. 2k, EEkL
f:rf%‘i IIHEHER O BUEME T L, i S im0 o &N REL D EEZ BN
. TR B A2 5 1) C 3 NBUBIIAE SR O FER DR T T & V) - Bt AE 5t i 0 R i FE MK
T L, REMENEZD SR ENEZILNLDY, NP &EHED LTV D720
MER DOZBEHHE BB L, BMEMET T 2ER]GFEET L. £, $tERL/ <7
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BT OIZIEE & #tOFLMBEBEZ D 72 T U G720, $HMEULTIZIZTE 3, -
TELLHVEHIFHON—T OEBENIT 2D - DHEDF S0 B A IS5
TENTERL D, Z0RD, $E2TSTHZ L8 NP AEEETIHE L T
EBEZOND. SOLICHFEILEZESIT A0 EM T2 &, THUTE blaoTN—
TOPAXH/NEL 720, HHEOBI SNV ENBLT 5. £, HDIBRERESOHD
WHERM 2 # D EET 256, s Z L EIND. ZoD#fEEE (b5
T &I K D NP BRI AR AR S A B O T FRIMEE ~ DR B O EFRATFEMIZ OV T
SBOMELE LTV,

NONE SEL 15.0kV.

X100 WD 100mm  100km

Fig.2-13 SEM observation of Flax/PLA composite (NPM-300)

Table 2-2  Tensile test results of Flax/PLLA composites along the fiber direction

Fiber Number Volume Tensile Young’s .
Fracture strain
form of fraction strength modulus (%]
samples of fiber [MPa] [GPa]

WF 6 0.65 171 (16.04) 26.8 (2.80) 0.74 (0.09)
NPM-50 4 0.52 98.0 (13.59) 17.3 (3.02) 0.66 (0.13)
4 0.44 84.5(26.31) 19.5(2.39) 0.75(0.10)
NPM-100 3 0.48 79.2 (10.06) 14.9 (1.55) 0.65 (0.13)
3 0.49 71.3 (16.06) 11.4(2.02) 0.82 (0.06)
NPM-200 3 0.45 79.0 (17.83) 15.1 (1.16) 0.69 (0.10)
NPM-300 5 0.41 89.7 (12.91) 13.3 (1.27) 0.97 (0.08)
NPM-400 5 0.33 125 (13.95) 16.7 (2.43) 1.09 (0.05)




Table2-3 Calculation result of fiber stress at break

Fiber form Fiber stress at break [MPa]
WF 248
NPM-50 162
NPM-100 137
NPM-200 106
NPM-300 178
NPM-400 321
400
<
= A WF *
b .
24 300, NPM ol
5 .
=200F . *
0 8 ®
v
£ . g * i
2100} $
L)
5 s
&
0 1 1 1 1
0 100 200 300 400

Number of needle punches

Fig.2-14 Relationship between bundle strength and number of needle punches

(a) As-supplied (b) NPM-100 (c) NPM-400
Fig.2-15 Photograph of the surface of as supplied and needle-punched sliver
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(a) As-supplied (b) NPM-50

(c) NPM-100

(d) NPM-200

(¢) NPM-300 (f) NPM-400

Fig.2-16  Surface morphologies of as-supplied and needle- punched slivers

Fig.2-17 Fiber bundle after needle-punching
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Fig.2-18 Fiber bundle after needle-punching with widened needle width

2-3-2 MHEER 5 D5 R

Flax/PLA A& MBI OMHEE AR 70 O 5[ 5RFREE & NP [BIE O Bf% % Table2-4 12777, ik
HEST IR DFE B & [FIRRIZ, WF & HElE L T NPM O 5 M HEEE R NME < 72 - 7=. NPM-400
IRV T HHEERBERIIRE ET L7z, SIEBEIXFR NP B OLFMTHIEH - &
MV, NP ILEEE & BRI IR RAEBEMEIT A DN oz, Fo, iMEETESR
2N 0.21~0.56 E LA RE VA, ZOBAITKIST 5 & 9 725 IEFREE OFRSL - =21k
HHNT, FRBR OME L ~VIIFRRECTH-T-.

Table2-4 Tensile test results of Flax/PLLA composites along the transverse direction to the

fiber
Fiber alignment Number of Volume fraction of Tensile strength
method samples fiber [MPa]

4 0.44 7.14 (1.13)
WF 5 0.46 6.81 (1.54)
3 0.55 5.31(0.74)
5 0.42 10.9 (2.51)

NPM-50
4 0.49 6.72 (0.25)
2 0.42 11.1(0.36)

NPM-100
5 0.56 12.7 (1.73)
NPM-200 3 0.44 12.2(0.43)
NPM-300 4 0.40 7.77 (0.74)
6 0.13 11.7 (1.97)

NPM-400
5 0.21 5.37(1.08)

Values in parentheses show ‘standard deviation’
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2-3-3 Reuss I X 2BELBEET VORE

—%IZ Reuss Bl QIXMEHEE AR MO8 % Fig2-19 1R L 9 kgL~ R Y v 7 %
DETNE —DD2=y & LIEEEMEET LV ERX—RZ DY EE RO D FiE
Th5. Fig2-19 FORITFMET OHBEHMOERTH Y, ridftrEae£T, 2Vl
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Do AR D &, Ml 2rop/Er, ~ bV v 7 ZIZ2(R = 1)0m /Eny DHONRELS. Z
ZCE, En3TNTRHEE ~ MY v 7 ADY U 7R ERT. Zhuc kY, EAMEA
EROOTHITKRATEIND

O'f o
E—fr+ﬁ(R—r)

& = - (2-5)
F72, TOETMIIBWTHMEE ~ N v 7 AOBBTERIZFE LR O T, o, =0f =0y
DRRALT D DT,

w-zlfE-)
ERED. WBHERFROWEITIZ L O%E, v ) v 7 20mES L < Ii#iE-~ &
Uy 7 AREOWEIZEIVEZS. 2V~ N v 7 AO8EE g, T X~ Y »
7 ADFERE e, N X VIRESIT HS. PL-1000 [ XAESERIE CTH Y, HTFEN
&<, EETH LD~ b v 7 ARNBHERZITLALR I ST, MiELBEEER L
FEDOPTITHEEE Uiz LRET 2 EEEMEIO 0T A0

¢

& =7 (2-7)
L% RR-NEHXQ-6)ITRAT S L
EcOmu]1- o 1-2
cenbicg)

NELND. K-8~ Y v 7 AMEIC L VBRENRESTONIBEERLTND.
F7o, HHETORERRE2R & HEE R 2r I THE R TERIC L D ZOBRMESRESIT bR
L0, BEAMEWNOMHEOESNC b B EZ T 5. AR TlE Z Off#EEL ] % Fig.2-16
R T IERESN & R FESND 2 N F — 2 ZARGE LT, Fig2-20 OffiEL ~ ~Y » 7 2D
THIFE 53 SR DARHERTER & OB ZHET D &,

4V

Eﬁﬁﬂﬂ : £= T (2'9)

Al L= (22 (2-10)

BRDOND. T o bR(2-8) & EFES & ANFEFITEHE Lo R % Fig2-21 [Z7
7. RQ2-8)F DEEIF > 7 FIT-DOUVTIX Reuss A L D



28

—_ ErEm
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&L, Oy lZ1E PL-1000 RO 5| 5EFER 21T\ >R 7= 23.8[MPa] % AV 7=, Fig.2-21 % %
% &, IEEHELH - RGEHIOWE & bV ORI &V 5I5EFREE T PL-1000 AKX 0 B
LT Z bbb, LnLens, BOOEEWIZIEERE SR, RIS
BB OB E T TREHEARTE R 20% 0 HIXIT E A EB(LR N2 R’ bnd.
VL EO#ERRIEL NP AABRIZ K DiMERs 40370 <, (bikE 2 T BIRA mICH L CE’E
WZEEM L CWDEBATH D, AREITIE Fig.2-19 IZ7R 7 Reuss E7 /L& EIE L T NP fk
DB I DITESBEL TN, FIIZRETSET V% Fig2-22 [Rd. @ED
Reuss ET VDML~ U v 7 ADWONZIELE Reuss T LV TlHifERE E~ Y v 7
AEOWRNCEEXRZ - D LD, < N v 7 XJEIZ NP BHENDVEITAL, TOR
BT~ b v 7 ARHHEBICN A LT L 2R L TE Y, 272 HERREE
ORI, ZOFTICESL ERQ-11)TEREND Reuss ANILLT O L 5 IZEE
TE 5.
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_ EfCEmC
€ ViEnS+(1-Vy)EfC
HK(2-12)iF Reuss AIDE;, En,73< b U v 7 A, NPH##EONT ALY, ZNENES, Ef,
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EfEm
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Eff = (2-13)

o 85 oS, "

ERED. 2T, wp LITEEMENICE ENDMIEED 5 B NP AAFRIT &V fHERL A
PEAL LTEMfER 2R T, TOD0< 0, <1THY, wp =00 & &, MHERLMZ(LIX
B E ~ N v 7 ARBOY U VRITHEL~ N v I ADTY rRERY, K
Q2-12)HIED Reuss HI & 72 5. Zhz kv, KR-7)OEGRBEXLUTOL I IZEDS.
EfCom,S{1-< 1—Emc
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¢ VFEmC+(1-vf)EfC
2 Tom I~ MU v 7 ZAEOFRE AR T . £/ NP BRI L HE M L% 1 5 kiR
weld, NP Z | BI7ZZTAT o IZREOMAED 5| > BV F &S5 Z & TUToX%E
AWTRD 7=,

w. = &P JLER 1 BN LY RErmZE b A bl O U 7o MRHERR) x CRBHE I i )
f - (NP L8 % 1 [B11T 5 BED 2 T A /S—FH 24 E )

BFRA T A N—Zx L TEEAR LT EN—T | DIZOXBHEDT | >8>0 28 3~10
RKTHVIEEN 6 KTHDHZ EE2FEEICI VMR L-. F7-, HEREHEDBHENR X
10~30 ;m TH Y, ARBFFETITHRARD 30 inZKE L7=. F7=, Bk L7z &L 5 ITKRHET
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O NP ALFT 158t L 14D 2 FMERTH Y, $t & HEOHEHEIL 1.25mm THo7o. |
[B] NP ZLER % LT HIRO NP AR %95 £ COBEEBEN Imm 720D TR T A /N—F
HEAT 125 mie L7z, ZADOHEZ AV TEHET S & NPM-400 (2B Ty =
0.0173ThH D Z LA L. E72, ZOwDEPNTH -T2, RE-15I2FB1T
L M) w7 ABOWEE I~ N v 7 ADOMEe,,, bt FELWERELL. BEDE
H U 723l & ARE 2 AV TR(Q2-15) 2 IEA B, NFELHICHE LR R % Fig2-21 12
BMUL7-77 7% Fig2-23 1279, NP AR L B HERd A b2 BRI 52 & CER
B, SNHFEHN O &6 b OFERTHERMENEMT 5 Z LR Dol LNLRRS,
Z O IBHEARTERS M BT 2100 TRE L Ao TTWN DA, BENR 2 IR L
TN ZEZEDL TR, FTABZETO NPM-400 OMEFEATERIT 13%21%TH
D, NPAAHEITHRER EICHEVEELEX RN EEZOND. £z, Fig2-19 1R 7
FRIREE L6 L C B 3ERREE O EBREIL 5.31MPa~12.7MPa ORI H ¥ , 2fRAJIZIE V. Fig.2-
23 \RTHEEREL, MEIORE O BHEM O~ R U v 7 AECTHETT S Z L 2 RE L T
BY, ZO/BERNPD Flax/PLA BEMELCIE~ MU » 7 2AORWIS ) X0 RS kT
ffte-~ N U v 7 AOREENE S 2L BEZHND.

(a) Square array (b) Hexagonal array
Fig.2-20  Alignment of fiber
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Square array
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Fig.2-21 Calculation result of the theoretical value of transverse tensile strength

Volume fraction.%

Fig.2-23  Calculation result of theoretical tensile strength considered NP
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2-3-4 SEM B8 L % FmEmusism

AWFFECTIERL L 72 Flax/PLA &M EL OB BRTRE I 5.31~12.7[MPa]D&LEFHIZH D, NP
e 2 I N S HTAETE Reuss BT L0 HEHE L2 EHELS - SNBSS O RE: L0 &
HEENAE D> T2, ZHITAEIOETE Reuss BT /L TOHEMEIZ~Y NV v 7 AWEZ(RE
L7 CTH Y, ZOENEZ DR X W IRVIS D LUV Cilife-~ N Y v 7 2R
OHENEE 722D ThHD EEZLND. £ CIORMERIET 5728 SEM(EEH!
BTBMBL, ISM-T000F, HABFHRARIR)IC L 2MEBZE 41T 7. WF & NPM O
RERWE EE % Fig2-24 |27, B HHER 2 PL-1000 OFFEIZIE & A K2
LT, BHEOLNEHL TWDERETH o7, F£72, NPM B Tl ds 21
Wr L 7= NP D 5] & BT /O HERR S 41, Fig.2-24(c) CTIIfiEN X< BE L 727 & Bbh
LB ONE AR Sz, Zbnb, AIFFEICEIT % Flax/PLA EAEHEN O Fm
EMENBAFCIER L, RIS CREBE LRERT 25 SRIIHERER>TND &
)T EMbrol.

(c) NPM-300 specimen
Fig.2-24  SEM observation of Flax/PLA composites along the transverse direction to the fiber
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& ZATIENP LHEIC L 2B mTEE OENERMEIC L WV RS,
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3-1 IL®IT

B ETRANC LI RRAIHEAR 7 A N—ITHRLEEZRE BT, Zhiak
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— % T Direct method & Pre-forming method, Prepreg sheet method @ 3 2D F{ETH
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JEBRBREDIR TR & 5. £ OICiRER EFIENLZIEIC DI > TR THh TV D ¥
DN, ORI EY SR R E 2 skt & 2527 ) -2 a Ry y FETRAT
WRWDBETRD &0 TH .

Z ZCARFE T, B, ERBECKRTAMZ, BMAMMBRTE 570 ERINT
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WLPRIFME DS DEEMERIE T, NFHINE~OREBOMRALRALT-. T, =—F
MR FRBIZ LD HECE | 2 SNDBROET MEEITV, BELEDT.

32 EBRF:
3-2-1 HERAE

58 1k #4 1 EcoTechnilin ¥t 8 0> — J5 1) 8 R ff 4 & — & FLAXTAPE200 ¥ X Ot
FLAXTAPES0 % FV 7=. FLAXTAPE DO%ZICHOEFITENENMMEOBFTH Y,
FLAXTAPE200, FLAXTAPES0 (% #1271 200[g/m?]3 & OV 50[g/m*| D EDf#iEE HT 5.
FLAXTAPE [3#i# 5 00 2 EL T—HAICH A 7oflifgEs — N T O, A1 7H|
WXV FEEBED LTS, FLAXTAPE200 35 U FLAXTAPESO % Fig.3-1, Fig.3-2
WZENENRT. £, v MY v 7 AT FEANTHEA S ADEKA ®#o7 7Ly v
EP-4901(LAt%k, EP-4901 &3FE9), BEALANIZ HUNTSMAN #3802 = 7 7 — I > T-403(LL
%, T-403 LEEDEHAWE. EHELLEAFBHOEEKRTHS.
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Fig.3-1 Appearance of FLAXTAPE200
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Fig.3-2 Appearance of FLAXTAPES0

322 =— RARUFALE

=— RARFIBR(LI%, NP ALER & FE)DERE - IOV Tk 2-2-2 Hilc R 3 &
BV THDH. T TlE, FLAXTAPE200, FLAXTAPESO (ZxI3 % NP ZLBED 51k % FiA
4 %. FLAXTAPE200 (Z6f U CI3idifEh 7 Mo & S 50em, §§ 10em (CHI0 L, H1
T RIOAANTOZRUMENZ EIZ LT NP AR AT o 7. £ DO, FLAXTAPE200 D%
0 — 7 — (ZHR A — T CHME A B8 X7 DI — AR A 1T o 7o NP Er(EAL BEEf
WZX 580 FE) % I/mm, 2/mm, 3/mm, 4/mm [B] CZENZENITo72. BIE CORLH
ELEREILZ2NVWE DI, ZOETOREFELZLME, NP OZIZ Imm H720 O/ F[H
Ao DHZETRT. AL LT, fMiES I NP LHE B A % 4/mm 1T - 728 BHE NP4
b, Flo, NPAEZAIT > TW R WHMEIZ—F M Td % T UD(Unidirectional) &
RiLT 5.
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3-2-3 Flax/Epoxy &+ Bl O /ER G 1R

AAFFETIL 2 EOEREZ 1T 72, ()T 7 1 VRIS & 2 (Rl (R FE R38R i o /R
(i)H > M T VAR LD @i EERORBRAERD 2 > THD. UTIZEREN
DFAZIT .
()7 7 v RN I D IR (AT e B i O (ERY

Z OERETIZE S 2mm OF 7 v U AR S 100mm, 18 15mm OFEMFIZE 0 o
fer7a OB EER L. 7 7a RO E Figl3-3 1077, £F, v~ w72
Z FHI0 EP4901 & FEALAID T-403 % 100:46 DEIEG TRA L, EZEH THA L 7. 150mm
X 150mm OBERIF| 284 Lo H 7 AR BT 7 e o BE2 N, 910 o7 E i Esic st
REZW LIAALTE. 0 B ftiaikiE, & LIIFEDEE NP LB EZ1T 572
FLAXTAPE200 Z ittt F (A%, LIZULIE0° M &) & i Fmis, LT
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WERBED L DEZKIANAL72WNE D Enoitdt, ETOT T AN TR NKHIZ
GRETEY ZH -7, 0%, BT 7 ARO LICEBROEY 2B X, [HiRE
HE(MOV-112F, # > 3 —BRHAEHE) T 25°CT 24 B, 60°CT 6.5 Bt {Ris4 5 =
ECHEL S R LR ITEELEE U CRERERLEH L%, EBHmE
WEE L, TBAHE 2 -, AR CIIE A — B ER A>TV D E{REL, EHED
WFEEIZ X DRMEERFER OB 2 Wb DO LRE LTz, 0%, 18 15mm, £ 25mm,
JE & Imm OERIZ 45° DT —SOONW=T I L 7 %R OIRE DS 4 DFTIC
TARFVRBERI TR (11F, onAEE Li-. (B L 7-38F 04MEL A Fig3-4 |OR
7
()7 > b7 VAR K D i (R R SR T O (ERY

T 7 RN X D ERNE T EIRFLERIC L0 2REEICIET 2 Z LN TE 508,
T 7 u RIORBEFERESICFEANTAND 2 EDOTE HMHERICTIIRY BNHH. iz,
MHENER DA O ETILIEIDPHALAD N L LT ORERICRA RRBETHZ
ERBASND. ZZ TRy F LR ZAWTINE L IIE 2 REHCAT 2 5 ERLE Tk
MR OE S EIRIR A RS T, £7, RifERIE & [FERIZ EP-4901:T-403=100:46 T X
<IREL, BT LBEZ/ER L-. 0% Fig2-8 (IR L7-&% 2R\ T
TERIOEEME Y — MERETIC =R X U 2 B - 7o, HEIREE, b L <IZFTE DEI%L
NP LEE % 4T - 7= FLAXTAPE200 % 0° 71 & 90° HFHEICE S 100mm, 1 100mm (2 4 /&
SEIVH L, EEEZFEILIE, TOBBEZB--&8IC 1 BT oMLz HAL, 1B
BATHILICHIEEMELFECTHNEL, I<ERSEE. 4 BETERIEZDDL,
BRI, Ry N L ARETTHEEAGA R, NN T] 8~15MPa % 7> 1), 25°CC 24 IRFfE 60°C
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Fig.3-5 {2~ ¥, BIBARICITHHE DR IR SR> Tolo ), AERIETIIE D
LB A T2 CRMHEFERTH D L IRE L.

Fig.3-3 Teflon mould

10 ll 17 13 14 15 16 17 18 19 20

Fig.3-4 Appearance of specimen (NP2)

Fig.3-5 Composite material sheet
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3-2-4 BIRRBRGIE

FERHEF M OB ERBRIZ DUV T 2-4 Hi & FIRRICAT o 72, BRHEEL A 1R 05| R ER 1T K
DIEE L WEAZBIET 5720, 3Bk % /N E BB REMERERE(LSC-1/30D, JT h—
TRRRE RN Z AW THIEEE Imm/min TR £ COMELZBE L.

3-3 BRBLUBE
3-3-1 {ERUEG)IC L D ERFER

0° DB BERBRE R4 Table3-1 IZ7R7. NP 41T - 7= 5Tl UD &l LT
Ve 4.0~73% 53T LTV e, ZAUI NP LB 24T 5 L fED BT MICIAA 720, B
ALEREE T2 OMFEEN V2 R DN THDH. £, AMEEGETIIT 70 U E 810
H U2 B e S BB Z AL TZE DO E T2 T AR THRER TS0, HALE
HHE-BE A BB 2 Z L 1XTX 528, IE L THIAED A &SI H UMERFESR 2 )
EEwpZ LTTERY. E, BIERMEALET S L, WE - Y 7RI UD &g
L TGN NP LB ZIT o B0 HMET L TEY, ErOT HICITHEBEEIELA L
Niehotz. LrLaenh, 2-3-18HTHLERLIEY, HERD 0° M5 RFELZ
DHFEREROEIRELS EAESND. £ ZTAEIZE N THHQ2-2), RE@2-3)ITRT
RNy RVBBEZRDT-. FT-AEICBOTIZZ O FAFRE 2 AW TRRUTR TR E
A CHMER TR 2 VIR L2 RO B S IRFHEOFH R A B L 7.

BIAETREE © ofy =%§“’f)v;+a;n(1—vf) (3-1)

Yo UE By = Vi + En(1-Vf) (3-2)
oty EcnlE, TNENEMENHLOMRE, Yo VR EFKT. Table3-1 ORBFERICH T
NP ALHR 21T - 1= SR NP #kHE A2 & A TV D 720, BB IS WD 2 IE— M TRV,
2-3-3 EilZH VT NP D EIA 2 S ACEH LR R 1.78%EE Th - 72D TH(3-
Q)DEIEEM DEBRBE O Y VROBEERAEZHHE L TEHE L. Z0E, ~ Y
AN TRE, NLBEL DN, v N v 7 ZABREOFRRBREZIT VRO, FIE
& L CIX EP-4901 & T-403 % 100:46 OE|E TIRA LT, EEMCHIA L=k, 7 7wy
ANZRIBNA S 720K HIZHEAL, Flax/Epoxy A K& FHEIC 25°CT 24 B[, 60°C
T 6.5 B, TERMAECTMEVL7-. HEEN-T-HBA IR OmEZRRBAEHLE 2D
4 TH Z#180, #600, #1000, #2500 DO A U ~_X— X—CEEAICHIEE L QIR & R
M EBZ -, ZOBRANTHELH LERR BT %2 L., 20%, EEatk L RRiCT
NI BT XD ONBEEFE T FREOSMETEIERBR 21T o2, =R F UBHIEHEDOR
BafE R A Table3-2 (2”7, AR CIE=R % AR OMIME(E L Table3-2 OEBREZ I
#wimd 5. RG-DG-DIT L DEHEREREE Table3-3 IZ/RT. Table3-3 DFEFEN G, 2%
(2 UD & s U C NP LB 21T - 72 55 CIEBEE Y o 7 SRIIBUMERNICH 5 2 & 3o
o7, LxL72A 5, NPL & UD TlHZ & A CEMERE - Y V3 - N2 RLIRE L
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BATEESL » 72 b1 72 <, NP4 (2B W T 10.6~14.8%EE OBV NHER S T-.
NP2~NP4 T3t 7 M BLm T DRI & 0B Lic/cd ThH EEZX Hid. NPI
TIE NP ALEDNMEEIEL CTh D70, e HmICELR T 2 HERI & OB BN/ hE <, FE
ATIZL ol Z EITNZ, NP BRI K VIS B xff o750, BT OfHE D BUIEN
MELETEOTHDLEEZLIND. T 2T, MM OEREROEFMEORFEN G
HOFTH#E % Fig.3-6 17T . TRTOSRMETIZTHIANMR N THMr L T Y, UD
ENP A Z L2 CTY VRO L N WNEEE ICENT.

wIZ, 90° A ORBRFE R % Table3-4 [T, 0° FHOFEE L RERIC NP LF % L7
ZAEIT UD & 0 HERRERNMELS oo 72, L LA BFRE « ¥ o 78R « BRI O3 00
ETNPLELZ LT=FRE < R H > 72, UD & Hlt L THIEMREIL NP4 2B\
T 46%, ¥ 7 FITINP1IZTEWT 10%, BEHOT 2L NP4 12BN T 63% & K& 72m L
&, 22T, WHEERFEOEBRERO UD & NP4 OEN RSSO AR %
Fig.3-7 IZRT. BERDED N L L voT2i2, UD & NP4 DA %R LT 5 3%
D DEHFITHONTIT UD & NP4 ORIOEEZ &V, UD & NP4 O ORI O A Tk
Wr L TV . UD TS H ER U DT E Tl & A EIBRITH 5. 2k LT NP4
TIEOT % 0.6% L) 5 2/ VIR H TR D, NP AHEIC L 0 EEMEL OEIENE
FHEIND Z LD T,

Table3-1 Tensile test results of Flax/Epoxy composite made by method (i) along the fiber

direction
Fiber form Volume fraction Tensile strength ~ Young's modulus Fracture strain

[70] [MPa] [GPa] [70]
UD 18.7 166 16.0 1.59
NP1 12.5 128 11.6 1.51
NP2 11.4 117 9.1 1.64
NP3 14.7 130 10.3 1.55
NP4 12.8 115 10.3 1.50

Table3-2 Tensile test results of only epoxy resin

Tensile strength [MPa]  Young's modulus [GPa] Fracture strain [%]
EP-4901/T-403 65.2 3.21 5.0




Table3-3 Calculation results of normalized tensile properties of Flax/Epoxy composites

made by method (i)
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. Normalized tensile Normalized Young's Fiber stress at break
Fiber form
strength [MPa] modulus [GPa] [MPa]
UD 142 13.5 697
NP1 144 13.3 706
NP2 139 11.0 679
NP3 132 10.4 626
NP4 127 11.5 594

Fig.3-6  Stress-Strain curve of Flax/Epoxy composites made by method (i) along the fiber

direction

Table3-4 Tensile test results of Flax/Epoxy composites made by method (i) along the

vertical direction to the fiber

) Volume fraction Tensile strength ~ Young's modulus Fracture strain
Fiber form
[70] [MPa] [GPa] [70]
UD 18.0 17.5 3.53 0.52
NP1 15.0 17.6 3.90 0.57
NP2 13.6 22.1 3.88 0.71
NP3 13.0 21.1 3.85 0.69

NP4 11.1 25.6 3.79 0.85
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Stram.%e

Fig.3-7 Stress-Strain curve of Flax/Epoxy composite made by method (i) along the vertical
direction to the fiber

3-3-2  VERUEGIHIC X B ERER

0" FF 0D 5| 3ERBRE B % Table3-5 12, BRBREEDNRFNRISHOT A % Fig.3-

8 [Z7R9". Table3-5 FOFEILAI _/Tﬂ“%dﬁ IENTENORFEEOFEERETH LS. Ky
K7L A TR A A MET HEE UD, NP1 TIIIIES % 8MPa T/T\>, NP2, NP3
TIZ 10MPa, NP4 TiX 15MPa THIE L7228 HAERL L7278, NP LR % L 7= 5o Tl &%
B UD & 0 MHEERERENMEL oo 70, 2-3-1 I T HIR 7223, %3 0 NP LE A L7-5
HETIENP fRMENE S Hm b L <ILZOFEEDHFRICEM L, Z O E CEM AR
BN AEEN, BIEPDRELIKTENRPSTZI2DTH D k%zé. AHFFE T ORE R
TIIARMEARTESRE DY 60 3% RRE L HORRELE L TV DH, ARIERE T Rk AR
DGR 72 TR TEE Ly, Fig3-8 DI OT HFH A B D &, T X TOFRMITIB T
FTCEOREMEER-TEY, UD & NP L Z LK TY L 7ROLNRNAFRILT
VN2, Table3-5 O EBRFER CIIERNEG) & [FIER, NP ABRZ L725FICB W CHEE & v
VRITALNCUD KVIEWER L oo, L LA L, BlrOT AIZITETOM
EnB NI, T2, RMEENEORERIZBWT LV ETIIH 2 B BHEEREROIZ L - X
WD EEEBRNT D720OKE-1), B-2) T EELINRE - Y 7R, £, 7
Y RIVEREE AR 7o, AR % Table3-6 (Z” 7. BEEE & v 2 7O EMELIZ OV TUEikHE
KFESR%Z UD D 62.6% & 725 X HICEHE Lz, BEE(L S50 LNy RABREE 2R

TIX UD LV NP OFFNEMRANTEENL D Z L2 AT, NP EEEOEEIITAE -
TR LTV 2 ERbhoTe. Yo 7 RICE L CULKEEO NP1 B8 L UYNP2 TR
STFNRY, Z2OBRITEADDIRN-To L IITHRT.

BT 90° DB IERBRFER A Table3-7 12, BEHEOREN RS OTHER %
Fig3-9 (¥, JEHOTH#REZ 2% &, NP mff!ifgﬁo 7= 41X UD & I13BA 5 2|



42

EMEIRSTEY, 0T 0.15% a0 HIERIR R B8 2 2 L CTHlEEE TE-72. UD
ZBWNTHOTH 035%HE0 LE TR 2 & A THE Y, ERIEGHICE 5 90°
DFER L ITE ST BE 2 R LT, ZORKE L TNPAHIC L > TFig2-14 1R LTc
& O LR U L OIS/ B AR S RN BHRIRR CBLSI S 2 Z LI L 0, ZOREIC~ MY v
I AMANYIABRLT L TeoTatcd, v~ R v 7 ZADIEBREENBRELSENTZEEZI LN
L. Fl, TSI VHEOTANETFT ER LCEE XD, Table3-7 OFERTIE,
NP QLEE % L7252 UD L U iR RMNMET L7203 0° O R LRk Th -7z, L
MDUZRNG, BELY U Z7RIZEL TIZUD & L CRERE ENH -7, BIERE
(ZBWTIENPA T 52%, Y 7 F Y 59%A EL, NPAEOFRENEGCE HELE 72
STz BEErOT B WD TRERYEG) & 1T £ 72 ), NP EE & OMEREMEITA 5T, NP4
ZERWTIIFRIRREDE L 72 o 72,

Table3-5 Tensile test results of Flax/Epoxy composites made by method (ii) along the fiber

direction
Fiber form Volume fraction ~ Tensile strength ~ Young's modulus  Fracture strain
[70] [MPal] [GPa] [70]
UD 62.6 412(12.5) 37.0(5.50) 1.47(0.15)
NP1 571 368(24.4) 31.8(3.54) 1.62(0.08)
NP2 61.7 384(29.3) 32.4(2.54) 1.69(0.11)
NP3 62.5 362(14.5) 33.2(1.48) 1.80(0.06)
NP4 62.4 336(27.6) 33.9(2.29) 1.61(0.10)

Fig.3-8  Stress-Strain curve of Flax/Epoxy composites made by method (ii) along the fiber

direction
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Table3-6 Calculation results of normalized tensile properties of Flax/Epoxy composites

made by method (ii)

. Normalized tensile Normalized Young's Fiber stress at break
Fiber form
strength [MPa] modulus [GPa] [MPa]
UD 412 37.0 629
NP1 399 34.5 609
NP2 389 32.8 592
NP3 363 333 551
NP4 337 33.9 510

Table3-7 Tensile test results of Flax/Epoxy composites made by method (ii) along the

vertical direction to the fiber

Volume fraction Tensile strength ~ Young's modulus Fracture strain

Fiber form
[70] [MPa] [GPa] [70]
UD 69.7 10.9(0.21) 3.36(0.25) 0.46(0.07)
NP1 61.1 13.9(0.34) 5.35(0.93) 0.42(0.09)
NP2 62.7 12.3(0.54) 4.55(0.08) 0.48(0.08)
NP3 59.5 12.1(1.53) 4.41(0.15) 0.43(0.09)
NP4 61.8 16.6(0.76) 5.34(0.27) 0.71(0.19)

Fig.3-9  Stress-Strain curve of Flax/Epoxy composites made by method (ii) along the vertical

direction to the fiber
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3-3-3 {EIE Reuss BT /LVOHEA & EL

TESUE() & (D EBRFERICBWT, 0 FHOFRRETIEEH 5 b NP L 21T - 72 5t
DFF NSRS 25 Z L b o T, L LR S, TERUEG) D 528 F DI BE
IFRE <, KNP ALFREE T HZ(LNTEE CTh o7z, ZIUIMERLE() O 05 2N m e A fE
RTHLINOLTHDHEZEZXOND. HHEROEELT-D O NP LEFHIIFE U TH LT
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RFTLLRBHLEEZ LN, 90" FAIOFESIZB T 0° HFH OB EHEEDIE T8 &
HRVIEE ORIGZRIER EAA ST, B3 90° H O3 BRI L U o 27 334k
HEEFEROZLIZH L THUK TH D 2 & A EE STV D 99703, RBFFEIZH1T 5 NP 4L
AT 24T, ERIEG SO EDL L THMEL YU FRIZAENALND. F
\CEEAE R 2 B L CERL L 72 /ERLEG) TIE P o 7R o @S T - & 0 Eiiz.
LosU7Ri3 D, Sl R FE SR 1T L 7 ERUEGH) TIHERNEG) O £ 9 2Rl O9° A om Lk
NN -Tz, REBARE V1 XITFEE—TH 5720, 1ERIEEG) T~
FU w7 ZREORENEMN L7 Z LIC XV EEECOREBENREE -2 Lok
WNT2bEEXD. £ T, KEITH Flax/Epoxy EEMEHZIBWTE 2-3-3 HiTHW =&
1E Reuss E7 /L& AW CHER R EIBE QR L 21TV T 5. 2-3-3 #i TRV /- 2R
EXE4—E, KEHTRT.

e Efcamuc{l—%<1—?;;>} 53)
¢ VrEm +(1—vf)EfC
K(3-3)1% Fig.2-18 (Z/ R IHEIE Reuss ET /UICHESNW T~ N v 7 ABTOMELRE L
THAERTER 2 L OBEGRBEZ TR 2:NCTh 5. 2-2-3 HiCTIIHMEN ABIE TH 5wy
PN T o172, HHEREDw[%]D NP #fENR~ ~ Y v 7 ABICH A LT2RD~
N v 7A@ E oy, e~ N v 7 ADWEERE 0,,, &% L &R L THEERTRE &
FHRIL., £7, ZOBOMHKEELS %2 ERFES L OUSFHESI L LT\ 5. ilEEES
M58 Ee 3% < DFE, v N v 7 AL VBHEOFBRAMEREHWOT, < ) v 7 AD
I, EITMHE-~ Y o 7 ZARE COMEBEICLVIRES. OF 0, ffiE-~ LU v 7
AR E COREENE Z > TWA 25, RG-3)ICB W TEREDOSIEHEE 0 & LT
ATHZETRAE AN oy, A HmAmEEE L LCHEINTXS.
oE, = GC*{va-,Cn+(1—va)Efc}
(i)
KG-HE AW CTEE L-HRMEL Fig3-10 (77, fERIX NP IZBWTUIZET A
o, EO®%IT EFMEMIZH T, NP2 LABEOSEMATIX UD L0 REHEENE <,
NP4 [ZBWTIX UD £V 32%D EARH L. Zhudk, ks ol SR
NP AR L7 Z LIk 2D THL EEZ NS, -~ Y v 7 AR O FLE
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BIZ LV EAMERENRE 554, Fig3-10 IORTHRED L OB AERENE O
ey, EOEBERERMELY BITLNIREV. EROBIEIIEY, S ix<fEl
2B DM BEZZ TR TR R VBIRNET L B2 5D o), KRFETRD i
-~ M)y ZOREHREITI ERETHLLEZD.
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=
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— Approximate line of Square array
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Fig.3-10 Theoretical value of interfacial strength
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N2DBS% Fig3-11 IT7 T, Fig230)IC baT L 512 NP LB O, —EDEETH
B 2457 1T CO S UTIEMMED KT A 7Y 74— Lk 0 —F — T & RN LAHEE
LTW Z ks, 207, a—F—IZXDMENCEIVESFMIZH LHE I T
RIA4 TV 74— DRI 3EBZT-EHSO NP BEHEIIENICEER SNS. £/, 1E
BUEG) TIXREREIC A Yy b7 LA THEICME LN DL S E 5729, KV mENIC
Fof S o, £72, BREESND & X ORMATLT L 2-3-3 BIlorT & 5 ik
MEBEAZ A IR S 2. £ CTABTIZET VHFDO~ b v 7 ABD Y 7 RES I
DWNWTILIZEEAMZ D, £F, NP N ERICED X O REEM A FF > CERNICHE
ML TW2O0FRET 272D LT OFIE TR M OFHEl % L7z
(1) FLAXTAPE200 & H#kA BT NP W Z1To7-. 2O, B#fE TRICL, NP
HED B DBENHLIROH T L O I T 7.
(2) M HFROM L7z NP ffE IR D T > H— A7 L — T LT,
(3) MAEMAEFR NS HN L, BRI DN DIEN B LT NEETo 72
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4) 7 VXA —T(GRI30XGA2, MRFAE SR Z ATt L 7= ikl OB /4 % I E
L.
RS 1" DL oBLE AL L Y, HEEC T OMEELZR L-Z T 7 % Fig3-12 IR T. 2
B, 90" FHETELEY ERVIEH D00, 1FET F LATERAET S Z &N
Shiz. £, EBRICERBEIEICER UK EORRE 4 Fig3-13 (2777 Fig3-13 LV,
et S AT RRHEDS RME R R T C 2R FMICEM L CW A ORbns. £ %ICER
DOREFH TN ELFT D MEHESR Ol LAESR T& 5. 20 X 91T NP AU A U - il s1x
AEOMFHMETOZ OFRMEIZ NP I N7 X ARBLME=F T 5%, LiIZLIR
FGUHRBETRPMWMESILD Z ENbnolz. AFETIE 4 JBRRE D NP LR L 7~
MERZER L ER LW 20 TCTEMICD b 3BT v X ABEB LTS, BE
FOEAEBNT X 2 il & B OBEEEIEG DA %E RT A — 22 LTI R EEZ RO 25
FETEZIOT X LBONEREEZHAT20FIRETHL. T2 TCINHLOHS%
HIIARETIET VXA LBRIALTZFRET VERIZ, £, FE2ETORBELRE X
T
O NP ZLPIZ L DM EmAE M2
C)ﬁ%mﬁmiéiyﬁA%®éﬁ
D2 ODT 7V HE I HEEEELRT L. ERIEGOGHOWE & HISTTOT AR O
j%iﬁ@@%ﬁwﬁﬁﬁﬁﬁ®#ﬂ ICRELSEEBINTVWEDT, DICESSHEL
EAOND. ZDIDZ T, Yo VKL EIZOQDOEEIZONTEXS. £, Fig3-
UIZT A LBEETHRTT VERT. ZOTTIVIIHERE & BHEE Z NP 4 5
Gl VA LEBEEMLE3EE | DOa=y N LEEWHIEFT AL THS. HE L,
WHEB BB A2 b b2 LIZLIEAY VIV LS. 20T v % LJEIL NP
RERIZ L0 iR d L ORI 0 DIt L BN 7 U X LRBITBAT L, B SN D b D
EL, TR 0 & BBEDw, DEIE THREIND LD ERELEZ. 0
X, EAEMBRERICKH LTI X LR EETOEEEE, A VYT AVBRERET D
ElExP, LB &
P = wfVy + wn(1—Vf) (3-5)
PB=(1-w)Vr+ 1 —w)(1-V) (3-6)
ERSHEDH. HL, B+P=1Th5D. ZOTHXAEEELET MIEBNTE I VT
IVIBIZIZHERDEAH] - Reuss AIZEAT 5720, ZIUTE T D MGHER 13— 7 il
kTé.%@t&@@NPmﬁ;;5@%@@WEWWM®%%%€hTwﬁw%$w
ThHoHD, QOEINKHEIZ L DT v X LABOAERDEELZZ AL TWDHTID, TihvaeER
%%&ﬁmﬁézkf®®%%%ﬁﬁ*%ﬁTé ﬁ)/f»%®@ﬁ¢ﬁ¢%wtb
SROPHERBERE LM SERNL I ICTHEDICEw, = 0, THHUENRD 5.
EE T U NBOMMAETERL,THD. £z, BEMHE m®oﬁﬁ@ﬁﬁx9oﬁ
My FENDY o T REEZNENE, Er&T 5 &,
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E, = E,uP, + E,P; (3-7)
Er = EoyP, + E,P, (3-8)
Z 2 CEoy, EplZTneh, 4V VHVED 0 Flax ), 90° Flay Koy s
ETHY, BTV DBOY L IR ThHD. 704 ABTIEFig3-12 ORLEZE 72
Wﬁﬁﬁ%&ofwékﬁz%Mé®f,ﬁ@n@&@aﬁ»yﬁﬁm%wfmﬁﬁm

(RSN, FME LTHRD.

LSRR T EF-HRET L TIIAY DT VBOY o 7V REBEFEOESH - Reuss Al %2
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BMEIEEOY o FREMRTEX S, LL ZOETFTATHRE L TN D DIFESHERN
EROMFERLIN L & E O TH D720, HERERNPENT D 2 LITHIETE /20,
£70, EROEBRER TIINP A Z L7ZRF T UD & i U TlRE R RME< 72
5 ENBBMERSTWS, JFIRIE NP AT K 2 EAMR MR- i o R CRE S
A, b L <IEZOMSTICES] L i i) FEAE LR RIS D720, 7 0 4 L8 Ol
FEN@TSMIRTIC K e 2 ZLICRERT 20D ThHH. £2T, 7 ¥ LERNICEE
LCLEI#IES% UD OERERZIEICL T, HEMIERa: LTERLZ. ak N
252k ETARICEZ 28{bE Fig3-15 (O, Zhucky, U F LBl
a(1=Vo)DOBRIGITABE T HBMENRE T 5 2 LI, 2RBICNAHZ L1 DD
T, HEEMEREOBHEETERIL

v ={1/ (1 +a(1- Vf))} Ve (3-9)
EEET D, ZhITEY, TUFARBOHEEERIX
_ wr+a(1-Vy)
T 1+a(1-vy) (3-10)
CEEEIND. Fiz,
V= (3-11)

ELRED . AWFE TR BIE N AR OMHEARTERV, 2 UD OEBRFERITI 1T 2 Ml
(RREZR L L, FREEBIEIN A OMHERTEERY, & NP B 21T o 7o SRAF O BB (RFER &
L7c, ZHICEY, w3 TKG- 1D bR ZRD N, abFbnd. AU VL
JEDY > 7 HRE B X OE,y IXBEF DA - Reuss BT L > TR 7223, By lCBIL T,
%D Halpin-Tsai I 10T 3R 7=
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Eoy = Em =2y (3-12)
-,
o i (-13)

B Ef/Em""f
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§=2+401"° (3-14)
Thb. BIKRT 7 7 #—&IZiE Hewitt & WRRE L7-XG-14H)% A7z,

ZIT, TURLBTOMHED Y T RIZOWTEZ D, UD OEBICBWTESH
X VHED 0" F MOV VR EBRE LI E 25, Ep(0°) = 57.1 GPa &G Hiviz. La
L7235, Reuss BIICHEHED 90° DY o 7' 5% W85 L E(90°) = 3.43 GPaTH -
7o. [ABRIZ Halpin-Tsai HI% FVNC 90° DY o 7 54 3 L 72 R ITE(90°) =
343GPaT&® Y, Reuss QI COFHEBREL/NIMEAE N ETCRETHT. ZDOZ L
50" HHE 90" FRDOBHED Y > VRNBHAL MR > TND Z ERNbnd. U,
HFRBHE DS BFENTRNZ L2 RBR L TEBY, ZORGHEZEENTIE < 1T Hearle S
DRFIBHERN TSI 70 7 4 TV AN AEEZ L -0 RFEEEHAZ 2T 52 L
ML THY, £7, Baley b WIOIRG M L O AWrERHIC kT L CHRRRKE D5
PEERE DRSO TIRW 2 L 2B L T\ 5. 20 K 9 ITHEW R KRR DRI HEIZ >\ T
ORIBEIIAIEICR ST, BE STV DN, EAMESE CIxs 2k, Mitove 7/
HIFMEICR L TR TR L2 HEEBO LN NWEZE LW LRG58, HiEEE)
DEAHREAOT-DIZITBE T REFETHD. bbb, AFFETIE Baley H 2
BELTVD L) IICHREMEEL X 7 a7 ¢ 7V LBELH, JEREE~ N v 7 2 &7 5
BEREFEEZRESTEAMEIE LTEZD. 22T, HBOBERRFERERICL S &,
FEOH N L 2F > 7 HRE(0)1F

1_ cos*6  sin*0

Ef(0) E; E,
ERED. I TEIIBRESROY VR, EIEIHEERT OV 7H, GolXEn
DY AWM, v TR T Y e TH L. AFIFETILE, = E(0°) =57.1GPa, E, =
Ef(90°) = 3.43 GPa & ERN S/ ONTMEEZ AV, ENE MR & KT Y i
BWTIEFEEZ AW TUW e Baley b OSCEE D2 25126, = 2.41 GPa, vy, = 0.498
AERALE. ThOOEEMRALTEHELIAED L OE(0)% Fig3-16 [Z77. IO
i BB O FE R AR | RAE B 22 7 A6 LT £30° A £ TO#BH TIRIT & A SHHEE
RFMOY o TREBLTEET, BNERFELZROZ LR DND.

AT L7 X 9127 v 7 LB OMMEIXENIC— RO E > TV D EIREL TV 5.
SFV, TUXLBATIHAFMAAICI DL TY U I RIZFETH D, 704 LEN
TOMHEBL I DA DWMEREEREE A f(0) T D &, T X ABNOGED Y o 73R
Eflx

+ cos? fsin? 6 (G—L - Zz—iz) (3-15)

Ef = [ Ep(0)f(6)d6 (3-16)
ERIND. F£To, Fig3-17 I[CHERBELBEAMIIER LK Z R, Fig3-17 OomIE
MO &2 I BEEF AN O TN —ZfERFE S L LTE Y, K TOSMmIT—ER
ST EARE LTS DT Fig3-17 1ZARSH & 72 5. (RICHHERS M 2S 0° 5T (e FFH)IC
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Ry 2o TWEEE, 0 FRICEDZBOBAE /LS. ZoMO¥ELEZrE L
e

[77d6 x dr = §d9 = £(0)d6 (-17)

LRV, MEEBEEIIr? /27000, BEREEOKRERE CHD 1 ITHESEL720, Mo
HETr2 TR 2 & TF(O) = 1/2n3 & 5D . & OREREE RS L (3-15), 3-16)% A
WTCEr = 12.8 GPaM G b7z, T 2T, Fig3-15 026, FREEIEEI G a(1 - V) L wp = oy
DEMEIND, T2 LEOBHEETER,, &

1o @rVr
Vrr = oreati-vy) (3-18)
ERTIENTED., Lo TTUHLBOY Y TREBUTOXNLELND.
E, = E Vi + En(1-Vf,) (3-19)

IT, FUHLBOERRPR, £727 5 LBOWHERTERV,, & R 5110
1ﬁ%5&ma‘éz\£z’)%é. F72, THETHIEHITRDIZ NP IZE N TDw, = 0.0173
OFEIEZNPA 23 Imm Z72 0V ONPEN 4B THLZ L E2EZXD4EO I BREIT LD 724
Al E D, Blo@\ D BT AT A BE TE TRV, I HIZFELL
NP1 775 NP4 1T L T=— R/MZ K DD B BV BOFRE LT o 72, ZORER
% Table3-8 |Z5R9". FERITI NP4 IZE T 0.0183 L7220, fHGAICROIZFELVET
B IRt FAUF ET AL ﬁifx—“f~§7ﬁz§>5 LEZ L. 12, NP A
L Cwp A 2D TRV Z LB TE, NP4 2BV T HHEDOIE A B3 T4
E@manZtbbhole. ZIT, wDEZEITP, @Tﬂﬁ \ZRE D Yo VRO R R
&, UD BIUINP ITBIT L EREZ 7= v b LTCERE Fig3-18 1T, KHITRT

AR azo%ﬁ)\btﬂzﬁfﬁb wp N ZDORLEIZHE TS, bbb, BAIDOLN
/v%tﬁ [ZHEIL T Z L 2B 5. F£72, Fig3-18 TR HEigY L 7 HiL NP4,
DFEVw; =0.0183DHFETH L. KETOET VIQEIMEIHEIC LD T v ¥ LBOE
RaEETMELTE b DTHLTDY L VROBGHRBIIZLOHEOHREFELTNS. 0
M OEEBEFER TIIROBEMZELY UD OV TR LANLED LT Z Enbh
L. EBEROT oy hHBRAIIETLTREY, Hight s FROERAA LN, XL
T 90" HFHDOFERCTRTEBMTIILBEMLTE UD DL EhHE D EDL LR
ZENRbnole. 2OV TROHERRIIIE L bQOEEOHLEZE LIBETHY,
O NP L IZ X 2EAOEEZELICOWTIEZEE TE TRV, ©% Y Fig3-18 hod
EBE CHRROTE ORENODOEELRL. ZOZ b, 0 FEICBWTIEPR =
0.05LA TR & ZATIFODEEELZITRT <, BB EL TN IZONTQDEE
MKREL o TL D EEZBND. —7, 90° FEDOFERTIZEENICQDEEI /NS
V. ZOEHE LT, EBREROT ey NERHDHP. =0.128~0.187DEIFH T, T X
LB OWHERTHERV, DS 5.6~8 8N 2K L /NS o TLE I ZLICERTLLEXS.
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ZDWD, E,OMEMNAGPafEE L 72> T LEY, GBI A LT EEIZT X LB
XY TRMEPHED RIADRNNLTHSD. £z, Fig3-18 IZFB W TIL NP4 %
(CHFR Y I REFRE LD, TOMOwMEZ AL THETERICIZE A LEITR
Motz ZhHE, 907 FETIEOIE L 5 EANOMHERL M2 X 5 Y o 7 K L3
ENTUHARBIZL DY TREA PRIV ZOEENRENEEBEZOND. U LEXD,
NP AVERIC K 2 SHERC 25 L DS B 2880 - R E 9822813 0° FIAIcB LT 90° HaTh
(ONP LFRIZ L 2 ENELAZE L OFEE S NARKE <, NP AR T VX AERFAE L
W WE Y RFEER EHZ LT, 90° HFEDOY o VERE EDOL TR 0 FhRny .y 7
ARESERDOTICHERF TE 5 LRI LS.

Fig.3-11 Fiber orientation by NP

-~ =90 0

Angle from fiber axial direction

Fig.3-12 In-plane orientation angle distribution of needle-punched fibers emitted out of

plane
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10mm

Fig.3-13  Appearance of needle-punched fiber bundle

Random layer ?/
Resi layer \/

Fiber laycrz_/ :

Fig.3-14 Proposed model include random layer and original layer including fiber and resin

layers
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Random layer

wV
Original layer - /

Fig.3-15 Proposed model influenced residual resin
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Young's modulus,GPa
]
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Angle from fiber axial direction, 0

Fig.3-16 Calculation result of fiber Young’s modulus by orthogonal anisotropic plate theory

My
s X = rdé
e i

Fig.3-17 Probability density distribution
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Table3-8 Fiber content flowing into the random layer

Fiber form Ny(/1.25mm?) wy Ratio to NP1
NP1 9.6 0.00543 1.00
NP2 18.7 0.0106 1.95
NP3 27.4 0.0155 2.85
NP4 32.3 0.0183 3.37
Ny Number of fibers

o UD

Y& NP1

4 NP2
Erbveq®) o NP3
] '\_..'P;

0 : - L.
0 wr .05 0.1 0.15 0.2

Possession ratio of random laver. P

Fig.3-18 Calculation results of theoretical Young’s modulus

3-3-5 2RIk H &

ATETC NP AL IZ K W fHER RIS 7 > ¥ D@ ARSI, TR EEMEIOEN T
FRAEICD RN TREEZRITT I L &im U7, THVETIE, NP AEE L7-fkiER 4 /8
(2 X 2 R L E AR 2 AR L C& 72, ZOBAEAMENICER TS TV F A
Blx4f@Lnsn. Zha#d 2 LIk > T NP UEOEEZEAM RS X —
B D 2T EINTE, NFEREDOLE LICEEMEIPMERTE 20 TIERW I EE R T,
F 2T, 3-2-3 HiORTEREGE AW CTT VX LABRE S HFEIZ o LI-%/8 NP AL
R A ORIRZITY, O NFRMEORELITo72. ZREHRBA ZERT 5104
O, HEROEEL R TTD, 4BEBRA LiEWT A XA TOEREZRAALTZ. 2D
¥, FLAXTAPESO % 2 J@/yE 7= fKAEC NP2, NP4 fHY D NP LE A 1T-7-H D % 26
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fE i AWz, REBRAE, BBREHEIT 3-2-4 S FRICITo 7. RBERE
Table3-9 |Z7RT. ZEDD 4 BORERD & HITTRT . Table3-9 LV EDOFEMAEIZIHBNT
26 JBRERF OFNEVIRE A B L2, 00 AN L TIE 26 BRERF 0 5 2NkME
EENBN CICHRERTIN, ZBICTLZETY LV I/ REHFIVELITLRELE
Frib 2 BB TE D 2 ENbhote. £, HETNEI1T 0" HFamkBi Ths. 480D
ZAETTH UD & HB LT NP 1T 52~59%F2DFRE « ¥ o V' ROBEMMN I S22, 26
B CIEZhE &I ERIAZBHESER AL N, Zbhh, RERFNO T v ¥ LB
LT Z LI 0 HAOERICBWCIIES FAICT v X ABA BT 2 Licky,
4 BOLELYGRE LEEBEZESN, 90° FHOERICEWNTITE & 5 HiktkE
MREIAD DL Z Lotz

T T, ARFFETIIZE NP WERB A ICB W T Yy VT REEKETHRTDL Z LICE
H L TR E AW CTEANE ABBRIERERG, , DR Z1T o 7.

Gy = T .o (3-19)

ZIT, Egsld A5 HFROY v TR TEH Y vy, i dE N OMEGHETT 711256 5 HRHEEL 2 7 1A 0
W7V HTH D, AR TIZ 45 FEOBIERBREZIT) Z LICL VE, 2 RD -, £1-
[FERIZ 45° FRORT Y v b 20 & ZRIE L,

Eys

Gia = 2(14v,5)

(3-20)

THRKRICEH L7z, 45 FrEO3IERBREZIT 5124 72> TIRBA OENS v 7Y
TR L DBIRIEINC L VB AWOTAHAPELTLES. 2D, BREBFOES L
RO Z 10:1 & L TCZOEEE2MiT-. £72, ZOBE Ty, 2FERMICKROL Z 20
TETWRNST=OT, FMEHE AW STEZ vy, = 04432 AW, Zb %A
WSRO 7o AU MELR 2L & Table3-10 (2R, RGB-1C X VR D726, D FHF BPETFH
HERERDHDICHTENKG-20) & b EE - EHm & R —E L TE Y, Baley b0 CHME
10T ¢ UD O AMBEMELREIAG,, = 1.9~2.0TH > 720 TEEMKITE W & Ebild . NP
B ZAT S T2 RMETIE, EL60RDOFERBRIZENTH NP AHEEBEEIZONT EAL
THEY, NP4 IZEBWTIX 68~70% b DUENA LI, 2D b NP AEIZL - T,
TAMERZRZ L3625 2 ERER SN
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Table3-9 Tensile test results of multilayer NP processing test piece

) Tensile Young's
Fiber Volume Fracture
Number of layers ) strength modulus )
form fraction [%] strain [%]
[MPa] [GPa]
FLAXTAPE200 X4 61.7 384 324 1.69
NP2(0)
FLAXTAPES0-2 X26 69.4 391 36.0 1.81
FLAXTAPE200 X 4 62.4 336 33.9 1.61
NP4(0)
FLAXTAPES0-2X26 64.1 372 373 1.58
FLAXTAPE200 X 4 62.7 12.3 4.55 0.48
NP2(90)
FLAXTAPES0-2 X26 65.2 14.4 4.20 0.46
FLAXTAPE200 X 4 61.8 16.6 5.34 0.71
NP4(90)
FLAXTAPES0-2 X26 62.7 17.7 5.26 0.47

Table3-10 Calculation results of in-plane shear modulus

) In-plane shear modulus, Gi» In-plane shear modulus, Gi»
Fiber form
by eq.(3-19) by eq.(3-20)
UD 2.05 1.92
NP2 2.32 2.39

NP4 3.45 3.28
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3-4 fEF

TEM R RIBHEAR 7 A N—132 D 5 R0 OFETHEHEMERILI & L TOERBE
IIRER ThH o7, LrL, EFEOENOREICLIVIZERS AV EZIDED R
R Z T B E N ER SN D L 9127 o 72 2 & CIREOENIAN U Z RAED T 5.
% ZCAMREOE 3 B CIE - H R RREKHE S — MIxt LT Zanchor R A F T H=—1FK
WX FRERZAT > TEDONFRIWEE O 2R T LTICHE OISR EFNET 5.

(1) REFFETIET 7 B XL HEEM T 2 77 2 EREG() EF v b7 L 2% H
WNTHNER & INE & RIREIZAT O e A B 3 2 /BRI O 2 DD FETHRERA OFE
B2 To7-. L EBLOEREEIZIBW TS NP LER 21T - 725 F13 UD & His
L THERERFERIME S AR BN S » 7. ZAUTHER MNE S Fralc b L2
I K DBHEDIPI N N LN o= Z L ICERT S EEXDRD.

(2) EREGOICB VT HENICE W T L #kHEST O/ > RV IINP LB L > TET
L7223, NP2 £ TIEZFOERTEIZ/NESV. LrL, Tl ko NP BB TIIK
X7 N RIVBREOIR TN ALz, Mz CHEEGRE « KLY o 7 RII NP L
B U TET LTV Z ERbho .

(3) RHMETE 22 F7 18 DFRBRAE I TVERLEE(G), (D EDBHIZBWTE NP LB A L= 4k &
UD TIEBH S NTHRE « v o 7 RANE E L=, BRCVERIEGD) TIE NP4 (28T UD
KV EEEEICINT 52%, Y 7T 59%, BEETONT IV T 54% D KIE 72 51 5REE
MHEOm ERA LI,

(4) 1ERUEG)DOBEHES M OIS T O BRI TIX R TOEREICBWTHEINS ER D b
IR 7222 B O F FIBICE D OICx LT, MHEE A 5 H Tld NP LB 21T - 72 5%
FRIZOT P 0.35% 10 B IERIAE S IR < HitgD 7. 2Tl NP AAERIZ L 0 /N
PR MEHESR S BHRIRR 2 L \ZHEFI L, ZORRBIC~ B Y v 7 A A IARZ DR
HRELIZHDOThDLEEZLND.

(5) kRROBIERHSER EOFRRELED L, F2ETRE L/IZELE Reuss T L&
TEENEGOICB T 2B R EEEDORE N Z1To7-. TOMRER NP LEA1T-> T <
(2O T, EESHES - AABFID &6 5 DOMFERINZ BV TS EEMER N A SN T-.

(6) NP LB SN 7-ffE R OREBL, BLRBIEND NP LRI LV i RRE IC T
FLBRERRESND Z N L. £727 & LEH OMKER RIZEMNIZIB T
FIE—IRICDTT 5 2 L FERE ST,
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(7) (ONP AT & 2 ENEAE OB M2 L & @QEIMEHEIC L 2 T v ¥ DB DERD —5
S NP B PSEEMBHIRIETHETH L LIREL, OQDEEOHZ G ET V&
TERC L TV o VP REMGITIRT 21T o 7. TORER, ERELHETHZ L TET
MALDEE L WODOREE QD % & L fFITIE & OZEN HHERIRE L e~ Te.

(8) LEFEEDET AN D OFFENFER KL VS MOV v 7 RIZEB N TEO@ DR D
BAEZITDN, TVFRBOEFBRERNRKELRDICONTOIZLDEENKE L2
5 ERbmol. HEER SR TIE@QOEET D EICOIC LY 7FEm |k
DGR & | < 7z
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B4E FHERAFETRX VBIEONFERME L £ OB

4-1 IC®IC

FRP O &AL & BRE A RHEREGE /7 0O B EHR RO 5 DS O FRP EER TlImk
TR OBV 2 IR S D Z L 038 2 H 503, EfRECEGE(LIERE L v
RO TRE AME < THEVE BN E WS T A Y » R Dl T& 5 TEMEHIIZIR Y 23
& 5. %t L TGRSR XA IR B M 4 55 D i3 5 M OB Rk e e & VR 9
PERIB I IV 2 o 7o b O L E < S DD, BIERMNENWZ & L2 OERITRE
WZBWTT AUy F3d 5. BELMEBAEOHT T FRP o< MY v 7 2L LTESHY
SNDBARIC R BIENH 5. — AN RS U2 L 72 FRP /ERLITHE
WCHHIE 2 &R SE-THEM THL TV XL IZBRWLNLN, 207 ) 7L 73R
THLLTLEILDORIFEAETHL7-D7 ) S L7 OREIIIBEEZDO KO
WHRBELIRAVOND. REAELDERE, ZOT VSV I7OREELEX HT-0%
MG CTHREARBLERIE L TL 5. T2 D 2 A b EBHT FAX — TR
HLDOTHY, BEMENEELLT 2HRETITRRIERINDIREEEL 7> TN 5.
Fo, BE1ETHRANZ LD ICHIE TRIKREBZREF L, SR TIZBW TGRS A
£ D AREA TR IS LF LB SN TV DA, KEAELS BAY &3 D BUE CIIE
{bRFR OREREZ BR & Lo A A 7 VEGE(LPERIE OB R DICEARE N TWD
7o, WIRAEFRIT AR X UBED FRP BAFEAIIRIZAL -6, £ TARETIE
FRAFEZ RS VBIEOESMEA~ b v 7 2 & L CORERE & & o H Rk iiE
BRI AT E O FEIC SV TS 21T o 72

42 EBRFk
4-2-1 B

AR TIITARFUBIEE LTEA 7=/ — LV ARILERXR T = 7 —)L F RO 2 fifE
ZAEBLL. BEXAT7 =2/ =V AR — IR ARFUBETE A7 = ) —/L A &
TEZ Lk RYUVORGSICE>TERINS 2. EX7 =/ —/V FARIZ ABIL VRS
EMEL EEMICENZBIE T/ 7 2% oo R U EFENE L, B btEix A A
CRETHD. AFETIIEA 72 /) —b A BIO RS UBIETAIE LT=E7 3 h
LD JERS28, F AL L C ADEKA D7 7/ LY EP-4901 % /2. F£7z, TARF
VBT LR & L C =ik LEKKX SO F A U EABREM Y =1 F SI-
100(LAf%, SI-100 LFE )& W, F3 ETHW R U BAEHE{LAI Th 5 T-403 &
TR ¥ VR LAIER LGS T 2 BB LA TH 573, SI-100 (F=ARFED
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OREROTHZRNAX =% D h T4 OMBAERIC X 0 HINEAS % E 2 7 fil
HRELRICH 5 Y. Z OfBERIXEIR T T2 O LRSI ET 72 O iR CTIXRE M
FEZ VIS KBE LB WIS K0 ARG %O T R ¥ VB 2 FIRAE
AlEEL 0D, £, v N w7 RCFEEE 52 DIEERM & LTRSS A A 8o
TR Y — K PB3600(LAR, =AU — REFL)ZHW. MmIbilfEICIZE 3 EZETH Ak
FLAXTAPE200 %z /8 L7=.

4-2-2 {ERLGE
BHERER T OIERG 1k

TR Y — RERMT 55813 ERITH 5 JERS28 ¢ L < I EP-4901 (KD 0~20%DFT
EBERDEIICRAEL, FEICHEZNTERIGES 2 ETEE L. TO%TRY
— REEDIEREED 2% SI-100 ZHML L <EA L. 20%, BEZE/ETHENR
FE % 30~50°CRREEIC BT RIANERICR D EFTEZER & Lc, KJBOBRENTET L
M%7 AR EIZE S 100mm, (& 15mm ORBFHLZEH T 27 7o BErEx,
ZOHIZHE LIAATE. 2D G THILE [RERDO B T AR E W T 7 AR EED 720 KD
WCEEL Ero&RMoOED 2870, B0 LI ITEIR LS 2 AV T 3 B
BUEIZ L > TR ETo-. —EBMEEZ 7 L% a7 LW 80°CT 2 FFffT-72. —
Bef B 2R A R o7 EIFON120°CT 1 BRI S LS IX 6 BEfAT o7z, ZBEB 27 7 4
— X 2 7 LRFOGRALER, 150°CC 2 B, 150°CC 4 BFRE, 150°CT 6 B, 180°C T 2 B
FOWT NN EIToT-. L%, BroRVAL, RBAREOMMZRET H720,
B RE AR < 4 DOME Z#180, #600, #1000, #2500 DT A J ~X—/ R—THFE L, #
BTN T X 28 BT 21T - 72, 1ERLL =3B F 4B % Figd-1 (R
BRI T R VR 2\ - RAREHE (L E A E O/ ERL5 1k

RERERE L RERICEA - BRI ZIRER, 3-2-3 B TR~ ARRNEG) B X OGO F
EEROCTHBRAER-RZIT o7

Fig.4-1 Appearance of resin only specimen using SI-100

4-2-3 SIERBRFE
SIERBRIL 2-2-4 Hi L FEE D S 5REE, RBR IR TITHo 7.
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4-2-4 BALERIEE

AWFIE T =FLFETEMO ZH 10T, ATR(Attenuated Total Reflection)it % F VT
TR VBB L OFIGEROFHMBZ (T > 72, ATR 3£ 9937 U A &L L3k & f il <
B, T E 7V ALZLVNEIGERSESZ LT, RATERFSELHETHD. £
B OBRIZRBHI RIS AV AT DT, BRKEEZFHET S Z &L THRERED FT-IR
AT MVEERLIND. BFRTIE T — U 2B BRI K W 2E & (Perkin-Elmer $) %
Wi, A7 MVSHTHE RO 6% Fig4-2 1277, jER828 IZF\W\Tld jERS28 H K
D 1510em* OB —27 AIZHT H2EEICEIVEBATLHRF T E 9l6em’ B—27 B & D
s AR, AL L7 BIEER (=R Y — R 1 0~20%)02 81T 2 ofriE 5 & ofaxt
BEa2RDLHZ L TRIGERE Lz, EP-4901 I2B W TIEE—2 A 2% 1508cm™, B°—27 B
913cm™ THND.

Fig.4-2 Spectrum analysis of epoxy resin

4-3 HRBIVEBE
4-3-1 YRT7x=)—)UABTREBHE
4-3-1-1 ¥ 2 7 EBIC X 25 REE~ORE

X 2T BT E O RERBRER L FELERER LA Tabled-1 (TR 77 H—F a7
EATOT 7 LF 2 7HEMOEWFEN2EEFR TR EWVIERE L0 A4 F
LTV, L LAans, ZOEMIEY Ly IV RERIEENEFMETRLIEVER 2o
7-. Tabled-1 [TIMBGRMEN RN 2 5% LN DI THIF L TWDE R, BIIDSMAEL
Reldsf = 7HER - IR A L QS TR ICHRE IO DR TR A B, vk
ISR BBANCROGRIZA E Lz, 77 24— 27 150°C6 BFfE], 180°C2 FFfEAT - 75T
IERIEZR 90%LL E4H LT Y FERLEREICA>TWNWDHEEZXBND. L LR
5, FE BEMOTARET 7 X=X a2 T E Lol R L B L CESLIT & 2o T
BY, YOUERPEMEL TS ZENBEHENARES A EL TS Z ERbroTo. 2



62

DFER D JERS28 WA L TWHIRERMEL +HRB TE TWanEEX bbb, BIE
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Table4-1 Tensile test results and reaction rate measurements of jER828/SI-100 resin

Tensile Young's Fracture )
Pre-cure  Post-cure  After-cure strength modulus strain React:on rate

[MPa] [GPa] [%0] ]
80°C2h  120°Clh - 59.6 1.86 3.23 57.8
80°C2h  120°Cé6h - 48.5 3.09 1.62 75.6
80°C2h  120°Clh  150°C2h 449 2.82 1.62 85.8
80°C2h  120°Clh  150°C4h 40.2 2.61 1.60 89.3
80°C2h  120°Clh  150°C6h 283 2.79 1.11 91.9
80°C2h  120°Clh  180°C2h 26.0 2.72 1.16 95.4
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Table4-2  Tensile test results and reaction rate measurements of jJER828/SI-100 resin
containing EPOLEAD

Tensile  Young's  Fracture Reaction

EPOLEAD
Pre-cure  Post-cure After-cure strength  modulus strain rate
content [%]
[MPa] [GPa] [70] [%0]
80°C2h  120°C6h - 0 48.5 3.09 1.62 75.6
80°C2h  120°Cé6h - 20 353 2.79 1.38 66.3
80°C2h  120°Clh  150°C2h 0 449 2.82 1.62 85.8
80°C2h  120°Clh  150°C2h 20 38.1 2.48 1.60 72.1
80°C2h  120°Clh  150°C4h 0 40.2 2.61 1.60 89.3
80°C2h  120°Clh  150°C4h 20 31.3 247 1.28 75.1

Table4-3 Comparison of tensile properties by EPOLEAD content in the jER828/SI-100

specimen
Tensile  Young's  Fracture )
EPOLEAD . Reaction
Pre-cure  Post-cure After-cure strength  modulus strain
content [%] rate [%]
[MPa] [GPa] [%]
0 26.0 2.72 1.16 95.4
5 23.6 2.83 0.84 96.0
80°C2h  120°Clh  180°C2h 10 29.6 2.65 1.21 93.5
15 20.7 2.77 0.79 92.0

20 229 2.58 0.87 90.1
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Table4-4  Tensile test results and reaction rate measurements of EP-4901/SI-100 resin

Tensile Young's )
Fracture Reaction
Pre-cure  Post-cure  After-cure strength modulus )
strain [%] rate [%o]
[MPa] [GPa]
80°C2h  120°C1h - 60.4 3.58 2.88 68.1
80°C2h  120°Clh  150°C2h 66.5 3.15 3.90 88.9
80°C2h  120°Clh  150°C6h 76.7 3.19 5.34 90.7
80°C2h  120°Clh  170°C2h 70.1 3.12 4.96 93.0
80°C2h  120°Clh  180°C2h 75.8 3.29 4.98 91.7

Table4-5  Comparison of tensile properties by EPOLEAD content in the EP-4901/S1-100

specimen
Tensile  Young's Fracture )
EPOLEAD ) Reaction
Pre-cure  Post-cure  After-cure strength  modulus strain
content [%] rate [%]
[MPa] [GPa] [%]
80°C2h  120°C1h - 56.2 3.00 4.18 37.5
80°C2h  120°Cl1h  150°C6h 20 43.7 2.88 2.10 81.0
80°C2h  120°C1h  180°C2h 56.1 2.68 3.30 85.3
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4-4-1 RZRGHERICESMEIO/ER
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J AENERA[RE Ch o Tc. T THEEMBIA~ MY v 7 2 & LTEP-4901 Z W=7 7
S =% a7 ZlTo TR A BEMBHERICER T2 & & LTk,
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Table4-6  Tensile test results and reaction rate measurements of Flax/Epoxy

composites made by method (i)

_ ) Tensile Young's _
EPOLEAD  Fiber weight Fracture Reaction rate
_ strength modulus ,
content [%] ratio [wt%] strain [%] [%]
[MPa] [GPa]
0 5.77 35.2 4.67 0.82 87.2
20 11.8 46.0 7.33 0.77 76.9

0 12.0 56.9 8.09 0.73 72.0
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Fig.4-3 Appearance of specimens made by method (i)

Table4-7  Tensile test results and reaction rate measurements of Flax/Epoxy

composites made by method (i1)

Fiber weight Tensile Young's Fracture )
) ) Reaction rate[%]
ratio[wt%] strength|[ MPa] modulus[GPa] strain[%]
38.0 72.1 11.6 0.80 56.5
40.8 64.8 18.5 0.55 53.2
4-5 WEE

RETIE FRP ORIBUIVE L 72 A Y LI HONWT, FOEIBEGENAREL 725
TARFUVBIIEOEEMEE~ Y v 7 2A~OWEAMEEBRH LT-. UTICELN8E%
1) N b

(1) JER828/SI-100 (23 TMBMREE, BEfA BiF 5 2 & CRISZITM B3 223, 53R
BE, BEETOT HBMET LM 2B 2R L. & 2 CREMEE 53, fEER
FToH DAY — R PB-3600 Z{EE LI RIIASNTRIEEO LD XY & KIG
RINTRHZ Loz,

(2) EP-4901/SI-100 (2B W TMBVEEE, Rl A2 K& < 7§ % Z & T jER828/SI-100 & (FxHR
BINCEOGER, BIARTE, MWrOT A3\ ET 2ERAALNTZ. ZOFIRERE T
REVBERBIZEBWT 80°C2 BRI 7 L ¥ =7, 120°C1 B OKR A FF =2 T2z
T, 150°C6 DT 7 X —X% a7 54T H 2 &L TROBER NFHIEEEZH T 5 Z & A3
B L7-.

(3) EP-4901/SI-100 (23 T JER828/SI-100 & FHRICT 7 X —F 27 21T 25T
IFAEERAITdH 5 =R U — F PB-3600 DFERMEZNRITA BRI -T2, LinL, 77



68

H—=F 2T ZfTo TV RWEETIIEOT 28 EL TN 2 EnbT 74 —%
2T HATH T ETERY = FPREGIT2LEILND.

(4) FERRAEHE 2 58/ A1 12 EP-4901/S1-100 ALY, ~ bV v 7 REAMEOFHE 1T

1)
2)
3)
4)
5)

olz. ZORER, (FRISNIEEMEREIZIIRNA ROELNA I, HLOEST
DR D DEs L ITA BN R o> Tnve. BIREBRFE RICE W THBIIED LY
NFEENRS > TR Y, BB CIIEMREHER(CESH O~ Y v 7 A0
AR &R T b,

B4 EDOBERR

Bz, RS, AESE, Ry hU—2 KU ~—, Vol.37,No.3, pp.138-144(2016).
PR, @, 64(10), pp.655-665(1991).

BEE =, BAEEZSEE, Vol53, Nod, pp.122-128(2017).

T. Tsuchibuchi, Journal of Surface Analysis, 15(1), pp-85-88(2008).

ReAER, (L EHE, 58535, pp.132-135(2010).



69

BSE KS

5-1 fERm

BT, KREAE - REWHBICIVEELL T 2BREMBEICHT S, e
BT HZHETOMSRE, £, LRSS FRIZCOW TR, BEARIK
BOBRNOL T —>aiRmyy NORENPESEENTEY, ZIUSIEERICERS
N D TRE T OMEMIBRHED B+ 5 SIFHIEE OMBANBETH Y, TOFihd & L CHklk
ThHE 2 O T eSS LB SR O B E ORI 2 At O BRI & L ChrE g 7.

52 BT, FRRRHER 7 A S — & RS FRMERIIE ) © 72 2 BiRHESRLE A R & fERY
L, ZZRIETENMELFED—DTH DL =— R R FUEOEELFHE L. £
DOFER, WHEEN T Tl =— KA R FREIZ L - TN RIVBREN—BREAD L, 20
#“EE L, 4 [E/mm OFETIEIWF L0 EL otz BEOT AL 3 [El/mm L EDOSAE
TH LT 52 eNbhrole. £ ORMIREBLBIET D L, MEREOHKES 12
M=— RS TR ZATH Z LI K0 B2 IR S, /INRBERRHE S I B (L4 5 =
EWRbmoTe. ZTHITE D AN RAVERENRR ELZEE XD, MHEER FRIZIHBWT
Reuss E7 /WIZ, =— RN FUEEERE LIELE Reuss E7 /VA/ER L, BRGmIEE
DHEZIToT2 & T A, =— RN TFUEEITH 2 & CHFOERRTL Y 58EN W\ LT
L2 ENbotz. LnLRNRS, =— KR FABEOF )0 ST HHERTER
20~70%7F2 TITHERER OZIZ) L CHEGRBE OZ{LITME Th o 7o, EERDOFER
FERILZOHEREE L VEVEEZRLTERBY, WEEmEE) b BE R m 2 s ¢
HD T ENREBINT.

%3 BT, mEMHICBA Lo —HREREHE S — N2 AWz R b a6kt
DHZEONEERE L. ATANR—DIRYZIFEELBREL, —FAME LEZZD
RGOS AT LY BERRHE O R CE S B & L COFNER OIEAAN > TV 2.
— 5 T, RiERCE A B O ANRE O WETHE I E R (b b 5 Y — 3
VRYy MTBWTHREETH 5720, FO5ERIT & L CARIFE CILmIIRILFIETH
% =— R R FBEERA L, BEMEHCRIZT NG ~ DR EBO MR % R 2 7.
ZOREFR, =— RV RUTFREEZITH Z & CREIFMICEST 2BHENEENDT20,
Z OWIUT X0 iR 2B T 2 SR IE CIIERRERENBAD T2 Z Ebholz, &
7o, MRHEED T ) TlE = — R R TALERIC X 0 B 5 S ER A T D EE N B T B 7m0,
Ny ROVEREE, BRUE(CIREE, RIELY L VRIEDT D 2 ERNbols. BHEEA T
DOFERTIZUD & HEE LT OIS OTHEHOSLE ER Y b Bip-TEY, 5
BRI 52%, Y2 7R 59%, MO A S4% D Kig /e B S . ZoFREIZ=
— RN TR SN ER OBEHEREN D O=— AR T L 5 —F Wi
FRAHE O NEEAZ L L @ =— FA R F SN THEIMNTIR UH S - e & I



70

BEMEINDZEIC Lo TERINDG T U FLBIZEIDbOThHLEEX DL, £Z T,
2ETIER LTAEIE Reuss ET VA I HICHB T 5 2 & TOQOD 7 ¥ Mg %4 & ToH
METNERELY VB2 ARICHREHRE 2T o7z, TORE, =— v
FALFRIZ X 0 iR RN T 5 Z L ICREET S T A LABDO SHEROBEIIC L b
72 o THAKEEN T8 TlI v o 7N LT &, fEE A CTIIRIEE Db SN2 &
WHBA LT, ZOZEnBT U X ABOEREINZ, @AOBRMEERNZELE 5252 &
T, iSO R E 2B 2 D TRMEE A A O N FERIE O LRI TE 5 2 N
o,

B 4 BECIIRBHERICEAM B 2 ERT 2B TE L 2D 7 U T L JIZOWTHIR
RERREL R HM TR U BIE 2 VW CEOBEAMORAEEZIT 72, TORIERE L L
TAMETIX FRP ORI+ 37 HFERIMEEZ BT 2 = ARX VEEIZR D 9 570 E 9
DT 5720, Bl MBRELEEORENGITo7e. EAT7 =/ —/V A AT
&% JER828 TITHEA L 722 80°C2 BEEI D7 L3 277, 120°C1 FFE DR A R &F 2 7 D Fx
AT TN bEIERENEWVERE o7, L LAERD, YU 7R LETRX Y
EORISERMES ZRMICHEHATE D L-NYIWIEEL o7, TZTT 78 —F% a7
SMEZ 150°CEHR LV 180°CTIT 9 &, MBASRMFN L ET TR D DI L b IRV LR ITM
ERB LN, FIEREE & BT O I RIBICAR T Lo N A iz, Z Off
LIFREERAIZ RN L ThBES T, IBRAIB ROBEEAHR SN, BAT =/ —
JVF ZA 7D EP-4901 TIL A ZA 7 LITRBAIICEARO T L X a7, KA X272
MMAT 7% —=F 27 %475 Z & THIRME, MO 24, RIGENME L. RRHE
ZERALA & T AEEAMENIHE AT AR, TOERS TH L0 — 2L EF< T
DABFIEIZEB VT 80°C2 B 7 L& 27, 120°C1 BFREI DR A F&F = 7Tz,
150°C6 R DT 7 Z —F o 7 BERBMASKHETH L LTIz, Lalians, Z
DINEGAE O R VR 2 O CUERL U 7= BRI HE TR L & A BH I ERLIR BE N 2 78
BT, DFEROEEILT AR OBIEEME LD IERWEER &2 o7o. HREIER I U0, 74
BRIV N D RIBEHEIZ Y =0t —RE VWS TmHBARBEEROKR D =&
ATEY, 72, AKBFFETHZ FLAXTAPE 39 A ¥ 2 7N L 0 flfe 2 — i ®
NTWDIw, Zhvh & TRF VEIEO(LFERIBIMEO AR —EN b o7t & X BILD.
IO LD, BEREICB W TAMZEIZIS 1T 5 EP-4901/SI-100 o 8 Rk METR LA G461 )
~ O AR ERIS MRS L OERGEOBBRF N LETH L L EALN5.



71

52 SABRORBRE

5-2-1 EERREHESR{ICEAMEIO & 62 5 TEFIRIZAT T

FRP [ZEE3REE, HERIPEICENTRBY, T CICca 2R L LTRIEA SN TEBY, &
TAEED ~OFRANEA TND . RRBHE A LMW -7 ) —ra Ry y MBS
WTCIERERBAHICTH Y, =575 LICIIRABHEONEEE, ~ R v 7 AL
DR EEEME R EOBERZ MW LI MR N NETH L EEZ D, £mIE
E W EFEE R AN RAEHETRIGIE G B0 F1 B9 D W TR E N O REHERL )
AN ZEEMICRHET 5 2 &, £/, EA L EINCOMHMER ML & RFREZFHE 35 72
DIZ3RILTD FEM FET 21T > TV FETH D.

5-2-2 HRAFEDRXVBIED FRP < Y v 7 RBEREOWE

FIEAELERT 2R MBIEZ FRP = U v 7 A IEATEE, TEREAHEE
BEINTWET )T VI ERETHOORMBHAREL Y, FEOa A M ZICH
WD EN TR F—HIBIC L HBREAMEEA R TE 5. AIFFIC LV FHE L7 EP-
4901/S1-100 ORAE DFEME % FRP /BRI IC 35U T b o0 1B D312 Wik E- A oo S
BEEMEA LU0, AT O LY A 0 R &R DL R R 2 B R
LIeT7 7a—FRRETHLH EERD. BARNITHEIC Y T ATV, BilEE O
BEEOUELZR DL TETHD.



72

frig A EREF RS-0 HORELR

ZIZTIEE 3 BICBWTHWCERR FESRER OB L RS T 5 DERRS
MBI OIES-OFT B OBRIZONWT—IRBI 2R 21T 5. £7, —MRAVR BB
TIRETOISIKT & OTHEGPENICEET 50T

Oy = Q11&x + Q128 + Q13&; + Q1aVyz + Q15Vax + Q16Vay
Oy = Q218 + 0228y + 0238, + Q24Vy; + Q25Vsx + Q26Viy
Oy = Q318 + Q326 + 0338, + Q34Yyz + Q35Vsx + U36Vny

(A-1)
Oy = Qa8 + Q42€y + Qu3e, + Q44Vyz + Q4s5Vex + Q46ny
Oy = Q516 + Qszfy + Qs3¢, + Q54Vyz + Qs5Vzx + Q56ny
Oy = Q616 + Q62€y + Q¢38, + Q64Vyz + Q6s5Vzx + Q66ny
DL, 1THERNT
Ox Qi1 Q12 Qi3 Qua Qis Q| [ &x
Oy Q21 Q22 Q23 Q24 Q25 Q26| | &y
Oz | _|Q@31 Q32 @33 Q34 Q35 Q36]) &z (A-2)

Tyz[  [Qsu1 Qa2 Qa3 Qasa Qas Que||Vyz
Tox Qs1 Qsz @sz Qsa Qss Qsel |Vax
Txy Qo1 Q62 Wo3 Qes Qss Qoo Yxy

ERBTHZENTEX, K(A2)D 6X6 DITHNIEMEEHITYI E XN S, £z, OF
HEIGITTET L

Ex S11 S12 S13 S1a Sis Sie| (Ox
€y S21 S22 Saz Sa2a Sas Sa6| | Oy
€ | _[S31 S3s2 S3z Sasa S3s Szl ) Oz (A-3)
Vyz Sas1 Saz Saz Saa Sas Sae| | Tyz
Vzx Ss1 Ss2 Ssz Ssa Sss Sse| | Tax
Yxy Se1 Sez Ses Sea Ses Seel \Txy

7Y, K(A3) D 6X6 DITHNTa L T T4 T v A4TH| & MEEI, FEERITHIOW
THITH % . F(A-2), (AT RAF—RIFRIDL Y SLOBE, BIEITII O FMEQ;; =
QN HLHDT,



Oy Q11
Oy Q12
0z | _ |Q13
Tyz [~ |Q14
Tzx Q15
Txy Q16

DE KRB TE, 21 HOMSI IR E L 72D,

Q12
QZZ
Q23
Q24
Qs
Q26

Q13
Q23
Q33
Q34
Q3s
Q36

Q14
QZ4
Q34
Q44
Qss
Q46

73

Q15 Q6] (&
Q25 Q6 | &
Q35 Qz6] ) €z
Qa5 Que| | Vyz
Qs5  Qse| | Vax
Qs6 Qel Vxy

(A-4)

I CERESEME IR FEOMEENERT D 3 SOmEICE L TR RO
ZETHY, KT Y Ui FRIZEIodkolcl &0 j FROKRT Y oy o 7

D BEGRD KRN B

Viz Va1
E, E
V23 _ V32
E, Ej
V31 _ Vi3
E; E;

(A-5)

ERHDT, —RIiLENTET v 7 DERIINOOTHAZIG I TRT &

Ex 1/E; —Vvy1/E;
&y —v12/Eq 1/E,
& | _ —Vvi3/E;  —vy3/E;
Vyz 0 0

Yzx 0 0

Yxy 0 0

—v31/E;3
—v3,/E;3

1/E;
0
0
0

1/GZ3

0
0
0 (A-6)

0
0

THY, MILREEERN IEIZR>TWD I ERbND. K(A-60)F D 6X6 {TH|D

1TH|ERDHZ T
Oy Q11 Q12 Q13
Oy Q2 Q22 023
Oz | _|Qiz @23 Us3
Tyz 0 0 0
Tzx 0 0 0
Txy 0 0 0

THY, ThbOREITERDGIRAERN 51

0

0

0
Qaa

0
0

0 0 Ey

0 0 &y

0 0 &z

0 0|) V= (A7)
QSS 0 sz

0 Qs Yxy

SNDY U TRERT ) NS



74

_ 1-vy3v3, _ Va1+V33V3q _ Vi2t+Vq13V32
11 — A El’ Q12 - A El - A EZ
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A A A
(A-8)
_ 1-vvy, _ Va3tV Vq3 _ V321+Vq2V31
Q33 = b3 Q23 = A E; = A E,

Q44 = G33, Qs5 = G31, Qg6 = G12
Z 27T, A=1—v3Vyy —Vi3V31 — Va3Vaz — 2Va3V31Vp2

Elen. Fi, —FHRBHEBILEAMEHZB W T Fig A-1 IR T X 9 ICHMEEL 2 7 M)
CIEE L St HIRE ). S0 & X, yz FEOF 0 BRI < FHERFIED —
ETh S L RETE,

v13/E; = v31/E;3

V12 = Vi3

(A-9)
V21 = V31
V23 = V32
L7 DT, HEEBITIIL
oo @1 Qu Q2 0 0 0
o) | @2 @ 0 o off(:
ol o 0 0 0 o offy
= 1 A-10
tyz 0 0 0 i(sz —0Q23) O 0 || ( )
TZX ‘VZJC
Tay 0 0 0 0 Qs O Vay
0 0 0 0 0 Q¢

B/, S TERIL S EE D, I 2 TEEBOBEEMEITIEEL DA,
HORE L THERAISNDIBENEL, ZIRITHNCERZD I ENTEL LN Z 2D 5.
ZoLE, MOBEIFROBNIEFEINE 2D 2D FEIS TR0, = Tp = 1y, =
0) & A2 g LIS T1-O0F HOBRIE

Ox Q1 Q2 0| &
[%}= Q1 Q2 (){%& (A-11)
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LD, T OREE THEREEERZ AV TRT L,

—~ Q123 E;
@z = Qs Q33 1 —V12V21
Q" =Q,y, — Q_223 — L
22 22 Q3 1—vipvy (A-12)
~ Q13023 V2B
Gz = Q2 Q33 11— V12V21
Q?e = Q¢6 = G12

LRV, —HMEBERBIRTOIG-OT REMRAHE LD, BFMHEMBHZ I T 45° Fms
BRICBW TR L= Y > VRE 2 WD &

1
—F 1 1 A (A-13)

Es Ei B E

Thbd. WICZOHBRZREZ 72 HFANCEIREZIMZ 5258 %525, FigA2 DX HIC
#iHE 7 7] (Longitudinal direction) & fHEE 22 F5 7] (Transverse direction) % % 1141 X Bl 5[],
YHEIAMET D, ZDEE XY EERD xy RO RFFEID #1E &L L TAHEE 0F
B L CWD ERELZEE, I8 EOT AT

Ox Ox
oy ¢ =[T]{ % ¢ (A-14)
Txy Txy
Ex Ex
& ¢ =[T1§ & ¢ (A-15)
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DX TEIND. [TNIREREHBITIITH Y, T 2 Y VORI HFRRZEZRANT
HZETROLNDEDTLUTIZRT ERLBY THD.
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CERTED., 22T, RA-IDTHWELEEAMOTIET VT &

Yy = 2&xy (A-18)
DR E IS TWNADT,
Oy 011 sz 0 Ex
Idy z = Q12 Q22 0 {Sy I (A-19)
Txy 0 0 20g\6xy

DEITRD. LoT, RA-1OBMEELER S #[0]& L1z & %,

Q1 Q2 Q6
[Q1 = [T17QIT] = [0z 0z Q36 (A-20)
Qs Q26 Qis
THY, KA-IDMCAT S &
0y [0 @z Qe[ ex
G &
o) (0 Qs Qae)
4
Qll QlZ EQ{G
1 Ex
L _ 1— ny
_Q16 Q26 EQéG_

=[Qz Q22 Qu|} &

E@@{gx]
Q16 Q26 Qosl Vx¥



77

Ll bH. ZIZT, l=cosh, m=sinfLPB< L, FigA-2 DX ITKIEFEID IZAFE 0[]
i L7z & & ORI

Q_11 = l4G1 + 2l2m2(G2 + 2@6) + m4®2
Q12 = lzmz((jﬂ + Q5 — 4@;6) + (*+mM 0y
Qyz =m*Qpy + 2l2m2(é;2 + 2@;6) + 102
A 2. 2(A~ a~ 4~ 2 NA~ (A-22)
Qs = "M (Q11 + Q22 — 2Q12) + (I* —m*) Qg6
Q16 = lgm(z@; -0y + Gz) - lm3(2@6 -0 + QTZ)
Q26 = lm3(2@6 -0y + Gz) - lgm(2@6 —Q + @2)

720, RA-IDIR LT LR ER AT D 2 L TENMNLD.

Fig.A-1 Unidirectional fiber reinforced composite

fiber

Fig.A-2 Axis of unidirectional fiber reinforced composite
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8 B BRI R VBIED CFRP O~ + U v 7 XE A

B-1 IL®IC

FIRMRRERL R % U8 ie & R 2 58bir & 52 FRP 2 1ERT 2807 Y 7 L7
AND ZENTEUIRERGEEEORMNARNEIC/RD Z L, BT 3/ F—HIBIC
L OBREAMIEKBASRECE D 0D, KEAE - REWHEOBNICBNTa R K -
BREHOLELLIZBWTHAERNCR D, 4 BBV TUIZOFIREEFEI =R UEED
RO MBS 2 RE T 2D & & b ICHRREHEZ 5/ & 975 FRP ICBWTE DA
PEERE L2, ZoBT4Z|CMHELTRY, BERDERINTEY, BELoEL
TV % FRP T®H D REMHEFRILE AP EHCFRP)Z I W THIBFERL = /R % S #HE O
RO EEIT-> iR A2 TR 5.

B-2 EBRFIE
B-2-1 BtRAME
IR R BRIZ RV TIEE 4 ETHV2 EP-4901/SI1-100 & V72, 58{bpt
WZIX =27 I V8o CF R 7 TR50S-12L & AV 7=, Fig.B-1 1T TR50S-12L OFRHHZ 7R~
9. TR50S-12L [F—FHMINCHI 2 DT RFEMHE 12000 KZ VA P Z7HNZ LV AL
, TR T an7=8ATHD. TRS0S-12L O#)f:% TableB-1 12777

Fig.B-1 Appearance of TR50S-12L

TableB-1 Properties of TR50S-12L
Total number of Weight per Tensile strength  Tensile modulus
filaments length [g/m] [GPa] [GPa]
12000 0.8 4.90 235 1.82

Density [g/cm?]
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B-2-2 HEBRA1ERE

EP-4901:SI-100 % 100:2 OEIGTIHRML, FEITISEH L. Fig2-8 IinT8&8IC
ERLL7-BEZ# B L CF hUZ BT 2 EEF VL) ICERGOEHEL, BIENE
BTH2EIICHEBETEMLIZ. Z0%, Ay VT VA TENRHE O b0k )
\ZHR IR AT, 80°CT 2 BERI 7 L% =7, 120°C T 1 BEfEIAR 2 R % =7, 180°CT 4 B %
LLIZ 6T 7 ¥ —F% 2T 21T 7.

B-2-3 5REBRFE
®o 3 BLN4ELREOFIETCEIEREBR ST -,

B-2-4 FE{LERIEHH:
A4 E RO FETHELEREZ{T-7-.

B-3 RREUVEBL

TableB-2 IZEBRERZRT. FAETRLET 7 X —% 27 % 150°C6 BfE{T - 7= f4t
JIig O 3@ INEEE {24 T 13 CF(Carbon Fiber)/Epoxy &4 BHZ 31 T % Flax/Epoxy &
FHEFE [ERRIC DL L ino 7oy, 774 —F% 27 180°C4 B, & L <% 6 RefilfT
9 T & TRIGE 90%LL EWXE S E(LRIEE CTH - 7=, FEFRITEB VW THIEETRE 1000[MPa)
LETHhY, Y 7%EE 100[GPalLl LA /R L TR Y @IEE, @ikt cho7rz. £, K
TR X VIR OB LEEMEEZTAET 5729 SI-100 {RE% D EP-4901 (2B W TER
TI1HEM, ¥4 VARFEL, TOBIEZRAOCCERBEICHE R 2 ERL L5 ERBR 21T -
7o. FEZ% TableB-3 ([Z7R 7. #MEMBEEO LN WIS D b OOREFIM 1 HEHA, 4 4 A
D EL HIZEW T TableB-2 OFRBEFEF & FIRICERE, SRAMEZREFL W, 20
Z &5, EP-4901/SI-100 1X CF k7 TR50S-12L & @ CFRP IZBW T~ Y v 7 Aj@EH
HERENEWND T ERbroT.

TableB-2 Tensile test results of CF/Epoxy composites

Volume Tensile Young's )
o ) Fracture Reaction
Heat condition fraction of strength modulus ]
strain [%] rate [%]
fiber [MPa] [GPa]
80°C2h 120°C1h
49.5 1265 106.4 1.14 91.2
180°C4h
80°C2h 120°C1h
59.4 1582 126.7 1.29 -

180°C6h
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TableB-3  Tensile test results of CF/Epoxy composites holding at room temperature

Holding Volume Tensile Young's
o ) Fracture
Heat condition  term at room  fraction of strength modulus )
strain [%]
temperature fiber [MPa] [GPa]
80°C2h 120°C1h
1 week 49.2 1264 107.1 1.20
180°C4h
80°C2h 120°C1h
4 months 54.6 1743 130.4 1.45

180°C4h
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EFET

£72, FLIR SHTIC X 2 RISRRAEDOE, ZTHAHWEESEMRRZ ZHRW 220y
e =Fb LERAS O TRHREK, Wi RHRICE ELA L ETET.
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