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Summary

Recently, environmental problems including global warming caused by petroleum-based
materials and energy depletion are increasingly actualized. In the composite material field,
also, the disposal problem of fiber-reinforced plastics using conventional artificial fibers and
thermosetting resin has been surfacing. Glass fiber-reinforced plastics (hereinafter, denoted as
GFRP) and carbon fiber-reinforced plastics (hereinafter, denoted as CFRP) exhibit not only
excellent mechanical properties, but are lightweight and also excellent in heat resistance.
Thus, GFRP and CFRP are used in various industrial fields, such as automotive, airplane and
vessel industries. On the other hand, these materials are accompanied with difficulty in
incineration disposal, and furthermore the recycling method has not been established yet.
After use, these materials are often disposed in landfill, so that this kind of disposal enlarges
environmental impacts, such as soil pollution and a shortage of disposal sites. Although a
chemical recycle research about separating the fibers from matrix resin is going on, it has not
been studied so often from the viewpoint of cost performance.

Thus, development to producing alternative materials from biomass resources is demanded
worldwide. Especially, the research and development of biodegradable resin composite
materials reinforced with plant-based natural fibers, such as flax, ramie and kenaf fibers, is
carried out actively. This kind of composite is called green composite, which is an
environment-friendly material due to its biodegradability. Even if this material is incinerated
after use, generated carbon dioxide is again absorbed into plants. This circulation means the
carbon neutral, which means that the amount of carbon dioxide does not change globally.
Practically used green composites are mainly injection-molded products of which
reinforcement is randomly distributed short fibers. There are few samples using unidirectional
fiber-reinforced composite laminae, one of the most fundamental structures of composite
materials. This is because most of natural fibers are limited in length including fiber waviness,
and difficult to be arranged unidirectionally. It is important to clarify mechanical properties of
natural fibers in performing the structure and strength design, while under the present
situation, the number of reports on the mechanical properties is not comparable to that of
artificial fibers’ reports. Especially, regarding kenaf fiber strength and stiffness, no available
reliability data and models have been reported yet.

In a plant-based natural fiber, micro-order fiber bundles called cellulose microfibrils
(hereinafter, denoted CMF) are spirally placed. It is known that axial strength and stiffness of
the natural fibers depends on CMF spiral angle. This spiral structure sometimes causes a
unique deformation behavior, such as rotation around the fiber axis during tensile loading. On
the other hand, the cross-sectional area of natural fibers is one of the most important
parameter in evaluating natural fiber strength, but it cannot exactly be measured because of
complicated morphology of the cross-section. The cross-sectional area also varies along the
fiber axis. Thus, an exact measurement method for the cross-sectional area of natural fibers
should be developed as a research interest.

In general, the strength and stiffness of natural fibers is lower than that of artificial fibers,



such as glass and carbon. Therefore, research and development to find a mechanical
performance which cannot be achieved by artificial fibers, is expected. One possibility of the
researches is alkali treatment for natural fibers, which can improve the mechanical properties,
but the effect of high concentration alkali treatment has not been clarified enough.

In this doctoral work, thus, the following researches were carried out using a kenaf fiber,
one of the representative plant-based natural fibers. In the beginning of this study, the
above-mentioned background is summarized (Chapter 1). In Chapter 2, a cross-sectional
estimation method of natural fibers is proposed, in which each cross-sectional shape of the
fiber specimens is simulated through polygon approximation. In this chapter a new type of
Weibull function for natural fiber strength is also proposed, in which the effect of intra- and
inter fiber statistical variations in cross-sectional area is included. In Chapter 3, rotation
phenomenon during tensile loading is confirmed using a kenaf fiber, a representative
multi-cell type fiber. In addition, this phenomenon is simulated through 3D-FEM model, in
which spiral structure of cellulose microfibrils is taken into account. Chapter 4 investigates
the effect of mercerization on tensile properties of a kenaf fiber. In this chapter, moreover the
proposed method in Chapter 2 is improved for cross-sectional area evaluation of mercerized
fibers. Finally, conclusions of the present work are described in Chapter 5.
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Fig.1-2 Molecular structure of micro-fibril.



Fig.1-3  Micro structure model of natural fiber. (A) wood fibers, (B) bast fibers, (C)
monocotyledonous plant fibers and (D) seed fibers. Black line indicate orientation of CMF®.

Table 1-1 Mechanical properties of natural fibers and synthetic fibers®).

. . Tensile Young’s Fracture
. Density Diameter .
Fiber 3 strength modulus strain
[g/cm”] [um] o
[MPa] [MPa] [%0]
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 3-7
PALF - 20-80 413-1627 34.5-82.5 1.6
Abaca - - 430-760 - -
Oil plam EFB 0.7-1.55 150-500 248 3.2 25
Oil plam
- - 80 0.5 17
mesocarp
Cotton 1.5-1.6 12-38 287-800 5.5-12.6 7-8
Coir 1.15-1.46 100-460 131-220 4-6 15-40
E-glass 2.55 <17 3400 73 2.5
Kevlar 1.44 - 3000 60 2.5-3.7
Carbon 1.78 5-7 3400-4800 240-425 1.4-1.8




Table 1-2 Mechanical properties of natural fibers and synthetic fibers®).

. . Micro
Hemicell L . Moisture .
) Cellulose Lignin Pectin Waxes fibrillar
Fiber ulose content
[Wt%] [Wt%] [wt%] [Wt%] angle
[wt%] [wt%]
[deg]
Flax 71 18.6-20.6 2.2 2.3 8-12 1.7 5-10
Hemp 70-74 17.9-22.4  3.7-5.7 0.9 6.2-12 0.8 2-6.2
Jute 61-71.5 13.6-20.4 12-13 0.2 12.5-13.7 0.5 8
Kenaf 45-57 21.5 8-13 3-5 - - -
Ramie 68-76.2  13.1-15.7 0.6-0.7 1.9 7.5-17 0.3 7.5
Nettle 86 - - - 11-17 - -
Sisal 66-78 10-14 10-14 10 10-22 2 10-22
PALF 70.6 - 5-12.7 - 11.8 - 14
Abaca 56-63 - 12-13 1 5-10 - -
Oil plam
65 - 19 - - - 42
EFB
Oil plam
60 - 11 - - 46
mesocarp
Cotton 85-90 5.7 - 0-1 7.85-8.5 0.6 -
Coir 32-43 0.15-0.25 40-45 3-4 8 - 30-49
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Fig. 1-5 Fracture surfaces or cross-sections of various plant-based natural fibers”.
(a) Sizal (b) Flax (c) Jute (d) Curaua
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55, ZDL) RN TV MBHOREEDPCZOETY v 7L 2 WEIX, F
HEOHBID, HEETH 3,
1-3 7L e

ToLA Y MLER L 13 1844 SEITA XU A D Mercer BRI L BT H D, —fIc KA
MEICEIREE 7L A2 U AKIEWE OKBEILF B Y 7 LKER) KR ILAUIED—>TH 5.
2=k E B IEEN S O s ) BRI 2 ()T RT 0,

Fiber - OH + NaOH — Fiber - O - Na + H,0 (1

COMFIEEIRSE LS v — LT % EfMBROGRBR O, MAMTUIHZIT) &

(a) Vertical (b) Horizontal
Fig.1-6 Cross-section of kenaf fiber.

Fig.1-7 Concept of multi-cell structure and rotation during tensile loading of a natural fiber. (In
this figures, the secondary wall S, only are drawn schematically to easily understand the
relation between the rotation and cellulose microfibrils (CMF) orientation. a : microfibrillar
angle).
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TELLDCTH2 0, T, RABMEE > — LT 2 Lo G2 Lo — 2
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27 3 — A OMMAV R 2 R ¢ S RBEC Y v TRIELHIC I o TE T T 2500,
WHiOFHBPRECAMETZIEBbr5,. 7 —MiEEr vy 7LV TH D,

2 F LV RIRRHE ISR LT B> — 2 LR B R ICEBE SN 0L ) ikt
SREHIN T VR,

Table 1-3 Tensile properties of untreated and alkali treated ramie fibers.

Number Tensile Young’s Fracture
Fiber type of Strength modulus strain
samples [MPa] [GPa] [%]
Untreated 20 610 23.1 3.59
15wt%NaOH-treated 20 420 16.5 8.11

1-4 WIZEH I

R IR RBAE O 8L 1% 2 oD W A O At S 5 1 R0 N S o B B A O IR 2 il 3 HESE L iz <
V. 207, H2ETIE, RABMEOMEMIREZIE L MEEOHE HELS X UK
KWHEDTIRFED I B, Y VRLEGIRBEICOVTZOWABAH OEE LT,
R DT I R D N ER A B 35 & OVERAMEIHI 2 B 2 F R L 22 51RBE ST 2 7 4 7V fi & 4R
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4 FETIR, RABMEORE2KET 2O ICEHBE LR L>— M LEINe L F
IWIBAE DM IC DL TR HaICHe I IN TR YL, 2Dk, 2L F IVl
ffechzrr7@iECEBET VA YA ZIEL, v —2 Ll 7B o3RRI KIE
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RABAE D LR T 22 DO 2 KB T 270127 F 7T 28 L7 vA )
MM ZFHE L. 612, TAAVIEEZEL 727 F 7 BHEoWimkE % X b EfEic
Mg 2 72 oI H L WIBTEE Ol ik 2 RE L. B 5 MEHS L LTH 234 8O
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DBEBTHZ., L) REEEZBME IR ARICHL TIREL, 20FNOWIHEDIE%Z 15°%] &
TO0° 15° .., 165°D 12 HA»SHE LA, ZOEE, 15°OMBTRARICRT X )i, HE
DIFTIE R S HYIEZME L 7. 2 L TFig.2-3(a)D EEE DO W IZIR %2 LT % 72 8 IZ Fig.2-3(b)
~EICAT LT, WELL 12 FHo&EREZ T TOBEBREEEL .

(b)y 0°H DK IEZERE T 2 EHM,

() O°HMEBLITINHADOBEELZZNEINERELVERLE T 51EH.

(d) NRAMOEEED I B 0°HRAH»6 60°ZAD 3 HROEKFELZZNZTNDHMDFE FE A
THOAADEmMHZR AR 6 AT,
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90°
15
0°,
20um
Fig.2-1 Laser microscope image of a kenaf Fig.2-2 Measurements of a real cross-sectional
fiber cross-section area and fiber widths by 15° interval

15



I

(a) Real cross-section (3 108Mm2) (b) Circle (4250um2) (c) Ellipse (3513um2)
(d) Hexagon (e) Octagon (f) Dodecagon (g) Icositetragon
(2997um?) (3055um?) (3025um?) (3559um?)

Fig.2-3 Assumption of various cross-sectional shapes.

FAEMEWT I SN L C RBEBIRICB T 2 Wim b2 2 ko, T, BCBIORL %
FEW RS ERAETY 7 b XDk, 2 oRER, B 21F Fig.2-3(a)D EWi AL 3108um’ 12K L
T, Fig2-3(b)~(@)ICA ¥ & 9 ZEMMHEISE 6 1Lz, J0d o, BIIR O W R % 92 W
ERZOTEY, WIABIOBEKRFML TWE I B2 5,

Tr 7O FEWIIE L BB XU 24 ABIKEIC X 2 W HE DR % Fig.2-4(a), (b)IZm
T. ZoOEE, MHEDOWHEHEOMBIREL 0.800 8 L1 0.909 LRD SN, ThbD 24 ATE
(g & ZTPRERI S EWE %2 & D EMICHEL T3 2 erba s, EWEMs, kil
ERELELTRXTORKRICE T 2 Wik & OMBIREZ Table 2-1 123§, 20X D, HIPHEN
{5 7E TIE 0.80~0.84 R & IR & WHBIREMETIZH % 0%, i T 2 REIROENE P
RICHEZICONTHBEBRBEIZ I SICKRELSRD, 09 BEOEVHEIE SN, — I TEMF
RELTeoMBHLDTRAMLTED, REELOMMELT L ECHBELZEC D TIE
B, FWFRICE, BREICE T 2WIENER/REOFEMEL RS, EWEE L, 24 AIFREN
MR ICE T 2 R/DEEEMEEIZZ N Z 1 y=0.606x+852 & 7o 7. AL TIX, Z DELIBI%
W2 2 ETEHABKEIC L WHELZ ZNZNENEBE~N LWL L, COHEREHED
HEMIZHE SO THER L 72T =9 XR—ADB)ZHEHEILT 2HDTH 555, DB FHEW T
fliis (DBA) &9 3.
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Table 2-1 Correlation coefficients of real cross-sectional area with assumption cross-sectional areas.

Real Circle Ellipse Hexagon Octagon Dodecagon Icositetragon
Coefficient of
. - 0.809 0.958 0.966 0.965 0.964 0.963
correlation
Cross-sectional
) 5010 7356 7045 5783 6338 6672 6865
area [pum’]
= =
$ 8000 . e $ 8000
: R R 5
= o Ay LA R =
= 6000 . nst S0 c 6000
2 SO g
15) - ‘%, ¢ 151
Q4000 |, e 0 2 4000
A e 9
8 Mgttt é
5 2000 F & ’ 5 2000
= ¢ =
& oL 1 | 1 1 & oL_° | 1 | |
0 4000 8000 12000 16000 20000 0 4000 8000 12000 16000 20000
Coss-sectional area of circle, pm? Coss-sectional area of icositetragon, pm?
Fig. 2-4(a) Relation between real and Fig. 2-4(b) Relation between real and icositetragon
circle-assumed cross-sectional areas. -assumed cross-sectional areas.

2-3 HHE D 51IR R ST Al

Fig2-5 IZm$ L9 7%, Y—YREI 10mm OF F 7 Hifliffilth 2, 36 AHELL. L—¥
—FEHERER)IY FE, L—F—ZXFr o470 X =% LSM-5008)Z2 T2 ZFND
kAR IS LT, Fig2-6(a)?D & 9 IC L — W — & Y TR RECHBHMERB R 2 RAITMICEE I ¢
RH S BRI A WE LA, BRMEMING 0 < i o A L — Y AR D IEL CHlE T &
BOBADBH 20T, WEBTFHBHEOMG 1mm 2R \V7A2EE 8mm O E L, 0.1mm Z &
12 81 EHATHIGE L7z, MIEMK T, Fig2-6(b)D X ) ICHkiE#E L L CHESR%Z 15°HKE I, H
O R FAMICKEREZME L 72, ZAz2@ R, 15°8A&To0°, 15°, ..., 165°D 12 SjlAH
ORRMER IR 2 JE L, —fFlE LT, Fig2-712 1 KDOHHED, 0° 60° 120° A0 05 D
EZ27R$, kb, REIEBEZWET 2500, GHRICL>TEBHLTED, WiAmh-7%
STEHE D BBNED ) A %, B o BFIEZ T, BEATICE T 2 W% 2-1(b)~(g)
WKaALlZznZznofEcHimE2E L, SO FamE 2RO, oKk, 51RMAR
IE, BUNETE BT SRR (LR ) 2 L ERE T o B oHEIC X
TYYNFEMESR (WX —x v 28, 1LS-7500 ¥V — X(LS-7500 2 ¥ Fw—7—,
LS-7030M MWIEA X 7)) Z#EH L7, HAOINEHMES X O0LEMT— 7 O5udkicidtya
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a—7 (HEBEEAHE, X' NS4 a—48807) 2L, SI5REE 0.8mm/min TH|E
B2 T o7, Table 2-2 12, BBRICK T 2 FHHEHE L v > /K, GIRBEOFEEZRT.
Fp 24 I OEOUE X, 24 AIEARE OWIHIRE %2 DB KL HE Wi A5 3F M E 12 Xk > THEBmMICE
el Z2Wims, BXozofizHOTRHB LAY Y 7#, METHLZ. Znh o, DB HEHEN
T RS AP v % W L 7 85 &, Wil A Table 1 TR ZEWHBIEL VDT, v 7/, HE
HIELCHEEIN TR EEZ LGNS,

Table 2-2 Cross-sectional area and tensile strength of kenaf fibers.

. . . Approximation
Circle Ellipse Hexagon Octagon Dodecagon Icositetragon .
(Icositetragon)

C -secti 1
rossTSECtional 6g10 6365 6192 6367 6533 6572 4835
area [um~]

modulus [GPa]
Tensile strength
[MPa]

235 247 256 247 241 240 310

/Fiber

10

10 10 10 [mm]

Fig.2-5 Size of fiber specimen.

Fiber specimen

(a) 0° (b) 15°
Fig.2-6 Measurement system using laser scan micro meter.
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Fig.2-7 Projection width of kenaf fiber.
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2-4-1 YU 7RICIIZT Wi LB OB
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BIcB U 2AEFREE Y IV ROBFRERT. Fig2-8 X b, KRMHED Y~ 73 2 o Wik
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SRERIE DAL L P TR T 5.
2-4-2  HIMRMREE I RIE 3 i R B o) S

Fig.10 I P Wi i & 5URMIEDBR %, Fig2-11 ICHIEMB A S BT 2 ZBHHFEE 5RR
FEDBIR %R T. Doan & Vi, fii 5 1Y Wim R 1S & 0 B S 4 7o BRAEWT R & 51 BR o Y
e, SIRBENPHEHEICKAEL 2 z®REL w3, LaALADNS, Fig2-10 Dbl
BRERFE W IR IS RE L TR D, AR T, REOFEMROBEMN TIPS N 2 ~FEM
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TETT2Z bbb

7 7 MAMEX, Fig2-1 ISR T X)W VBIEBES L L E L VNG Z AT % KR
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Fig.2-9 Relation between Young’s modulus and
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Fig.2-11 Relation between tensile strength and

coefficient of variation of cross-sectional areas.
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Fig.2-12 Schematic of measurement for cross-sectional area along fiber axis.
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Fig.2-13 Weibull distributions using Eqgs. (2) and Fig.2-14 Frequency distribution of average
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Table 2-3 Weibull shape and scale parameters.

Experiments Eq. (2) Eq. (8) Eq. (18) Eq. (19) Eq. (20)
m 5.61 6.90 7.45 6.68 6.86 5.88
oo [MPa] 336 324 334 336 327 343
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Fig.2-13 Weibull distributions using Eqs. (18), (19) and (20) of tensile strength.
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Table 3-1 Properties of kenaf fibers™®

Cellulose Hemicellulose Lignin Pectin Density MFA
[Wt%] [Wt%] [wt%] [wt%] [g/em’] [deg]
45-57 21.5 8-13 3-5 1.4 10

MFA: Microfibrillar angle
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o 7 HAHME O GI R X, JIS BURE TR SR MGHE — HLRRAE o 5l ARk o BABR T ik
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AMEARIE 42K TH D, FIEREAF O — YK 3 25mm, G1HREE X 1.0mm/min TH
3. B, BAEAREICOWLTIE, HEtLHICB T 215> IHME & L TR 40
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DBAELDHEE L7, 22T, WIER2Z2ASABEREL . BBEOEABHD |
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Y73 180° R D FEFIPH TIHHR§ 5 2 L A3TE B,

AR 13 7Y 7 L v A4 7 a2 a—7 (KH-1300, HIROX) (2 & - CTHl R T I2 ik
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20T, 2SR (Fig3-2(a) 264 (Fig3-2(c) ~BE#HL Tw 2 &b
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Origin
(0,0)
q
v r=y Xo? +,V02
r X =Xpcosy' + ygsiny
Yy ==xgsiny + ypcosy
r Initial feature point
/ (%, o)
o y
il Movement path
] A
X
L
Final feature point

(x, %)

Observing direction

Fig.3-1 Schematic of movement path from initial feature point (xo, yo) to final feature point (x,
v), and measured distance L.
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EMBZEIND. ZE, Fig2-1 ICRT X9, ERHARS 'OVEMLTw3 X9,
T 7BHEOWII BN E LA LELFVEHWEMAZERZ LT, BEGRICX
> TR R 2 2B 206 CTh 5, Z2D7HMIKIC K > THRMEKO KRZ I VLD D
BBORIZEIND., ZOX)BEMDL E, SIREBPICHEET S EZHIETEHD
Thb, —7, OB ERFEORERIDICHIET 2RBRF bW ODERTE D, %
DM B O THIEEEZ MR T 5 2 L 1ETEARD 57, Table 3-2 ISR D 5] RGBS
R2Rd, FEEPHERAINABR I 11 RTH -7, D, REEPHER I 0 lBh %
RI-ikB% A~ (Rotation-identified specimen), [AIEZZEZX CTE 22> 72 b D% NRI-aB
(Non-rotation-identified specimen) & Z N ZNUEFLT 5. RI-sABEH D 5 B, KEHEID
LD SA, KD IZe A ThHok, 2% 0, RIABAF ZEERON 174 % Ho, 5l
RAMIC K > TR U Z2HERIE 114 RETH S, £/, FXTORBA ORI L
B3 2e, JIRBERA TR Z2IE1b25, Py /7RIZOoOLTIHIZIZEEEOHE
ZR L7z, Fig3-3 ICMIE L7 L GRMEE KO v v 7R L oBFR 2R T, [HEKA
WEHTE M, Fig3-31cm T X912, 11 A 10 KTH o7, 5IERMEE I A A
B H B X I IR A B2, MBREIE LT 2-0211 LEIHEI N, Tabb, i
MDA NDEREE NIV ERbNE, —7, Yv 7R LEMEEADOHRIZONT
MR E RO LS, 0518 LRI N, ZOfIZmE o~ %0 & 34 BB
HReRDEHDTHS. LeLAaNs, AU TRES o2 Bl o REE X, R
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Table 3-2 Tensile properties of kenaf fiber specimens

Number of  Corresponding Tensile strength Young’s modulus
samples number [MPa] [GPa]
Total 42 - 350 33.0
RI specimens - 11 331 32.8
NRI specimens - 31 357 33.1
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(a) (b) (©)

Fig.3-2 Observation of rotation during tensile test of a kena fiber.
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Fig.3-3 Effect of rotation angle on tensile strength and Young’s modulus. Rotation angles of
two specimens were not measured in the total number of RI-specimens, because the feature
points moved to the outside of observation image (black arrows) or became defocus (white
arrows) during tensile test.
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Fig.3-4 FEM mesh of one elementary cell. (a) Cross-sectional FE mesh, (b) 3D-FE mesh
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i WCMF

—=___

in an element Relation between CMF
and z-axis on a plane

Fig.3-5 Schematic of coordinates transformation on x-z and y-z planes

Table 3-3 Relation of CMF and location angles «, 8 with coordinate transformation angles ¢, 0

Element No.
18
3,5,9,10 4,8, 11,12 13,14, 17, 21 15,16, 20, 22 ;g
24

tan”'(tan(-a) - cos(=3)) | tan™ (taner-cos ) | tan”"(tana-cos( + ) | tan” (tan(-a)-cos(z = p)) | -

S QR [war—

cos ! (cos(-a)/cos ) feos™!(~cosafcosg)| cos™ (-cosa/cosg) cos ! (cos(-a)/cosg) | 0

bt PEHBEEGZ5 I LICKDeEBTE, ChZ2HOTERBELZ2 LB TES, &
EIEEE 1 RIBD S FARB I T TR AR RXICA 20D, T2 HEEOHEEEIC
JECTEET 22 LIk, o AMGEORBENRISAIEE L %5, A% TIE CMF
Do ANEE Z-helix EREL TatREZFEML 2. AL MBEREZ I TIIRT,
E1=E,=10.0GPa, E;=30.0GPa, G1,=G1;=G 3,=7.0GPa,
Va=v32=0.2, v1,=0.3
EsE Sk e o EREEERESBICLCREL L. B, EBESGR Y995 B o
BEXIZ1IB3BRETH->Z I D5 100GPa & L7z, TAMMIEREIX E, E,D 0.5~
0.8 EREDMAEZIS Z %K, AL TEHBHDOLD, TRTOTMHOME L TH—
L. 7Y VYo T o - 2%l FRO R 7Y v B 02 BETH 2720,
vi & 02 &L Fh, vip koL TIREHE S BRARNLHIHNICE W THI R
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59, HE O3 EBVA, BREMAL LT, BERKEOH MO 2 8517 % @5t L
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T, BEIDONL—AVIZYLZHHICOVTH x B8 LNy FECx L CHEEL, L
RO xBERy HAETRT7V = L, Ak, AMETHOLARER 2 — F i3
HOTHERLZLDTH 3.

3-4-2  fEBTRT R

Fig.3-6 IZ 1 ¥ VEF A THES L LHMIROEMR2 PV Z2RT. ORI CHR ™
ZBEIZa=10° TRELLHMBETDH D, TRTOH KRG D SRS 5 2 & H3ER
TE5., ZDLE, MEEMAEIZ489°THD, ¥ v 7/ 28.6GPatfdoini, LI AT,
— IS ER B MR O T E T AICE T A ER I To kI ichE i eohns Y.

-1

4 .4
E(a)={cos a_'_( ! —&)cos2a-sinza+sm a} (4

E, |G, E ,
22T, al3dEFMATHD, AWED CMF AICHYS T 5. F U EEZ TV, a=10°
ERMITRAT 2 L, 28.5GPa fFoi?. 1 B LETLADLOHONSMHEIIZELD
S0 on, XWX 2MME E8IZ0.1GPalZ KL 23, = L FeLiiEszs 3 2
L— 95700, Fig3-7Icnd k91, ARERDEZ 7 VvETIVICHERLZ, 2
DFER, Fig3-8 IZRT X HIZ, 1 IVEFIERMBICKEE D ICHEET 3 2 & 23R T
S A 0.95°TH D, HEEIET2H0D, 1 R VET VI DHBELINI RS,
INiE, vV ERADPEL TWREEZMTE, Lok 5 CMF A7 v X L TRE
INTED, HEPELCIKSKS oL I EDXEREEZEZONS, oYy 7 RIX
29.1GPa TH Y, 1 BV EFT NV IO RELMEZ R L7., CMF ADZ{LICE D) T v
ROWB % Fig3-9 IR T, KD, 2 v VEFLOEAEBERICMA L. 2hns,
YU URBELRGTEMBIOBEER LD L FTRTREL, FHICCMF AR 10° 2B X 7
A 25 Z2DMHEAPEFICKR S, £/, AVENEL B3IcoN0T, AkCEVY v/
HERT IR, WoREZ/ NI T2L) AR~V FIVEEIR, YV 7EKeH
ML 28R %2632, CMFABEMLTOY VY 7 HOKRTBL R L6, 2 LTF
LVIBHMEIE S v TV VIBHE X D S ISR MRl ch B LHEMISI NG, FhI DIk
23, RI-AABAE DY v 7D NRIF-RBA ICHRTZEELEDLLBZVEFO—~D2TH 3 &
ZZons, MEBNKBEM 1 ICERT 25612, 5RO RI-SE T O B A O f#
HEFEOL RV EIEFEERESEbSRVWETHRING, koT, K2 LoE%
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Fig.3-6 Nodal-points (e) before and (o) after calculation displacement vectors of one-cell

model at a=10° (Top view).

(b)
Fig.3-7 FEM mesh of seven elementary cell. (a) Cross-sectional FE mesh, (b) 3D-FE mesh.
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Fig.3-8 Nodal-points position (®) before and (o) after calculation of seven-cell model at a=10°

(Top view)
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FORLNEEZESMICKBT 272010, AFFETIEE ST, B2 chxze Lo
SRAMEEZIND AN VvF e VETVEERL. §4hbE, FEETLVOTHZE
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L ERFEL 6 DDA ZNENDOEBICE T Z2ELEEIIG. TERR I L ICRkD .
Table 3-4 ICE R Ly, COBRETRT. 22T, xo ye EZENEFNKLNLD x, ylhDHE
DEETHD, 2, 38 NVDOE I TH S, Fig.3-10 IC S-helix B X O Z-helix I [A[HE X ¥
7eETNZART. Figd-11 IKZ DB R2ZR Y. SFETE2LVDLEAAZ-5°~15°
D/INBBZFPHICE O, CMF ald 0°F 7213 10°& L (5% AMAIEREEHREID 2 1EE ¢
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Fig.3-9 Young’s moduli of one-, two- and seven-cells obtained in the present FE model.
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Fig.3-10 3D-FE mesh with helical cells. (a) Clockwise torsion, (b) Anticlockwise torsion.
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Table 3-4 Relation of CMF and rotation angles n and &.

First quadrant Second quadrant Third quadrant Forth quadrant

_ € — _ Let1 — L 1 (T - _ Lol — Le
n —tan~ 1 (M) tan— ) [ Zetl e ~tan~? (M) pan— L[ Zetl e
Zh Zh Zh Zh
_ 1 — _ 1 — _ 1 1 — 1 _ 1 — 4
g T — tan~} (JC+1 Jc) T — tan~" (Jc+1 Jc) tan—? (Jc+l JC) tan—1 (Jc+1 JC>
Zh Zh Zh Zh

,°_-f 10 O CW torsionwith a=10"

o O ACW torsion with a=10°

g h ® CW torsion with 0=0°

= m} B ACW torsion with a=0°

s 5r 0]

g= ] %

8¢ [ o

2EO o

B ° ° o

N 5 [ ] (o]

< o ° D
% 10 T
Z 1 1

-5 0 5 10 15
Cell helical angle, ©

Fig.3-11 Effect of cell helical angle on rotation angle during tensile loading by 3D-FE analysis.
(CW: Clockwise, ACW: Anticlockwise)

23+ 2°mm BB LD, MEOKRZILLTRBO ThIVHEIFIIHZ EEZLNS,
—7, @BLUVEHIZa= 0°DLADHRETHL, COLALRLLEAMOMNE L

KA T2, $4hbb, RLDOGEAMBEDATOHEOFREELMHERT 2 ENTE
7o, ZORERIE, vV F VMO MR CMF D5 ARER T TR AW L Z
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IR —o2 EEZ 6N 5,
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ARETIE, IO EFCTLERBRICRENe L FRVEIRABHECH 27 F 7 2055, 2
DL EICIE T EIRE T VA ) MR R o2 HiE L, QBHED 225 H)
BLOBEREICOWTHRNT 2 & & bic, WHBIC X 2 MK HTERDZ2 ZRE L 7
BT 7o 70 T T R VA T & SR L 7

4-2 FEERJTIE

4-2-1 TIVAH Y
FB2EBIVOHEIHTBERLFEMKDr + 7tz v, THICERET VA Y U2

M U7z, MBRGEE, 9, HiROKBALF b Y 7 A AKEKO ISR 2 RE S,

WERt, T A VB E ko 70, MR 2 T oW & AR pcrhAgEHEL, &H
izt (7 X7 A&, avo-250] Z M T 60°C T 24 IF[HFZME S ¥ 72, Table 2-1
WCALERSEPE 2 R § . UT & I3 RUVEERME, A(x1)-(+2)1F+1 DSALFRBE ST, 2 (ZALEERERY %
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9. B ZIE A10-2 IFALFREE 10wt%, UWFERER 2hr 7R T, AUEE L - #kAHE % Fig.d-1
R T AR SRR A D o, B L L. RABEFOS Y EZ I3 25 mm
E L7, ¥/, BRI 3-1 T L 2 REHECcERETo 7.

Table 4-1 Alkali-treatment condition of kenaf fibers.

) Concentration of NaOH Treating time
Fiber Type
[Wt%] [hr]
uT - -
A10-2 10 2
Al5-1 15 1
Al15-2 15 2
Al15-4 15 4
Al15-6 15 6
Fiber A dhesive
/7
2 ik
: . v
E H —
25mm
40mm
Fig.4-1 Single fiber specimen.
4-3  FEBRAGR

4-3-1 5] aRaABRE R

7 7 W HE D B HE R BB R & Table4-2 ISR Y. £, BEMETOREN RGN
SO ARRX % Figd-4 [T, Table 4-2, Fig4-4 XD, A10 & A15 #ifE D 53R E 13
UT HEICHIRN TR T L TWwa 2 e d3bh b, 7, ALSHHEIX 82.2%, 63.7%, 61.9%,
48.4% E BRI SR A % 2 B EHIRBEBME T L TR 2 b2 sb, 2O Eh5,
2=t WAL L 2B OBIRMEDE T 2 M 2 2 I MR 28 T208EPH 5. YV
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Table 4-2 Tensile properties of untreated and alkali treated kenaf fibers.

Number Tensile Young’s Fracture
Fiber type of strength modulus strain
sample [MPa] [GPa] [%]
uT 10 320 29.5 1.28
A10-2 10 235 7.77 2.64
Al5-1 10 263 6.67 6.14
Al15-2 10 204 5.12 4.94
Al5-4 10 198 5.21 3.57
Al15-6 10 155 2.01 5.15

TEEBVTIE UT fHEIC N 252~6.5%F TR T L TWw3, Z#id Table 1-1 D7 3 —
WHEDMERDE T LB L THE T BRIV EBbh s, v—k LSy F 7
WAEE D2 LD UTHHEDOY Y 7D 21.7%F TERTLTWS, —h, KO TAE
7 I —MAED X ) v TN VRO KRARMBHE EF U CHIML Tw 3. KT A15-1 #lkiE
BIRTORBAF TRADMEZRILTED, UT #HEICH~R 380%ML TWwa, %7,
BRI 2 R A LTD 2he LR HF D LLL T, ThoDl L5, NaOH i
BEEECT5E, WWoFaEmMmL, SIRMEMET T2, 74, NaOH RN <
TOHUHKEZEC T2 ECHRMEOETZMAL I ENTELZILBbRSE, &
51, IGH-0FABK P BHEIN2EEIWELZLF—DHLEESNTVRE I LD
5, Figd-4 DIEH-0FHFK KD UT i, A15-1 BHEomEz ko, WEZ 2L X —
ICHEE L 72, Table 42 ICEIEM R 2R T, JOHiRLS, v—M T3l LI2doT
WL REBIND I LD DD D, Figd-4 XD, Al5-4, A15-6 itz 70 Ah Y
MRHE I ARG -O T HRE DV LY BRI hsTED, 20K, AL E23
S2TWw3, Tk, REE7Z?LVAVAMZET I LIck>T, erzEAEL TR
HOU 7= BREINBHENDO LV DEADFG 2D, BIRD OWWCIEMEDH D
DHFE L RAICHBHESH Y Z 2 LT VEDIbARNLEL B TRIENAEH 2R L,
AN HEAHE R L DIRIR S Z o7 b D EEZ SN S, Z D7, HHERE R Ok
D SEM BlZE %2 T\, FEEEICED X ) W2 L T2 %8BI L %, Fig4-5(a)l UT
B L O Fig.4-5(b)IC A15-6 fkHE D BEWI T © SEM HIfR % 78 3. Fig.4-5(a)d> 5, AN FRAE
DWW 2> S 132 VD5 2728 §FRA X MER TE 2w, Al15-6 MHMEIE 7 VA ) 0L
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B3 2L CHMFOY V2V BREINBHERDOL I ICA>T0E I EBR TN S,
S 51T, Figd-6 DBEIAMITRA T L ) ICKAMMES~>— LI N, vLrHICEEN
ZANIRNO—ZRFEINDG V. NIk LU —2ABFEEINZEIZOT7 40 7Y
DHEFF 2D, TROBELC S, 2070, WHEICHEEESEC 0T AWML
EtEIOND,

Table 4-3 Fracture energy of untreated and alkali treated kenaf fibers

Fiber type uT Al5-1

Fracture energy [J] 0.206x1073 3.02x1073

(a) (b)

Fig.4-5 SEM micrograph of fracture surface. (a): untreated fiber, (b): treated fiber.
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(a) Before treatment (b) After treatment

Fig.4-6 Schematic of structural change in the fiber by high concentration alkali treatment.
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Fig.4-7 Example of a stress-strain curve of an elementary flax fiber”
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Fig.4-8 Example of a stress-strain curve of A15-4 fiber.
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Fig.4-10 X-ray diffraction diagrams of untreated and alkali-treated kenaf fibers.
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Fig.4-11 Effect of NaOH concentration on the crystallinity index of kanaf fibers.
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Fig.4-11 Effect of NaOH concentration on the crystalline transition rate of kenaf fibers.
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Table 4-4 Cross-sectional area and C.V. of alkali-treated kenaf fibers.

Real Circle Ellipse  Hexagon Octagon Dodecagon Icositetragon
Average
5 2067 2731 2640 2248 2444 2604 2762
[um”]
C.V. 0.465 0.535 0.446 0.442 0.423 0.489 0.444

Fig.4-12 Laser micrograph of cross-section on alkali-treated kenaf fiber.
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Fig.4-13 Relative and Cumulative frequency of cross-sectional area of kenaf fibers.
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Table 4-5 Coefficient of correlation between actual and each assumed cross-sectional area.

Circle Ellipse Hexagon Octagon Dodecagon  Icositetragon

Correlation 0.759 0.649 0.944 0.922 0.917 0.943
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Fig.4-14 Relation between actual and each assumed cross-sectional areas of kenaf fibers.
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Table 4-6 Cross-sectional area and tensile properties corrected from DBA-AT.
Corrected from DBA

) Cross-sectional area Tensile strength Young’s modulus
Fiber type
[um] [MPa] [GPa]
UT 3734 320 29.5
A10-2 3489 235 7.77
Al5-1 2987 263 6.67
Al15-2 2683 204 5.12
Al5-4 2748 198 5.21
Al15-6 3410 155 177
Corrected from DBA-AT
A10-2 2448 262 8.69
Al5-1 2468 342 8.65
Al15-2 2502 215 5.29
Al5-4 2167 276 7.37
Al5-6 3004 177 2.41
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RY., BSOS LBOWHEBSEMTENEZT 5 >%2bDL D ETRES HE>TVR S,
¥/, MR, BEEZE Fig3-13 1277, 2025 Figd-16(b) ik ()l LR AEICE
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Table 4-7 Comparison of black-painted cross-sectional area with ellipse
approximation.

Black painted Ellipse approximation
Cross-sectional area [pmz] 2067 2009

Table 4-8 Tensile properties changes to differences in calculation method of cross sectional

area.
Calculated Cross-sectional area Tensile strength Young’s modulus
method [um?] [MPa] [GPa]
Black painted 2613 206 4.99
Ellipse approximation 2502 214 5.29

Fig.4-15 Measuring method of alkali-treated kenaf fiber.
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Fig.4-16 Relative and Cumulative frequency of cross-sectional area.
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