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Abstract

Abstract

This thesis is composed of three parts: Manufacture and
characterization of the hemp/polypropylene agomposites; Ageing and
its influence on the mechanical behaviors; Determination of the residual
stresses itaminates of agr@omposites. In the polypropylene matrix, the
hemps fibers were used as reinforcement in the composites. The
composites were elaborated through compression molding method under
different parameters as: temperature, pressure, time. hetafluences of
these parameters on the quality of the manufacturing process are analyzed.
The results showed that the temperature has a significant effect on the
mechanical properties of the agromposites. The composite
manufactured under 190€C has tbhetter mechanical properties than other
composites. Moreover, the accelerated aging treatment is carried out with
two factors: Relative Humidity and Ult\iolet. Finally, we developed the
incremental holarilling method to analyze the residual stressagated
during the manufacturing process but also generated during aging process.
Specific calibration coefficients for these materials were determined by the

finite element method.



Ré&umé

Ré&umé

Cette thése se compose tteis parties : Elaboration et Caractéisation
des agrecomposites chanvre/polypropyléne, Vieillissement et son
LQIOXHQFH VXU OH FRPSRUWtompbEtes ePpFDQLT
Déermination des contraintes ré&iduelles dans les agpmposites
stratifiGs. Dansla matrice de base en polypropylée, un tissu de chanvre a
@éutilisécomme renfort dans des composites. Ces derniers sont éaboré
SsbDU FRPSUHVVLRQ WKHUPLTXH DYHF GLIIpUHQ\
comme OD WHPSpUDWXUH OD SUlgnc&@eed OH WH
paraméres sur la qualité physigumé&anique de ces maté&iaux sont
analysés. Les résultats ont montréque la tempéature a un effet significatif
sur les propriéé&s mé&aniques des composites. Le composite fabriquésous
190C présente de meilleures propriés meéaniques que les autres
FRPSRVLWHY 1RXV DYRQV HQVXLWH pWXGLp O
vieillissement sur les propriées du maté&iau un vieillissement en
HumiditéRelative (RH) et puis un vieillissement aux Ulvdolets (U.V).
Enfin, nous avons dé&eloppéla méhode du trou incrénental pour analyser
les contraintes réiduelles gééées lors du prealéde fabrication mais
aussi gené@s pendant le vieillissement. Pour cela, des coefficients de
calibration sp&ifiques aces mat@ux ont éédéerminé par la méhode

des déments finis

-VI-



General Introduction

General I ntroduction

There is a growing interest to use natural fibers as reinforcements in
composites for their environmental advantages anetptace artificial fibers as
glass or carbon fibers. The natural fibers present low cost, low density,
biodegradability, flexibility during processing and storing carbon dioxide during

growth make them attractive to researchers and manufacturers.

The pringpal objectives of this thesis ate manufacture the hemp fiber
reinforced polypropylene composites, to characterize the performances of the
composites, to studhé ageing effects on the behaviors of the composites and to

analyze the residual stresseduned in the composites.

In the polypropylene matrix, the hemps fibers were used as reinforcement in
the composites. The composites were elaborated through compression molding
method under different parameters as: temperature, pressure, time...etc. The
influences of these parameters on the quality of the manufacturing process are
analyzed. The results showed that the temperature has a significant effect on the
mechanical properties of the agromposites. The composite manufactured under
190€C has the bettemechanical properties than other composites. Moreover, the
accelerated aging treatment is carried out with two factors: Relative Humidity and
Ultra-Violet. Finally, we developed the incremental hdldling method to analyze
the residual stress genemtguring the manufacturing process but also generated
during aging process. Specific calibration coefficients for these materials were

determined by the finite element method.

In the chapter 1in order to understand the state of the art of the-agro
compodes, we are concentrated on théliographicintroduction of the natural
fibers and their compositeblatural fibers reinforced polymer composites are of
great attraction to applications in many fiel@stferent types of composites and
their chemical and physical properties were presented. The manufacturing methods
of the composites are summariz&€dr thermoplastic polymers, the compression

molding method is emphasize8urthemore, the durability othe naturalfibers

1



General Introduction

reinforced composites, especially the humidity and ultraviolet ageing are introduced.
At last, the residual stresses in the composites are introdtivedesidual stresses
can generate in three levelstire compositesThe determination methodsdathe

influences otheresidual stressem thecomposites are also discussed.

In the chapter 2, the hemp fibers anaracterizedand different kinds of hemp
reinforced polypropylene composites are elaboratde hemp fabrics show a
difference of propeies in the longitudinal and transversal directiofise spiral
angle of the hempss measured and analyzedhe hemp fiber reinforced

polypropylene composites amganufacturedby compression molding method.

In the chapter 3, the humidity ageing and thtaviolet ageing of the
composites are carried oufhe effects of humidity ageing on the mechanical
properties and the diffusion of water in the composites are discussed. The water
uptake in different composite and the dimension stability are measwtedalyzed.

The effects of UV ageing on the morphology and the mechanical properties are
discussed. The microscopic observation is also performed to identify the

degradation difference during the UV ageing.

In the chapter 4, the residual stresses and tinuences on the composites
arediscussedThe incremental hole drilling method is introduc&dinite element
model is established’he coefficients of calibration are determined by employing
this model. The hole drilling process is introducedihe residual stresses are
determined by the hole drilling method in the composiEse influence of

temperature, cooling rate and humidity ageing on the residual stresdesassed

In the end, a conclusion chapter is summarized to finish this tiAesisa

resume in French of this thesis is also attached.
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1.1 Introduction

7KH ILUVW VWHS LQ WKLV FKDSWHU JLYHV DQ RYH!
ILEHUV DQG WKHFRRSBNVWR@GL®JDOVR LR¥OEGHV W
IDEULFDWLRQ PHWKRGV RI FRPSRVLWHY ,Q D VHFRQG
HQYLURQPHQW LQIOWHQFHSRQIRMKRD QRIQM RI WKH FRPS
DWWHQWLRQ LV GHYRWHGL®@R VGKH FWHEL@XDDQ & WG
ODPLQDWHG FRPSRVLWHYV

&RPSRVLWHV PDWHULDOV DUH GHILQHG DV PDWHUL
PRUH GLITHUHQW NLQGV RI PDWHULDOV ZKLFK SRVVHYV
7TKHVH FRPSRQHQW PDWHD LD ADOMWHRL[MOWFRQ RUKPH P LC
ZLWK QRYHO SHUIRUPDQFHV SDUWLDOO\ RU HQWLUHO
PHWKRGV

$ FRPSRVLWH JHQHUDOO\ FRQVLVWYV RI WKH PDWUL]
HOHPHQWY 7KH PDWUL[ VXSSRWKWH PBLQMIIEMWY QW W
WKH ILEHUV SUHYHQWYV WKH ILBEHQY IGROLYHWNVWREG OF
I[IURP ILEHUV WR ILEHUV WKXV DPHOLRUDWHYVY FHUW
ODFURPROHFXODU FRPSRXQGY WDNLQV BHVERUDIRAL F(
PDWHULDOV DUH XVXDOO\ HPSOR\HG DV WKH PDWUL[ 7
SOD\V D SULPDU\ SDUW LQ WKH UHLQIRUFLQJ DQG DF
FRQWUROV WKH PDLQ SHUIRUPDQFHYV RI WKHKHRPSRVLYV
FRPSRVLWHY DUH VXSSOLHG E\ WKH UHLQIRUFHPHQWYV
ILEHUV DQG SDUWLFOHYVY PDWHULDOV DUH RIWHQ XWLO

$ FRPSRVLWH RZQV FHUWDLQ DWWULEXWHVY Rl WK
FKHPLFDOO\ DQG VRPH SDUWMNIEEXW ZUW®K HHMBEMHFWG VBRI R
FRPSRQHQWYVY $ JUHDW QXPEHU RI FRPSRVLWHYV KDYH
VXFK DV DOOR\V FHUDPLF PEMHUGL IFRWP SREQWHIEW HW V E
FRPSRVLWHYV

$PRQJ GLIIHUHQW NLQG W RRSERRVAB\R VIRW B \RIHF R V
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KDYH EHHQ DWWUDFWLQJ PRUH DQG PRUH LOQWHUHVWYV
RI WKHLU HQYLURQPHQWDOO\ IULHQGO\ FKDUDFWHUL
VXVWDLQDELOLW\ LVVXHV ORWYV RI FXUODNQWDEDWHU I
+HQFH JUHHQ WHFKQRORJ\ DQG UHQHZDEOH UHVRXUFH
KXPDQ EHLRRVPSRVIRWHNVNRARSRDIWRIY DUH PDGH XS RI Q
DQG JUHHQ PDWULFHYVY 1DWXUDO ILEHUV KHPS I|I0OD[ M
DUH VXVWDLQDEOH DQG UHSURGXFLEOH EXW DV D PDW
IURP ZKLFK WKH QDWXUDO ILEHUV FRPH DUH UHQHZDE
LV RI LPSRUWDQFH WKDW ZH PDQDJH DQG WDWH DGYDAQ
ZH GR QRW SRVH WKUHDW WR WKHP > @

%HVLGHV WKH X\FWDEE®DER® UHVRXUFHV DQRWKHU
EURDGHQ WKH DSSOILEBWLRRPASRVIQDNMWXUDOVKH LPSUR®
WHUP SURSHUWLHV 7K¥L RGO NW WIRMVWPBLRY DDARMEUED D U
LQFOXGHG 'XULQJ HPSOR\PHQWYV WKH HQYLURQPHQW
7KH 89 UDGLDWLRQ DFFHOHUDWHY WKH GHJUDGDWLRQ
7KH DPELHQW PRLVWXUH SURPRWHV WKH DEVAQUSWLRQ
WR DFFHOHUDWHG GHJUDGDWLRQ EDG LQWHUIDFH DGl

1.2 Natural Fibers

7KH XVH RI QDWXUDO ILEHUV GDWHW IEIDWNRAMR DE RWKK
.YDYDG]H HW DO > @ KDYH UHSRUWHG D ILQGLQJ RI Z
&DXFDVKRUJLD ZKLFK LQGLFDWHV WKDW SUHKLVWRUL
VWRQH WRROV ZHDYLQJ EDVNHWYV RU VHZLQJ JDUPHQ
SUHVHQW 'LITHUHQW NLQGV RI ILEHUV DUH DFFHVVLE
PDLQO\ GIOMBMWMZR FDWHJRULHV QDWXUDO ILEHUV DQC
LV RQH NLQG RI ILEHUV WKDW FRPHV IURP QDWXUDO U
I[URP SODQWYVY DQG SURWHLQ IURP DQLPDOV 1DWXUDO
IOD[ MXWHWVWHIXHOIUQPLH VLVDO FRWWRQ HWF DQI
DOSDFD HWEF DQRG PLQHUDO IYVEHWNKHWY EHVERMRW DIGIEF
ILEHUVY DUH QRW GLVFXVVHG LQ RXU ZRUN

6
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1.2.1 Chemical composition and structure

30DQW ILEHUMERU W ADIQWEIHOFODVVLILHG E\ WKHLU EF
OHDI VHHG JUDVV DQG UHHG FRUH DQG RWKHU W\S
FRQWDLQV WZR RU PRUH NLQGV RI ILEHUV )RU LQVWD
ERWK EDVW DQGNKRIWKLUWEEQ® WWRHP ILEHUV DUH LQFO>
SDOP 7KH FRPSOH[ VWUXFW X[Bigl 1R]1> 87K GV HIOEH @ DLOYOV R
SODQW ILEHUV LV PDGH XS RI VHYHUDO OD\HUV DV IROC
ZDOO DQG WKH PLGGOH ODPHOOD $QG WKB VMR QG D U\
IURP LQWHULRU WR H[W@KHRWD\GHU®B BY WKH WKLFNHV
WKH SHUIRUPDQFH RI WKH ZKROH ILEHU 7KH KROORZ (
QXWULHQWYV OXUURZ WK H SGDSXWRWRV\QWKHVLV

Fig. 1-1 Schematic representation of plant fiber structure [3]

7TKH FRPSRVLWLRQ RI SODQW ILEHUV YDULHV GHSH
SULPDU\ FRQVWLWXHQWY DUH VXJOFrHEGOXAGRBVISRDORGHOVY..
> @ 7KH UHPDLQGHU FRPSRVLWLRQV DUHVRIOKWEDO® ZD]|
FRPSRXQGKHPHKIHEDO FRPSRVLWLRQ DMeHUVRIZINRP SODQ
D ZLGH UDQJH RI WKH DYHUDJH FKHPLFDO FRQVWLWXH
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Cdllulose

Cellulose is the most important chemical composition of plant cell walls.

Cellulose is defined as a linear condensation polymer containing chain of variable

length of 24 linked -d-anhydroglucopyranose uni@®], as shown irFig. 1-2([10].

This carbohydrate (1100s)n can be degraded to only glucoseH€Os). Cellulose

has good resistance to hydrolysis, oxidizing agealkgli and temperature under
150 °C. Lots of reviews have detailedly discussed the structure and chemical
continuants of the cellulosfl1-14]. The degree of polymerization of natural
cellulose molecules is between 7000 and 15000. The DP (Degree of Rpétioe)y

of primary cell walls is between 2000 and 6000, and the secondary cell walls 1400,

taking cotton fiber for an example.

Table 1-1 Chemical composition of some natural fibers

Type of fiber

Chemicalcomposition (%)

Cellulose Hemi-cellulose Lignin
Abaca 56-63 20-25 7-9
Bagasse 55.2 16.8 25.3
Bamboo 26-43 30 21-31
Coir 3243 10-20 43-49
Corn cobs 45 35 15
Corn stalks 35 25 35
Cotton 95 2 1
Curaua 73.6 9.9 7.5
EFB 50 30 17
Flax 71 18.620.6 2.2
Hemp 68 15 10
Henequen 78 4-8 13
Jute 61-71 14-20 12-13
Kenaf 72 20.3 9
Oil palm 65 - 29
Pineapple 81 - 12.7
Ramie 68.676.2 1316 0.6-0.7
Rice straw 41-57 33 8-19
Sisal 65 12 9.9
Wheat straw 3845 1531 12-20
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Hemicellulose

Fig. 1-2 Chemical structure of cellulose

Hemicellulose is the second abundant constituent of ndtheal cell walls.

Hemicelluloses

Kig.

1-3| [15]) are lower molecule weight polysaccharides

(including hexoses, pentoses, uronic acid residues, excluding pectin), often

copolymers forming branebontaining random, amorphous branched aon

linear structures. Hemicellulose is easily hydrolyzed by dilute acids or alkalis; it

remains linked with cellulose after removing the lignin. Hemicellulose controls the

moisture absorption, biodegradation, and thermal degradation properties ef all th

natural cellulosic fibergl6-21].

Fig. 1-3 Example of hemicellulose structure: L-arabino-D-xylane [15]

Lignin

Lignin

Fig. 1-4

is formed by nosreversible removal of water from sugars

(primarily xylose) to create aromatic structufgd] DQG LWV WKH KLJKO\ E
polymers. Lignin has been reported to be the niestmally stable among the three

major components of pant cell walls, to confer mechanical stability to the plant, to

protect the cellulose/hemicellulose from harsh environmental conditions like water.

9
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%XW LWTV UHVSRQVLEOH IR U sévisithe ® WY thDI&GI6Y LR Q R

21-24].

Fig. 1-4 The three alcoholic monomers of lignin

Other components

Pectin is a structural hetepmlysaccharide contained in the primary cell walls
of plants, and igives plants flexibility. Waxes are a class of chemical compounds,
consisting different types of alcohols. Waxes and oil consist on fiber surfaces

protecting the fiber surfaces.

1.2.2Physical and mechanical properties

There are lots of different species plébers, their appearance, physical and

mechanical properties differ as well. Because they are in diverse growing conditions

and can be affected by measgr methods|Table 1-2| summarizes the factors

affecting the fiber quality of different staggb]. Nishino[26] identified several

factors which can influence the physical and mechanical properties of natural fibers,

as shown ifTrable1-3

Because of many factors of fiber quality and properties, the fibers present
different performances influenced by the cellulose content, degree of
polymerization andmicrofibrillar angle. It has been reported that higher tensile

resistance was found in natural cellulosic fibers of a higher content of cellulose and

a higher degree of polymerization and a smaller microfibrillar afigéle 1-4

shows the mechanical properties of different fibers. Due to their high variability in
the same species, most of the natural fibers display large ranges of the values of the
properties.

10
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Table 1-2 Factors effeding fiber quality at various stages of natural fiber production

Stage Factors effecting fiber quality

Plant growth Species of plant, local climate, cop cultivation, cop location, fiber
location in plant

Harvesting stage Fiber ripeness, which affectsell wall thickness, coarseness of fiber,
adherence between fibers and surrounding structures

Fiber extraction stage Decortication process, type of retting method

Supply stage Transportation conditions, storage conditions, age of fiber

Table 1-3 Factors affecting the physical and mechanical properties

Materials Microscopic: crystallinity, microfibril angle, crystal modifications
Macroscopic: fineness, porosity, size and shape of lumen
Factors as imable 2.

Measurement Tensile speed, initial gauge length, moisture, temperature, differe
conditions crosssection of fibers at different points

Mwaikambo L. Y.[27] studied the tensile properties of alkalized jute fibers.
7KH WHQVLOH VWUHQJWK DQG <RXQJTV PRGXOXV RI MX
physical characteristics of its internal structure (cellulose content, crystallinity index,
and micrefibril angle). Marie Genet et a[28] revealed that fiber tensile strength
was significantly and positively related to percentage cellulose in roots of Sweet
chestnut. But high variability of cellulose content was observed, which could be
explained by other chemical dranatomical parameters. They could affect the
tensile strength of roots. Sefain M[29] found that wood pulp was more reactive
because of a lower degree of polymerization. Sawpan [B8@|. observed that
WHQVLOH VWUHQJWK DQG <&X@®atey (ak&iGKa0eXval®id X Q W U H
anhydride, acetylation) hemp fibers increased with increased crystallinity index.
Mwaikambo L.Y. et al[31, 32] estimated the effect of fiber diameter, cellulose
content, crystallinity index and micifdoril angle on tke tensile properties of treated
hemp and sisal fibers. Fibers with small diameter, relatively high cellulose content,
lower crystallinity (different from Sawpan M.A.) had high strength and modulus.
Asim ShahzadB33] identified that fiber strength was ingety related to fiber width,

showing that as the fiber width increased, fiber strength decreased.

11
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Table 1-4 Physio-mechanical properties of some natural fibers with comparative values

for E-glass
Fiber (Dg?gr?)/ ;I’l\tzgzli;e strengtl <(GRP>;)Q JIV P (IE()Bngation at breal References
Abaca 1.5 400 12 310 [7]
Coir 1.2 175 4-6 30 [34]
Cotton 1.51.6 287597 5.512.6 7.08.0 [35, 36]
Flax 1.5 3451035 27.6 2.7-3.2 [37, 38]
Flax 1.53 1339486 58+15 3.240.4 [39]
Hemp 1.48 690 70 1.6 [40]
Hemp 1.52 920 70 1.7 [41]
Jute 1.3 393773 26.5 1.51.8 [35, 42, 43]
Kenaf - 930 53 1.6 [40]
Kenaf 1.19 240600 14-38 - [21]
Sisal 1.5 511-635 9.422 2.025 [44]
E-glass 2.55 3400 71 3.4 [41]

As the surface impurities present in plant materials, the interface between fiber
and matrix is impaired. So some chemical and physical methods are developed with
the purpose of taking good advantages of the physical and structural performances
of the fibeUV ,Q %HFNHUP D Q43], after falkalvik&¥ate@ (a solution of
5wt.% NaOH/2 wt.% N£50s), the crystallinity index of hemp fiber was elevated,
the fiber lignin contents was reduced, the thermal stability increased, and the tensile
strength and Yo®@JYV PRGXOXV ZHUH HQKDQFHG $QG DOVR
composites consisting of treated hemp fibers proved to be higher than that of

untreated.

1.3 Reinforced composites by natural fibers

&RPSRVLWHY ZHUH GHILQHG LQ GLIINUFRQWDZD\V E
EURDGHU VFDOH D FRPSRVLWH LV GHILQHG DV D FRF
LV HQKDQFHG WKDQ WKH LQGLYLGXDO FRPSRQHQW

12
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QDWXUDO ILEHUV WKH PDWUL[ LV D SRO\PHU WKH L
PDWWEFEBWVDQ LPSRUWDQW UROH LQ KROGLQJ WKH ILE
UHLQIRUFHPHQWY GHWHUP VXUUQD F W KIS SAHOPUSIRYRAV
HQYLURQPHQWDO GXUDELOLW\ 7KH ILEHUV GRPLQ
FRPSR¥LWHADUU\LQJ PRWW RURWKIG D RV HQJIJWK DQG
LQVWDQFH

/ILNH DJULFXOWXUH QDWXUDO ILEHUV KDYH EHHC
GDZQ RI FLYLOL]DWLRQ )UDJPHQWV RI FRWWRQ DUW
EHHQ XQHDUWKHG LQ LWRZQGDS/DI—N[D_UW\DKDV \H
LQ DQFLHQW (J\SW WKDW WKH QDWXUDO ILEHUV Z
FRPSRVLWHI@D‘WU:HIUQJDCO)\DVW FHQWXU\ QDWXUDO ILE
DQG PRUH DWWHQWLRQ ,Q KHPS DQG I0OD[ ILEH
FRPSRVLWHV IRU WKH ERG\Z YWRHIDQHQ@U\ VR UG ¥
UHQHZHG LQWHUHVW LQ QDWXUDO ILEHU FRPSRVLWF

$V WKH XQLYHUVDO DZDUHQHVV RI HQYLURQPF
GHYHORSPHQW DQG UHF\FODEOH UHVRXUFHV D QXP
PDQXIDFWXYHQVIRQUBPHQW DUH WU\LQJ WR ILQG [
PRVW ILHOGV 1DWXUDO ILEHUV UHLQIRUFHG SRO\F
DGYDQWDJHV VXFK DV FRPSDUDEOH VSHFLILF VWU
IOH[LELAQUWNQISFRLQHVYV HBF\FODEEDOYWIQDQSQG QDW
LV FRQVLGHUHG DV D VXEVWLWXWH RI JODVV ILEHU

Table1-5 VRPDUL]HG WKBDGWO@QWDSEH®Y DQG GLVDGYDQWL

ILEHUV DV UHLQIRUFHPHQV@@.’Q—IBRBQR\KLDMHE/HFPIKDV\D-W
IURQW UDQN M\ELHQW WHIWOXRDPHG FRPSRVLWHV IRU DX
7KH DQQXDO DYHUDJH FRQVXPSWLRQ Rl QDWXUDO IL
LQ WKH V WR PLOOLRQ WRQV LQ WKH V. UH\
DYHUDJH VKDUH RI QDMAXUDD IILEHW \F R Q\WXR B\ DRW | U
LQ WKH VDPH SHULRG

$FFRUGLQJ WR WKH PDWUL[ LQYROYHG WKH FRU

13
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IXOO\ ELRGHIJUEGREEBGBU RGDERPG 7KH GHYHORSPHQW
GXULQJ DQG MXVW DIWHU WRH 6KHIFEK@G JRBQA2GQ:D 8 UR-
RI VIQWKHWLF FRPSRVLWHYVY DQG WKH FRQVHTXHQW
FRPSRVLWHYV

Table 1-5 Principal advantages anddisadvantagesof natural fibers as reinforcements in
composites materials

Advantages Disadvantages

yLow cost; yAbsorption of water;

yHigh specific mechanical properties  yLow thermal resistance
(resistance and rigidity); (200 to 230T max);
yBiodegradability; yBiodegradability;
yNon-abrasive for tooling; yWeak dimensional stability;
yNeutral for the emission of CO2; yAnisotropic fiber;

yRequire little energy to be produced; yDiscontinuous reinforcement;

yNo residue after incineration; y Request managing of stock for industr
application;

yNo irritation during the manipulation  yVariation in quality depending on the place
of the fibers; of growth, weather.

yGood thermal and acoustic insulation;
yRenewable resource.

1.3.2Petrochemical composites

The polymer market is dominated by commodity plastics with 80% consuming
materials based on ngecyclable conventional petroleum resources. The
petrochemical based matrix comprises two large kinds of plastics, thermoplastics
and hermosets. Because of the low thermal resistance of natural fibers (shown in
table 5), so the reported polymer matrices are dedicated to polymers with a relatively
low processing temperature. Polypropylene (PP), polyester (PE), polystyrene (PS)
and polyviryl chloride (PVC) are employed in thermoplastic matrices, whereas
polyester, epoxy resin, phenol formaldehyde and vinyl esters are utilized as
thermosets. The thermoset matrix is the most widely used for natural fiber

reinforced composites.

14
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1.3.2.1Thermoplastic

PE matrix based composites reinforced by natural fibers are investigated by
many researchers, in lots of aspects, such as the hygrothermal weathering
properties, isothermal crystallization behavior, single fiber pullout, interfacial
properties, surface mdttations and mechanical properties. To vary the content
of fibers and to control the bonding between fibers and matrices could improve

the strength and stiffness.

The coupling agents added to RHDPE/fiber (pine, bagasse) composites
could increase or dezase the crystallinity levgbl]. The modulus, tensile
strength and impact strength occurred maxima for the RHDPE/bagasse at 4.5%
content MAPE, while the RHDPE/pine at 2.4%. Angelo G. F§&2hpredicted
the stiffness of some commercially important nakuifiber composite
formulations employing available micromechanical models. The Hdlpai
equation was found to be most accurate to predict the experimental data for
natural fiber reinforced thermoplastics. Similar investigations (polyethylene
based comgsites) were carried out using sifaB, 54] curaug55] fibers, and
LDPE as matrices with coconf&6], technocel, alfa, pine, avici7], sisal[58]
and coir fiberg59].

Zampaloni M.[60] focused on thenanufactureof sheet form composites
with chopped kenaf fiber and polypropylene powder through compression
molding. Kenaf/PP composites showed a higher modulus/costl@@8/kg) and
a higher specific modulus (88 kNw/kg) than other natural fibers andgiass
fiber. Mohanty A. K.[61] studied the atural fibers reinforced PP composites
employing powder impregnation processing. And through suitable blend of
surface treated bast and leaf fibers, the desired properties of the composite
materials were obtained. And mechanical and thermal propf2e63], water
absorptior{64], flame retardant properti¢85] interface investigations, fiber and

matrix modificationg66, 67] compatibilize[68] were studied by other scientists.

15
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1.3.2.2Thermosets

Thermosets are characterized by their high modulus, strength, thermal and
chemical resistances, however, they also present low impact resistance and

cannot be reformed.

K. Al-Kaabi and A. AlKhanbashi[69] found that fiber content and fiber
surface treatmnts had effects over the flexural properties and impact strength of
GDWH SDOP ILEHU SRO\HVWHU )LEHUV ZHUH VWUHQJ
at 9 wt.% and 2 cm that the fiber fraction and fiber length were optimized. Piedad
Ganan et al[70] evalwated the mechanical and thermal properties of sisal fiber
reinforced epoxy matrix composites as a function of modification of sisal fiber
by mercerization and silane treatment. M.S. Sreekala [gtldistudied the stress
relaxation in phenelormaldehydecomposites reinforced with short qualm
empty fruit bunch fibers as a function of fiber loading, fiber treatment, physical
aging and strain level.

1.3.3Bio-composites

$OWHUQDWLYHV WR SHWUROHXP UHVRXUFHV DUH
JOREDO FRQMWHKWHQHDERXYWQPHQW DQG FOLPDWH FKDQ
GHFDGHV ELRSRO\PHUV KDYH GULYWAGPSBRWDWHSXEC(
FRQWDL@ERO\FEH®R DUH ELRGHJUDGDEOH %LRSRO\PH
QDWXUDOO\ UHQHZDEOH UHVRXUEGHVDRLDG- K3V DG
3RO\K\GUR[\EXW\UDWH 3+% %LRSRO\PHOWIHDUH PI
DSSOLFDWLRQ OLNH SDFNDJLQJ %LRSRO\PHUV DUH
PRUH DWWUDFWLQJ ZLWK UHVSHFW WR WKH SDUWLD(
FRPSRVLWHV

1.3.4Nanocomposites

I1DQRFRPSRVLWHYV DSKDVHQRDWOAGIOLDMOAR LQ ZKLFK
SKDVHV KDV DW OHDVW RQH GLPHQVLR®R) LOKAVKH QI
16
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DGYDQWDJHY Rl QDQRFRPSRVLWHY PDWHULDOV DUH \
EDUULHU SURSHUWLHV DW ORZ ZJM L ® RRPUSAHPAH B L VI Y
FRQYHQWLRQDO FRPSRVLWHVY DQG WKH VDPH JRRG U
ORZ ZHLJKW YDH/Q W K R QOROQ>F RPBRIRWHWE OH WR SURGXF
ZLWK KLJK WUDQVSDUHQF\ DQG ZLWK LPSURYHG R]
HOHFWURQLF GHYLFHV LQ LQGXVWU\ DQGWBKRHD SRWH Q"
WHFKQRORJLHY DQG VR RUFLWXW @& HK KIKG HRSKU I\ FRQ\
WKH PDMRU REVWDFOHV IRU WKH DS®OLFDWLRQ DQG |

1.3.5All-cellulose composites

$ QHZ FHIDA XORVH FRPSRVLWH $&& DSSHDUHG LQ
UHLQIRUFH&IFHO®O XBRYRVLWHXEBOQRKPWHRBQR/ ISDYH UH
HIFHSWLRQDO PHFKDQLFDO SURSHUWLHV RI $&&V R
FRPSRWLWHY7KH K\GURSKLOLFLW\ RI FHOOXORVH ZL
SURFHVVLQJ WR UHFHGH RU DYRLG WWKHWZMBOYDBHDQ

1.3.6 Mechanical properties of composites

,Q RUGHU WR H[SORLW WKH DSSOLFDWLRQV RI QDW
WKHLU FHUWDLQ PHFKDQLFDO SURSHUWLHYVY DPRQJ Z
G\QDPLF PHFKDQLFDO DQG FUHHS SURSHUWLHYV

7KH WHQWILLOML BVWRESHORQJ WR WKH PRVW ZLGHO\ WH
ILEHU UHLQIRUFHG FRPSRVLWHYVY 7KH VWUHQJWK LV D
FHUWDLQ DSSOLFDWLRQ $ WHQVLOH WHVW LV WKH UH
WKH WKLFNRG VN UPQW KLUW/R X NMHRPAWWL RV H$ FIORIYXUD O VWU
IlURP LQ WKH PLGGOH WR PD[LPXP LQ WKH WRS DQG
VWLIIQHVYV UHIOHFWYV WKH GHIRUPDELOLW\ ,PSDFW V!
UHVLVW IUDFWXBHOXQGHDW DAKRQEYUHWHSHEHBKDYLRU LV
WHQGHQF\ RI D VROLG PDWHULDO WR PRYH VORZO\ R
LQIOXHQFH RI PHFKDQLFDO VWUHVVHV &\FOLF G\QDP

17
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FUHHS EHKDYLRU RI QDWXU MY ILENW UGQ GBIRRE GG VARP

7TKH JHQHUDOORIBDIHRXW KWK OFH20 HTXDWLRQ FDQ SU
YDULRXV SURSHUWLHV RI D FRPSRVLWH PDWHULDO
UHLQIRUFHPHQWY DUH FRQWLQXRXV DQG ZHOO DOLJQ
WUDLQ LQ WKH WZR FRPSRQHQWYV LV FRUUHFW W JL°

oL v uE a a

ZKHUH ( DQG 9 DUH PRGXOL DQG YROXPH IUDFWLRQV
F | bQG P DUH FRPSRVLWHV ILEHUV DQG PDWULFH'
HPSLULFDOVBDOBIXDWLRQV DUH ZLGHO\ XVHG WR SUH
Rl VKRUW IIRBHHGUWK® UP R S DADWL FRRXB@E5TLQ WKH IROOC

IRUP LQ WKHHFQH.RQ

5>  Zy
’) ~ p
5? Zy

,Qli‘ RLY UHIHUUHG WR DV

Kkl el g 0?5
BL——
kl gel g o>

sL o4l

ZKHe.HQ (TV |G |LV D VKDSH ILWWLQJ SDUVNBPHWHU W]
HTXDWLRQ WR WKH H[SHULPHQWDO GDWD ,I WKH WH
GLUHFWLRQ LV GHVLUHG DQG UFKIKD DIUE E@LW KVIISKIVY H F W |
JLYHQ E\ WKH HTXDWLRQ DV IROORZV

LLt @A KNeel t @A

ZKHUH / LV WKH OHQJW®& LRIHF WLERHU DQGVKHRBOHYV WKH
GLDPHWHU RI WKH GLEHUF W DR KUHH. WSHEBM L Y MVOK\H $ V
+DOSINVOQL HTXDWLRQ UHGXFHVREDAN WR WKH 520 HTXD

,Q SUDFWLFDO WHUPV WKHUH DOZD\V LV SRURVLW
SUHGLFWLRQV DQG FDQQRW EH QHJOHGWHG FIRURALH

18
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ZKLFK LV DQEGBDYRUWDLQ DOO FRPSRVLWHV PDWHU
GHYHORSHG DQG JHQHUDWHG GXULQJ WKH PL[WXUH I
PDWHULDOV $FFRUGL YWWEGIRQ M BGLA VSKHULFDO K
PDWHULDOV WKH HIITHF® \RW ISIRQRV Y VW\DRQE P DIWSHSWIR L P

6
5L <« ®&sF go

ZKHUH WKH ( DQG 9 DUH WKH VWLIIQHVV DQG YROXPH
VXEVFULSWY S DQG G DUH UHIHUUHG WR DV WKH |X(
PDWHULDO UHVSHFWLYHO\ $QG WKHUH DUH LQWHUDF
FDOOHG WRFOKQWWUDFWLRY) 8% BRRGIHDIGVBY GHYHORSF
SUHGLFW WKH SRURVLW\ DV D IXQFWLRQ RI WKH ILEHL
GHQVLW\ RI WKH FRPSRVERWBHSRRNHQWRUZRYVIEHWGHEWLIL
ZKLFK ZHUH DVVXPHEG WR EBWHEH ILEHU SRURVLW\ LC
LPSUHIJQDWLRQ SRUR¥RWUHIOPGNRGHPPRWUL[SRURV LW\
LQ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWDO GDWD

1.4 Manufacturing/Processing

,Q WKH SUHVHQW UHVHDUFRK \R OODHNWX B B © SIR ¥ HW HY/F
JHQHUDOO\ VXIIHUHG D QXPEHU RI PDQXIDFWXULQJ S|
PHWKRGYV VKRXOG EH RSHUDWHG DW D FHUWDLQ WHP
WKH SRO\PHUV LV RQH JXDUDQWHH W RUHCIDFRD®R VW KWK H
FHOOXORVLF ILEHUV FDQQRW VXIIHU D WRR KLJK WHF
GHJUDGDWLRQ DQG FHOOXORVH GHFRPSRVLWLRQ W]
VLIQLILFDQW GHFUHDVH RI PHFKDQLFDO SURSHUWLHYV
SURFHE XQGHU D UDQJH RI WHMWRFEBDWXUHV@URP
GHSHQGLQJ RQ WKH YDULHWLHV RI WKH ILEHUV XVHG
DSSURSULDWH PDWUL[ DQG ILEHU VA\VWHPYVY DQG VXLW
VHOHFWHG QWKWWLF FRPSRVLWHV SURFHVVLQJ PHWK
LOWHQVH KHDW DUH DOVR FRPSDWLEOH ZLWK FHOOXO

19
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,Q JHQHUDO QDWXUDO ILEHU UHLQIRUFHG FRPSRV
PDQXIDFWXULQJ WHFKQLTXHV VXFKVD X VALRRRS RUDQIVGH.RW
PROGLQJ FRPSUHVVLRQ PROGLQJ UHVLQ WUDQVIHU |
LQFOXGLQJ DXWRFODYH FXUH DQG OLTXLG PRXOGL
FRPSRVLWH PRXOGLQJ /&0

1.4.1 Compression molding

&RPSUHVVLRQ PROGLQJ LY PB3$OYFDWRHUMRY HRMDV
WKHUPRSODVWLFV SDUWLFOH ILEHUV VKRUW ILEHUV
RU ODPLQDWHY 'HSHQGLQJ RQ LWV HDVH RI XVH DQG
EHHQ ZLGHO\ HPSOR\HG HVSHFLDOO\ IRU ODPLQDWHYV

$EGHRORK 0@QG KLV FRIDODHDIMHXUPB WKLFN VKHHW
E\ FRPSUHVVLRQ PROBGLWK BWOOXORVH UHLQIRUFHG
GHQVLW\ SRO\HWK\OHQH 7KH PROGLQJ F\FOH FRQ\
FRPSUHVVLRQ XQGHU D IRDRM LU WRROIRQJ XFKL®HU OF
PROG UHDBKHOGHFKDQLFDO SURSHUWLHV WKHUPDO
DEVRUEDQFH EHKDYLRU ZHUH FKDUDFWHUL]JHG 7KH |
ZLWK LQFUHDVLQJ WKH DYHUDJH ILEHV WH 8 DWHK G&RIPVS|
036 DQG 0536 GLVSOD\HG EHWWHU PHFKDQLFDO SHUI
ZLWK +'6 6HBRQJHH>HWARBUHVVLRQ PROGHG WKH FRP
D WKLFNQHVYV RIR& IRP DWLQ 7KH KDUGQHVV DQG HOTL
WKH FRWSRVZHUH LQYHVWLIJDWHG ,W ZDV IRXQG WK
WUDQVLWLRQ ]JRPH R OBGY MKBMX BDHG WKH SK\VLFD
PHFKDQLFDO SURSHUWLHV RI XQLGLUHFWLRQDO SF
UHLQIRUFHG E\ WH[VDIDJH PR RIEBDPHDRAH FRPSRVLWH\
WKURXJKWDBRLQJ WHFKQLTXH DQG SURFHW&HG E\ YL
GXULQJ PLQ DQG SUHVV FRQVROLGDWLRQ XQGHU
YHUVLROURRWKMWXIUWHFRUSRUDWH G BDR D PW WHRI@WH QW
DQLVRWURS\ RI ILEHU SURSHUWLHV ZHUH GHYHORS]
FRPSRVLWHV WHQVLOH SURSHUWLHYV
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1.4.2 Factors influencing the process

'XULQJ SURFHVVLQJ WKH FRPSRVLWHV TXDOLW\ D
LQIOXHQFHG ERWRUYWUDXOFK DV WKH HQYLURQPHQW PRI
LQ ILEHUV DQG PDWULFHV WKH ILEHU TXDOLWLHV DQ(

1.4.2.1Moisture

:DWHU SUHVHQFH LQ WKH ILEHU EHIRUH DQG GXUL:
PRLVWXUH FRXOG OHDG WRIBPKRQUP DO DH)CHFWHRQ PR IOH
RI WKH FRPSRVLWHY 7KH QDWXUDO ILEHUV DUH K\GURF
D VHSDUDWLQJ DIHQW EHWZHHQ WKH ILEHU VXUIDFH I
WKH ZDWHU HYDSRUDWLRQ GXODMRYHKO KHRKDWHRH X
LQGXFHV YRLGY LQ WKH PDWUL[ &RQVHTXHQWO\ GU\L
LPSRUWDQW VWHS

$QD (VSHOW@DNY DQQYHVWLIJDWHG WR UHODWH NLQ
RI WKH ZDWHU DEVRUSWLRQ LQ FRP\SRYDWHM E HUWHS
DEVRUSWLRQ RQ QDWXUDO ILEHUV 33 FRPSRVLWHYV IF
GLIIXVLRQ SURFHVV ZKHUH WKH NLQHWLFV SDUDPHWH
WKH PDWUL[ W\SH DQG WKH WHPSHUDWXUH E\ PHDQ
VDWXUDWHG VDPSOHV VKRZHG SRRU PHFKDQLFDO SU|
FRPSRVLWH SUHVHQWHG D VOLJKWO\ KLIJKHU YDOXH
LQ WHPSHUDWXUH 6XKDUD 3DQWHKRERGDNKDW W®E D®
DQG JDSY @WHWIKHFH RI WKH ILOOHU DQG KLJK GHQVL\
WKH PDLQ IDFWRUV IRU PRLVWXUH GLIIXVLRQ LQ WK}
FRPSRVLWHV ZLWKRXW FRPSDWLELOL]HU

1.4.2.2Fiber/polymer type and content

7KH K\GURSKLOLF QDWXUDWD HILIEHFWKDY WRHLBSRB W!
HIDPSOH WKHLU W\SHV FRQWHQWYV OHQJWKYVY DVS
FKHPLFDO FRPSRVLWLRQV 7TKHUH DUH GLIITHUHQW
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PRUSKRORJ\ DQG VR RQ ,QFUHDVLQJ WKBMVHEHMKFHR QW
FRPSRIMWMHMIHVYV +RZHYHU LQFUHDVHG ILEHU FRQWFE
RGRU DQG WKH ZDWHU DEVRUSWLRQ $QG D KLJK DVSH
SURSHUWLHV RI WKH ILEHUV FRPSRVLWHV

1.5 Long-term performance

'"HVSLWH RI WKHNUVXEKDIMVORZ GHQVLW\ DQG UHO
PHFKDQLFDO SURSHUWLHV WKH QDWXUDO ILEHU UHL
OLPLWHG WR LQWHULRU DSSOLFDWLRQV LQ DXWRPRW
7KH GLVDGYDQWDJHV DRELD P B RQ F MXAFHWQHPPQV LR Q
LQFRPSDWLELOLW\ EHWZHHQ ILEHUV DQG PDWULFH\
YDULDELOLW\ LQ TXDOLW\ DQG FRPSRVLWLRQ ORZ SU

1DWXUDO ILEHUV SRO\PHU FRPSRYLWR® PH[G R VR L
VXIIHU DEFHOHUDWHG GHJUDGDWLRQ EHFDXVH RI LQI
WHPSHUDWXUH XOWUDYLROHW UDGLDWLRQ )XUWKHU
E\ PLFUREHV IRU LQVWDQFH EDFWHULD DQG IXQJL
FRQVLGHUDWLRQ LQ WKLV VHFWLRQ

1.5.1 Humidity

%HEDXVH Rl WKH K\GURSKLOLFLW\ RI QDWXUDO SO
FRPSRVLWHVY SUHVHQW D PRLVWXUH DEVRUSWLRQ LQ
RI WKH SUHVHQFH RI WKH K\GURNKS®VJIUR XQDMWXQ G R WK
7KLV K\GURSKLOLFLW\ OHDGY WR LQFRPSDWLELOLW\
WKH K\GURSKRELF SRO\PHU PDWULFSWH VIH® WK BKHU F
FRPSRVLWHVY WKH PRUH ZDWHU DEVRUSWLRBRRLW REW
ILERDWUL[ DGKHVLRQ RFFXUUHG UHVXOWLQJ LQ SRR
SURSHUW L HWVHUPGVWKR U WH

1RUPDOO\ WKH WUDQVIHU RI ZDWHU FDQ WDNH SOI
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LQVLGH WKH PDWUL[ LPSHUIHFURLRONFHL VSRIUH W R
RU FDSLOODULW\ DORQJ WKH |@®&HDDRDREMH WNGH WIKDI
PRLVWXUH DEVRUSWLRQ DW URRPVWHRIHUZDWXUH U}
GLIIXVLRQ WDNHV SODFHV IURP KLJKHU VFBRWHRQ UD'
DUHDV GXH WR WKH FR® MHKHWEHM QRQ QU DFREGRIHVQWK UH |
OLQHDU WKBPSSWRIFAKBPGUDWLRQ VWDWH DIWHU D Fl

:DWHU IAKDEKVRUEHG LQ SRO\PHUV LV FRPSRVHG F
ZDWHWDOV VKRZIBLRPUHEHBWHU LV DEOH WR PRYH LQGHSH
YRLGY DQG PLFURVSDFHV %XW ERXQG ZDWHU LV ER:
SRO\PHUV $V D QDWXUDO ILEHU UHLQIRUFHG SRO\PHL
PROHFXOHV SHQHWUDWH LQWR WKH FRPSRVLWH DC(
LOWHUPROHFXODU K\GURJHQ ERQGLQIQXINUK DIALEHW \
DGKHVLRQ [|LAHUIPDMUWYFZHOO ZKHQ DEVRUELQJ PRUH
WKH VZHOOLQJ GHYHORSYV VWUHVYV DW WKH ILEHU PDV
LQ WKH PDWUL[ VXUURXQGUD WR KHK M ZRICFWHRE U DE NV VC
SUHYLRXVO\ PRUH ZGWHEHY DENVROUEMLDRQ PLFURFU
SURJWIHOH ZKLOH ZDWHU VROXEOH VXEVWDQFHV EHJ
WKH ILEFPDWWI@PEHDGLQJ WR GUDPDWLFDOTKNLWLEHU PLC
SURJUHVV LV GFgDIBIFDRPHG LQ

$WKLMD\DPDQL HW DO LQYHVWLIJDWHG WKH HIIF
UDQGRPO\ RULHQWHG QDWXUDO ILEHUV SRO\HVWHU F
LQFUHDVH@FIIHWDKLQJ ILEHU FRQWH® W KH GDIVEHR
PP PP PP ILEHU OHQJWK UHLQIRUFHG FRPSR\
PRUSKRORJ\ Rl WKH PRLVWXUH D E VZRWEKK BW RP SSRUAL W
FRPSRVLWH LQ WHUPV RI YRLGWY IS®RUREDWRNLQZHOOI
GLVEDQGLQJ DURXQG ILOOHU

TKHKHPLFHOPBROQRVHWV RI ORZ PROHFXODU ZHLJKW S
DUH WKH GRPLQBPRWWXRMIR B PFRARNMNNLXWUHR @@ EVRUSWLR
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ELRGHJUDGDWLRQ +LJKHU KHPDMHO/GXOQ RK\LH KAHRWQ R
DEVRUSWLHRL FHKAHO XORVH FRQWHQW RI ZDWHU K\DFLQ
WKDQ WKDW RI VLVDO Z W $QG WKH PRLVWXUH F
ZHUH Z W DQG Z W UHVSHFXWLDE OL EHN VY XI1LIW

Fig. 1-5 Free water andbound water in polymer matrix [12]

Fig. 1-6 Effect of water onfibre amatrix interface [12]
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Fig. 1-7 Moisture absorption of the studied natural fibers at 23°C/ 75% RH [92]

DKLIKHPLFHOOXORVH FROQWHQW FRXOG KDYH D KLJK P
SURJUHVVHG WKH PRLVWXUH DEVRUSWLRQ ZDV PRUH
DPRXQW RI ZDWHU ZDV WRRN LQ DV WLPH LQFUHDVH(
FRPSDULQJ ZLW & VOKBBAKRIER.XQP 7TKH PRLVWXUH DEVRUS
Rl vLVDO DQG URVHOOH ZDV YHU\ FORVH WRJHWKHU L

K\DF Q@ K

W ZDV IRXQG WKDVSHOIW VXK BHBOPQBL WID IDFWRU
ZKLFK LQIOXHQFHG WKH PRLVWXUH DEVRUBSWL.RQ FDS
5+ DOPRVW QR PRLVWXUH DEVRUSWLRQ OHVV W
VWXGLHG ILEHUV $W 5+ WKH PRLVWXUH DEVRUSW

Fig. -8 $W 5+ PRLVWXUH DEVRUSWLRQ RI UHHG UR)

UHPDUNDEO\ LQFUHDVHG DSSUR[LPDWHO\ DV WLPHYV
PRLVWXUH DEVRUSWLRQ RI WKH UHPDLQLQJ ZDWHU
WLPHYV KLJKHU

7JHPSHUDRDXQUEH DQ LPSRUWDQW IDFWRU ZKLFK PD
DEVRUSWLR®FERKOYQRUNR + 1 'KPDRDOHDYG VKKNM ERW
XSWDNH SURFHVV IRU DOO VSHFLPHQV H[FHSW &60 Z
ZDV LQ DFFRUG DR MBZIRK FIMRRHRRP W H R 8 HADDMHXWU H
XSWDNH SURFHVV ZDV OLQHDU LQ WKH EHJLQQLQJ
VDWXUDWLRQ DIWHU SURORQJHG WLPH %XW DW ER
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VHHPHG WR)RENLDJQR@HKDYLRU FRPSDXWHAGRALWR WRRP
DWWULEXWHG WR WKH PRLVW KLJK WHPBHNDWXUTF
GHYHORSHG RQ WKH VXUIDPH DQ@&JL (DVMLQER MVRKZH P D W H |
WASLFDO JUDSKYV Rl )LENLFQLDQIBYLIKY LIIRWG QRWYSHFW

Fig. 1-8 a) fickian diffusion at room temperature, b) nonfickian diffusion at elevated
temperature [12]

,Q 10 XHIRAAW W X U H LFR QMERIIDWHQFHY WKH GHJUHH RI F
FU\WWWDOOLQH R WLWHOM@DWIKR Y ZWEQVQOHEHKDYLRU DQ
+LJKHARLVWXUH DEVRUSWLRQ LQFUHDVHV WKH HEC
ELRGHJUDSGIOMORORWBY DUH GLIILFXOW WR GLVVROY
FU\WWWDOOLQLW\ HQDEOLQJ WKHP WRDEHWDKK) ®H JTXH E
RI VRUSWLRQ DQG VZHOOLQB\REKHD DEH G LW HR G MK H UC
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LOWHUDFW ZLWK WKH F@ROWXWRVHERRVEWHI QMEHUYV DO
LQIOXHQFHY WKH GHJUHH RRWUUHQWDWQRQLWYH Q V1L\OK
VZHOOLQJ EHKDYLRUIDBEEUR®BRURVLW\ RI WKH

1.5.2Thermal

/THPSHUDWXUH FDQ EH DQ LPSRUWDQW IDFWRU ZK
DEVRUSWLROFERKOYQRUWR + 1 'KZRDOHDNQYG WKW ER W]
XSWDNH SURFHVV ZDV LQ LDRFRUGIXYE R ISWR K PLVF\N
WHPSHUBMXDWHU XSWUNHQHRBHMY VERH EHIJLQQLQJ W
DSSURDFKHG VDWXUDWLRQ DIWHU SURORQJHG WLPH ¢
XSWDNH VHHPHEL. WM\RLBE BHHK®PQLRU FRPSDUHG WR URRP

$ W\SLFDO WKHUPRJUDYLPHWULFRUBBBKVIRU QBW XGkt
ILEHUV LV |[FiKkRABQ7KQUPDO GHFRPSRVLWLRQ SURFHVYV
OLIQRFHOOXORVLF ILEHUV KDYH VLPLODU 7* DQG '7*
FKHPLFDO FRPSRVLWLRQ DQG SK\VIZKDB Q HDOQRBW HEIKD QL |

QDWXUDO ILEHG@@MQH@W@H

Fig. 1-9 Typical thermogravimetric decompositionprocess of natural fibres[95, 96]
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Table 1-6 Three main stages ofveight loss of natural fibers

Stage 1 Stage 2 Stage 3

504.00°C: Evaporation of 200:800°C: Decomposition 400500°C: Weight loss due to
moisture in thdibers of hemicelluloses lignin
and cellulose degradation

300°C: Corresponds to the  360°C: Corresponds to the 200500°C, max at 350C: Lignin
thermal decomposition of thermal decomposition of  peak is wider and appears
hemicellulose and the .-cellulose superposed on the other two
glycosidic links of cellulose peaks

250800°C: Characteristic of 300#00°C: Corresponds to Near 420°C: Due tolignin
low molecular weight the thermal degradation ¢ decomposition
components, such as cellulose
hemicelluloses

220815°C: Pyrolysis of 315#400°C: Pyrolysis of 160000°C: Pyrolysis of lignin
hemicelluloses cellulose

97°C: Attributed to water loss 325 °C: Attributed to protein  Major thermal decomposition of
degradation thecomposites began at about 26
°C and beyond 39€C the rate of
decomposition was slow

1.5.3 Ultraviolet

S8OWUDYLROHW 89 LV DQRWKHU LPSRUWDQW IDFW
DJHLQJ Rl QDWXUDO ILEHUWUFRQIRHFXO W RS EVIHD!
FRYDOHQW ERQGV LQ RUJDQLF SRO\PHUV DQG ILEHU
\HOORZLQJ ZHLJKW ORVYV PHEKIDEG HRBBXIW HQ HQH D QB U
> @

/LJQLQ KDV EHHQ UHSRUWHG WR EH WMKH FPIRWRW W K
FRPSRQHQWY Rl SDQW FHOO ZDOOV WR SURWHFW WK
HQYLURQPHQWDW FRISRWVRBDOH IRU WKH GHJUDGDW
VHQVLWLYH WR/BIQLMGKDWIDRKHQROLF VWUXFWXUH
EHWZHWKH PLFURILEULOV WQ HLEEGHVCKAR Z YD WOR/RISIHG K F
RI OLNEDUWLDO VWUXFWXUH LQ ZKLFK WKH WZR FKUF
89 OLJKW PHFKDQLVP RI OLJQLQ FRERWDR SHIMHEG D W L |
GLIIHUHQW S®MKZD\W PKIOLQ FOHDYDJH DQG \HOORZL
SKHQR[\ UDGLFDOV LV D DORIPAD @ QIGHUXRHNFRUDQVIRUP
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TXLQRLG VWUXFWXUHV ZKLEFK DUH WKH RULJLQ RI WKH
> @KH VXUIDFHV RIRENVMIYH\G BMRIRKPQRIHFRORU IDGLQ
SDUWLDO VKULQNDJH UBADPGWHYJ TRL\EHADG/L GXHRIWR
ZHDWKHULQJ OHDFXRLWH R IVADXEXHDSURGXFEYV IURP W

Fig. 1-10 Model of the structure of softwood lignin showing two chromophoric groups
(A and B) [98]

Fig. 1-11 Oxidation reactionsinitiated by ultraviolet radiation [94]

SRO\PMBUKRWRGHIJUDGDWLRQ GXUWQQP H UBIOUDLW MR @ L
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EH D GHWULPHQWVWR XFRPSIRIAL WDHMNG SURSHUWLHYV 2
LQGXFHG E\ XOWUDYLRO . 10 6 L @WH RGH DWBIG\DRARZRQ LF
33 LV DWWIKEWRR[GGRWRWWAG E\ 89 LUUDGLDWLRQ 33
HIWHQVLYH SKRWR G H [Fig0-G2b>W L@ ® RW RGKHRIAUD GOWLRQ L
FKDQJHV LQ DOO VFDOHV RI SRO\PHU GLPHQVLRQ

R[ILGDWLRQ WKH FKDLQ FKDLQ VFLVVLRQ RU FU
EUHDNRIR®QH PROHFXOHY DQG FU\WWDO DQG RQ WKE

Fig. 1-12 Schematicrepresentation of PP molecules after extensive photodegradation
[94]

$V ZDV GLVEXQYIVHGEV OFRQVLGHWHNG PARY LEH®3P RV W
GHJUDGDWLRQ ZKHUHDV KHPLFPRWEK OLRP\EHRW VDINGW V K
PRLVWXUH DQG ELRORJLFDLY GHHDDYWODWRRYWULHRB®KGR

1.6 Residual stresses in composites

,Q WKLV SDUW WKH SKHQRPHQY¥R®HRH G\RRHP HHPW U J H
UHVLGXDO VWUHVV LQ F R RESLIRAFXMMHEED/PK 1§ DLVQ HE X BIQT-O
UHVLGXDO VWUHVV RQ WKH SURSHUWLHV RI FRPSRVLYV

,Q WKH PDQXIDFWXULQJ SURFHVYV RI FRPSRVLWHV V
ROFFRXQW WR WKH VKULQNDJH DQG PLVPDWFK RI W
EHWZHHQ WKH ILEHUV DQG PDWULFHYVY EHWZHHQ WKH
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FRPSRVLWH ODPLQDWHY 6LQFH UHVLGXDO VWUHVVE
PDWHULDOV HYHMXHEHIMHHDQRBUDWH WKH SURSHUWLHYV
WKH IDLOXUH RI D FRPSRQHQW EHORZ WKH GHVLJQ OR
XQGHU IDWALJIJXHOOWDGS RI JUHDW LPSRUWDQFH WR LG
UHVLGXDO VWUHVNEBWR GBQVDEHUWIKMHMRQ GXULQJ FRP
GHVLJQ DQG PRGHOOLQJ

1.6.1 Formation of residual stress

$FFRUGLQJ WR WKH RULJLQV Rl WKH UHVLGXDO V
SURFHVVLQJ DQG VXFFHHGLQJ FRQVROLGDWLRQ RI WK
FDWHJRULJHG LQWR WKUHH GLIIHUHQW OHYHOV WKH
ODPLQDWLR®K B HYOHRE DQ® ® H@H O

2Q WKH PHFK® QLFRQ WHMHREBOR WKH GLVHTXLOLE
WKH WKHUPDO H[SDQVLRQ FRHIILFLHQWY EHWZHHQ
LPSRUWDRKW WROHPRSODVWLF PDWUL[ LV KHBWHG WHR
DERYH LWV JODVV WUDQVLWLRQ RU PHOWLQJ WHPSHL
WKH VHUYLFH RU URR B HAHAESIHRKDWWPXEBO UHDFWLRQV R
YROXPHWULF VKULQNDJH RI WKH WKHUPRSODVWLF P
VLIQLILKIDIKWO\VKULQNDJH RI WKH PDWUL[ WKDQ WKD
GULYLQJ IRUFH IDFLOLWDWHYV WKH IRUPDWLRQ RI UH
DPELHQW PDWULBHIVHU WKH K\SRWKMNYWWLZKERR ALEH L
H[LVWV GXU[EQIBRRAERZYIWKH UHVXOWHG UHVLGXDO V!
UHVLGXDO FRPSUHVVLYH VWUHVV LQ WKH ILEHU ORQJ
GLUHPWEGRD UHVLGXDO WHQVLWHKH WR 8 ¥ MVWXBG MXKHO PD@
GLUHFWLRQ IRUP DQG GHYHORS

2Q WKH FPHFKP QLFRQ @HKHHODFUR RU ODPLQDWLR!
ODPLQD UHVLGXDO7KMW WHIWY. GXDOUWWHEWY GHYHORSV
GLIIHUHQFH LQ WKH WUD QW WH B WMIRIDID® LRRQB RW X GIE IQHD
$V VKRFQ 1@ IRU H[DPSOH S@\ WRHFASRYVRYWHEH WK H
LPSRVH D PHFKDQLFDGIERBYW GXUQ@WJIJRFRREHQJ DQG Y
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Fig. 1-13 Schematic view of the effect of cooling on the matrix around a fibre. The
bonded (constrained) case represents the situation after processifgf]

Fig. 1-14 Schematic view of residual stres®rmation in unbalanced crossply laminate
[99]

2Q WKH JOREQONKRHYFHRPSRVLWH VFDOH D JUDGLH
WHPSHUDWXUH DQG PRLVWXUH FRQGLWLRQV WKURXJI
ODPLQDWH PD\ OHDG WR D UHVLGXDO VWUHVV GLVWU|
WKH FRPSRVLVWH BDP O QE}VDXWHK IFRNP SRVLWH VWUXFW XU
D VORZHU FRROLQJ UDWH LQ WKH FHQVDHD RH WWKBIL QW |
WLPH WKH FHQWUDO SDUW PD\ VWLOO QHHG WR FRRO
VROL @KRZ WKH UHVXOW RI WKLV SURFHVYV
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Fig. 1-15 Laminate skin-core residual stress distribution (grey area) [99]

1.6.2 Determination of residual stress

6LQFH M\KINOWDBVV H[LVWV LQ DOPRVW DOO FRPSRVI
WKH SHUIRUPDQFHV RI WKH FRPSRVLWHV LW LV RI .
FRQVLGHUDWLRQ LQ GXUTapEIGHHYIHRPQ &VEBHRGXAUQP ¢
WHFKQLTXHV XVHG WR GHWHUPL@H WKH UHVLGXDO VW

7KHVH WHFKQLTXHY DUH GLYLGHG LQWRDMZR FDWH.
QRHVWUXFWLYHHWWEKGWILYHY PHWKRGY GHSHQG RQ
VWUHVVHV E\ UHBROYHQPY POWWHKHY® VWUHVVHV FDXVH\
VDPSOHV ZKLFK FDQ EH PHDVXUHG DQG FRPSDUHG V
WKLV UMPHRS D2QJ \R W K H BZHMWWMU WKLY R QVHFKQLTXHYV DYF
UHPRYDO DQG VRPH PXVW XVH VR P HVIVGUHQWIMD WBIW L R Q
(YHQ WKH FRPSRQHQWYV PD\ EH UHWXUQHG WR VHUYL
HYDOXDWLR QDRI WWKWHV NV LG X

1.6.3Influence of residual stress

YHFDXVH RI AVIKHIOL FBODWLQJ FKDUDFWHU WKH SUHV
PD\ QRW EH DSSDUHQW EXW WKH\ LQGHB ORIHFW WK
VXPPDU\ LV JLYHQ EHORZ RQ WKKE HIIHFWV RI UHVLGX

@

X(QYLURQPHQWDO UH\WGRPLDO@MHGVFR PORVULMWH SURS
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PD\ EH DITHFWHG E\ UHVLGXDO VWUHVVHV UHVXOW
SK\VLFDO-IOKQREL RO SURSHUWLHV,;RRQW KHRXDWQHY W

X'HERQ®RUQILEBWUL[ LQWHUSKDVH PD\ DSSHDU

X7/ KH PHFKDQLFDO SURSHUWLHYV RI WKHUPRSODVWL
GHFUHDVHG E\ WKHUPDO UHVLGXDO VWUHVVHYV

x'HIHFWV PD\ EH JHQHUDWHHDGE LYKNFK DADILSDJIJH DQG
FUDFNLQJ

x' LPHQVLRQDO BE\QSAWWIBELOLW\ RU

Table 1-7 Overview of experimental techniques for residual stresses determination,
percent accuracy estimates are for measements of large stresses (~50% of yield
stress), percentage numbers will be greater when measuring small stresggy]

Depth

Methods Precision . Advantages Limitations
penetration

Splitting 20-50% Spemmen Rout_lne comparative Non-uniform and untypical
thickness quality control stresses

Time consuming procedur
subject to measurement
drift

Specimen Flat plates and cylinders «

0,
Layer removal 10-30% thickness uniform thickness

Near surface

Hole drilling  5-30% Up.to 2mm measurements of iplane Strgsses ofter_1 are not .
typically : uniform, max=70% of yielc
uniform stresses
. Now done only by
Deep hole 5-15% tsrﬁglfrI]ng:Q Large components specialists and
compromised by plasticity
. 1-D perpendicular stress
" 500, Specimen : : Stresses that are non
Slitting 5-20% thickness pr|smat|cshaped uniform across width
specimens

Near surface
XRD ~20MPa <0.03mm measurements on
crystalline materials

Variations in grain structur
and surface texture

Requires synchrotron

g/nchrptron ~50 MPa >5mm Deeper nordestructive radiation source and 0
diffraction measurementhan Xray

stress reference
Ultrasonic >25 MPa 1-20mm Low cost comparative Requires materiaspecific

calibration

Specimen Full-field measurements i Transparent materials, not

i 0,
Photoelastic  10-30% thickness transparent materials quantitative

Comparative

Indentation Qualitative <1mm
measurements

Results are not quantitativ
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1.7 Conclusion

$V WKH FRQFHUQ DERXW WKH HQYLURQPHQW W
GHYHORSPHQW DQG FRQVLGHUDMYLRIH RQHW KK i RLRPMHHUL
ELRGHJUDGDEOH PDWHULDOV DUH EHFRPLQJ PRUH DQ!
(XURSH $PRQJ WKH ILEHU UHLQIRUFHG FRPSRVLWHYV
DOWHUQDWLYHVY WR VXEVWLWXWH JODV¥DIQEBYE G >
PHFKDQLFDO SHUIRUPDQFHVY DQG WKH PRVW LPSRUWLE

1HYHUW K HOHRAAV MW LWR DEFNQRZOHGJH DQG RYHUF
QDWXUDO ILEHUV VXFK DV WKH YDULDWLRQV LQ IL
SURSHUWLWWHGXBWKR U ELJ YDULDWLRKQN QRWHNURZQQ.
K\GURSKRODPIWAKUDO IKEGURSBEBGRE LWKW\SRO\PHU PDWU
UHVXOW LQPEWGL[LEGWHUIDFLODPBGWHRMBRQELODWGLH \
SOWKRXJK WKH WVKFRHURPQUVWXHDDO PLFURPHWHUV W
PLOOLPHWHUV UHLQIRUFHG FRPSRVLWHVY KDYH DWWL
IHZ GLVFXVVLRQV RQ WKH FRQWL®®RB KW LR ZARY\H QN k
PDMRULW\ Rl QDWXUDO ILEHUV VXI&H W& RZKG& K KUIDVG DW
LQFRPSDWLEOH ZLWK KLJKHU SURFHVVLQJ WHPSHUDW

YHFDXVH RI WKH K\GURSKLOLF QDWXUDO ILEHUYV
DEVRUSWLRQ GXULQJ SURFHVVLQJ DQG XQGHU VHUY
GHJUDGDWLRQ RI WKHGRKRPERULWHWR IDWs HVRKBR YRV R W H
LPSRUWDQFH WR VWXG\ WKH GXUDELOLW\ XQGHU GLI
FRQGLMWMAIERWKH UHVLGXDO VWUHVVHYVY RULJLQDWHG IUF
SURSHUWLHV R 6MKH UFIRGVERRAWREVAWRIXFWLYH PHWKR
GHYHORSHG WR KHOS XV PHDVXUH DQG HYDOXDWH WK
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Chapter2. Elaboration and Performance of the Reinforced Composites

2.1 Introduction

QWKLY FKDSWHU WKH ILUVW REMHFWLYH LV WR FKD!
ILEHUV DQG SRO\SURS\OHQH 6HFRQGO\ WKH KHPS Il
VXSSRVHG WR EH PDQXIDFWXUHG $W OEWWDYHRIINQW
RI WKH UHLQIRUFHG FRPSRVLWHYV

'XH WR WKHLU HQYLURQPHQWDO IULHQGOLQHVV Wk
PRUH DQG PRUH LQWHUHVWY HVSHFLDOO\ DV UHLQIRU
'LIlHUHQW ILEHUV KDYH EHH® & WX G QHGHEBEWKK H UDQJH
P LQ GLBPHWHU @$QG WKHUPRSODVWLF FRPSR
EHHQ VXIIHULQJ PDQXIDFWXULQJ WHFKQLTXHV VXFK
HIWUXVLRQ LQMHFWLRQ DQG FRPSUHVVLR®RIPROGLQ.
WKHUPRSODVWLF FRPSRVLWHV GLIIHUHQW SDUDPHWH
SURSHUWLHV RI ILQDO VDPSOHV

$ ZRYHQ KHPS IDEULF ZDV ILUVWO\ FKDUDFWHUL]HG
REEMUYDWLRQV DQG WKHQ WKH KHPSRIRSER VL WHHLVQ PRIWAH
PDQXIDFWXUHG E\ FRPSUHVVLRH) FHROGUED QFHWKRG
FRPSRVLWHV ZAKH YWRFEGHWGE QJ SDUDPHWHUV SURFH!
SUHVVXUHV DQG WLPH DQG VR RQ ZKLFK PD\ LQIOXHQF
DUH RI LPSRUWDQFH WR EH VWXGLHG DQG GLVFXVVHG

2.2 Materials and Methods

2.2.1 Materials

7KH KHPS ILER®WS5 |®FUIFDWOYHUXSSOLHG E\ (QWHU
IDWXUHOOHPHQW ZKIDQRWHRLBWHKUHIRBEBEFY DYG LW P
ZDV VXSSOLHG LQ WKH GLPHQVLRQ PP LQ OHQJWK
WKLV NLQG RI KHPS DV IROORZV
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SRO\SUR S \\DR AT aBkDF2
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Table 2-1 Information on hemp fiber fabric
Composition 100% Hemp

Weight 290 g/nt
Width 148 cm+ 3%
Origin Culture and Fabrication Euror.

Chain/Tram 10/1

7KH SRO\SURS\OHQH ZDV SURYLGHG E\ '2:

Fig.2-1]VKRZV WKH UHFHLYHG VWDWH RI KHPS

Table 2-2 Basic properties of polypropylene

Density (g/crd) 0.91
Melt Flow Rate (230C/2.16kg) 3.2
Thickness (mm) 0.8
Width (mm) 1000

Fig. 2-1 The received state of received (a) (b) hemp fabric and (c) polypropylene

)5$1&(

ILEHU
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Chapter2. Elaboration and Performance of the Reinforced Composites

2.2.2 Characterization methods

2.2.2.1Numerical microscopy

7KH KHPS ILEHU IDEULF ZDV REVHUYHG XQGHU I
A(<(1&( 9+:6 DVVHPEOHG ZLWK DQ REMKMHFWILYH PDJQL
7R REVHUYH WKH PRUSKRORJ\ DQG WKH GLPHQVLRQ RI
WKH ILEHUV ZHUH SXOOHG WLJKWO\

2.2.2.2Scanning electron microscopy (SEM)

7KH ILEHU VXUIDFH PRUSKRORJ\ DQG WKH IUDFWXU
6(0 7KH KHPS ILElNUWR HDUSDVWMXF DQG FRDWHG ZLWK F
FRDWHU && WR IDFLOLWDWH WKH HOHFWURQ EHDP L
REVHUYHG XVLQJ D +,7%$&+, 6 1 RUD +,7%$&+, 68 P

2.2.2.3Fourier transform infrared spectroscopy (FTIR)

$ SHUN®® V\VWHP )FHRWHIWERZDV XVHG ZLWK DQ
8QLYHUVDO $WWHQXDWHG 7RWD QVRHIDWRW D Q¥KHS FFM 8"
RI WKH VIKHSPHEVXUHPHQWY ZHUH SH&YIRWFPHG DW WKH

2.2.2.4Differential scanning calorimetry (DSC)

'LIHUHQWLDO VFDQQLQJ (PRORDIOAHNU\ZD/&XVHG IRL
WKHDRD®D\VLY Rl WKH KHPS |LEKK W DRSOSRMISUR SOBE
KHUPHWLF PJ DOXPLXQXNR JF DXQMLEWHY DSSUR[LPDWH
VDPSOHV ZHUH KH DWRSH LFOUPX URIR® D WER XWDWLQJ UDW

R PLRQG WKHQ FRROHG GRZQ

2.3 Characterization of hemp fiber

W ZDV QHFHVVDU\ WR UHFRJQL]JH WKH SURSHUWLH\
UHFHLYHG KHPS ILEHUV VR WKH WHREMEHWALNYWR Z WK
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VWHS LV WR GHWHUPLQH WKH ORQJLWXGLQDO DQG WL
IDEULF

2.3.1Tensile tests

7KH WHQVLOH WHVWV ZHUH SHUIRUPHG LQ D VWDWI
URRP WHPSHUDWXUH 7KH WH Q@QGDWHGWHNWNVZ PN WEKDR/G & 6
' 0 =+ $670B,QWHUQDWLRQDO 7KH VDPSOH
UHFWDQJXODU\Mfg%%/ﬂmwmeZMvav ZHUH HPSOR\H
GLUHFWLRQV ORQJLWXGLQDO DQG WUDQVYHUVDO 7K
7KH FRQILIXUDWLRQV Rl WHQVLOH WHVWYV DUH OLVWHZ

Fig. 2-2 Dimensions and shape of the test samples

ODWHULDOV KHPS ILEHU IDEULFV
'LPHQVLRQVi PPP PP

6SHHG RI WHVALQD J

7HPSHUDWXUH 5RRP 7HPSHUDWXUH
(IWHQVRPHWHU DQ LQLWLP® RSHQLQJ OHQJWK RI

7DE WDEV ZHUH DWWDRKIHEH W R EW WHK HIFESWO HVZ RL W
JOXH
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Fig.2-3|VKRZWKH W\SEGED OO RUHPIH Q WHP)XSUI'DHE RIL FMV\KIHP S O H
JURP WKLV ILJXUH WKUHH2BD&® S% &MNSKMZIHIHH /BB NVHGER S
RI WKH FXUYH LQFUHDVHG VORZO\ DW WKH EHJLQQLQ.
IRUFH DQG GLVSODFHPHQW SUHVHQWHIG DFEHQGHWR DEC

HIWUHPXP $IWHU % WKH IRUFH IHOO DW D KLJK VSHHG
RI WKH VDPSOHYV

Fig. 2-3 The typical curve of the hemp fabric samples

2.3.2Measurement of the crosssection

7KKHPS ILEHU IDEULFV ZHUH ZRYHQ ZL@WPS ILE|

24 DQG WKHUH ZHUH JDSV EHW Z H HE® DWKLHD YCRURDREVAE IR QWK

EH PHDVXUHG E\ HOLPLQDWLQJ WKH JDSV EHWZHHQ V
ORQJLWXGLQDO DQG WUDQVYHUVDO
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Fig. 2-4 Gaps between hemp yarns

Fig. 2-5 Measurement of the width of the forcebearing hemp

7KUHH EDWFKHV RI VDPSOHV ZLWK DQG \DUQ
RI HYHU\ KHPS \DUQ ZDV PHDVXUHG WKURXJK QXPHU
&DOLSHU UHVSHFWLYHO\ )RU HXBGWUMBPBIOWMD ®RIWW 2N
REWDLQHG DQG WKH DYHUDJH YDOXHV ZHUH FDOFXO
PHDVXUHG YLD QXPH DNKRY [PdEHR\DRRSWHPHDVXUHG E
9HUQLHU &DOLSHU 7KH FRPSDULVRQ EHWZHHQ WKH
PLFURVFRSH DQG WKDW PHDVXUHG E@Q&Hu &DOL
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SURSRUWLRQDO UHODWLRQVKLS EHWZHHQ WKH WZR N
93 L gg;EL U@]'%

ZKHUBLV. WKH UHDO ZLGWK ZK LFKQVI & RBVWVK K H. IL S WHKHY
PHDVXUHG E\ QXPHULFDO PLFURVFRSH DQWG WHWQLHU
SURSRUWLRQDO FRHIILFLHQW W PHDQV WKDW ZH FR.
B

L rtx

:LDQ

7R YHULI\ WKLY UHODWLRQVKLS DQRWKHU EDWFK
ZHUHSUHSDUHG 7KH H[SHULPHQWDO UHVXOWY DQG W
JRRG DQG UHOLDEOH@W\K\KVDWSSKIRSQLLDQNH FRHIIL
PDNH WKH PHDVXUHPHQWWRNHPHVDYLQJ DQG HDV\

Fig. 2-6 Widths measured by numerical microscope and Vernier Caliper

2.3.3Tensile properties

JLYH VDPSOHV ZHUH WHVWHG IRU HDFK EDWFK DQG
(DFK KHPS VDPSOH ZDV FRQVLGHUHG DV D UHFWDQJ
VWUHQJWK ZDV FDOFXODWHG IURP WKH PD[LPDO WHQV
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VHFWLRQ

A -]D—- %G G
ea'/z_’L‘l,:aé-;LCN)C')‘aa-;
ZKHWH Y WKH PD[LPDO W HIQW MCKH | RQNEMIE DQRIE FEV V'V W K
ZLGWK DQG F LV WKH WKLFNQHVY RI WKH VDPSOH

Fig. 2-7 Verification of the relationship coefficient between numerical microscope and
Vernier Caliper
7KH VWUDLQ ZDV FRPSXWHG BN WK H QIDWLLIRM RH GHXW
DV IROORZV
. ;Aaa .
B” ; LX——Hsrr
A a

by

7KH <RKPRGXOXV ( FRXOG EH FDOFXODWHG IURP W
VWUDLQ FXUYH OLNH WKH OLQHDU SDUW EHWZHHQ $

f g:/EEf)
' H54 4 4

JURP WKHWWWDHYWXUYH WKH WHQVLOH SURSHUWL
ILIXUHG RXW LQ WKH ORQJLWXGE® D& VERQREBEMNHIDQVY F
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PHFKDQLFDO SURSHUWLHV RI WKH KHPS IDEULF LQ V
$OWKRXJK WKH\ ZHUH GHULYHG IURP WKH VDPH IDEUL
VKRZ VRPH GLIIHUHQFH 7KH WHQVLOH VWUHQJWK LQ
“ 0B ZKLFK LKLJKHU WKDQ WKDW LQ WKH WUDQV
<RX®WIJPRGXOXV LQ WKH WZR SHUSHQGLFXODU GLUHFW
*3D ORQJLWXGLQDO *BRGNVUDQVYHUVDO UHVSH
FRQWUDVW KRZFWKUHWKHIDLQ Rl KHPS ILEHU LQ OR
“ %XW LW VKRZV D KLJKHU VWUDLQ LQ WKH W

Fig. 2-8 Mechanical properties of hemp fabric, a) Tensile SUHQJWK E <RXQJTV
Modulus; ¢) Fracture Strain.

2.3.4SEM observation

JURP WKH PLFUR VFDOH WKH KHPS ILEWH ZHUH F
PRUSKRORJ\ RI WKH XQWHVWHG DQG WHVWHG KHPS Il
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Fig. 2-9

Fig. 2-9 SEM micrographs of the hemp fibers. a) and b) hemp fiber untested; c), d), e)
and f) hemp fibers tested

7KH KHPS ILEHSVHVHOQMV I FEGUYHG RXWOLQH DQG W
WZLVWHG W@/D(HDJQ();UERPWKH VXUIDFH RI WKH XQWH
D OD\HU RI URXSRDWXE¥WDQFKNY ZHUH IRXQG RQ WKH
$FFRUGLQJ WR WKHV PHOOXPWRXOBIJQMNEIPWQG KHPLFHO
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DPRUSKRXV UHJLRQV RI FHOOXORYV LN RHFQ®XIORIWHD V
FU\WWWDOOLQH UHJLRQV RI FHOOXORVLF PLFURILEULO
PXFK DOLJQHG DORQJ WKH ILEHUV TKIHJ MR WILDRFG R K DX B
WHVWHG ILEHUV ZDV OHVV URXJHFigheK|HQ DMXGI IX QI HV V
KROORZ OXPHQ zZDV REVHUNE@® HG L\Y )R G MQW HIJO [D\Q B
FU\WWWDOOLQH FHOOXORVHY DUH VXUURXQGHG E\ WK
OLJQLQ

2.3.5Spiral angle

7R H[SODLQ WKH GLIIHUHQFH RI PHFKDQLFDO SU
SHUSHQGLFXODU GLUHFWLRQV \WR PISQ@G RIEY WDYD M [ R
WR EH UHDOL]JHG :KLOH EHLQJ REVHUYHG D EXQGOH
WZLVWHG WRIJHWKHU %HIRUH WHQVLOH WHVWYV D FHI
Fig.2-100 :H WKRXJKW WKDW LW PD\ KDYH DQ LQIOXHQFH
RI WKH KHPS ILEHUV 6R WKH DOWHUDWLRQ RI WKH VSl

Fig. 2-10 The spiral angle presents in the hemp yarns

$V WKH ZLGWK RU GLDPHWHU RI WKH KHPS \DUQV Z
RQH VDPSOH PRUH WKDQ RQH KXQGUHG SRLQWV ZHUH
7KH VSLUDO DQJDH @Y WKHHR KHPBQG DIWHU WHQVLOH W
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ERWK ORQJLWXGLQDO DQ @Figh?tl} QW K H UPHDIDV & WU UG F W H R\
YLD QXPHULFDO PLFURVFRSH ZDV SUHVHQWHG

Fig. 2-11 Measurement of the spiral angle, a) Longitudinal direction; b) Transversal
direction.

Fig. 2-12 Spiral angle alteration

JURMg. 2-127 WKH DOWHUDWLRQ RI WKH VSLUDO DQJO
WUDQVYHUVDO GLUHFWLRQV ZDV SUHVHQWHG 7KH VS|
IRU ERWK GLUHFWLRQV WHKB QWS'LHID/D O KHPHE ' RD WEWH ZD

f ZKLOH WKDW RI WKH ORQJLWXGL@DO GLUHFWLRC

%XW WKH ILQDO VSLUDO DQJOH MHWHW WRIKDXHNWQ \
"XULQJ WKH WHQVLOH WHVW SURFHVV WKH VSLUDO C
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LQ ORQJLWXGLQDO DQG WUDQVYHUVDO GLUHFWLR

$V IRU SODQW ILEH WD OXIDRN KD QGWKKHPFLFHOOXORYV
WKH VWUXFWXUH RI FHOOXORVH RULHQWHG LQ KHOL]J
DOVR VWDWHG H’U—EQ/V-IXJLDI—OO\ WKH UHLQIRUFHPH
DQG WKH RULHQWDWLRQ RI WKH ILEHUV GHWHUPLQH
$V UHSRUWHG WKH PLFURILEULO DQJOH RI KHPS DQ
UHVSHFWLYHO\

$FFRUGLQJ WR O@WKNK DWDXWDWLRQ PHFKDQLVP RI
GLVFXVVHG 7KH JORQEDI@\ GNIRUPDWLRQ

BL Z-@EiAAAL F732KOU

JRU D GHIRUPDWLRQWHKH GHULYNG D@IPH7KLYV
PLFURILEULO DQJOH FRUUHVSRQGYV ZLWK WKDW RI WK
PLFURILEULO DQJOH RI f WKH HVWLPDWHG VWUDLC

Fig. 2-13 Basic diagram of the structure of a plant fiber[50]

51



Chapter 2. Elaboration and Performance of the Reinforced Composites

Fig. 2-14 Simple representation of the reorientation of the microfibrils[122]

7TKH VWUDLCEBWIZHBUROWKH WZR GLUHFWLRQV RI KHF
ZLWK WKH VSLUDO DQJOH RI|AY.RH5SKSHWVELIMDBEH KN KR,
LOQLWLDO OHQJWK RI WKH VDPSOHV ZLWKDQ GLEBNHRULF
/[t EH WKH ILQDO OHQJWK RI WKH.VDR XO0S&KWHMKL H WHKA
WKH UHDUUDQJHPHQW SURFHVV RI ILEHU \DUQV LV OLF
DQG WKDW WKH VWUDLQ GXH WR WKH KHPS PLFURILE
OHQJWK RI RQH KHPS \DUQ ZLWKRXW DQJOH /

LA A

Oadae Oaa

7KH vVWUDLQ RI WKH UHROLHQWDWLRQ RI WKH VD

A daae .
BL L @a FSAHSrr

7KH ORQJLWXGLQRO UHRULHQWDWLRQ
7KH WUDQVYHUV®O UHRULHQWDWLRQ

7KH VWUDHQHQFH GXH WR WKH KHPS \DUQ UHRULH
FRUUHVSRQG ZLWK WKH IUDFWXUH VWUDLQ GLITHUHQ|
IUDFWXUH VWUDLQ GLITHUHQFH LV DWWULEXWHG WR W
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Fig. 2-15 Basic diagram of the reorientation of the hemp yarns

2.4 Manufacture of reinforced composites

,Q WKLV SDUW WRBIQKE MMEWURRP SRWUR' HY ODPLQD\
RQ KHPS ILEHUPSWKVRXKRKQPRBOGRUH WKH.@DQXIDFW
SURFHVV ZDV ILQDOO\ GHWHUPLQHG VHYHUDO DWWHI
DQG VKHHWYV KDPB @H BD@\KNUWE MSRVLWH WKH UHVXOW
DUH SUH@H@VLKQDQ EH VHHQ DOO RI WKH WKUHH F
FRPSOHWH VKHHW EXW FRPSRVLWHV PDGH IURP KHP
VKRZ SRRU SHQHWUDWLRQ D/R® 5 RORF PW[LVRQWHZ KK H K H\
ILEHUV DUH H[SRVHG :KHUHDV WKH FRPSRVLWHV PDGI
SUHVHQW D EHWWHU IRUPDELOLW\

Fig. 2-16 Compositesmanufactured with different PP forms. a) PP grarules, b) PP
strips, ¢) PP sheets
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2.4.2 Choice of the fiber and polymer

TKURXJKRXW WKH SURFHVVY DERYH WKH 33 IRUP DI
FRPSOHWHQHVYV RI WKH ILQDO FRPSRVLWHYVY 3UHIDEU
FRPSRRLYXIDF®XREBIYHAEGLUVWO\ FKRVH 33 ILOPV DV I
RI WKLV WKHVLYV

BHFRQGO\ ZRYHQ IDEULFV RI KHPS \DUQV ZHUH XW
RI WKH FRPSRVLWHY $ KHPS ILPRU QVOH® JWKKH DUDP® J H
PLQ GLDPHWHUWQG KHRSDIUBHWZLVWHG WRJHWKHU V
KHPS \DUQ ZKLFK DUH ZRYHQ DW ODVW WR IRUP D IDE

2.4.3Manufacturing process

7KH PDLQ SURFRORMHDRRMNWWHKHH-RPSRVLWHY DV IROOI

1) 3UHKHDW WKH KHPS ILEHUV WR HOLPLQDWH WKH F
UHGXFLQJ WKH LQIOXHQFH RI WKH PRLVWXUH DV C

(2) $VVHPEO\ RI WKH PROGY DQG WKH UDZ PDWHULDO
WKH 33 ILOPV ZHUH ODLG XS ZLWK D SUHVFULEHG

(3) 8RQWLQXRXVO\ KHDW WKH BRAGWDIP® D® RX\HQ YLLC
(4 5HDIH WKH FRPSUHVVLRQ PROGLQJ SURFHVYV
(5) 8RRO GRZQ WKH PROGV DQG GHPROG

2.4.3.1Hemp preparation

$V WKH SODQW ILEHUV FRQWDLQ K\GURSKLOLF K\GU
SODQW ILEHUV ZRXOG DEVRUE PRLVWXUH LQ WKH Q
LPSRUWDOQIE@GDWR MKIP VW XEERUQ PRLVWXUH LQ WKH |

‘'LITHUHQW KHPS VDPSOHV ZHUH SUHSDUHG DQG KH
$QG D 6DUWRULXYV 0% ORLVWXUH $QDO\]HU ZDV XVHG
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$ ZHLIJKW LQGH[ ZDV FDOFXODWH G @R HXKW UWLMF WK H LKH
ILEHUV

i<%o§‘-T¢E 5D 4

ZKHUH Y WKH ZHLJKW EHIRIUH WK WLEHU ZRGIJKW DIWH
KHDWL (Fiy. WiIZ/F'HKRZV WKH ZHLJKW LQGH[ RI GLITHUHQW

$V SUHVFQWH|GKHP HUMEKDYH WKH VDPH PRLVWXUH
DW GLIIHUHQW WHPSHUDWXUHY DQG WKH ZHLJKW RI \
FHUWDLQ WLPH 6R WKH ILUVW VWHS ZDV WR SUHSDU'}
PLQXWHV LQ DQ RYHQ DW f

Fig. 2-17 Weight change of hemp when heated at a temperature

2.4.3.2Materials lay-up

Q WKLV VWXG\ ZH XWLOL]HGSWKNWROKOH IRM K MU
WKH PDVV | WBRAWJHRGD W L R Q GEHIWZ H[HQBHM Y IROORZLQJ

Q\ i\
L
d Q\ i\>Qc¢ ic

DQG
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Z\G\
d 2,G\>Zc G

Op O ZKHUHO @G DUH WKH PDVV IUDFWLRQ RI PDW
UHVSHFWLYHO\

90 9 ZKHYB® ®G DUH WKH YROXPH IUDFWLRQ RI PD
UHVSHFWLYHO\

'p DQ!GD UMIGHH Q VIPMDWRJIIL] DQG ILEHU UHVSHFWLYHO\

7KH KHPS ILEHUV DQG SRO\SURS\OHQH PIPOPV ZHU}
VTXDUHV 7KH GLPHQVLRQV ZHUH GHWEH@PR-L8P HG E\ WK
7KH PDWHULDOV ZHUH ODLG XS RQH OD\HU DIWHU DQR

$PROG UHOHDVH DJHQW ZDV VSUD\HG RQWR WKH V
WKH ODPLQDWH ZDV SODFHG LQWR WKH PROGYV

Fig. 2-18 The diagram of the moulds
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2.4.3.3Compression molding process

/KH ODPLQDWHV ZHUH KHDWHG LQ DQ7/RHHQ YLD
FRPSUHVVLRQ PROGLQJ PDFKLQH ZDV DOVR ODXQFKHG
$IWHU D VFKHGXOHG WLPH WKH PROGV ZHUH WUDQVSR
PROGLQJ PDFKLQH WR DSSO\ WKH FRPSUHVVLRQ PROGL
WKLV GURFHDUH DV IROORZV

1. 7KH ODPLQDWHV ZH&H. GMDW B/GINXS WAHRPSHUDW X UH
18 LQ PLOQXWHYV

2. 8RPSUHVVLRQ PROG XQGHU < 03D GXULQJ = PLQXW

3. &RRO GRZQ DQG GHPRXOG DIWHU D FHUWDLQ WLPF

2.5 Properties of reinforced composites

The mechaical properties of hemp reinforced polypropylene composites were
characterized through different methodshe mechanical properties show an
attraction to usThe influence of different parameters thie mechanical properties

was discussed in this section.

2.5.1Influenceof temperature

Firstly, theinfluenceof temperatureon the performances of the composites

was discussedlhe formula discussed in sectiffh4.3.3was speified as X=160,
170, 180, 190, 20%; Y=0.4 MPa; Z=10The samples were cooled down at ambient

temperature.The mass fraction of hemp in composites=¥8.76%, and the
calculated volume fraction¥%19.70%.

2.5.1.1Tensile properties

After the compression moldinga tensile test was accomplishedn

extensometerof 12.5 mm initial opening lengtivas mounted at the center of
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compositessamples For each kind of composites, five samples were tebigd.

2-19| shows the mechanical properties of hemp reinforced polypropylene

composites.

We can see that |iF|ig. 2-19|a), the tensile properties of the composites were

higher than the pure polypropylene samples, and much lower than that of hemp

fibers. As the temperature increased, the tensile strength of the composites tended
to decreaseThe tensilestrengthdecreased from 43.34 MPa to 35.00 MPa, except

at 190°C whee there was a rise. The Youfignodulus of the composites was
slightly enhanced from 1.70 GPato 1.88 GPa as the temperature increased from 160

°C to 190°C, except the samples where there was a reduction of 11.6 % & 200

Fig. 2-19b)). It showed that the compression temperature influenced the properties

of thecompositesThe fracture strain of the composites presented the same trend as

the case ofhetensile strengtTFGg. 2-19c)).

Fig. 2-19 Mechanical properties ofPP/hempcomposites:D 7HQVLOH 6WUHQJWK E <R
Modulus; c) Fracture Strain.
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The tensile properties @he composites at 196C are higher than the other
counterparts, although the tensile strength and the fracture stthmooimposites
at 190°C are slighly lower than that of 16€C. So it is possible to elevateetensile

properties othePP/hemp composites by improving thanufacturingemperature.

To analyze the difference among the samples, extra experiments and analyses

need to be carried out.

2.5.1.2DSC analysis

Thermal analysis can be performed to evaluate the thermal stability and
determine the moisture content and volatile substancesnmposite§125-127].
And it also enables the identification of chemical activity occurring in the fibers
as the temperature increasd$ie degradation temperatures of hemicellulose,
cellulose and lignin are 26820 °C, 303400 °C and 158>500°C, respectively
[128].

Fig. 2-20 DSC thermograms of hemp fibers

Differential thermal analysis curves of the hemp fibers are shgqgi2-20

A broad endothermic peak observed in the range of 5805 °C in all of the
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samples indicates the presence of water molecules and volatile comporikats in
fibers.There are two or three ethermic peaks observed in the DSC thermograms.
Akita and Kasd127] have reported that for natural fibers, lignin degrades at the
temperature around 20 while the otherconstituents such as cellulose and
hemicellulose degrade at higher temperatufée. region between 150 and 260

°C shows no endothermic and exothermic peaks, which indicates that the fibers

are stable between these temperatdresrefore the exothermic peakfHig. 2-20

correspond to the decomposition of lignin, hemicellulose and cellulose of the
fibers. Between these temperatures 1560 °C, a gradual degradation occurs
which includes depolymerisation, hydrolysis, oxidation, deagdn and
decarboxylatiorf125].

The heattreated hemp fibers present lower exothermic peaks than the first
untreated fibers at 33%, and the second at 390. From the exothermic peaks,
it can be concluded that the hemp fibers were changed after h8atedA\ziz et
al. [125] reported a decrease in the decomposition temperature of the untreated

plant fibers, which indicates thermally less stable.

2.5.1.3Influence of temperature on hemp fibers

To verify the influence of temperature on the hemp fibers, tensile tested were
firstly performed. The hemp fibers were heated in an oven under different
temperatures and a certain time, ttleenomparison otheir appearance and the

mechanical properties.

Hemp fibers were treated in an oven in 120 minutes and at different temperatures,
160°C, 180°C, 200°C, 220°C, 240°C, 260°C and 28CC. they were compared
with the untreated fibers, [ifig. 2-21] As can be seen, the fibers treated at®g0

180 °C and 200°C present almost the same color thg untreated fibers.
Nevertheless, the color of samples treated over ZDGhow a darbrown
appearance. Adie temperature increases from 220to 260°C, the color gets
darker and darkeFinally, the hemp fibers becomes carbonized when treated at

280°C, it shows a totally dark color from the outer surface.
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This corresponds to the DSC analysis, from 200a gradual degradation
occurs which includes depolymerisation, hydrolysis, oxidation, dehydration and

decarboxylation.

Fig. 2-22shows the tensilerpperties of the untreated and h&atted hemp fibers.

The tensile strengths of the treated hemp fibers show a reducing trend, and are
lower than the untreated of the untreated fibBefore200°C, the tensile strength

of the hemp fibers decline gradiya However, the hemp fibers treated at 220
shows a sudden fall than that at 20 After 200°C, the tensile strength of the
fibers decreases markedly until at 280 it vanishesThe Young$ moduli of the

hemp fibers present a simileharacterizabn with regard to the tensile strength.

But, from 160°C to 200°C, the Younds modulus shows a slightly increase. This

can be an explanation for the same phenomenon of the composites in section

2.5.1.1 As for the fracture strain, it firstly increases as the temperatymoves.

Then, it decreases, as the temperature elevates continudnsipvious reduction

appears and a zero property at 280

Fig. 2-21Color comparison of hemp fibers after treded under different temperatures
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Fig. 2-22 mechanical properties of hemp fibers treated under different temperaturesa)
Tensile Strength, b) Young$ Modulus, ¢) Fracture Strain.

2.5.1.4Micrographic observations

From the micro scale, the hemp fibers were observed through SEM.

morphology of the untreatl and treated hemp fibers were analyzed, as shown in

Fig. 2-23

Fig. 2-23|presens the morphology by SEM of the hemp fabrics rtosated,
DQG KHDWHG DW& U&U& U& U& +HPS ILEHU |
composed of cellulose (6 #48.3 w.t. %) hemicellubses (5.516.1 w.t. %), lignin
(2.93.3 w.t. %) and pectin (0:8.5 w.t. %)[21]. Comparedvith the nontreated
hemp|Fig. 2-23|a)), there was not mudtfference of the hemp at 16C from

that of the noftreated hemp. From 18C, differences began to be presented. At

180°C (Fig. 2-23|c)), thereoccurred some thin branches on the surface of the
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Fig. 2-23 SEM micrographs fo hemp fibers nontreated and treated under different
temperatures: a) untreated fibers; b) treated at 160C; c) at 180°C; d) at 200°C; e) at
220°C; f) at 240°C.
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hemp fibers. It could result in more contact surfbeeveen polypropylene and
the hemgdibers. But at 200C (Fig. 2-23|d)), the hemp surfaces were badlynt,
LQ WKLY FDVH WKH\ FRXOGQTW JUDVS WKH 33 PDWUL]

lignin andpectin were burnt out, evahe celluloses crackegFig. 2-23|f)). The

reinforcement of the hemp on RPuld be greatly weakened.

7KH VDPSOHV PDQXIDFW Xhigh& téhsile properesSHam V H Q W V
the others. Il ipossible that when the temperature goes higher, the PP will also be
more easily penetrates into tepace between the hemp threads, and the hemp
ILEHUVY WKLQ EUDQFKHV U hihipolyp@pRéR&hAtNkX UIDFH FF
'KHQ WKH WHPSHUDWXUH LV KLJKHU vakkBdly. U& WKH

2.5.2Influence of pressure

Theinfluenceof temperaturen the performances of the compos#sstudied
in this part, following the discussion of temperatufée formula discussed in
section2.4.3.3was specified as X=19C; Y=0.3 MPa, 0.4 MPa, 0.5 MPa, 0.6 MPa,

0.7 MPa; Z=10The samples were cooled down at ambientperature.

The mass fraction of hemp in the compositeds/28.76%, and the calculated

volume fraction Yis 19.70%.

2.5.2.1Tensile properties

Fig. 2-24] shows the tensile properties of the hemp/PP composites under

differentmanufacturingpressures.

The tensile strength dhe composites doestfishow a monotonous trend.

According tqFig. 2-24] the tensile strength at 0.6 MPa is the highest among the

five kinds of samples. Itis 3.34% higher than the tensile strength of the composites

at 0.4 MPaThe other three compositehowless differencgFig. 2-24|b) shows

an increasing Youn§ modulus of the composites, while a decrease occurs at 0.5
MPa. The Young$ modulus of 0.7MPa i8% higher than that of &MPa. The

fracture strain decreases slowly astienufacturingoressure improves.
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To explain this difference of the properties of the hemp/PP composites, the
volume fraction of the fibers in the composites was firstly verifidte volume
fractions of the five composites are 19.4 w.t.%, 20.1 w.t.%, 20.0 w.t.%, 20.9 w.t.%
and 20.0 w.t.%, respectivelfhe volume fractions correspond to the tensile
strength of the composites, 39.3 MPa, 40, 39.4 MPa, 41.7 MPa and 39.5 MPa.

The volume fractions of hemp fibers doeindto be responsible for the differencetbé

mechanical properties of ttemposites.

Fig. 2-24 Tensile properties of PP/hemp composites under diffent pressures. a) Tensile
Strength; b) Young $ Modulus; c¢) Fracture Strain.

2.5.2.2SEM observation

Fig. 2-25|shows the SEM images of PP reinforced polypropylene composites

suffereddifferent manufacturing pressurdor the composites of 0.3 MPa, we
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can find the positions where poor adhesion (gapsas) occurred between the
fiber and matrix. As the manufacturing pressure increases, the interface became
better adheredThis can be reflected in the mechanical properties of the
composites.As aconsequenceto increase the manufacturing pressurelctou

improve the fiber matrix adhesion and the mechanical properties of the composites.

Fig. 2-25 SEM images of hemp/PP composites under different manufacturing pressure:
a) b) 0.3 MPa; c) d) 0.5 MPa; e) f) 0.KMPa.
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2.6 Conclusion

The mechanical properties of the hemp fibersadim@ctiveaccording to our
study The hemp fibers show different performances in the longitudinal and the
transversal directionThe mechanical properties of theanufactureccomposites

were affected by the different parameters.

The hemp fibers show elevated tensile properties in the longitudinal direction
than those in the transversal direction.efneasuremermdf the crosssection of the
fibers wasperformed;a relationshipof the dimensions between by the numerical
method and by the Verniler Caliper was establisiée. spiral angle of the hemp

yarns was responsible for the difference of the tensile properties of the hemp fibers.

The hemp/PP composites waranufacturedhrough compression molding
method under different parameteifhe parameters have an influence the
mechanical properties of the compositésmpositesnanufacturedt 190°C show
higher performances than the othefie hemp fibers were affected by the
tenperature according to the DSC analysis, color appearance and the tensile
properties results. Yén the temperature goes higher, the PP will be more easily
penetrates into thepace between the henyarns, and the hemp fibefghin
branches result in more réace contactvith the polypropylene matrix. When the
WHPSHUDWXUH LV KLIJKHU WKD @arkedy.& WKH VWUHQJWK

67



Chapter 2. Elaboration and Performance of the Reinforced Composites

68



Chapter 3.

Environmental Ageing andlts
Effects



Chagpier 3. EnvironmentaAgeing andts Effects

Chapter 3. Environmental Ageing and Its

Effects

" QOWURGXEWLRQ oo

+XPLGLW\ DIJHLQJ.RL.ERRSRMLWHN............

([SHULPHQWD.Q.PHWKRGM.......oovvvviiiiiiiiiiienns

+XPLGLW\ALDJIHLQ.J oot

DWHU XSW.DNH.....cooooeiiiiieeee

6FDQQLQJ HOHFWURQ.PLEURVERS\.. 6(

O

SHVXOWV DQG.GLVEXMVLRQ.. ...

/THQVLOH WHVW.UHVXOWN. ...,

DWHU XSW.DNH......coccce.ee

"LIXVLRQ RIL.ZDW.HMU....oocoiiiiiiieee,

LQHWLFV RI ZDWHU..GLLIXMLRQ. ...

JLENLDQ GLIIXV.LRQ.PRGHQ. ...

'LPHQVLRQ.VWDELOLWN. ...........cooiiiiii .

89 DIHLOQI

([SHULPHQWD.Q.PHWKRGNM........vvriiiiiiiirenns

89 DJIH.LQIoooooooooeme )

THOVLOH. . WHVWNM. ..,

I1XPHULFDO RLEURMERS\ ........ccccccevviiinne.

6FDQQLQJ HOHFWURRQ..RLEURVERS\...G(

O

SHVXOWYV DQG.GLVEXMVLRQ............ccoooeenn.

THQVLOH WHVW.UHVXOWN............occceeee,

89 DIJHLQJ RI 33 KHR.S..ERP.SRM.LWH.\V.....

JUDFWXUH REVMHUYDW.LRQ. ...

89 DIHLQJ RIL.SXUH. 33 . e,

"HIJUDGDWLRQ.RL.OLJQLQ. oo,

EROFOXNMLRQ oo,

70



Chapter3. Environmental Ageing and Its Effects

3.1 Introduction

Q WKH SUHYLRXPDBDKDSMBHIREWEWM RI WKH FRPSRVL'
PHFKDQLFDO SURBHQXMDHEMRRERBKMMHY DQG WKH LQI¢
GLIIHUHQW SDUDPHWHUV RQ WKW ER R RMLHDNY LZQMW H UC
QDWXUDO ILEHUV VKREH WM DAXWK BRIV D@ R QFPRVYW D O
IULHQGOLQIW IDIDGADELABLW\ FRPSDUDEOH VSHFLILE P
JODVV ILEHUV HDVH RI DYDLODELOLW\S ORZHHQHHBI F
HWF +RZHYHU WKH KLWKKHMAGORSRVOEFILVEHRY DQG
ZHWWDELOLW)\ [ZQ AWKS$DVBROLOHW\ PDWULFHY EHFRPI
GLEDPDQWDJH ZKLFK HQIDERIDIFWLR/BML WD QFKBISSOLFDYV
FHOOXORVBRVHEBHWWR WRODU UDGLDWLRQ KXPLG DQG
VXEMHFW WR ILEHU GHJUDGDWLRQ LQFOXGLQJ FROR
GLPHQVLRQDO @RDWEHMY FKDSWHU WKH LQIOXHQFH F
FRQGLWLRQV RQ WKHLERRASRNMIWNWIHOX LWRHEHHODWLYH
DJHLQJ ZLOO ERK ADRRILMEGXRKWEVRUSWLRQ PHFKDQLF
WKH GLIIXVLRQ RI ZDWHU ZLOO EH GLVFXVVHG 6HF
SHUIRURHGHJUDGDWLRQ RI FRPSRVLWHY ZLOO EH GL\

%HEDXVHKRG WRSHKRO LFHOVOXORVLF ILEHUV WKH\ DL
PRLVWXUH FKDQJHV ZKHQ H[SRVKE ZOQWKK®P DG WQMHUE
UHOHDVH UHVXOW LQ WHQVLRQ ZLWKLQ WKH FRPSRVI
FUDFNLQJ DQG IPDWUQP LQWHUIDFH GHERQGLQJ DC
PRGLILFDWLR QWK B\LKXV DOELPEME D WA7R 8 VZ DL\WQIEX FH G
ILENEHOOLQJ PD\ EH DOVR UHVSRQVLEOH IRU WKH ¢
DGKHVKR@DWHU DEVRUSWLRQ Rl WKH FRRERWKLW HV FI
PHFKDQLFDO SURSHUWLHV RI FRP SERDNRAV HR/X G& WWKKIDQV /

GHFUHDVH WQHOH@NKLRHEDQDQD ILEHU UHLQIRUFHC
ZKHQ VXEMHFWHG WR DFFHOHUDWHG ZDWHU DJHLQJ

'HJUDGDWLRQ H[LVWMQQRW REXMOIONRPXGGHU UDG
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7KH PDLQ UHDVRQ WV DVQR/ISB KBLAOWE WKH UHDFWLYLW
ILEHUV WR 89 OLJKW SDUWLFXODUO\ OLJQUEKHDEVRUE\
GHJUDGDWLRQ KDSSHQV QRW RQO\ XQGHU 89 OLJKYV
ZDYHOHQJWKV R% YRORE® H IWEHIRW UHVHDUWKHY KDYH
LPSRUWDOHKMKRUWHU YLVLEOH ZDYHOHQJWKV RI OL.
GHJUDGDMWHRM QIJWKV XS WR QP KDYH VKRZQ FKDQJ
DQG PAHKEHK D G URSH WWILNH W KR XJKW WKDW WKH UHDFWLR
DV IRU 89 OLJKW EXWUWYXER2Q\P STKHRFARKDQLVP RI
SKRWRGHJUDGDWLRQ LV FRPSOH[ ZLWK GLIIHUHQW
UDGLFDOV OHDGLQJ WR FKI[Flg@ B QKBZ\D WK B QFGH FIKOQR Y
RI WKH IUHH UDGLFDO IRUPDWLRQ I@RP OLJQLQ GHJUL

Fig. 3-1 Mechanism of free radical formation from lignin degradation [98, 133]
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,Q0 RUGHU WR XQGHUVWDQG WKH LQIOXHQFH RI W]

HOHPHQW RQ WKH 33 KHPS FRPSRVLWHV GLIIHUHQW C
DQDO\WHMBBUM G

3.2 Humidity ageing of composites

3.2.1 Experimental methods

3.2.1.1Humidity ageing

+XPLGLW\ DJHLQJ ZDV SHUIRUPHG LQ $7/$6 6817(67
VKRZBgBQ ,W LV HTXLSSHG ZLWK OTKHR WEPBHMBYHHQRQ C
ORFDWW WKH WRS WKH FKDPEHU VR DOO WKH VDPSO
LOOXPLQWQIMH DOVR IXUQLVKHG ZLWK D YHQWLODWI
KRPRJHQHRXV HQYLURQPHQW LQ WKH RYHQ

/KH DIJHLQJ FRQGLWLRQ DV IROORZV FKMHREHVULY H |
WAHB HUDWXB&8H ZLWKRXW LOOXPLQDWLRQ

Fig. 3-2 Ageing oven ATLAS SUNTEST XXL/XXL+
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3.2.1.2Water uptake

YMHFDXVH RI WKH K\GURSKLOLFLW\ RI WKH QDWXUD
ZHUH FDUOGHH GERXIRVLWHY VDPS G VRAHUHKB X UMGNRWD
FRQVWDQW ZHLJKW RI D SUHFLVLRI®@HRNDP S QH\GHWIUMHY
QH[W LPPHUVHG LQ ZDWHUKBIWZ HIRIRPN W HRR SWMKIBD WPPRIS O
PHDVXUHG DW UHJXOD G WIQMNGH USHD\VOL @R MY I8 @ UEFNHL. QW D J H
JDLQ DW D@DWILPHHYXOW RI ZDWHU DEVRUSWLRQ ZDV
AR? /E .
Sg 5L — Hsrr
,Q WKH ZDWHU DEVRUSWLRQ WHVWV WKH VDPSOH)

VDWXUBRMHEIIXVLRQ FRHIILFLHQW DQG WKH PD[LPXP
REWDLQHG E\ FRQWLG BB LELI IWKHR)Q FP\RGHO

3.2.1.3Tensile tests

7KH WHQVLOH WHVW VWIHW HF SWM i QR RIQGP D KOL § H , Q \
URRP WHPZHWRVDXEHYSOD P RN HDPWHQRIRPHWHU ZL\

PP LQLWLDO RSHQLQJ OHQJWK ZDV SODFHG DW V
PHDVXUH WKH TKHRUPQWLRH WHVW ZDMN EDNWW R BWKKR
$670 ' ® $670B,QWHUQDWLRQDO

3.2.1.4Scanning electron microscopy (SEM)

7KH ILEHU VXUIDFH PRUSKRORJ\ DQG WKH IUDFWXU
6(0 7KH KHPS ILEHUV ZHUH VWXFN WR D SDSHU DQG F
FRDWHU &é& WR IDFLOLWDWH WKH HOHFWURQ EHDP
ZHUH REVHUYHG XVLQJ D +,7%&+, 6 1 RUD +,78&+, €
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3.2.2 Results and discussion

3.2.2.1Tensile test results

MHQVLOH WHVW UHVXOWY Rl 33 KHRISIKHEP SRRIOVHD K
VKR Z@ahe®1 XS WR ZHHNYV KXPLGLVE'Q.-JZHLQJ DUH VKRZ

Table 3-1 Different configurations of the aged composites

Composites Temperaturef fabricatiod °C  Fiber volume fraction/ % Pressure/ MPg

HR1 190 11 0.4
HR2 190 19.5 0.4
HR3 190 19.5 0.6

Fig. 3-3 Mechanical properties ofrelative humidity -aged PP/hemp compositegnder
different conditions: 190°C/0.4MPa/11%hemp; 190°C/0.4AMPa/19%hemp; 190
°C/0.6MPa/19%hemp a) Tensile Strength; b) Young's Modulus; c) Fracture Strain
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7ZKMWHQVLOH SURSHUWLHY Rl WKHVH FRPSRVLWHV
KXPLGLW\$BFRUGLQJ WR WKH UHVXOWV WKH WHQVLO
GHFUHDVH DIWHU HX¥P ERBWQRRBXOLIQRI WKH FRPSRVLW
WKH VDPH WHQBEQEO® HD WAMMKHI@ MY K VOH VWUHQJIWKYV C
GHFUHDVHG DIWHU ZHHNV DQG IRU FRF
+5 UHVSHBWIDWVO\ RI WKH KLJKHU ILEHU YROXPH IUD

KHPS LQ YROXPH IUDFWLRRFKVKD@L+EU VEZR VB HQ H W L
WKH FRP $RWHIHHHAX P L G LW \WKMHLIFRP SRVLWHYV VXIITHUHG

GUDLQ RI WKH WHQVLOH VWUHQJWK IRU DQG

$IWHU ZHHNV KXPLGLWYV PIRIGE RO X W IRH WRXQBRPSTF
GHFUHDVHG E\ +5 +5 DQG ,Q+FKHUHWSHF W
WZR ZHHNV WRRGR®RY Rl WKH FRPSRVLWHY GHFUHD\
+5 +5 UHVSKFWEKHHAQH KDQG D KLJK ILEHU
LPSURYH WKH WHQRLOWK IS FRPSRWLWHY LQ WKH RWK
KLJK ILEHU IUDFWLRQ LQ FRPSRVLWHV PD\ DEVRUE PF
ZDWHU DEVRUSWLRQ PD\ LQIOXHQFH LWV DSSOLFDWLI
&RPSRVLWH +5 VKRZHG WRRDNUQMH BWEWQR® KQVKDQ +5
EH GXH WR RMXPXKRBEHKMVYOYUH $QG DQ LQFUHDVH ZD
ZHHNV DJHLQJ 7KH SRO\SURS\OHQH SHQHWUDWHG Zt
EHWWHU SURWHEFW L RFQHWE&HW K H DI/HIDR/ I BHEWR SHUW LT
UHWDUGHG

&RPSR¥&8WKDYV D KLIJKHU IUDFWXUH VWUDLQ WKDQ
IUDFWXUH VWUDLQ RI +5 LQFUHDVHG WWGWBEO\ G
IUDFWXUH VWUDLQ RI +5 LQFUHDVHG VORZO\ DQG W
VOLIJKWO\ $ GHFUHDVH ZzZDV IRXQG DIWHU ZHHN?
FRUUHVSRQGHG WR WKH® LRRFE&HDANH IRIWW K HKERDENNV D J
ILEHU IUDFWLRQ KDG D GLVWLQFW HIIHFW RQ WKH VW
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3.2.2.2Water uptake

Fig.34 VKRZV WKH SHUFHQWDJBvPRRVWXUH BE \DRAGSV
33 KHPS FRPSRVLWHVY +5 +5 DQG +5 DV D IXQFW
WHPSHUDWXUH $Q ZwWQLWVIREVBBYHOWH LKDFK FDVHV
DQ HTXLOLEULXP VWDWH RU VDWXUDWLRQ LQGLFDWH

3XUH 33 ZDV IRXQG WR EH WKH ORZHVW ZDWHU
K\GURSKRELF QDWXUH 33 GRHV QRW DEVRWE ZDWHU
QRYRODU SKRM\PHILEHU ORDGLQJ WKH FRPSRVLWH H]J
DEVRUSWLRQ YDOXHV WKDQ I LEHUWOIRPGLFDWRY W&
WKH KLJKHU ILEHU ORDGLQJ IMWOVW@QZDWHU D
FRPSRVLWH +5 UHDFKHG HTXLOLEULXP VWDWH HDL
LPPHUVLRQ FRPSDUHG ZLWK +5 DSSUR[LPDWHO\ DI

Fig. 3-4 Evolution of water uptake of composites: pure PP, HR1, HR2, HR3.

1DWXUDO ILEHUVY DUH DSW WR DEVRUE PRLVWXUH L
VXFK DV FHOOXORVH DQG KHPLFHOSX OYRRHAQDUH)KIGU

FHOOXORVH LV D OLQHDU FRQGHQVDWLRQ SRO\PHL
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RI OLQNGDRK\GURJOXFRS\UZRQRKY FR@AUWM K\GUR[\O
+HPLFHOOXORVBVH)DRZHU PR GRPXVOBHF ZIRDIKNDH V
EDQFRRQWDLQLQJ UDQGRP DPRUSKRXYDEUDWEXAW XL
ZKLFK DOVR FRQWDLTX KVBIUR\[GO RWAXISNRXSV PD\ IRUP
ERQGYV ZLWK WKH PROHFXOH LWVHOI RU ZLWK WKH R!
PROHFXOH FDQFUHDIRD RY WK Q/KHKHPLFHOOXORVH WR
&RQVHTXKIQWBU ILEHU ORDGLQJ OHDGV WR KLJKHU ZC
&RPSRVLWHVY +5 DQG +5 DEVRUEI—@!@H—HVZ_@\HHU WK |
SRURVLW\ DQG PLFURJDREWRIGWP HQ \DQWHUHFWDO DGK
KROG ZDWHU 7RRWD HZFRRXXXH IDFLOLWDWH WKH ZDWHU I
WUDQVIHU

3.2.3Diffusion of water

: KHQ WKH SRO\PHU FRPSRVLWHVY DUH H[SRVHG W
LPPHUVBIGXHRUXWLRQ WKH\ WHQG WR DEVRUE ZDWF
VXUIDFHV GLUHFWO\ FRQWDFWLQJL WKWK KW KHH IRHUW U ID(
RI ZDWHU LQWRDWKOH WV DWHQY RFGEXUV YHUVXV WLPH

'LIIXVLRQ LV WKH PRVW LPSRUWDQW PHFKDQLVP
SHQHWUDWLRQ RU ZDWHU DEVRUSWLRQ LQWR WKH FF
PLQRU PHFKDQLVPV DUH FDSLOONMSDWHWR®GLRQDQV!
PHEKDQLVP LPSOLHV GLUHFW ZDWHU PROHFXOHV GL
PDWULFHV DQG ILEHUV :DWSBE HYUDDWBGRUNY BHO REZF@
RI ZDWHU LQ PLFURFUDFNV PLFURJDSV SRURVLW\ D
IRUPHG GXULQJ WEH PIDRPHDERIUUHVXOWLQJ IURP HQ
&DSLOODULW\ LQYROYHV IORZ RI ZDMWHIL [P R@W A X ODHA
ZKLFK LV SURGXFHG E\ ZHDN LQW RDWWWELD G HERKQHGOLLRI
: KHQ WKH FRPSRVLWH PDWHGLBQYLDRK PHRW HIBO W RV
PHFKDQLVPV REFXU VLPXOWDQHRXVO\ EXW WKH RYH
PRGHOHEBRRYOBWKH GLIIXVLRQ PHFKDQLVP
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7ZR NLQGV R EGIKNDYRIBHQFODVVLILHG LQ PRVW FD
GLIIXVLRQ ODFEHADQG GARIXWARFKDQ EH GLVWLQJXLVKHG
FXUYH Rl ZDWHU DEVRUSWLRQ mgmﬁxv WKH VTXDUH L

Fig. 3-5 Schematic curves representing four categories of recorded ndfickian weight-
gain sorption data in polymers and polymeric compositegl 35].

7KH FXUYH RI )LENLDQ GLIIXVLRQ /) LV EDVHG RQ
J ONWKH ILUVW SDUWFRDWHWSR PERUSWRRB@DVY JDLQ DV
RI WKH VTXDUH ZKRIRWD RS OMMPHIDX UHJLRQ LV DFKLHY
HTXLOLEULXP VWDWH RU VDWXUDWLRQ DW D FHUWD
FRUUHVSRQG WR YsDAWZVDNDLIRIQWDW/KKHIDMRIRQ GLIIXVLRQ
PDVV JDLQ RU D FRQWWRFEXBDIRY GRVIWMUH@W PDV
GLIITHUHQW OLTXAGYV

3.2.3.2Kinetics of water diffusion

"LITHUHQW NLQ GEW RD YAULRFXIVD @ RAN DIR@ GLIIXVLRQ F
EH GLVWLQJXLVKHG WKHRUHWLFBOG@ E\ WKH IRUPXOTL
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s G ePF
ey

ZKHEWHY WKH ZDWHU P DZs\L\J DNKQHDRWD MLPRR WDWHU PDV\

VDWXUDWLRQ DQG N DQG Q DUH WKH GLIIXVLRQ NLQ

OLQHDU SDUWMR Ik H KKK PRIE H R ILG LU HOUHROHQWHG E\

HI[SRQHQW Q :KHQ Q LV HTXDO WRDPEH®LQXVLRQ REF

Q ! LW)LFNQRQ GIKHXGLRIGVLRQ LV DQRPDORXV ZKH
DQG

/R GHWHUPLQH WKH GLIIXVLRQ PHHKDRQEYVR UBMWAE RWK
Rl WKH 33 KHPS FRPSRVLWHY Q FDQ EH GHWHUPLQHG

5 AB 5 <
7 @;AL 7 ' %BE J®& " Bo

ZKLEN GHULYHMG IURP

$QG WKH ORJDULWKPLF)IEXY YKHLYDSOUXHWWHR MWW KGHL QL
SDUDPHWHUY Q DQG N UHVXOWLQJ IURPabw3H OLQHDU
/KH YDOXHV RI Q DUH FORVH WR ZKLFK VKRZV WKD
LV FORVH WR )LFNLDQ ODZ LQ YWKHVEPY B [RU REKWNWBY BF
DUH UHSRUWHGILEHBRU RHRIUGBH WX RPCG RV L BMWHJIL
HW>DO@BR X WKIDQNWKH FDVH RI IOD[ SXOS 33 FRPSRVLW
DERXW WKH VRUSWLRQ SURFHVYV VKRHEKDY IMRHQ G H ¢
$QG WKH GLIIXVLRQ SDUDPHWHU N ZzDV IRXQG WR KD
WHPSHUDWXUH $QDR UWSHHIBM YCHDOO HE& WKDW WKH DEV
ZDWHU LQ QDWXUDO ILEHU VLVDO FRLU DQG OXIID V
FRPSRVLWHNKNHINSWBEDUGY WKH )LFNLDQ GLIIXVLRQ FD
W R
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Table 3-2 Diffusion kinetic parameters.

Ageing condition n k D (m?/s)
HR1 0.5496 5.97x10° 2.98x10%
HR2 0.5721 7.5310° 3.90x10"
HR3 0.5509 6.07x10° 2.86x10%

Fig. 3-6 Diffusion case fitting plots for PP/hemp composites.

3.2.3.3Fickian diffusion model

$V WKH FRPSRVLWHY DUH WKLQ SODWHV DQG WKH
WRPBRBGHO RI XQLGLUHFWLRQPDDOQGLWXWLRE DIIXORRQ@ PRN
LV FRQVWDQW LQVLGH WKH PDWHULDO WKH SULQFL
IROORZLQJ HTXDWLRQ

1 Y4 -1

Ic L&é!é-
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ZKH&HYV WKH ZDWHU FRQFHQWUDWLRQ DQG 'LV WKH
[

7TKH VRGBAWLRQYV

€ < A1 5 : 626 ZBC
L sF= Algge ATB:tEEs;®e® @°AC

®

D

7KH GLIIXVLRQ FRHIILFLHQW LV WKH PIRWVWR GIRSRUWLE
DV LW VKRZV WKH DELOLW\ Rl VROYHQW PROHFXOH)\
VWUXFMHKZBWHU GLIIGHVRENEMWNDZ GLIIXVLRQ PRG
$FFRUGLQMXVRI &KIHQ DQG *HRUJIH @GWIKISULDXIBPWLRQ F
J)LPX ODZ K@ W IERMSOLILHG WR VKRZ WKH LQWZWLDO DEV
ORZHU WKDQ

&

— L
@

xR

AP

ZKWzZWLV WKH SHUFHQWDJH R L\DWKH PDIDQPXW SWHWPHHW
RI ZDWHU DEVRUEHG DW VDWXUDWLRQ K LV WKH WE
GLIIXVLRQ FRHIILFLHQW DQG W LV WKH WLPH

D>
C)I (o]

%\ FRQVLGHULQJ WKH VORSH RI WKH ILUVW SDUW
GLIIXVLRQ SURSHUWIWNYVRFDQK B HFERHY BHRKIDIW HIGH QW R
GLIIXVLRQ ' LV GHILQHG DV WKH VORSH RI WKH QRUF

LN%A?

ZKHUH " LV WKH FRHIILFLHQW YRO R HAXKKR/H RZD WNH U VX B/\K E
SORMWYHUVXK WK LV WKH WKLFNQ@HNY WKH RRFFC§R NV XKW H
SHUFHQWDJH RI ZDWHU DEVRUEHG DW VDWXUDWLRQ

7TKH YDOXHV RI WKH ZDWHU GLIIXVLRQ FRHIILFLHQV
OLQHDU(BDUW WARR Z|Qalle@-2) )URP WKH UHVXOWYVY WKH |
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ILEHU YROXPH IUDFWLRQ OHG WR KLJKHU YDOXHV R
33 KHPS FRPBRVEKWIHMRSKLOLF QDWXUH RI QMXKWIXUDO I
ZDWHU PROHFXOHV WR GLIIXVH LQWR WKH FRPSRVLW
NLQHWLFV RI WKH G:LILMK LEHRHN 3WHRF B GKHY LRQ EHWZH|
ILEHUV WKH GLIIXVLRQ HIILFLHQF\ GHFUHDVHYV VLQFH
OHVYVID/VSDFHV PLFURFUDFNV DQG DOVR PRUH K\GUF
WKH PDWUL][

3.2.3.4Dimension stability

7KH GLPHQVLRQDO VWDELOLW\ RI D FRPSRVLWH LV
EHKDYKRWHOHPHQWDU\ ILEHU UDGLXV VZHMRZADADBERXOC
HTXDWLR®@V

N?N
v B Hsrre
p’
NP N N
gl LA .
R« iL=L5- L = H srr
R B B
9“:",|_/PFérH srr”

ZKHL%H—IZ"; LV WKH UDGLDO VZHOOLQJ W VWA IRHRW CHELEKR/H
HOHPHQW[F{EJ\"I;LLE\HQNKH LOQFUHDVH UDWLR RI HOHPHQW

WKH ILEHLBQQZROK‘PI-WVKH ZHLJKW JDLQV RI HOHPHQWDU\
RI'TLEHU ByXQGQIHF Péjs ¢ J FPDUH WKH GHQVLW\ RI KH!

DQRG ZDWHU UHVSHFWLYHO\ 7KH VXSHUVFULSW | LV
LQLWLDO VWDINW RLIOQEHWHW W®&H VWDWH RI ILEHUV DI
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WLPH

WVHG RQ WKH SUHYLRXV VWXGLHYVY WKH ILEHU PDL
> @DOVHG RQ WKH K\SRWKHVLV WKDW WKHUH LV QfF
FRPSRVLWH VZHOVUHQWHBOBEH UHSUH

S e . 5oL, il il A .
0 LR LSt L = H sy

ZKHYH:" ; LV WKH/ABWYRQ DUHD LQFURDV.H \RWK$HFLPF
YROXPH LQFUHDVBPRLV SMKEH PIHROWK PH RIQ:EVRVEHG ZDV

WKH ZDWHU FRQWHQW RI WKH FRPSRVLWH 9 LV YRO?’
LOQGLFDWHYVY WKH FRPSRVLWH WKH VXEVFULSWV W P
6XEVFULSW VLJIQLILHV WKH LQLWLDO VWDWH RI WKH

Fig. 3-7 Swelling ration of humidity-aged PP/hemp composites.
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Fig. 37| VKRZV WKH WKLFNQHVV VZHOOLQJ UDWLR RI !
33 KHPS FRPERMWIHVFHXUYHYV VKRZ DQ LQLWLDO UDSLG LC
UDWH RI LQFUHDVH |L QK GLPHRVD WO D FKOILRDG ZLW
PRLVW XU HHRIWHQW WXUDO ILEHUV FRQWDLQ K\GURJ)\
ZKLFK DWWUDFW ZRRMSRNPRBWAXGRVHG RU LPPHUVHG
VZHOO WKH ILEHUV H[SDQG XQWDWWK® ZDWHU FRQW

3.3 UV ageing

'HJUDGDWLRQ H[LVWV QRW RQO\ LQ KXPLG HQYLUR
7KH PDLQ UHDVRQ LV WKH 89 OLJKW WUDQVSDUHQF\ F
ILEHUV WR 89 OLJKW SDUWLFXODUO\ OLJQEKHDEVRUE\
FKDQJHV RI SURSHUWLHV RI KHPS UH LYQLIRQFWGCD 3 Bl IFRP
ZHUH DOVR VWXGLHG LQ WKLV SDUW

3.3.1Experimental methods

3.3.1.1UV ageing

B8OWUROHW DJHLQJ ZDV SHUIRUPHG LQ $7/$6 6817 (6"
VKRZQgl32| ,W LV HTXLSSHG ZLWK D7K/HR XD ®RH YHAHIUIH
SUHVHUYHG LQ WKH FKDPKEHHWBIXPIWRQI SHOHHNDW HWHU\
FROQOWAWIJREPRUGLQJ WR WKH VWD @®@G&D Q

Table 3-3 Exposure parameters ofUV ageing of PP/hemp composites

Exposure Irradiance| Black-standard Chamber Relative humidity
period (W/m2) temperaturedC) temperaturedC) (%)
dcr‘;”“”uous'y 50+2 | 653 3813 50+10
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3.3.1.2Tensile tests

7KH WHQVLOH WHVWYV ZHVUHQYHBIRBPHKBLIQMH D QUMD
URRP WHPZHWRVDXEHYSOD P RNQ BDPWHQRIRPHWHU ZL\

PP LQLWLDO RSHQLQJ OHQJWK ZDV SODFHG DW W
PHDVXUH WKH TKHRUPQWLR WHVW ZDVVED PH® RRGWK |
$670 ° ' ® $670B,QWHUQDWLRQDO

3.3.1.3Numerical microscopy

7KH KHPS ILEHU IDEULF ZDV REVHUYHG XQGHU I
(<(1&( 9+;6 DVVHPEOHG ZLWK DQ REMHEFWILYH PDJQL
7R REVHUYH WKH PRUBKRORRY RQ RYWHKMDE® Q RI WKH KHF
WKH ILEHUV ZHUH SXOOHG WLJKWO\

3.3.1.4Scanning electron microscopy (SEM)

7KH ILEHU VXUIDFH PRUSKRORJ\ DQG WKH IUDFWXU
6(0 7KH KHPS ILEHUV ZHUH VWXFN WR DVSIO DHA(ODQG F
FRDWHU && WR IDFLOLWDWH WKH HOHFWURQ EHDP
ZHUH REVHUYHG XVLQJ D +,7%&+, 6 1 RUD +,78&+, €

3.3.2Results and discussion

3.3.2.1Tensile test results

Fig.38/VKRZV WKH PHFKDQLFDO SURSHUWLHV RI 33 Kl
WR 89 DJHLQJ IURP)URPRWKZAHHNWXUHY LW LV REVHUYH
VWUHQJVK PREEX@IXV DQG GHEFEWRYVH G/ \E X BIHQIL V& H D JH
Q WKH ILUVW WZR Tz HFHR\G/X OX K HD<RX QBH. G UQHRGIX F W U H Q J
PXFK PRUH IRU DOO NE&®VDRW A BPSRIUHOMMEWLRQ D VKI
UHGXFWLRQKRF MHQM®H VWUHQJWK BHE U HIRWH G

FRPSRVLWHV +5 +5 DQG +5 UHVSHA®LDPHEALQIW WKH

D GHFUHDVH RI PRUH WKDQ RI WKH WHQVLOH VWUHC
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$V IRU WKH IUDFWXUH VWUDLQ WKH FRPBPSRY IWWKH VKR
ILUVW WZR ZHHNV D VOLJKW LQFUHDVH RFFXUUHG IRL

Fig. 3-8 Mechanical propertiesof UV-aged PP/hemp compositesnder different
conditions: 190°C/0.4MPa/11%hemp; 190°C/0.4MPa/19%hemp; 190
°C/0.6MPa/19%hemp a) Tensile Strength; b) Young's Modulus; ¢) Fracture Strain

3.3.2.2UV ageing of PP/hemp composites

Fig. 3-9||Fig. 3-10| D QA®. 3-11) VKRZ WKH SKRWRV RI 33 KHPS F
+5 +5 DQG +5 VXEMHFWHG WR 89 DKIH LIKRIORIRRI DNORO
WKH VSHFLPHQV XQGHU 89 UDGLDW L KQ LA WMHKIHH GL DU/R/
WZR ZHHNV WKH FRORU R3 LV KHRNVR PEIOWMHYE OZ X B IND\F H
WKH VXUIDFH RI WKH VDPSOHV ZKLWHQ#IG/RHIUWSLGO\
ZHMW 89 DIJHLQJ WKHUH ZHUH HYHQ PDFURVFRSLF FUL
RI VRPH VSHFLPHQV
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Fig. 3-9 Photos of PP/hemp composite HR1 after UV ageing of a) O0; b) 1; ¢) 2; d) 4, e) 6;
and f) 8 weeks

Fig. 3-10 Photos of PP/hemp composite HRafter UV ageing of a) 0; b) 1; ¢) 2; d) 4; e)
6; and f) 8 weeks
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Fig. 3-11 Photos of PP/hemp composite HRafter UV ageing of a) 0; b) 1; ¢) 2; d) 4; e)
6; and f) 8 weeks

3.3.2.3Fracture observation

Fig.3-12JVKRZV WKH IUDFWXUH PRUSKRORJ\ RI WKH FRI
W LV REVHUYHG WKDW WKH KHPS ILEHUV ZHUH SXOOF

WKHUH ZHUH JDSV EHWZHKRB $IRFRHU PIDQVMU IPIDIWEHPD LQ!

DGKHVLRQ IDFLOLWOVWRHVLWKH VFBBWDW®&W HPUHIPKEHQ L F L
SURSHUWLHYV RI WKH FRPSRVLWHYV ZHUH DIIHFWHG GH

Fig. 3-12 SEM images of fracture morphology of aged composites after UV ageing.
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3.3.2.4UV ageing ofpure PP

H WU\ WR H[SODLQ WKHDS KB RPSQRY IRV MK B\8WVH Y H |
HI[SHULPHQWYVY )LUVWO\ WKH VXUIDFH DSSIHPUDQFHV F

3-13ILOOXVWUDWHY WKH PLFURJUDSKLF SKRWRW RI SXU|I

LV REVHU[Fgl GIJUWRKDW WKHUH W WRD PBFVRBUDFHMN DQG W
FUDFENV GLVWULEXWH6KQIDEB GRP BN HEWRLHR® W SR QWD
WKH ILUVW ZHHN R¥WWEK®QINRDIMREIWKH IRUWK ZHHN
PLFURFUDFNV ZLWKRXW HYLGHQW SDWWHUQV IRUPHG
PLFURFUDFNV WKLFNHQHG (YHQ DIWHU ZHHNV WK]|
EHFDXVH RI WKH FUKEN S¥RSRPHOEREXY HIOXODIGHFW W k
PHFKDQLFDO SNHRISPSRWKRWHRUDRNADKQ QRW EH JHQHUDO
GHVFULEHG EHFDXVH WKH IRUPHG SDWWHUQV DQG WK
RQ WKH W\SH DQG WKH DJHLQJ FRQGLWLRQV RI WKI
JRPHWU\ RI WKH \@®HPISX@HDW FUDFNV ZHUH REVHUYHC
PRXOGLQJ ¥DPSORBWHVH UHJXODU FUDFENV ZHUH SHUS
|ORZLQHYV

3KRWRGHJUDGDWLRQ LV JRYHU AKX HE\SWRMP 8 UM X DIQ
LUUHYHUVLB\OKHF K VQXHFVWE MK B RILQBKWKHFRUUHVSRQG PDV
7KH SKRRRWGDWLRQ SURFHVV LQYROYHV WKH DEVRUSWL
Rl SRO\SURS\OHQH $IWHU EHLQJ DEVRUEHG WKH 33
HOHFWURQLF VWDWH 3RWH Q@ WLTKDD MA@NHHON\ RL MK 1L U
H[FLWHG PROHFXOHV FDQ WHD/QYRIRVER R LVRIQH SRMR K H V \R
EH GHVFULEHG E\ WKHUHRIFOVRZARQ@V FKHPLFDO

Xx 3RO\PHU 322+ 3 K
x Z 2 : 32°¢
x 32° 3+ 322+ F

7TKH FRQVHTXHQFHV RI WKHVH LUUHYHUVLEOH UH
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Fig. 3-13 Development of cracks on PP surfaces during UV ageing: a) n@aged; b) 1
week; ¢) 2 weeks; d) 4veeks; e) 6 weeks; f) 8 weeks.

SKHQRPHQ
x 3KRR[RGDMWQ® K\GURO\VLV FKDLQ EUHDN ORV)
X SURSHUWLHV HPEULWWOHPHQW VHSDUDWLRQ

x 3BKRWRO\VLV \HOORZLQJ SURGXFWYV FKDON

DSSHDUDQFH DOWHUDWLRQ IDGLQJ
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X TUDQVIRUPDGVERWLRHVIXPREGILRODIBBEHMWAUDWLRQ
WKH ORVV RI PHFKDQLFDO SURSHUWLHYVY VWDE

+RQJFKDQJ> +$@ HWDLOHGO\ VWXGLHG WKH 89 DJH
PDQX I D FBNXDHEH FW L RTK HP RAKFOBVMLLQGOIH WHVW UHVXOWYV R
Fig.314> @KH <RIW@RGXOXV DQG )UDFWXUH 6WUHVV LQF
89 DJHLQJ DQG UHPDUNDEO\ GHFUHDVHG DIWHU ZH
33 UHPDUNDEO\ LQGXFHG WKH )URAWMHHW&RUPRIQQD I
IDEWRUV ZKLEK DIIHFW WKH WHQVLOH SURSHUWLHV R
,U\QD <DNLPHWV HW DO KDYH HPSOR\HG WKH OLQHDU
WKH DMWSDUHIINKWMBRBFNLQJ DQG FKHPLFDOWDJHLQJ F
ORGXOXV RI WKH FRPSRVLWHYV

Fig. 3-14 Tensile test results of PP subjected up to 8 weeks of UV ageing: a) Youkhg
Modulus; b) Fracture Stress; ¢) Fracture Strain[140].
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Fig. 315> ®@WKRZV WKH ;5' SDWWHUQV RI 33 ZLWKRXW
ZHHNV RI 89 TKIHHISRVLWLRQ RI WKH GLIIUDFWLRQ SH
VDPH DIWHU 89 DJHLQJ EXWGWW KHL Q WRINS/HK. R VR E [SFHNDI
DOWHUHG ORVW RI WKH FU\WWDOOLQH SHDNV LQFUH
89 GHJUDGDWLRQ RI 33 KDSSHQHG WR EH FRQFHQWU
7KH PDFURPROHFXOHV RI 33 EUHDN WR VPDOOHU

FWWDOOL]DWLRQ DFFRPSDQLHG E\ DQ HQKDQFHPHQV

Fig. 3-15 XRD paterns of PP after UV ageing of 0 and 8 weeks [14].

3.3.2.5Degradation of lignin

21 WKH PDLQ FRPSRVLWLRQV RI FHOOXORVH ILEHU"
VWURQJO\ LQ WKH 89 YLVL@UHU&QQQ DV DKREZIX QY
EUDQFKHG 7ERIORPIFKDQLVP Rl OLJQLQ SKRWRGHJUDGD
7ZR FKURPRSKRULF »URSHY $KRGG WR EH UHVSRQVLE
89 OLJKW DQG XQGHUJR GLIIHUHQW VWHSW®RH WKH S|
SKHQRGLBEDOV IRUPLQJ WKURXJK GLIITHUHQW SDWKZD\

\HOOREUIRDLDFR[\ UDGLFDO LV RQH RI WKH PDLQ SKHC
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Fig. 3-17| > Q@Q7TKWUDQVIR'URDWIKRHYH UDGLFDOV DUH UHV
\HOORZLQJ RI WKH VXUIDFH RI FHOOXORVH ILEHUV

Fig. 3-16 Refection spectra of a) wood; b) lignin and c) cellulo§88].

Fig. 3-17 Guaiacoxy radical from irradiated softwood lignin [143].

3.4 Conclusion

Q WKLV FKDSWHU WKH HIIHFWV Rl UHODWLYH KXP
ZHUH LQYHVWLKB® SR VIHB/ WA\KXPLG HQYLURQPHQW
K\GURSKLOLFLW\ QDWXUDO ILEHUV&RZQOIDT XHEY\ROE
GHFUHRNVAMFKDQLFDO SURSHUWLHV RI WKH 33 FRPSR\
WKH H[SHULPHQWDO UHVXOWYV

7KH PRLVWXUH DBEMVMRRABRVILAMHRIUWMRAKHG VDWXUDW I
LPPHUVLRQ7K® ¥YDWHUDWLRQ OHYHO RI ZDWHU ZDV UF
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DQG PDWUL[ ILEHU LQRZHUBHUDMDRDGKE Y IRBHIRRG PL
LQWHUIDFLDO DGKHVLRQ UHSAMWLEIIXY LRIQH L F RW\K\WM X P R
LPSRUWDQW PHFKDQLVP L7&H RLQWWUHVWEVREDB3WMURGL
33 KHPS FRPSRVLWHV ZDV YHULILHG WRHDNBQMWIRF)LI
SDUDPHWHUV ZHUH ILIXUHG RXW E\ HLWWLIQEWWRI WI
ORDGLQJ DQG SRRU PDWUL[ ILEHU LQWHUIDFLDO DGK

6ZHOOLQJ LV D UHVXOWHG SKHQRRFKIQRBQ FCH LR PR L
VWDELOLW\ RI WKH VDPSOHV 7ZKHVWKDR K NQ H\DWR| FRIQH/ IV
ZHW PHDVXUHG D QKH UMKIRANGHS/V Rl WKH VDPSOHV LQ
WKH HDUOQ@WDRR@HG GRZQ XQWLO D SODWHDX UH
+LJKHU ILEHU ORDGLQJ OHG WR KLJKHU VZHOOLQJ UD

Q WKH VHFRQG SDUWY LYRIOH WR AV @ IR BEMWHY/D
VWXGQHGBKH ILUVW WZR ZHHNV WKH FRPERMUNHY ZHL
ZHHNV WKH PHFKDQLFDO SURSHUWLHV Rl WKH FRPF
GHFURIDWHUDFWXUH RI WKH FRPSRVLWHYV VKRZHG WKI
IURP WKH PDWUL[ LQGLFDWLQJ SRRU PDWUL[ ILEHU L

JURWKH REVHUYDWLRQ RI WKH VXUIDFH DSSHDUD
FRPSRVLWHYV ZHUH IRXQG WR EH PRUHKSD @G HLRQUH ZKL)\
$IWHU 89 UDGLDWLRQ WIGH PIBFUWNRENVYVW KHDSS HDD UL QJ
SURFHHGHG WKH FUDFNV SURSDJDWHG PXFK ORQJHU
VXFFHVVLYH FUBEM URMUEHGEWHG LQ WKH GHFUHDVH
SURSHEUWDIAHY SURSDIJDWURYWBRRIPWORUWD ORW LARIQIQL
DILTHFW WKH WRWDO GHJUDGDWLRQ RI WKH FRPSRVLW
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Chapter 4. Residual Stress andlts Influence On

the Composites
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4.1 Introduction

,Q WKH ODVW FKDSWHU WKH FRPSRVLWHV XQGHU G
DQDOWHRD XVH Rl WKH PLVPDWFK RI WKHUPDO H[SDQVL
PDWULFHV GXULQJ FXULQJ IURP D KLJK WHPSHUDWXU'
XQGHU DJHMQARBERQGLEHUV DQG PDWULFHV ZRXOG VKR
NLQGV ,Q WKLV FKDSWHU WKH UHVLGXDO VWUHVVHYV
$QG WKH LQMMHHYREXOO VWUHVVY RQ WKH PHFKDQLF
GLVEXVVHG

,Q WKH PDIQXIBRVREBVY RI FRPSRVLWHY WKHUPDO U
RQ DFFRXQW WR WKH VKULQNDJH DQG PLVPDWFK RI
EHWZHHQ WKH ILEHUV DQG PDWULFHV EHWZHHQ WKH
FRPSRVLWH ODPLQDWHM V¥IHYF H [UMWWLGXDDORRNVW DC
PDWHULDOV LQIOXHQFH DQG HYHQ GHWHULRUDWH WK
WKH IDLOXUH RI D FRPSRQHQW EHORZ WKH GHVLJQ OR
XQGHU IDWLJXH ORDG ,W LW QW LIVHGMWWIHREPROW DWW K H
VWUHVVHY DQG WDNH WKHP LQWR FRQVLGHUDWLRQ G
PRGHOOLQJ

4.2 The hole drilling method

4.2.1 History of the hole drilling method

7KH KROH GULOOLQJ PHWKRG LQ RUGHUIWRPPHDV XU
WK H V -RVHI GCDWMB@YHBWH®OD PHWKRG LV EDVHG R
RI WKH HTXLOLEWLIXWP IRVMMRPABWKDW WKH KROH LV YHI
LV XQLIRUP LJQRULQJ WRKLW RHRWKQRG/ VL VH IOHLPWW H G
PDFURNB B8P R JH @HREX Y VR W UR SMWFWRHIMHRIDD UK RXO G E
GXULQJ WKH KRD®V®UDLOOODLVQL R @V RIWUHKIHI G CLIHDEBQ G W K
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Q 1 - 5HQGOHU PQ@RSYRNMHG/WKLV PHWKRG E\ H
WKH QHFHVVLBUYRWMRKH | RD OAKYHH\UR PV BMHQH® OVKH PDJQ
DQSULQBLSIIHFWLRQV Rl UHVLGXDO VWUHVVHV DW WK}
. KHQ WKH KROH LV GULOOHG DQ HPSLULFDOO\ UHOI
GLUHFWLRQV RI WKHQ&UWXHL YD\ VWU WOV DWLRQ D
HPSOR\HG IGQUPB MR® QRODPRGWIMUB®VHG PDWHULDO \
KROH ZLOO FKDQJH W B RXWXED LKR G H VIVOU WEXWLRWDI D F H
L[8g.41]> @VWKH FKDQJH RI VWUDLQ IURR DVGHSWK ] WR

iU L -iU& eV
ZKHUH. WKH FKDQJH RI VWUDLQ LQ WKH VXUIDFH
DQJOH EHWZHHQ WKH VWUHVV D[LV DQG D VX
.;. D SDUDPHWHUIJWDHEDWHG WR ]

1 UHVLGXDO VWUHVYVY DW GHSWK ]

Fig. 4-1 Hole-gage assembly in a stressed plaf&08]
JRBEDOFXODWLRQ VLPSOLFLW\ ZH ZLOO FRQVLGHU \
] RI WKH KROH LV GULOOHG DQG
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B=:L-:Ué

I ZH FRQVLGHU WZR SULQFLSDO VWUHVVHV LQ D SO
DQG RUWWRPHMKLRWKHU WKH IRUPXODWLRQ JLYHV D

B= L-:U&E - @JE—6Aé6

ZKHUIHY PHDVXUHG |URPWNKIH LPIXPH AW URIQ WR |

Fig. 4-2 Strain as the radial distance between gage circle and ellipse is shown for
uniaxial stress along a) axis x, b) axis y. ¢) the strain (in rectangular coordinates,

proportional to K(

) [108].

7KH UDGLDO VWUDLQ FDXVHG EIDGW DOIQ [KF)G O LR/RMDHY

IURP WKH KROH LV VKRZ(

=Y

VW K H@B RMOKDHU VBB JUHDWS HB W

FDVHV WKHUH H[LVW XQROQ [ D a5 NVWHFHWIRAQN Q GHRW I &
IXQFWLRQ LW FDQ EH UHSUHVHQWHG E\

=L Ag#y . BIJU AL rs&dald

,Q DQ DSSUR[LPDWH ZD\

RQO\ UHWDLQ WKH ILUVW \
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= L#E$ ...‘sU

: LWK VXE\(TKW\FMV
B=L#ES$ ..'maFUBRE
BE ..tEF>E (R
ZKHUH DQJOH EHWDHHQDWIGHWKHIGLUHFWLRQ RI
DQJOH EHWEWMH® G @LUBBWDRQ

DQJOH EHWZHHQ WKH UDGLDO GLUHFWL

7KHUH DUH XOQONOR|ZQVDQ@G LW LV SRVVLEOH WR
VROXWLRQ RI WKH WZR SUL Q FEL\SIDSS @ W.QH VIVEIR ZEDQ\GWW |

DQG PHDVXULQWWKHFRWYBQQHQW WKHHWQFLSDO
VWUHVVHY DQG WKHLU GLUHFWLRQV FDQ WKXV E

E>Fqggtl;s.?:E?Famy;-.
6°»:qglt>amTy;
‘E>Famfpe. ?7:E?F I
P6 L o qgrlie.

6°»:qglf>amT;

OL - % @ A

r_'_~P5 L

Q) >

ZKHUH

$OWKRXIK WKLV P HWKHRWHIDAFLQ@LW DRVMH R IWWKKIH UHV L
WKHUH DUH VWLOO RE¥DRXRQM\PEWDDSBISFDQWG WR HO
PDWHUQDOV &KDUOHV : %HUW DQG6 *@BHYHORRPGE VR Q
PHWKIRE& GHWHWRHQISQQLQFLSDO UHVLGXDO VWUHVVH
UHFWDQJXODUO\ RUWKRKWUGR SERQFDWDIQW.RO¥YDV EURX.
WKHRU\

$PDWHULDO LV VWUHSQOBDWMOHDYI HQHHDUED/B H] H G
FKDQJH RI VWUDLQ ZERFOWERQUDWDW IDHG UDGLDO G
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KROH FHQWHU FDQ EH H[SUHVVHG DV
B=;L-:U&sE - @‘JE—GAé%E.:U;éSG
ZKHUH DQJOH EHWZHHQ WKHIUDGLDO GLUHFWLRQ
0. WKH FKDQJH RI YVWUDLQ DW DQJOH

/. VWUDLQ GLVWULEXWLRQ IXQFWLRQV GHSH(

2YHWKH IROORZLQJ WLPH PDQ\ UHVHDUFKHUV KD
FRPSOHWH WKLV PHWKRG 1>. ¥MWONGDAG WKHEDKB QG XC
RI JODVV IDEULF UHLQIRGBHG CARPIS RRYQ/W RSB V-®R O H
LQYHVWLIJDWHG WKH LQIOXHQFH Rl WKH KROH SRVLWL
D VROXWLRQ DYDL O D ERHQ M HEWHKBDIORMHI WY IRW RQIG 1R U
RI ZKLFK WKH DUUD\ RI| JDUBVDLG# HDW EDLAEDLY BIUW WL BeG 3V R
REWDLQ WKHOIRQH FDOLEUDWLRQ FRQVWDQWYV IRU
FRPSRVLWH PDWHULDOW FRPSPOHIRAWQHEBMXQFWLRQ D
6FKDMHU DG @HKDPULEHG FMHZQOWNIMMRREG EDVHG RQ
DQDO\WLFDO VROXWLRQ IRU WKH GLVSODFHPHQW IL
RUWKRWURSLF SODWH ZLWK DVVHVVHG YDOLGLW\ WKU
BKRNULHK DQG $ 5 *BDWNRIQWHG D QHZ PHWKRG IRU F
FDOLEUDWLRQ IDFWRUV IRU RUWKRWURSLF PDWHULDO
YDOXHV

4.2.2 Incremental hole drilling method

 QWKH KROH GULOOLQJ PHWKRG D IXQGDPHQWDO
EHWZHHNWWIXHPDWHULDO VXUIDHAN LIBX® OV K W WIQWWHLYQ E
PDWHQVBORY HVKH IXUWKHU GHYHORSPHQW RI WKLV Pl
GHWHUPLQLQJ XQLIRUP VWUHVVHY DORQJ W®H GHSWK
RXU VWXG\ ZH DUH LQWHUHVWHG LQHWWHYV GLLQ WUKLHE X
FRPSRVLWH TXKBIPYWDWWY GLVWULEXWLRQ DORQJ WKH V
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QRW XQWR@WFHVVDU\ IRU XV WR HPSOR\ WKH LQFUHPF
7KH LQFUHPHQWDO KROH GULOOLQJ PHWKRG ZDV XWLO

@VR GHWHUPLQH DQG DQDO\]H WKH UHVLGXDO VWU
DSSOLHG D QHZ DSSURD¥K @R YHQRSH® KN {tHHQODWLRQ
VWUDLQV LQ VXUIDFH DQG WKH LQWHUQDO UHVLGXDO

7KH DVVXPSWLRQV DBHWHULP@ORZ\HOWKMWLF DQG R
VWUHVV FRP SRHUBSMMPGLFXODU WR WKH VXUIDFH SODQH
QHJOHFW@R WKH UHVLGXDO VWUHVVHV LQWWKHVFRPSF
VWDWHGHILQH &DUMREDRG L WHPHIRUVWKH SODWH ZK
GLUHEWWHRSUHVHQWY WKH GLUHFWLRIQHRIHW.R/HD®L D 8 § W/t

EHWZHHQ WKH SULQF;L $DQGVW K H B G K BWERMRQU H G
VWUDLQ LV VXSSRVHI® RWR VEKHDBHIMUBY FVE&KRE @ LQ

4-3

Fig. 4-3 Coordinate system diagram, the stress component and the location of strain
gage

7KH VWUHVYV WHQVRU HFR® EHWRIUR@ DQ ®/WHIF DOWHRR U
& I3

é:4ﬁé; L qé é C

DQG
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Fig. 4-4 The configuration of the strain-gagerosette

: KHQ DGDSMWQRFRUIHMHKRBODMDOULOOLQJ PHWKWIGH ZH FRC
PRGHO LV YDOLG IRU D WKDQ GO WMKLNWR W WH LUFHN\QLHGVAD &
FRQVWDQW DORQJ WKH GHSWK RI WKLV OD\WU $IWHU
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FKDQYM)GXFHG E\ WKH FKDQJH RI WKH KROH JHRPHWU\
VWU HVYWWYME QFUHPHQW WKH UHNDIDBKDO LV QY UHW \D @ Q HW
NQRZQ.DV . 7KH LQGXFHG VWUDLQ LQ WKLV OD\HU LV

Yo sk #0460E &u E $u:6&uF &u? KtOaF Uy E
% 4 6uF G O B IYF a&;
ZKHUH

1.1 SULQFLSDO UHVLGXOD\WWUHVVHV RI WKH L
QoFRQWULEXWLQRURIPWRMW IWR WKMWHMIEWBPHOQWDLQ
$Lo Yo &FRHIILFLHQWYV RI FPYHODEHID Wit /BWHOH Q/\WH L

. DQJOH EHWZHHQ WKIHQ G&IHSMMD/ML R QY IR 'OWDWNNULQ WK
DQG WKH VXSSRIVHG GLUHFWLRQ

DQJOH EHWZIBHB DQYE DMNIKH VXSSSRVHG GLUHFWLRQ

,QDFW HDFK UHPRYHG OD\HU SUHYLRXVO\ DIIHFWYV
VXUIDFH VR WKH FKDQJH RI WKH KROH $FHFRRHONL QU VKR
WR SUHYLRXV UHYWBBFKWUDLQ GXH WR WKH UHPRYH F

Yaa L YaF A%2 Yo
ZKHOHY WKH VWUDLQ PHDVYXKQHGHPIHIEKW DIWHU WKH Q

$QH[DPSOH LV SUHVHQWHG IRU EHWWHU XQGHUVWD
PRGHO RI WKUHH LQFUHFI@.(@-?V Q DV VKRZQ LQ

,Q WKH ILUVW VWHS Rl WKH LQF IRHPH QDN IHY GVLEWOLC
7KH PHDVXUHG VW¥DLY WKNBYWDBKEHG E\ WKH UHOD
RI WKH UHVLGXDO VWU HVYHW WE WV KRHO QR X/MD D BITHAD W L
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Y L BsL #5585E &5 ESssésF &g @18 F U, E%s&sF &5
®t:UF a°;

Yo L ¥sL #5585E &5 ES55:655F &5 .. ‘0 a° F U, E%si&5F &5
®cet:U F ab;

\gs L ¥sL #5565E &5 E$s5:855F &5 ®..'#:8" FU; E%s&5F &5
®t:UFa;

Fig. 4-5 An example of the incremental analysis
,Q WKH VHFRQG VWHS D VKK R RKED &/DWHKWH MWVWWIDR RY LHC
E\' WKH UHVLGXDOYWOMYHYVHRULDWKH @QFUHPHQW LV
EHWZHHQ WKH WRWDO VWUDLQ PHDVXUHG LQ WKH V>
UHVLGXDOQVIWWOOI WKN S§UHRKHGYYYMOIMPH®XNFHG E\ WKH
UHOD[DWLRQ RI WKH UHVLGXDO VWUHVVHYVY LQ WKH VH

Besl Y F Bs

Vol #5685 &5 E$56:855F &5 .. ' F U, E%e&5F &5
®t:UF a°;

,Q WKH VDPH zZzD\ ZH FDQ JHW WKH VWUDLQ LQ WKH

6
%L%FI@%L%F%F%
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;L #57:65E &5 E $57:&5F &5 .. ' FU; E%76&5F &5
®<t:U Fa®;

V7L #57:656E 6 ESe7:66F &6 .. 't FU; E%7:&6F &4
®ct:UFa;

VB L #76,E8 7 E$se&7F &7 @02 F U; E%e67F &7
®<t:UFa°;

$OVR VWHKHRDIGX FHG E\ WKH UHVL¥®DUOHYVWR Y WAWAWDILE
JDJHV DQG FDQ EH REWDY;@H)ELQ WKH VDPH ZD\

1 WKH YOVIHDUBVHWWH LV SODFHG RQ WKH VXUIDFH
GLUHFW LR QR L F—;é E7L—‘2é WKH UHVLGXDO VWUHVVHV LG
DUH GHWMUPLQHG

1% ? KIQ E#,7,F $;,0H9;%/,E :$;,,?KIQ E %;0BJF #,7,, %,

V&7 t#, %, .2 KIQFOBJ, E%?KIQEOERJ;?
A 1% ?KIQ F #,,F $,,0HJ;,%,E :$;,,?KIQ E%,0BJE #;,,%;
A7 t#, 6, ?KIQF OBEJ; E%, ?KIQEORJ;?
(:jp i3 L $77:\?73'7EY777F t\??; E%Y,F \:g?i AL tG
O %7t F B FY i ES Y, F %y,

,Q WKLV zZzD\ LW DOORZV XV WR DVVRFLDW®B WKH VW
VWUHVVHV LQ WKIH FRHPS BPEISWRYDFK LV DSSURSULDWH
DFFRUGLQJ WR WKH DERYH DQDO\VLV

4.3 Determination of the coefficients of

calibration

$IWHU HVWDEOLVKHG WKH UHODWLRQVKLS EHWZHH
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IROORZLQJ VWHS LV WR GHWHUP LQ RieDNXKGdH &EOQ ONIER D W L |
VROXWLRQ DQG WR PHDVXUH WKH GHIRUPDWLRQV LQ V
PHWKRGHDVDWORSHG WR GHWHUPLQH WKRVH FRHIILFLHC

7TKH SULQFLSOH RI VLPXODWLRQ LQYROYHV WKH LQ
GLITHUHQW NQRZQ ORDGV PHDVXULQJ WKH GLVSOD
VLPXODWHG SODWH DW ODVW FDOFXODWLQJ WKH FRH
6RD FRPSXWDWKEQVBOG RQ ILQLWH HOGBRMRWRBROGO\V
$%$486 6WDQGDUG ZDV XWLOL]HG WR DFFRPSOLVK PR
C LWKSVRIJUDH FRXOG ILIXUH RXW WKH FDOLEUDWLRQ
WKH SODWH JHRPHWU\ WIHOHAHSBERVWWRMHR WWHKH RQ/IULDX:
FRPSRVLWHY DQG WKH HODVWLF FRQVWDQWYV RI WKH |

$PRGHO LV FUHDWHG E\ WKH VRIWZDUH $%%$486 DQG
7KH GDWD EDVHYV DUH WKH MWD WRHEXORXRY FNKEDW DRIRGK O<A
WKH VWUXFWXUH SDUDPHWHUV RI WKH PDWHULDOV QX
DQG WKH FRQILIXUDWLRQ RI WKH VWUDLQ JDJHV WKHI
PRGHO LV DVVLIJQHG ZLWK ILQLWH HQHRHIHUVWR WSSO
WKH LQFUHPHQWDO PHWKRG ZH GHILQH WKH VHWYV Z}|
SRVLWLRQ RKMXHH KR ORI IRUZDUG HYHU\ WLPH ZH UHPR
V NWK|Aig.4-6|VKRZWKH ILQLWH HOHPHQW PRGHO EXLOW LQ

: KHQ FRQGXFW WKH GHWHUP If\Q QW E R QVRIUW KWHR ANRHH
PLQG WKDW WKH F\OLQGULFDO ORDGV VKRXOG EH LQ \
WKH VXSSRVHG UKRWUG XTHO WK\EBBRVEHIQL IO XYWUHVV V\
PRLR.LPa&>Lr DWKKHROH LQVLGH RI WKHFBRGHQ WKHVKRZC
F\OLQGULFDO FRRU GLQBMQHEIL rL \WKEFRKRIPHMTXLYDOHQW
XQLIRUP SURR/Q@ XWKH ODWHUBODIKUIDDPHWVIREZRHLD 7K X
(T EHPRV

Yoal té#y4
#yal Yy pteé
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Fig. 4-6 The finite element model
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Fig. 4-7 Two types of applied loadings during the determination of the coefficients of
calibration

Fig. 4-8 Position of thestrain-gage attached on the composites

7KH FRHIILFDOGWYQ EH GHWHUPLQHG LQ WKH VDPH
D VWUHWM BWBbWe.r W FDQ EH UHJDUGHGID® D UDGL
P..'*BDQGL P« EDV VKEFOHFNTZ KXV WKH|EBRFRPHV

ByLtP 4. BF tP jocoE
1 ZH NQRZ WKHLYWDBGELNt; WKHQ

$pal YW4EL rioté

\$UaL FY;4EL Nt;oté
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7KH UDGLDO VWUDLQ FDQ [EMGGBNDSHWDAFLEERH® WURP W
ZKHUMHQFL QGLFIBAUM SO RPHWMWRQ LQFW. KB PRGHO LQ

%fa' L Youp d:?Youp-4;
'a; X

ZKHWH"s&E DQGy;i"%&E DUH WKH GLVSODFHPOIQWWIKWM SRVL
GLUHEWDREQ& LV WKH GLVWDR®B EHWZHHQ

/KHQ ZH JHW DOO WKH WKUHH FRHIILFLHQWYV DV

Tovd @21 508 &,
”\#Uél— O ya ou
A

» a &gl &pl éaLr
A$Ué|— I aud aaf;s?/ls\@gaaa; , ) ) o
A To@ 400 0@ 4A a &pLk gpL ealylLr

)LQDOO\ DOO WKH FRHIILFLHQWYV RN E N OQLHERHDWWLIRQ
WRHSWKWY SURFHVV IRU DOO WEHNEUWWIRPXA\O D YE B ]
FRHIILFLHQWYV RI FDOLEUDWLRQ GHSHQG RQ WKH SDUTL
WKH \OWUBLW\SH WXH \SRYDWQRQ DQG WKH WDWHULD
FRQVHTXHQW HYHU\ WLPH WKH H[SHUHPMRG\HIO RID UD

FDOLEUDWLRQ NRXWGCWHR VIRI EHH WKH FRUUHVSRQGL
FDOLEUDWLRQ

4.4 The drilling process

/KH LQFUHPHQWDO KROH GULOOLQJ PNWKWGRKDN EF

WKH VWUDLQV ZLOO EH P g DVWEKAIDHIGV L @ HVIKHWUHR[GVX ¥ WG S/
JDJH URVHWWH DQG WKH GULOOLQJ SURFHVYV

4.4.1 Strain -gage rosette

JRU PHDVXULQJ WKH MWHDULRWHWMW]H VW WKIH PRVW
KROH ZDV PLOOHG LQ WIOH H HRWHWWH \¥ KW KV WK B LO O
RQKMW GLDPHWHU VR LW LV YHU\ LPSRUWDQW WR FKR
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$FFRUGLQJ WR WKHAQV/HKWHHPRDFBPRIWHU YV RJ ROKIK QB HKBV K
LQIOXHQFH RQ WKH VHQVLBENISH\WF W L PHH (RY ANUH I P B W K E
UHODWLYH SRVLWLRQ EHWZHHQ WKH JDJHV DQG WKH
PHWK/KRKE JDJH JHRPHWWV\L RMD¥H H Q¥KIH PHDV XMHQJ SUHF|
JDIJHV VA REBOGMRR FORVH WR WKH KROH WR DYRLG WK
WKH KRB HDIRG QRW EH WRR IDU DZD\ IURP WKH KROH U
RI WKH VRRAMIWMKXWH HYROXWLRQ RI WKH GHIRUPDWLRQ |
UHFRUGHG GXULQJ WKH KROH GULOOLQJ SURFHVYV

7KH W\SH RI JDJHV XWLOL GHKWHY RXQDWILR@\ R R W KK
VWUHVVHV ZDV SURYLGHG E\ WKH FRPSDQ\ 9LVKD\
OHDVXUHPHQW 5. T 7KH SDUDPHWHUV RI WKLV JDJH
LQ WKH I[[RDIAR)ZIKHVH SDUDPHWHUV ZHUH XVHG GXULQ
RI WKH FRHIILFLHQWY RI FDOLEUDWLRQ

Table 4-1 The parameters of the strain gages

Designation Dimensions (mm)
) Hole dmeter
Gage Diameter of gage
TEA-06- length center circle
062RK- min max
120
1.57 5.13 15 2.0

YHIRUH JOXLQJ WKH JDJHV WR WKH VXUIDFH RI WK
FRQWDFWLQJ VXUIDFHV RI WKH VDPSOHV DQG WKH JI
QHFHVVDU\ GXULQJ WKH ERQGLQJ DQG WKH ERQGLQJ
"LITHUHQWH ZW®WG BEBUVR WKH FRUUHVSRQGKBID ZHOGLG
WKH JDJHV DUH FRQQH FNQEGEFRIPVS K WD QUL Y KW R X PKI @ IVE O
DFTXLWMWQ@RQJ DV WKH VDPSOHV DUH SUHSDUHG WKF
RUGHU WR FRQGXWW DWKG RHH BN X UPRE® QW V
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4.4.2 Drilling dispositions

: KHRSSO\LQJ WKH LQFUHPHQWDO KROH GULOOLQJ
GULOOLQJ SURFHVYV FDQ DIIHFW WKH KROH TXDOLW\ D
UHVLGXDO VWUHVVHYV 7KHVH SDUDPHWHUYV FDQ EH WK
GULOO VEBMHDAWURXFUHPHQWDO GHSWK DQG WKH KROH ¢

7KHGLUHFW IDFWRU LV WKH DEUDVLRQ EHWZHHQ W
ODPLQDWH PDWHULDOV WKH FRPPRQ SUREOHPV DUH
FRPSDULVRQ RI WKH KHF@H-GfFgABON \VIKR ' FOZ RRAH G U L
ZLWKJK TXDOLW\ EXW E DQG F DUH WKRVH ZLWK GH
RU WKH ZDOO 7KHVH SUREOHPV PD\ RFFXU GXULQJ
QHFHVVDU\ WR FKRRVH VXLWDEOH WKH GULOO IHHG
SDUDPHWHUV DBHIRBHHNKDUPE EH GW B9 \G/KHU D HQ G\IPITHA/H

GHYLFHV

Fig. 4-9 Comparison of the hole quality

7TKH GULOOUR4AOV WRHPOXGLQRI WKH GULOO GHYLFHYV
VXSSRUWHG E\ DQ DLU FXVKLRQ WDEOH VRKBIV WR DY
GULGAHYQFH RI PLFURPHWRR 6 VWUW\RBROBESHE HIQ W RLR/P D Q G\
LW FDQ PRYH WRKHGBRVOWIRRINW XQGHU WKH KHOS R
D GLVSODFHPHQWPUHVROXWLRQ RI

4.4.3The hole drilling process

7KH H[SHULPHQWYV RI WKH LQFUHPHQWDO KROH GUL
WKH VDPSOHYV ZLWK WKH KORWHRUSDODOHRBHWKIH\KROHYV X
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—+ KDOI RI WKH WKLFN GO\DWREMK HDRRPAISHRY RWW LQ
WKH ITHSVWRVW GHSRVKURWUHDW RI WKH GULOO RXWYVL
PHDVXUHPMWMIQWVYDIRIQVY LQ WKH WKUHH SRVLWLRQV RI J
VWHSXQWLO FRPSOHWLQJ WKH GULOOLQJ SURFHVYV

Fig. 4-10 Configurations of the drilling devices

4.5 Residual stresses in the composites

BWUHVVHV PD\ RFFXU GXH WR WHPSHUDWXUH GLIIH
WKH LQRHINIQWR BHDQWMWRXY RI FRPSRVLWH PDWHULDOV |\
DQG K\JURVF®E RF WKHOFRPSRQHQWY ILEHUV DQG PDW
SOLHV WKH FRROLQJ IURP WKH PDQXIDFWRUWIRHE WHPS
VWUHRPAHMLWOHERPSRVLWHY VKRXD G DEH LIANGY HRKWWH G/ H Y
GLIIHUHQW H[S HULL PHRGWWQBBY WR DQDO\WHY DQG D\
VWUHVVHVY LQ WKH FRPSRVLWHYV
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4.5.1 Strains measured in the composites

7KH VWUDLQV LQGXFHG E\ WKH UHOD[DWLRQ RI WKF
E\ WKH VWUDLQ JDJHV IL[HG7KH RR O GH®K BWLAGKRIDG |
PHWKRG ZDV ILUVWO\ HPSOR\HG WR A K HVH@IBIHGF 8 R K |
WKH VWUDLQV PHDVXUHG IRU GLITHUBRW FRPGRXILGUIH V
W\A\SLFDO GLDJUDRH W SSLH\DHDQ MHDGY X U H FFigi2AL DL QV D UH

7TKH WHQGHQF\ RI WKH VWUDLQ FXUYHVWRW DOO W
REVHUYHG WKDW WKH PHDVXUHG VWUDLQV RI JDJH
LOQWHUIDFH RI WKH SRO\SURS\OHQH OD\HU DQG WKH Kl
RI *DJH DOOHYLDWH XQWUOWKKHIB QK RIWWKHY RRAH V
QHILDWKH VWUDLQV RI JDJH LQFUHDSWHI RQ WMKH W R BIHH ¢

ZH ILQG WKH VLPLODU WHQGHQF\ DV JDJH

Fig. 4-11 Measured strains of PP/hemp composites by the strain gages

4.5.2 Residual stressef the composites

4.5.2.1Influence of temperature

W IWe@bVv\ WR SUHGLFW WKH UHVLGXDO VWUHVVHYV
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WKH GULSHARDE KRIOMHW KWAKIBHHWOGOMWM Y RRWUHVVHYV E\ XVLQ.
ZRUN DQG DODRBDAUMNVNYGXDO VWUHVVHV LQ WKH FRPSF
PDQXIDFWNPRPSEQUDWXUH V|IFQ.UH2 DUAHBVAHYWHG LQ

:H FDQ JHW VHYHUDO LQWH UWb N WLE DIEQMRRANP RW L R G
FRPSRVLWHV 7KH UHVLGXDO VWUHVVHV DUH GLYLGHC
DQG DIWHU WKH LQWWb UVB FHU HI\HLGS WK @ HQW UBIWVYH Y DC
LQGLFDWH WKDW WKH 33 OD\HU VXIIHUVOBMRPSUHV VL
WKRQWUDWKZDKHPS OD\HU VXIIHUV D WHQVLOH VWUH
7KH VW WHKRZY DOPRVW WKH VDPH PDJQLWXGH LQ WKH
KHPS OD\HU LW VKRZXHSYDBYH@MWDOKHVVPDOO ZKFE
LW PD\ ERY V@BKH KMHPS OD\HU LQWHUIDFH

/KH WHPSHUMNVXKRZGGBRHRWHPDUNDEOH LQIOXHQFH RQ
RI WKH FRP&EWVMIRWHVKH UHVLGXDO VWUHVYV LQ KHPS OC
WHKFUHOHUPGHUSFWRUBY QJ WR RXU SHRAWLRXQV VWXG\
WKH KHPS VKRZHG D GHFUHDVHG WHQMBHQKLIKQ PHF
WHPSHUDWXUH SHUKDSV DITHFWHG WKH KHPS DQG WK

Fig. 4-12 Residual stressX under different temperatures
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Fig. 4-13 Residual stress1, under different temperatures

4.5.2.2Influence of cooling rate

7KH LQFUHPHQWDO KROH GULOOLQJ PHWKRG ZDV
FRPSRVLWHYV QG R B GEQUAIIEGHE-15 7KARPSRVLWHY
DUH FRROHG LQ WKH FRPSUHVVZIRWKRROWKB JPRODGK/L Q!
XQGHU WKH HQYLURQPHQWDO WHPSHUDWXUH PHGLXF
K WKHQ EHLQJ GHPROG WR FRRO GRZQ LQ WKH DLU

7KH UHVLGXDO VWUHVVHV LQ WKH FRPSRVLWHV V
SUHYLRXV RQHV H KH \F FDROOL PS RUDVD @ WLBW B BWVRIEY WK
7KH VWUHVVHV LQFUHDV,B IMKMKHD MH R RZBOQ Q\H U DLW HX Q
FRPSUHVVLRQ ZKHUHDV WKH KHPS OD\HW LV XQGHU W!
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Fig. 4-14 Residual stressX under different cooling rates

Fig. 4-15Residual stress], under different cooling rates

4.5.2.3Influence of humidity ageing

"XH WR WKHLU LQWULQVLF KHWHURJHQHLW\ HPHU.
PDFURVFRSLF VFDOH DQG UHODWHG WIRVWKH SU RISHUHWG
RI WKH DGMDFHQW ILEHUV DQG PDWULFHV ILEHUV ZL'
DUH YHWLYHQWR K\HORWWHEP RRIOXHQFHYV

*LJOLRWW: 0 HWRIXO/LGHUHG WKH ZDWHU DEVRUSW
WKH LOWHUQH VWUHVVHYV LQ FRPSRVLWH ODPLQDWHYV
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VLPXODWLRQ RIHRDOVUW WK N WRHRWN HO/D PQ QPRWRBE&® VS.OD WH
UHOD[DWLRQ RI WKH UHVLGXDO VWUHVVHV LQ FRPS
K\JURWKHUPDO DJHLKQDYSHURHFBVXUHG DQG DQDO\]HG V
SURSHUWLHV RI WKH 33 KHRSHERPIE® V DVHMDLULWWU OR
LOXBQFH RQ WKH GLVWULEXWLRQ RYVYWHKWWHBVLGXDO V)

7KH UHVLGXDO VWUHVVHV Rl WKH KHPS UHLQIRUFH(
GHWHUPLQHG E\ LQFUHPHQY/K[HOU%IV(XEDV(B\IULE@-QUI—P\HW

4-16/|D (*+@.4-17 $FFRUGLQJ WR WKH UHVXOWYV WKH GLVWULLI

RWKDQG ZDV SURQRXQFHGO\ DIIHFWHGHERWKH DJHL
ZHHNV WKH OHYHO I MKKOHQ VAVBNFN HEXGAL ®QWHU ZHHTI
GHFUHDVH DERX%¥MWHU ZHHNV WKH YDOXHV RI WKH
UHGXFHG DOWRWWQVRWKDW IRU RZXHMH KRKSARIVG M VD MK K
FDQ HOMWHBINWEHXDQQ/ WRPASRWVYWH V

Fig. 4-16 Residual stress1 under different ageing time

121



Chapterd. ResidualStress and Its Influence On the Composites

Fig. 4-17 5HV L G X D Q uvdardiHevevit 4geing time

4.6 Conclusion

,Q WKLV FKDSWHU WKH UHVLGXD® WWHYXRWPEHY LQ W
LQIRUPDWLRQ FDQ EH FRQFOXGHG DV IROORZLQJ

$QHZ DSSURDFK ZDV SURSRVHG WRIGHWHRBPLQH WK
UHLQIRUFHG SRO\SURS\OHQH FRPSRVLWHV E\ LQFUHP
PHWKRG KDV SUDFWKHDGOGHWGYPQWYWDWHRQ RI WKH FF
FDOLEUDWLRQ ZDMVM38BHPRPGEHODEQ $ % $

/KH UHVLGXDO VWUHVVHY LQ WKH FRPSRVLWHYV ZHU
GLVWULEXWLRQ RI WKH UHVLGXDO VWUHVXHY LQ WK
UHVLGXDO VWUHVVHYV LQ WXH 3300R\HDWQ GHDBPKWHG
il 03DLh UHVSHFWLYHO\

/KH LQIOXHQFH RI WWHUHHRRGKDQ O WODWIH RNV ZDV Gt
ZDV IRXQG WKDW WKH OHYHO RI WKH UHVLGXDO VWL
FRROLQJ UDWH

7KH HITHFWV RI WKH KXPLGLW\ BYHGQXD & SYW B HVAHHWN
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DQDO¥/IMGHU ZHHN DJHLQJ WKH OHYW ® RHRWMMGGKHID\
PXFK EXW DIWHU ZHHN¥Q G W KoHH FMXHEDYHH G HQW DJHLC
HOLPLQDWHG WKH UHVLGXDO VWUHVVHYVY LQ WKH FRPS
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Chapter 5. Conclusionsand Perspectives

5.1 Conclusions

7KLV VWXG\ ZDV DFFRPSOLVKHG RQ KHPS IDEULF ILI
FRPSRWIXWHARUN ZDV DLPHG DW WK H DROXOREW® U HR E M H
33 KHPS SODWHV E\ XWLOL]LQJWWH WRABRHAKOLQIOF P
SURSHUWLHV RI WKH FRPSRVLWHY XQGHU GLIIHUHQW -
RI DJHLQJ FRQGLWLRQ RQ GMK\H BWRES BVIVWE X D O Q/GV WHR
WKH FRPSRVLWHYV

7TKH PHFKDQLFDO SURSHUWLHV Rl WHKHARKBER Q J LIVER] URWK
VWXBAH KHPS ILEHUV VKRZ HOHYDWHG WHQVLOH SU]I
GLUHFWLRQ WKDQ WKRVH ZKHWISH WOUD Q¥ E H VD ONVBE HUK
ZDV UHVSRQVLEOH IRU WKH GLITHUHQFHERIIUWKH WHQV

7KH KHPS 33 FRPSRIVQWIBDVIKURPG K FRPSUHVVLRQ P
PHWKRG XQGHU GLIITKHHOWUSPHWRHHUWHKIYH DQ LQIOX
PHFKDQLFDO SURSHUWL&RP KRR W BVBIXA R PRI WRVGH V
VKRZ KLJKHU SHU MK RQWHHHAMWKD QLEHUYV ZHUH DIIHFW
WHPSHUDWXUH DFFRUGLQJ WR WKH '6& DQDO\VLV FI
SURSHUWLHRHQHWKEBWWHPSHUDWXUH JRHV KLJKHU WK
SHQHWUDWMSDIEGIWRH WEHHQ WEKPG KWRE KRWSLIQEHUV
EUDQFKHV UHVXOW L QZPW¥HWKXU SR SARRBVOEQ/H P D W |
WHPSHUDWXUH LV KLIJKHU WKD@PDUNKBG®\KH VWUHQJW

7KH HIIHFWV Rl UHODWLYH KXPLGLW\ RQ WKH 3
LQYHVWKIRLNWG® XUH DEVRUSWLRQ Rl WKH FRPSRVLWH
ZHHNV LPPHUVLER® VQPWRWHWLRQ OHYHO RI ZDWHU ZD
ORDGLQJ DQG PDWUL[ ILEHE ZHQVEH U | DDRRD®L @5 A R
PDWILEH@WHUIDFLD B8 VDAGKIHMYL RVK H P R ILVIVX X U R QD EW RAUKSHA
PRVW LPSRUWDQW PHFKDQLVRHL ) LRRWMWNURI ZHWRHUS G
LQ 33 KHPS FRPSRVLWHYV ZDV YHULILHGKWRNDR SIGALWR
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SDUDPHWHUV ZHUH ILIXWKIG RRKWR B'S WKINRDIL GBNMMBORD G L
DQG SRRU PDWUL[ ILEHU LQWHUIDFLDO DGKHVLRQ IDF

6ZHOOLQJ LV D UHVXOWHG SKHQRFKB F5Q MHYWURMR L
VWDELOLW\ RI WKH VDPSOHV ZKH WWLNMQ H QW R | PR IQN [\
ZHUH PHDVXUHG7REBGVKHFRQBWG Rl WKH VDPSOHV LQFL
HDUO\ PQYG®IMRRQHG GRZQ XQWLO D SODWMWHBMUUHJILR(
ILEHU ORDGLQJ OHG WR KLJKHU VZHOOLQJ UDWLR

7KH HITHFWYRROIHS/D v WM IR P SRR HW H W WX @/IKHHGIL U VW
WZR ZHHNV WKH FRPSRVLWHKBVYWHWH ZAHRW VP XWIK HD R H F WiI
SURSHUWLHYV RI WKH FRPSRVLWHV/WWHK RU B BEWX WH ARD WN|
FRPSRVLWHYV VKRZHG SVWKDOMH @&/ REKW. EHRIR/ VEKKHH DWUL[ |
PDWUL[ ILEHU LQWHUIDFLDO DGKHVLRQ

JURWKH REVHUYDWLRQ RI WKH VXUIDFH DSSHDUD(
FRPSRVLWHV ZHUH IRXQG WR EH PRUHMSDQIE RRWH ZKLV
$IWHU 89 UDGLDWLURGH VDISIS HBBEUMESNALVEKIIR 89 DJHLQJ
SURFHHGHG WKH FUDFNV SURSDJDWHG PXFK ORQJHU
VXFFHVVLYH FUBENM IRUPHEWHG LQ WKH GHFUHDVH
SURSHEWDLAHY SURSDJDWLREW B KIQIE BEMOURQQD GHIJUDGD\
DIIHFW WKH WRWDO GHJUDGDWLRQ RI WKH FRPSRVLW!

$QHZ DSSURDFK ZDV SURSRVHG WRIGHWHRBPLQH WK
UHLQIRUFHG SRO\SURS\OHQH FRPSRVLWHV E\ LQFUHP
PHWKRG KDV SUDFWKHDGOGHWGVYPQRWDWHRQ RI WKH FF
FDOLEUDWLRQ ZDV UHDOL]HG E\ $%%$486 PRGHOOLQJ

7KH UHVLGXDO VWUHVVHV LQ WKH FRPSRVLWHV ZHL
GLVWULEXWLRQ Rl WKH UHVLGXDO VWUHVYXHY LQ WK
UHVLGXDOLOWVUKNMAE DDAKHG3D, 030 DQG WKH KH S
OD\HUV®BDY 03Dk UHVSHFWLYHO\

7TKH LQIOXHQFH RI WWHUHHRRGKDQ O WODWIH RNV ZDV Gt
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ZDV IRXQG WKDW WKH OHYHO RI IMRMHK WHAHKH GOADFQ H/ WU
FRROLQJ UDWH

7KH HITHFWV Rl WKH KXPLGLW\ DJHLQJ XS WR ZHHN
DQDOY¥IMGIAHHNIHLQJ WKH OHYHO RIWHNVILB KXW & G/ W b\
PXFK EXW DIWHU ZHHN¥Q G W IGEHVFRIHOH/GHW DJIHLQJ D
HOLPLQDWHG WKH UHVLGXDO VWUHVVHYVY LQ WKH FRPS

5.2 Perspectives

7TKLXRUN LV IRFXVHG RQ WKUHH SDUWV WKH HODEHI
EHKDYLRU RI WKH FRPSRVLWHV XQGHU HQYLURQPHC
UHVLGXDW  LVOWWHKMVARPSRVLWHY 7KHUH DUH VWLOO VI
FDUULHG RXW LQ WKH FRQWLQXLQJ UHVHDUFK IROORZ

Firstly, being restricted to the raw materials, the vatmo fraction of
the fiberscan only be adjusted by several specrtues. Another approach may
be found to manufacture the long fiber reinforced polymer composites with

consecutive change of the volumetric fraction of the fibers.

, QWURGXFH LQOWHUIDFLDO WUHDWPHQW PHWKRGYV
DGKHVEZRIGI @ WKH ILEHUYV PRFR WKLIH) B DWVRU WKHHVO L W H U D W
VXUIDFH WUHDWPHQW FDQ KDYH DQ REYLRXV HIIHFW F

&DUU\ RXW WKH VLPXODWLRQ RILW KWHKIFDO RZUDDED W L W
RI WKH FRPSRVLWHYV
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Chapitre 6. R&suméen Fran@is

T QWURGXEWLRQ oo

eODERUDWLRQ HW SHUIRUPDQEH.GHV F

RPSRVLW

&DUDFWpULVDWLRQ..GH..QD..ILEUH.EKD

DY UH

(VVDL GH . W.UDEW.LRQ. .....covvvviiiiiiiiiiiaaeecccs

$QIOH NMSLUDO. ..ot

eODERUDWLRQ GHV.ERPSRMLWHV.........

BURSULPWpPV GHV.FRPSRMLWHV.......

,QIOXHQFH GH OD.WHPRPSpUDWXUH.......

, QIOXHQFH GH OD WHPRSpUDW.XUH.V.XU

FKDQYUH

2EVHUYDWLRQ PLEURMERSLTXH............

(IHTHWV GX YLHLOOLV.VHRPHQW. ..........ueee..

9LHLOOLVVHPHQW HQ.KXPLGLW.p.UHOL

WLYH

SpVXOWDWY GHV .HV.VDLV.GH.W.UDEW.LE

RQ

SEVRUSWHRR.GH..Q. ..o

9LHLOOLVVHPHQW..DX..89........ccovrnniinnaann.

SpVXOWDWY GHV .HV.VDLV.GH.W.UDEW.LE

RQ

2EVHUY BD/SSPUBQEH

&ERQWUDLQWHY UpVLGXHQQHV.GDQM..OH

V FRPSRV

/ID PPWKRGH GX WURX.LQEUP.PHQW.D.OH

'PWHUPLQDWLRQ GHV FRHIILELHQW.\V.. G

bH FDOLEU

ERQWUDLQWHNV. .UpVLGXHQOHWV...........

,QIOXHQFH GH.WHPSPpUDWXUH.............

C&RQFOXMLROQM oo
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6.1 Introduction

&HWWH WKgqVH VH FRPSRVH GH WURLY SDUWLHV ¢
DIJFRPSRVLWHY FKDQYOHHEROLVYVRIPHQWHHW VRQ LQI
FRPSRUWHPHQWDR pFRERWXIHWEY HW 'pWHUPLQDWLRQ
UpVLGXHOOHV EPMRORWVIHWVHD JUWUDWLILpY 'DQV OD P
SRO\SURS\OgQH XQ WLVVX GH FKDQYUH @HWWp XW
FRPSRVLWHV &HV GHUQLHUV VRQW pODERUpV SDU FR
SDUDPQWQMERGDWLRQ FRPPH OD WHPSEUDMWXUH OLC
/JHV LQIOXHQFHV GH FHV SDUDPq®ADWQ VTOUH O®H THKHD\C
PDWpULDXPWRHW DGF UpVXOWDWY RQW PRQWUp TXH
VLIQLILFDWLI VXU OHV SURSULpPWpPY PPEDQLTXHV GHYV
VRXV f& SUpVHQWH GH PHLOOHXUHV SURSULpWp
FRPSRVLWHYV 1RXV D YIRQWXHQWVXLBH @MMXGWPSBIV GH YL
VXU OHV SURSULpWpPV GX PDWpULDX XQ YLHLOOLVYV
SXLV XQ YLHLOOLWYRPH@W D8XP 8QW@UD QRXV DYRQV
PPWKRGH GX WURX LQFUpPPHQW IHY SR X U GDXQHIDAD\ M W L (i0Q-
ORUV GX SUpFpGp GH IDEULFDWLRQ PDLV DXVVL JpQpl
FHOD GHV FRHIILFLHQWY GH FDOLEUDWLRQ VSpFLILT:
SDU OD PpWKRGH GHV pOpPHQWYV ILQLV

Un matéiau compositepeutére ddinicomme OfDVVHPEODJH GIDX PRLC
maté&iaux non miscibles entre eux. Ce maté&iau pré&ente des propridés que les
maté&iaux seuls ne possélent pd3lus pré&isénent, un maté&au composite permet

de coupler les performances des deux maté&iaux.

Depuis quelques annés les mat&iaux composites abase de fibres naturelles
VRQW GH SOXV HQ SOXV XWLOLVpV SRXU OHV QRXYHOO
surtout au niveau des fibres naturelles que de nouvelles propriéé sont proposés.
7TRXW GGDERV ILEUHV FRQVWLWXpHV GH@RHIOOXORVH
LPSDFW WUqV IDLEOH VXU OTHQYLURQQHPHQW (QVXL
réistantes et ont des modules éuivalents aux modules des fibres de ve38][27
Enfin, ces fibres sdrde trés bons isolants thermiques et phoniques. De ce fait avoir
XQ PDWpULDX TXL FRXSOH OfHQVHPEOH GH FHV SURSU
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dé&eloppement de composants dans le domaine du transport (maritime et
automobile) mais aussi dans le dobm@H GX VSRUW GH OYDPHXEOHP
construction.

Dans ce travail, nous nous sommes essentiellement intéessé& aux fibres
QDWXUHOOHY GH FKDQYUH &HV ILEUHV VRQW GpMj IRL
la construction. En Europe, ces fibres samidpites principalement en France et
SOXV SDUWLFXOLqQUHPHQW GDQV OT$XEH

Actuellement ces fibres sont utilisés sous forme de fibres courtes dans des
compounds qui sont ensuite injecté. Les agomposites ainsi daboré ont des
propriéés méaniques intéessantes. Pour augmenter ces propridés et dé&elopper
desagreFRPSRVLWHYV KDXWHV SHUIRUPDQFHV FYHVW VRX
GH WLVVpV TXH QRXV DYRQV FKRLVL GfYRULHQWHU FH V

&THVW OD WKHUPRFRPSUHVVLR @bdrettde)ésDYRQV F

avec des tissus de chanvre et une matrice en polypropylée (PP).
Ce travail se de€ompose en trois parties.

La premi&e partie sera consacré ala caractéisation m&anique des tissus de
chanvre. Dans cette partie, nous dé&elopperomsdde opé&atoire pour éaborer les
composites PP/chanvre. Puis nous regarderons les propriéé de ces composites et
PHWWURQV HQ PpYLGHQFH OYfYLQIOXHQFH GH OD WHI

comportement> @

La seconde partie orientera nos éudd®sXU OfHIIHW GX YLHLOOLVVE
comportement m&anique de ces matéiaux. En effet les -egraposites sont
chimiqguement sensibles aux vieillissements. La matrice et les fibres éant des
mat&iaux polymées, ils peuvent se d@rader assez rapidements sdas
sollicitations environnementales. Dans cette partie, nous regarderons le
YLHLOOLVVHPHQW j OfKXPLGLWp UHODWLYH +5 HW DX

Enfin la troisiéne partie sera consacr& a une analyse des contraintes
résiduelles introduites dans ces matéiaux. Les caittes réiduelles jouent un rde

important sur la tenue, la dur@ de vie et le comportement des compoesants @
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&THVW OD PpWKRGH GX WURX LQFUpPHQWDO TXL VHU
particulier pour le calcul des coefficients de calibratlonaussi, nous regarderons
OfHIIHW GH OD WHPSpUDWXUH GIfpODERUDWLRQ VXU O

6.2 Elaboration et performance des composites

Dans cette partienous avons commenceé par analyser le comportement

mé&anique en traction des tissus de chanvre.

Le procéléde fabrication éant directement liéaux performances du matéiau,
QRXV DYRQV HQVXLWH UHJDUGpP OfHIIHW GH OD WtFt
comportement ala fois des tissus seuls puis des tissus insé& dans une matrice de
PP. Plusieurs plagu¢ G f-Daipésites daborés par thermocompression seront

ici testées.

6.2.1 Caracté&isation de la fibre chanvre

6.2.1.1Essai de traction

Les tissus de chanvyieig. 6-1ja ont éétesté en traction uniaxiald_a premige

difficultéa ééde déerminer la section r&lle de nos érouvettes. En effet, les

espaces crés entre les mé:hE’g. 6-1{b) ne doivent pas ére pris en compte dans

le calcul de la section. Ceci fausserait la déermination des contralrgesection

reelle des &hantillons adonc éé mesuré de deux maniges difféentes. Tout
GIDERUG QRXV DYRQV XWLOLVp XQ VLPSOH SLHG | F
ILQHPHQW OD VHFWLRQ j OfDL GAHa &ufieXde cetterdUde,VFRSH Q-
nous avons pu mettre en &idence une refagatre la mesure avec le pied acoulisse

et la mesure avec le microscope numéique. Cette relatioh) (6i-dessous,
SHUPHWWUD SDU OD VXLWH GY{XWLOLVHU OH SLHG | FR

95 L 9C/EL U@]‘%
avec, West khlargueur reele, Wyw est Blargueur mesugsavec lemicroscope
numéique, Wyc lalargueur mesueeavecOH SLHG j FRXOLVVH HW . HVW
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qui permet de relier ces deux types de mesuoeishvongu en déluire que ce
coefficient dait de0.626.

Fig. 6-1 Photographie des issus de chanvreau microscope numéique
Les essais de traction ont ééeffectu@&vecune machine dedction Instron
4484 statique atempéature ambiante. és essas ont éefaits suivant la norme
ASTM D3039/D3039M normet08 (ASTM International 2008). Les &hantillons
ont éédé&oupé en bandes rectangulaireda fois suivant le sens fil et suivant le
sens trameles essaigde traction ont éé effectué suivant deux directions,

longitudinale et transversale. Cing €hantillons ont éétesédsla moyenne des cing

mesures est préenté sufHay. 6-2 L?Fig. 6-2|présenteles propriéés méaniques

des fibres dechanvresuivant s deux directiondNous pouvons noter urferte
difféence de comportement suivant la direction de sollicitation. Cela est dia
OTRULHQWDWLRQ D QLbhXdcoriraitted méxihele Rigris Kad drection
longitudinale est 165.89 +8.22 MPa, qui est 63.8% plus devée guevantla
direction transersale. Le modules G § <R XdQtirés proches suivantles deux
directions. La ddormation ala rupturguant aelleestde 11.35 +0.68% dans la

direction longitudinalet plusimportantedansla direction transversale.

$ OD VXLWH GH FHWYRK\S WDHRLQW H RIROGCHIHA/DXW HR QC
DQJXOD L UKH®HYQP R A/ LUMH WSQ U D O
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Fig. 6-2 Propriéés mé&aniques des chanvres, a) la contrainte maximale; b) Module
GI<RXQJ F GpIRUPDWLRQ j OD UXSWXUH

6.2.1.2Angle spiral

Pour expliquer les difféences des propriéges méaniques entre les deux
directions,nous avons effectuédes observations microsgoes des tissus et avons
PHVXUp OfDQJOH HQWUH OHV PgFKHV DYIR@WY |HW DSUq

6-3|présente OD PHVXUH GH aWef i@ dhiCrbbcdps hlhigiGueans les

deux directions.

Dans lagFig. 6-3|b), montre que leanglediminuentsuitea OD WUDFWLRQ /YDQ

spiraldans la direction transversastde28.37°+6.27, et de24.7%dansdirection

longitudinale (21.36+5.65). Nous vgons surtout que cet angle diminue suite a
OD VROOLFLWDWLRQ HW TXTLO MRXH XQ U{OH LPSRUWI

se comportent mé&aniquement.
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Fig.6-3/D PHVXUH GH OYDQJOH VSLUDOH D OD GLUHFWLRQ OR
transversale

Ces dudes nous ont permis de comprendre un peu mieux le comportement des
tissus que nous allons utiliser comme renfort dans lescgnposites. La partie

suivanteabordera la mani&e avec laquelle nous avons daboréces composites.

6.2.2 Elaboration des composites

Ci-dessous sont dérites succinctement les difféentes éapes du processus
GYpODERUDWLRQ &HWWH SURFpGXUH HVW UHODWLYHI
dapes.

(1) 3UpFKDXI11HUGEHD QFRIHY Vp O TKRXLIRQKBW VOE HER Q W H Q
OHV ILEUHV MH TXX HUERESX IGGBIL W p

(2) $VVHREBOWDWpUGD@MHY PRXOHV OHV ILEWHV HW
SRO\SURBQ Qiwp SO SELQBONLQ PREDPILEDRXP
VSpFLDOHPHQW XVLQp SRXU FHWWH pWXGH

(3) &KDXIITHU @GH @R X®OIRWKWL T X H
(4) &RPSUHMQNHREOH VRXV XQH SUHVVH FKDXIIDQWH

5) 5HIURLGLU OHV SODTXHV GH FRPSRVLWHYV

&HWWH SURFpGXUH QRXV SHUPHW GIpODERUHU UL
pouvoirfaLUH YDULHU FHUWDLQV SDUDPgQWUHV &fHVW VXU

gue nous avons fait varier pour analyser son effet sur le comportement mé&anique
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des agrematéiaux ainsi éaborés.

6.2.3Propriéé des composites

6.2.3.1Influence de la tempéature

Dans un prmige temps, nous avonspW XGLp OfLQIOXHQFH GH OD
G 1 p O D E BRuUdg YV peRf@mances des composithious avons imposé des
tempéatures del60, 170, 180, 196t200 €, quant da pressiorimposé pour la
compression, nous avons chdisd MPa.La fraction volumique/r estde 19.70%.
LegqFig. 6-4|pr&sententOfLQIOXHQFH GH OD WHPSpUDWXUH GYpOD

des composites.

Tout GTDERUG QRXV SRXY & Q@nramie @immvubgsdmentT XH O
lorsquela tempéature G { p O D E&ghieWdHRN T X 1| -EiSaugrhicote® &1
nouveau pour diminuer anouveaknsuite H PRGXOH G{<RXQJ FURVW Oy

jusque 190€ puis chute adelade cette tempéature

()]

Fig. 6-4 Propriéés mé&aniques des composites, a) la contrainte maximale; b) le module
GI<RXQJ F OD GplIRUPDWLRQ j OD UXSWXUH

137



Chapitre6. Rsuméen Franagis

6.2.3.2Influence de la tempéature sur chanvre

Les fibres de chanvre ont é¢é éudi@s pour identifier les influences de la
tempéature. Lesfibres ont éétraitées dans un four pemadt 120 minutes sous
tempéatures difféentes, 160C, 180°C, 200°C, 220°C, 240°C, 260°C, 280°C.

Elles sontcompates avec lesfibres dechanvre nosraitées [Fig. 6-5|et|Fig. 6-6

Fig. 6-5 Variation des couleurs des chgnvretraités sous les tempéatures difféentes

[2)] [b)

Fig. 6-6 Propriéés mé&aniques des chanvres traité sous les tempéatures difféentes, a)
OD FRQWUDLQWH PD[LPDOH E OH PRGXOH GT<RXQJ F OD
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SurlalFig. 6-5| nous pouvons constater gesfibres dechanvre traités a160

°C, 180°C et 200°C présentent presque la méne couleur que les filwleshanvres

nonttraitées. Cependant, adessus de 201, la couleur du chanvi¢¢ {DVVRPEULW GH
plus en plusA la fin, la fibre dechanvre devient na@ra280 °C. SurlalFig. 6-6| la

réistance ainsi que lePRGXOH GY<RXQJ GLPLQXH DYHF OfD>
tempéature Cette diminution est due ala déggradation des lignines et des pectines

SXLV j OD GpJUDGDWLRQ GH OfKpPLFHOOXORVH HW GH
chimiques des fibres naturelles saié sensibles aux variations de tempéature et

se d@radent irréersiblement apartir de certaines tempéatui@ss dé@radations
peuvent ére observées de manig& O XV TXDOLWDWLYH j OfDLGH GYXQ

6.2.3.30bservation microscopique

Apreés les tests de traction &#sanalyss des propriéés mé&aniquesles fibres
de chanvreont éé observees | O DL G MER T4 {Fig. 6-7| montre ks

photographisde ces observians

Fig. 6-7 Photographies MEB du chanvre trqit§ a) 160°'C, b) a180 °C, c) 200°C, d)
240°C.
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- R& LPDIRSUHVTXH SDV GH GpJUDGDWLRQ GH OD |
GH WUYDFGR®PDJHPHQW SDV GH UXSWXUH GHYTXIHMI R I
WUDFHY DSSDUDLVVHQW HW QRXV SRXYRQV DXVVL FR(
VRQW HQGRPPERHPHYXEBDODUXSWXUHY WUqV ORFDOLVpPHYV

3DU FRQWUHK&D ®WHW VXUIDFHVY GH OD ILEUH RQW pW
JUDYHPHQW $ FHWWH WHPSpUDWXUH OHV ILEUHV F
FRQVWDWHU GHV UXSWXUHV DVVH] LPSRRWBWHYV $
SKPpQRPIYUETREPDIHPHQW PDLV EHDXFRXS SOXV DFFHC(

&HV GpJUDGDWLRQV GLUHFWOPHERWDIWLIRIY MR XHRKE
LPSRUWDQW VXU OD WH®RR SFROWFDQHY X HXG MY ®DUROD
DYRQV IL[pH f& FRPH WHPSpUDWXRIH $ FHWWH WH
ILEUHV VRQW SHX HQGRPPDJpHV HW OH FRPSRUWHPHZC

6 XLWH j FHWWH pWXGHH IQRW VGBEYVRIQM. QGIUDVIBRHQ@ W
GKXPLGLWp VpSDUpPHQW GHV FRPSRWHMOHY 33 FKDQYU

6.3 Effets du vieillissement

6.3.1 Vieillissement en humiditérelative

(Q SUHPLHMVOWL ©X ¥LHLRORVFEHWH TWH QRXV DYRQV
/HV pSURXYHWW H VIRXRPQ\E LW B RMVHPBIVW LY H GH PDQLQUH |
HQFHLQWH GH YLHI6O®AVMBPHQW;$7$/30XV SUpPFLVpPH
KXPLGLWp UHODWLYH HVW IL[fHENFXULWp] [f& HW j

3RXU ELHQ FRPSUHQGUH OH PpFDQLVPH GH GpJUL
FOLPDWLTXH VXU OHV ILEUHV GH FKDQYUH QRXV DY
DQDO\VHV UHODWLYHV 7URLV PDWpULDX[ 33 FKDQY!
DQDO\VpV GDQV F\RWW PWX\GHIDURXWDULHU GHX[ SDU
YROXPLTXH GH ILEUH HW OD SUHVVLRQ GH FRPSUHVV
G D T abeai6-1
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6.3.1.1Ré&ultats des essais de traction

/HV PDWpULDX[ RQW pWp VRXP KX FSLIHELGDQ WH O U W |
&KDTXH VHPDLQRMSKANYHWWHGRQW pWp WHVWpHV Pp
YRIJUQDOXHQFH GX YLHLOOLVVHPHQW VXXOMDWSURS UL
FHV HVVDLV VRQWFYBBWKpWLVpV VXU OD

TRXWERUG QRXV SRXYRQV FRQVWDWHU TXH OHV |
FRPSRVLWHY YLHLOOLY RQW GLPLQXp DYHF OH WHPS\

DSUQV VHPDLQHV ,0V RQW GLPLQXp GH DQG
+5 +5 HW +5FWHWMSHHQW (QVXLWH |j SDUWLU GH \
GKkRXQJ D GLPLQXp GH +5 +5 HW +5

/HV F\FOHV VXELWV SDU FHVHPXWIHH LSXp QW US B DF
GLIIpUHQWY FRQVWLWXDQWY HW GH IQLOHPWQEN tH\D X |
GpJRQIOHPHQW &HV F\FOHV DIIDLEOLVVHQW QRQ VH
QDWXUHOOHV HQ GpJUDGDQW OH ¥ VOH UQRBH WP UW @p)
HW OD PDWULFH

1RXV FRQVWDWRQV DXVVL TXH OH W@pX{VGWD QLFFHJ HW
VXUWRXW VXU OD PDQLgUH DYHF OD TKXRAH VOB V/PDW
SHUWH GHV SURSULpWpPpV PpFDQLTXHV HVW DVVH] FRQ

(QILQ OD SUHVVLRQU®BRRYBVEHRE D DX WVL XQ U{OF
FRQJXUDWLRQ HRE®HIWAMWGE PHLOOHXUHV SURSULpPWQp

1RXV YHQRQV GBEVRUINIXR@OG VHLQ GX FRPSRVLWHE
GpJUDGHU OHV SURSULpPpWpPV GX PDWpULDX &HSHQGDGC
IRLVY TXH OH FRPSRVLWHW\OD SDW WU N W LYDQWB QR
HQ FRPELHQ GH MRXUV OH FRPSRVLWH HVW VDWXUp H

141



Chapitre6. Rsuméen Franagis

Tableau 6-1 Les configurations difféentes du vieillissement de HR

&RPSR\ 7THPSpUBY )UDFWLRQ YGRHONEI /D SUHVVL
+5

+5
+5

Fig. 6-8 Les propriéés mé&aniques des composites sous HR vieillissement, a) la
FRQWUDLQWH PD[LPDOH E OH PRGXOH GY<RXQJ F OD Gp

6.3.1.2$EVRUSWLRQ GH OfHDX

'DQV FHWWH SDUWLH QRXV QRXV VRPPHV LQWpUH)\
OHV GLIIpUHQWHY FRQILIXUDWLRQV SUpPpVHQWpPHV SUp
HDX 1RXV DYRQ VDR WDHEDRAEPOARQ GDQV OH 33 SXI
QRXV DYRMWVSHWPXFWXUHY DYDQW HW SHQGDQW OHYV

/0Fig. 69/ FIGHVVR XV PRROUMLRQ TP O B BV \OHG VWU XFW
IRQFWLRQ GX WHPSV

1RXV FRQVWDWRQV HQ SUHPLHU OLHX TXH OH S
LQVHQVLEOMKXPDGEWpV K IBOD HVW G€ j VRQ FDUDFWqU
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TXHMHFMWSRQ\PqUH QRQ SRODLUH

(QVXLWH QRXV SRXY R QWHDRQ VXVIDWL HL RQBILEBL V KMUG!
WHPSV SXLV XQH JHIOWXPEWHRGHSRXURQAYV FRQILIXUDWL

&HVW OD FRQILIXUDWLRQ +5 GH ILEUH DYHF
VDWXUH HQ &SHWMWRHHVDWXUDWLRQ DSSDUDLW j MRXU)

&RQFHUQDQW OHV GHX[ DXWUHV FRQILIXUDWLRQV
GH SUHVVLRQ HW +5 GH ILEUH DYMWEXPLGERW S H S
HVW TXDVLPHQW LGHQWQTXIPH MR XS S B X D LIWVEVH MQG

,FL DXVVL QRXV YR\RQV FODLUHPHQW THDRH WDX]
&H UpVXOWDW HVW DVVH] ORJLTXH pWDQW GRQQp O}
FKDQYUH @

3DU FRQWUH QRXV SRXYRHW URI®@ DAMH XBBEBUTLTX B VOLLR Q
U{OH LPSRIPDENRWINKMDKEGPHQWDWLRQ GH OD SUHVVLEF
03D SHUPHW GH PLHX[ SURWEKXHUGHWPDWpPULDX IDFH |

&EGHVW QRQ VHXOHPHQW OD QDWXUH GHV FRPSRVDC
ODTXHOPWY RYW HQ IRUPH TXL SHUPFKXWPIGEHLOYHY SURWDp.

Fig.6-9 eYROXWLRQ GH Of{DEVRUSWLRQ GH OfHDX SXUH 33
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$ OD VXLWH GH FHWWH pWXGH IDFH j OGEXRLGLWpD

vieillissement aux UV sur nos agommposites.

6.3.2Vieillissement au UV

'DQV FHWWH SDUWLH QRXV DYRQV YRXOX YRLU Of

mé&anique des agreomposites PP/chanvre dont la description est donné& dans le

Tableaus-1

Les paraméres de vieillissementxaUVs ont éé imposé selon la norme 1ISO
48922: 2006, comme indiquédanlg Tableaub-2

Tableau6-2 /HV SDUDPgQWUHV GYH[SRVLWLRQ GX YLHLOOLVVHPHQ

7HPSpPUDW,

&\FOH | UD\RQQ 7JHPSpPUDW| +XPLGLWp U
% O DVAND Q C

GH[SRV/| : P % FKDP BRI H

6HF

FRQWL(

6.3.2.1Ré&ultats des essais de traction

La|Fig. 6-10|pré&sente les propriés méeaniques des composteeillis aux
UVs MXVTXYIDX[ VHPDLQHYV

I1RXV SRXYRQV FRQVWDWHU TXH ®RQVHPEWH GHVSL
FRQILIXUMHWMR GO VOQWHPPREPH GDQV OH FDV GX YLHL
KXPLGLWp &HWWH GLPLQXWLRQ DSSDUDLW j SDUWLU

$XVVL QRXV YR\ QRWHPERH GHV WURLV FRQILIXUDWL
SuqV OD PrPH SHUWH GH SURSULpWpPV PGPHH IVEWHD FR(
DYHF 03D GH SUHVVLRQ HVW OD FRQILIJXUDWLR
YLHLOOLVVHPHQW

1RXV SRXYRQV UHPDUTXHU TXH OH YLHLOOLVVHPHC(
FKXWHU GH OHV SURSULpWpPV LQLWLDOHYVY GH QRV P
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6.3.222EVHUYDWLRQ GYDSSDUHQFH

/DFig. 61 PRQWUH OHV SKRWRV GHV FRPSRVLWHYV YLH
GHV pFKDQWLOORQV D FKDQJp HQ SDVVDQWHGX EUXQ [
VHPDLQHV OD FRXOHXU GH D S/IDXW IKIHQ G \G JF RIPFSRW |
DSUqV VHPDLQHV OD VXUIDFH GHV pFKDQWLOORQV |
VHPDLQHV QRXV PBBOQVIPRIQR/AWOW PLYVXUHV PDFURVEF
GH FHUWDKIQWLOORQV HW XQH GpJUDGDWLRQ DVVH] I

Fig. 6-10 Les propriéés mé&aniques des composites vieillis au UV, a) la contrainte
PD[LPDOH E OH PRGXOH GT<RXQJ F OD GplIRUPDWLRQ
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[2)] [b)

Fig. 6-11 Photos des composites HR3 vieillis, a) 0, b) 1, ¢) 2, d) 4, e) 6, f) 8 semaines.

6.4 Contraintes ré&iduelles dans les composites

/HV FRQWUDLQWHY UpVLGXHOOHV MRXHQW XQ U{O}
GH YLH GHV PDWpULDX[ FPRORNBIRUALONG Y UMW FoXHOWL DU U R H W
GX PpPRLQWPWHVVH j OD GpWHUPLQDWLRQ GHV FRQWU
GHV SOLV GH QRV FRPSRVLWHV 33 FKDQYUH HW SR
GpODERUDWLRQ 'PRWpOHVX[DJORVY FRQWUDLQWHV |
HVVHQWLHROWHRIOGHWWEHUPLTXH HW DSSDUDLVVHQW ¢
IDEULFDWLRQ HW VXUWRXW SHQGDQW OH UHIURLGL)
GLIIpUHQFH GH FRHIILFLHQW GH GLODWDWLRQ WKHUP|

3O0XVLHXUV PpWKEBBXY G pMHHPQ QHU FHY FRQWUDLC
OD PLHX[ DGDSWpH j QRWUH pWXGH HVW OD PpWKRGH
HVW EDVpH VXU OH SULQFLSH GH UHOD[DWLRQ GHV FR
FHQWXUQH G RVHWWH GEpWRILURPIDMWNBRIHV GH

$SUQqQV DYRLU GpFULW VXFFLQFWHPHQW OD PpWKRC
QRXV DYRQV GpWHUPLQp OHV FRHIILFLHQWY GH FDOLE
REWHQXV VXU QRV PDWpULDX]
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6.4.1La méhode du trou incrénentale

La méhode du trou incrénentd est bas@ sute principe de relaxation des
FROQWUDLQWHYVY 3RXU FHOD XQH URVHWWH GH WURLV M|
Re OTRQ VRXKDLWH GpWHUPLQHU FHV FRQWUDLQWHYV
diamére relaxe les contraintes pigés dalesvolume de matiée qui vont créer en
surface des ddormations. En procélant ainsi de mani&e incrénental, nous avons

acceés aux contraintes dans une fine gaisseur du composite, 1 mm pour notre dude.

Cette méhode peut se d&omposer en trois éapes

X 3HUFNKQ GDRWX O ML PRAQHU 1GN
X OHVXUHU OHV GpIRUPDWLRQWOMNWRRUIXGXLVWQBHKF
X &DOFXOHU OHV FRQWUDLQWHY UpVLGXHOOHYV

Le probléne est maintenant de relier les dédormations mesurés en surface aux

contraintes initialement pré&sentelsns le maté&iau.

Nous faisonsO TK\SRWKqVH TXH OHV FRQWUDLQ@WHYV UpVL(
SODQ GH FR,QVDYDBIH)¥ét contraintes principales. En changeant d
systéne de coordonnés(Fig. 6-12 Diagramme schédnatique du systéng

coordonng, nous pouvons en d@luire W HQVHXU F\OLQGULTXH GHV FRQ

$XVVL HQ SRVDQW ; 1 1 < 1 1 SRXU REWHOQLL

A8 L<: E<; KOU?K®E-; 0 EDOE
o

& L2 F2:?2KIW?K®F>: ORI OB
A 6 6 6

2

&la L F;?KiQ ?KOE-; 0 &I O &Y

Re HVW OfDQJOH HQWUH OJBW GHDFR QMUDHYWHOS D 0
OH MDXJH GDQV XQ UHSqQUH F\OLQGULTXH HW OJD[H GH

Hooke nous obtenons
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oy Cest la matrice de souplessgff, fs sont abs inconnuegqui prennent en compte

la géomérie du trou etles configurationsescomposites

Fig. 6-12 Diagramme schénatique du systéne coordonné

La ddéormation radiale autour dwou devient

Q $; %<FRV &<VLQ
Re $ & &l % & & & V&

En utilisant une rosette dM DXJHV GDQV WURLW-&E@HREWLRQV |

ddormationssur chacune des trois jauges peuverffp FU L U H
,\’g LLZ2L#:ES$;?KIOr FU, E% ; OEUWF r;

LY, L#:E$;?KG@F-eF UAE%; OEUE- é;

Ol\

Y
A
8\6 ¥ L#: E$;?Ki@eF UAE % ; OB UF- ¢é;

(Q IDLVDQW O Ti&s\@rrairkes Y&t uesisonomogaessur toute
O 1 p S D ¥\pH Britrechaque incrénent, les déormations sogééées par le

changement de gémdrie du trou et la redistribution des contraintes.

La redistribution des contraintes entre chameoednent est prise en compte
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SDU Ofp¥FXDWLIHRWQVN IDFLOH GfREWHQLU OHV FRQWUDLQ!
incrénent, la difficultéest de déerminer les contraintes @™ incrénent. Les
contraintes ré&iduelles dans I8¢ couche (i<n) sont dgaconnueavec ki 21 .

La déformation provoquépar la libéation des contraintes réiduelles dansif®
couche est donné par
Yoal #u4&0E &u E $ui&uF &u? KIOAF Uy
E% 46&0F &y O BEIYF &;

4 oI les contraintes ré&iduelles dans e couche.
@: la contribution de la'f™ couche ala déormation totale aprés le'¥ie
incrénent.
Ain, Bin, Gin: les coefficients de calibrations dans¥¥ icouche correspondant
au ™ incrément.
:1fDQJOH HQWUH OD GLUHFWLRQ SULQF¥SDOH GHV F

couche et la directiond

I TDQJOH HQWUH OD MDXJH HW OD GLUHFWLRQ

[TpTXDW LUpe@net de prendre en compte la redistribution du champ de
FRQWUDLQWH 3DU FRQWUH SRXU OLQFUpPHQW Q OD

Yaal #s4:654 E @y E$s4:85 F &4,?2KtOaF s E
% 4:654 Féea;OEl]L}i F a;

En &rivant cette relation sur chacune des trois jauges et en inversant le systéne,

nous pouvons &rire les contraintes en fonction des déormatiens: @

o | B F %08 E%a?KIG F R:#:a F %442 KIG F %0 B;
&ua t#;4554: FOBE E ?KiQq; E t#52% a4 O B& E ? KtQy;
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- FVi#ss E$sOB 3 F ?2Kt@y; EVB:#44 E $44? KtGg E %40 B &
U4 t#554a FAE DA E ?KI@y; E t#;4%4 O B & E ? KtQy;

3 L_S_f?,S %4 Fg, FSatBFY Fqé;’)
t % tVBFBFY E$:xYF%;

/H SUREOQqPH HVW PDLQWHRRIHQM. FGH GBMWLEU PLQ H U
3RXU FHOD QRXV DOORQV XWLOLVHU OD PpWKRGH G

UHOD[DWLRQ GHV FRQWUDLQWHY SRXU QRWUH JpRPpV
QRV PDWpULDX]

6.4.2 Déermination des coefficients de calibration

(Q DEBXDQW OD PpWKRGH GX WURX LQFUpPHQWDO
GPpWHUPLQHU OHV FRHIILFLHQWY GH FDOLEUDWLRQ 3R
LQIRUPDWLTXH EDVp VXU OD PpWKRGH GHV pOpPHQW YV
OD UHOD[DWURIQQ &MY FRQWRQFWLRQ GH QRV GRQQpH)
DYRQV XWLOLVp OH ORJLFLHO FRPPHQVHPGE G 486 6
PRGpOLVOFRMLBRGRROWUH OH PRGQqOH XWLOLVp

$ILQ GH GpWHUPLQHU OHV FRHIILFLHQWYV GH FDOLE
SODQ GH FRQWUDLQWHY HQ HIIHW OD FRQWUDLQWH
GHYQW OHV DXWUHV FRQWUDLQWHYV

3RXU GpWHUPLQHU $HQ VRENQEPHS WRWH p0 XLELD[LDO
FRQWUDLQWHYLUDPVUGXHOMHVHLQ GH OD LLqPH FRXFK
PRGqOHIUDORWN GDQV OH UHSqUH F\OL@QGULTXH 2Q |
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Fig. 6-13 M odéle déments finis utilisépour le calcul des coefficients de calibration
&ERQFHUQDQW %LQ HW &LQ QRXV DSSOLTXRQV LFL
LLgPH FRXFKH GDQV1 OH1RARGHWH DOYRHAV1IFRVHW
1ULIVLQGDQV OH UHSqQUH F\OLQGMIQTXH1RW RE/LHQW
oLQ & 1

'DQV FH WUDYDLO QRWUH DSSRUW D pWp OD GpV
FDOLEUDWLRQ DGDSWpH | QRVWIRDWRHWDKH 1YW K RRN
PDLQWHQDQW XWLOLIPMPpWp WDXOX[QRVHPJIJORY FLQT Wt
GPODERUDWLRQ &HFL QRKXYIGKKW® FM \@HDOGHWHRPLSH LOD"
JUDGLHQW GH FRQWUDLQWHY UpVLGXHOOHV
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6.4.3 Contraintes ré&iduelles

6.4.3.1Influence de tempéature

/HV FRQWUDLQWHV UpVLGXHOOHV RQWSRWIpWEyW H
FRQWHQDQW GH ILEUHV GH FKDQYUH pODERUpV |
FLQT WHPSpUDWXUHYV GLIIpUHQWHV

1RXV DYRQV SHUFp XQ WURX j IRQG SOIMKWHH PP C
URVHWWH GH WURLYV MDXJHV 1RXV DYRQV FKRLVL GF
—PiSSDLVVHXU SRXU DWWHLQGUH XQH SURIRQGHXU

/| H¥ig. 6-14 HMg. 6-15 PRQWUHQW OHV FRQWUDLQWHYV Up\
GLUHFWLRQVXHWVE D QRVERMVPDIDK[ HQ IRQFWLRQ GH OI
'H SOXV FHV FRQWUDLQWHY VRQW GRQQpPHV SRXU OHV

Fig. 6-14 Contraintes ré&iduelles L en fonction de profondeur
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Fig. 6-15 C Contraintes ré&iduelles 1, en fonction de profondeur

1RXV UHPDUTIDEQRW GG/ AR XW GHN AFRQMROQDM QWHM LEUpEF
HW VRQW GH VLJQH RSSRVp

(QVXLWH QRXV FRQVWDWRQRHARHIOHV ARQMRIDLVDE
GDQV OHO03® HQYLURQOHN PXROXHQW IRUWHPHQW GI
FKDQYUHV HW 03D ,0 HVW LQWpUHVVDQW GH FRQ
FRQWUDLQWHY HQWUH OHV GLIIpUHQWYV SOLV

&RQFHUQDQW OD FRHASY D DOWKKW UP M BGHRHOXGHHWV G D G
SDV EHDXFRXS 3DU FRQWUH GDQV OHV WLVVXV GH FK
SOXV OHV FRQWUDLQWHV ,FL OXVVI& QBNV BR®WRQV ¢
UpVLGXHOOHV VRQW OHNX$ MKW LDH\E OHP § RP S I Y pHHW

6.5 Conclusions

'DQV FH WUDYDLO PERV ® BRRS RVRXXNQ S URFHVVXV
GDIJWPPHWpPULDX[ FRPSRVLWHY 33 WLVVXV GH FKDQYUH
WHPSpUDWXUH LPSRVpH SHQGDQW OD SWKWHWPBPRWR?SU
OH FRPSRUWHPHQW PpFDQLTXH GHV PDWpULDX[ &LQT

HW f& OpPFDQLTXHPHQW QRXV®OYRKQV SX
FRPSRUWHPHQW pWDLW OH PHLOOHXU PrPH VL FHUWD
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IRXWYRQV HQVXLWH VRXPLV QRV PDWpULDX[ j] GHV
KXPLGLWp HW DX[ 89V 1RXV DYRQV DXVVL FKRLVL G
WKHUPRFRPSUHVVLRQ HW OD IUDFWLRQ YROXPLTXH
FRPSRVLWHYV j f& X¥HONSWHHUPWWX GHH GRQVWDWHU TXH F
YLHLOOLVVHPHQW MRXDLHQW XQ U{OH LPSRUWDQW \
DIWPDWpPULDX[ $XVVL QRXV DFRON X WBRDP GHX HLE O K\
LPSRUWDQW OHV FRPSRVLWHVYWNBWWVDKRYW SOXW W
DX YLHLOOLVVHPHQW

(QILQ QRXV DYRQVILQRXOKQFRLEH OOD WHPSpUI
WKHUPRFRPSUHVVLRQ VXU OHV FRQWUDLQWHV UpV
LQFUPpPHQWDO QR®YV SH PHWPLVHE FRQWUDLQWHY DYH
MXETX®PP GH SURIRQGHXU VAW WRIQRPWIKIR BMVWH] URE X V!
UpSpPWLWLYH OrPH VL OHV LQWHQVLWpPV GHV FRQWUD
QXLUH j OD WHQXH GHV FRPSRVDQWYV H® VH&YLFH 1R
OHV FREDWUPVIQGAAKHOOHY pWDLHQW OHV SOXV IDLEOHYV
QRV IPOWRpULDX]
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Elaboration des chanvre/PP composites
et étude des contraintes résiduelles et
du comportement de vieillissements

Depuis quelques années les matériaux composites a
base de fibres naturelles ode plus en plus utili-
sés pour les nouvelles performances queils propo-
sent. Ceest surtout au niveau des fibres naturelles
gue de nouvelles propriétés sont proposées

Dans ce travail, nous nogemmes essentiellement
intéressés aux fibres naturelles de chanvre. Ces
fibres sont déja fortement utilisées dans lsauto-
mobile et la construction. En Europe, ces fibres sont
produites principalement en France et plus particu-
lierement dans IsAube.

Pour développer des agro-composites hautes per-
formances, ceest sous la forme de fibres longues et
de tissus que nous avons choisi deorienter ce travail
de these.

Nous avons choisi la thermocompression pour éla-
borer des plaques avec des tissus de chanvre et une
matrice en polympyléne (PP).

Ce travail permet de voir lsinfluence des conditions
deélaboration sur le comportement mécaniques de
ces agro-composites. Cette thése permet aussi de
voir lseffet du vieillissement aux UV et & lsHumidité
sur les performances de ces matériaux. Enfin une
analyse des contraintes résiduelles par la méthode
du trou incrémental permele voir leurs effets sur
ces agro-matériaux.

Mots clés : fibres végétales - matieres plastiques
renforcées avec des fibres - contraintes résiduelles -
matériaux, détérioration- matériaux, propriétés
mécaniques.

Manufacturing of Hemp/PP Composites
and Study of its Residual Stress and
Aging Behavior

In recent years compositeaterials based on natu-
ral fibers are more and more used for their new
performances. Natural fibers propose attractive
environmental, mechanicahd thermal properties.

In this work, we are firstly interested in hemp fibers.
These fibers are already used in the automotive and
construction industry. In Europe, these fibers are
produced mainly in Franemd especially in Aube.

To develop agro-composites with high performanc-
es, we have focused this thesis on hemp woven. We
chose to elaborate the pést with hemp woven and

a polypropylene matrix (PP) by compression mold-
ing.

This work allows us toe® the influence of elabora-
tion conditions orthe mechanical behavior of these
agro-composites. This thesis also allows us to see
the effect of aging conditions UV and humidity on
the performance of these materials. Finally an anal-
ysis of residual stresses determined by the hole
drilling method is proposed to see their effects on
the agro-materials.

Keywords: plant fibers - fiber reinforced plastics -
residual stresses - materg@ldeterioration - materi-
als, mechanicabroperties.
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