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Résumé

Problématique

De nos jours, les fibres naturelles (lin, chanvre, jute, etc.) deviennent de plus en plus po-
pulairespour remplacer la fibrde verre dans les matériaux composites. Ceci est non seule-
ment d0 a leumodule d'élasticité spécifiquegidité divisée par la densité) plus élevé que
celui des fibres de verre mais aus$urs avantagesivironnementaux et leur durabilité. En
effet les fibres naturelles sont obtenues a partir de ressources renouvelables et leur production
est moingnergivoreet moinscodteusajue celle des fibresynthétiquesomme la fibre de
verre.De plus,ellessont biodégradables dbnc non polluantes lode leur recyclage. Ces

caractéristiques en font une alternative écologique et durable.

Le Canada est la@mier producteur mondial de lin, principalement dewgrain La fibre
est peu exploitée et elle asfjetée car coupée de facon aléatoire et laissée dans les champs
lors de la récolte du graifl y a donc possibilité degcupérer la fibre dans des puitd de
matériaux composites a valeur ajoutée. Ces nouveaux matériaux sont moins dépendants des

ressources pétroliéres, tout en étant plus respectueux de I'environnement.

Les fibres de lin sont caractérisées par une rigidité spécifique supérieuredesdilbees
de verre et donc elles peuvent étre considérées comme un remplacement potentiel de la fibre
de verre dans les pieces composites. Les matériaux composites a base de fibres naturelles
courtes sont d®) " mis en TUaspiéces nahatrusturelled.i n d u
Afin de développerdeséeano mposi t es capable doé°tre utild]

velopper des renforts a fibres longues et continues. La plupart des renforts a fibres longues
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sont bidirectionnels (fibres tiss®) @ sont fabriqués par les technologies de l'industrie du
textile. Ce type de renfort est moins performant que les composites unidirectionnels (fibres
alignées) car les chevauchements des fils dans les tissés représentent un point faible a partir

duquel laupture du matériagp e ut s o6i ni ti er .

Objectif

Les travaux de cette thése viserdévelopper et caractériser un renfort unidirectionnel
(UD) lin/papier contenant une couche UD de fils de lin alignés dont la cohésion est assurée
par une couche de papier de fibres courtes de Kraft (fibres de bois). Les performances de ce
nouveau renfortomprennent sa perméabilité a I'écoulement de résine liquide, le comporte-
ment en traction du composite qui en résulte une fois imprégné, ainsi que sa résistance au

cisaillement (cohésion a sec entre les fibres de lin et de papier).

La résistance au cisiment du renfort est un indice de qualité assurant que les fils restent
autant que possible intacts (alignks$ de la manipulation du renfort et autant que possible
pendant l'injection de la résinka perméabilité et la performance a la traction almgosite
(particulierement sa rigidité spécifique) constituent pour leur part les pasesttant d'éva-
luer si des piécesomposites fabriquées a partir de ce renfort pews@mturrencer les com-

posites a fibres de verre.

Les parametres étudiés du renfort comprentzedénsité surfacique (ou grammage}p
couches de lin et de papier, la pression de formation de renfort, ainsi que sa température de
séchage. De plus les effets des différents taux de fibres et des diffémnrftgarations (ar-

chitectures) du renfort sont aussi étudiés. possibilité de produire le renfort hybritd



lin/papiera grande échellémachine d'Innofibre du Cégep de TrBlwvieres) est finalement

évaluée.

Selon la définition théorique de la ception robuste, un produit ou un procédé est ro-
buste soil est peu sensible aux effets des
vie, méme silessourceselles® mes noont pas ®t ® ®| i mi n®es.
des fibres naturelteont une variabilité inhérente, un objectif important de cette thése consiste
a étudier l'influence des différents parametres sur la variation des propriétés pour ainsi appli-

guer une méthode de conceptmaramétriqueobuste du nouveau renfort.

A plus long terme le projet consiste a fabriqdes piéces composites géométries et
dimensions arbitraires en utilisant le renfort hybride UD lin/papier. Ce projet, lancé au labo-
ratoire de mécanique et éomtériaux (LMEM) en 2010, se compose de quaphases
choix des constituants, conceptide renforts étude du comportemedé composites plans
et finalement moulage et conception depg@composites plus complex&sutes ces phases
ne peuvent bien sOr étre adressigass un seul projet de tleedour cette raison, daostte
thése seulées phases de conceptigma(amétrigug obust e) du renfort et

comportement sur des échantillons planaires sont adressées.

Matériel et méthodes

Les bobines de fils de lin sont fournies Bafilin (France) est sont fait@sl00% de lin
européen. Des densités linéaif@ex) de 200 g/km et 400 g/km sont utilisées daatte
étude. Lapate apapierkaf t d o6 une cYoestsoursid parinoodibred Rour in@u-

ler les plaques compositegnerésine Adtech Marine 820 epoxy mélangée ave&olén



poids de durcisseur Marine 824t utilisée Le fluide utilisé pour les essais de perméabilité

est | 6hui |l e -580t eur SAE 20W

Pour fabriquer les échantillons de renfort en laboragtouatre étapes principales sont
requi ses. Premi rement, | 6al irdaceudne unidi- des f
rectionnelle. la couche de papier Kraft emtsuite fabriquéen milieu humide sur une for-
mette dynamique. La couche de fils de liaefeuille humide sont ensuite assemblgas
pressagentre rouleaux. Le renfort hybride résultant est finalement séché sur rouleau chauf-
fant. Lors des deuxlerniéres étapes, des liaisons mécaniques et chimiques sont développées

entre les fibres de lin UD et de papier.

Pour fabriquer | e renfort hybride Iin/papi
lin sont alimentés sur la table de formationlaenachine. Ceci est réalisé en utilisant un
support d'alimentation sp®cial ement con-u
tall ®es. Afin dbébajuster | 0espace entre | es
Trois types de peites ont été utilisés dans cette étude pour permettre des espacements dif-

f ®rents entre | es fils. Le premier peigne j
ddbespace entre chacun. Les deux autres peig
Les renforts produits avec les deux derniers peignes peuvent étre utilisés dans les matériaux
composites unidirectionnels, alors que ceux obtenus avec le premier peigne pourraient étre

potentiellement utilisés dans des applicatidesnballage renforcé

La résistance au cisaillement entre les fibres de lin et de papier (afiptdéeal Bond

Strengtld ou IBS dans cette thése) est estimée avec une méthode initialement développée



pour | es papiers. La m®t hode nfontde getterétuidee a ®1
Des échantillons de 25 mm x 150 mm (1 po. x 6 po.) sont préparés. A chaque bout, soit la
couche de papier, soit | es fils de lin, son
tillon il ne reste qu ®onod lezdeux eoucthes-eodstent.mm [ :
Ensuite, les échantillons sont soumis a une force de traagendrant une forade cisail-

lement (convertie en valeur IBS) dans la zone jointée.

Le moule de perm®abilit® d®veplagyepuperigil@ns c e
en verre tremp® de 19 érmure edtaitefacer isosydabledune La pl
épaisseur d'un poucka plague de verre trempé permet la visualisation et le suivi du front
d'écoulement. Le verre est trempé pour assurerud ®f | exi on n®gl i geabl ¢
pression dobéinjection. Des cales de pr®cisio
de la cavité. Cet ajustement est nécessaire au contréle du taux de fibres. Au milieu de chaque
échantillon de renfoyun trou de diamétre de 12 mm est pgér créer un point d'injection
etamélioret a pr ®ci si on des r®sultats de per m®abi
sous un videonstant de 100 kPa fourni par une pompe a vide connectée aux quatre coins du

moule.

La mesure deerméabilité se décline en diverses catégonmesmeéabilité saturée ou in-
satur ®e, perm®abilit® " pressi ontad,perméy-ect i o
bilité unidirectionnelle (1D) ou radiale (2D). Dans cette étude, la perméabilité insaturée est
mesur ®e en wutilisant | 6injection radiale

sur les rayons majeur et mineur instantanés du frénbdlement elliptique. Les données
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temporelles sont ensuite traitées selon une méthode développée dans la littérature pour I'écou-
|l ement radi al d 6 un forthotrodeafin deacalsulerdarpermmdabilitce u p o
K1 dans le sens des fils de kb la perméabilité Kdans le sens perpendiculaire aux fils de

lin.

Pour mesurer les rayons majeur et mineur du front d'écoulement, un code déNatlab
été développé (appetéode Addans cette thése). Ce code interpole une ellipse théorique sur
le front d'écoulement et calcule la longueur instantanée des rayons majeur et mineur en unité
de pixel. La connaissance des di mensions de
laires dins les images captées) permet de convertir les unités de pixels en dimensions phy-
siques. Un autre code de Matlljappelédcode Bdans cette thése) est aussi utilisé pour
calculer les valeurs dejket K> a partir des rayons majeur et mineur etleursgempm 6 i nj ect i
correspondants. La validité des deux codes A et B a été vérifiée par comparaison avec des

mesures directes.

Le moulage par transfert de résiteRe s i n T r a n eufR&M)test Wilesé pburn g 6
fabriquer les plaques de composite a partirehfort hybride UD lin/papier. Les parties in-
férieure et supérieure du moule sont dans ce casstaleux faites d'acier inoxydal{ldé-
flexion négligeable pendant l'injection de résine). Comme pour le moule de perméabilité, des
cales de précision sontligées pour ajuster la hauteur de la cavité et ensuite le taux de fibres.
Pour tous les composites fabriqués dans cette étude, huit couches de renfort sont empilées.
Le montage de RTM per nde4bargtrdans qe caBidmégraton d 6 i n j

du renfortse fait de facomnidirectionnelle
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Des renforts a un tawolumiquede fibresde85% sont ddédabord i mpr ®gr
| 6i njection, Il a pl| adpgplacée seospe®es servantes visl pourmo u | e
atteindre le taux de fibres désiré. L'excés de résine est ainsi évacué du moule. Cette technique
permet de bien imprégner le renfort (faible taux de vide ou porosiig)yé la faible perméa-
bilité de la couche papieAprés le moulage lesgjuescomposite sont maintenues a 80°C

pendan® heures pour assurer une polymérisation compléte

Pour Hebractosréalisé selon la norm&STM D3039,des échantillons déimen-
sion250 mm x 15 mnsont coupés a partir des plagugoulées. Au moins cing échantillons
sont testés pour chaque type de composite (4 répétitions). Les composites a fibres naturelles
montrentun pointl 6 i nf tkeegpoiodh dur ant | dessai de tracti
traction est bilinéaireLemo dul e avant | e est@stimédand lntervdlld e x i o1
de déformation d8.0250.1%, etun autre module apres le pothtd i n f | pestesbrme ( E

dans l'intervalle de déformation 8e3-0.4%.

Les causes principales de variabi(g€arttype) dans les résultats de cette étude incluent
les procédés de fabrication (comprenant tant la fabrication du renfort sec que du composite),
les méthodes de mesure (IBS, perméabilité, propriétés en traction), le facteur humain (erreurs
demanipulai on et dbéexp®ri mentation), ainsi que
niere inclu la variabilité inhérente des propriétés des fibres naturelles ainsi que la variabilité
associée aux valeurs (niveaux) gesametres matériattilisés danslep | ans dbéex p ®r |
Les incertitudes | i ®es aux proc®d®s de fabr

processus de fabrication de haute qualité. Il en va de méme pour les incertitudes liées aux
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mesures (caractérisation du matériau). La méhsdconception paramétrigrebuste uti-
lisée dans cette these adresse donc la variabilité associée aux valeurs (niveaux) des para-

metres du matériau.

Un algorithme tiré de la littérature est utilisé pour réaliser la conception paramétrique
buste. Selowret algorithme, deux prérequis devraient étre vérifiés poyalesnetres mate-
rrauaf i n de permettre | 0optimisation robuste.
param tre qui affecte | a mosiypedeseésutdas.Deurn par a

xiemement, la relation entre ces paraméaimgait mener a urésultat quadratique.

Un plan d'expérience avec quatre parametres du renfort, chacun a deux niveaux (hommé
4* Design Of Experimend ou ' DOE ), est considéré pour évaluer le premier prérequis.
Les paramétres dans ce plan d'expérience indaeensité surfacique de la feuille de papier
(paramétre A)la densité surfacique de la couche déperametre B), laression de formage
(paraméte C) et la tempétare de séchage (parametre Dg¢sléchantillons de renfort sont
fabriqués selon ce®IDOE, apartir duquel e s p r o p rlés@ern@abilités & et BoS

ainsi que les performances en traction sonetiré

Résultats
IBS

Descomposants a base de cirelsusurface des fils de lin ont giélevésenutilisant un
extracteuSox hl et . Lbéanalyse des composants par s
Fourier (FTIR) montre quoéil s cochimigeeedeent ur

type CH. Ces groupements chimiques sont capables de créer des liaisons de Van der Waals



entre eux ainsi qu'avec des groupemégtiroxyle libres (OH) sur la chaine moléculaire de
cellulose des fibres de papier. En conséquehest supposé€uela présence d'un grand
nombre de liaisons Van der Waals entre groupements chimiquest@rbupements hy-
droxyle libres (OH) est la raison principale de la cohésion entre la couche de papier et les fils

de lin.

Les essais IBSont exécutés sur les échantillons de renfort fabriqués seldbD@EL En
général,les résultatsmontrentun coefficient de variation (¢ assez élevéentre 18% et
52%) Ceci pourrait °tre |l e r®sultat@2dm | 6uti
x 25 mm) entre la couche de papier et les fils de lin dans les échantillons testés. De plus, la
liaison deVan der Waals  tres faible, ce qui peutendre la mesure IBSlus variable.
Mal gr® cela, | 6analyse dO6ANOVA sur | es r ®su
augmentent avec la densité surfacique du papier (facteur A) et la température de séchage
(facteur D), alors qubébi |l sensitésuifaniquedeta comche ¢ | '
de lin (facteur Betaveclpr essi on de formage (facteur C).
fluence | ' ®cart type des r®sultats doél BS, s
le graphe des tendance®ntre clirement que la température de séchage a un effet plus
marquésur lecoefficient de variance (. Lamoyennedey®e st en ef fet r ®dui

20% lorsque la température de séchage est a son niveau élevé.



Perméabilité

Toujours selorte I°DOE, b anal ys e ANEMAS de mesureldperméabi-
lité indique que la densité surfacique de la couche de lin (facteur B) est le seul facteur in-
fluencant significativement tant la moyenne que I'éggoe de la perméabilité KCette ob-
s er v at pliquenpardadistance entre les fils. En effet, il y a toujours un chemin d'écou-
lement étroit entre les fils adjacents des échantillons a 16 fils/pouce (facteur B au niveau bas).
D'"une part, ces chemins d' ®coudtguntacileamerntai ss e
entre les fils, comparativement aux échantillons avec 24 fils/pouce (facteur B au niveau haut).
D'autre part, en empilant des couches de lin de 16 fils/pmueeobtenir Igpréforme Je plus
grand espace intdils résulteen des empilements ou les fils des couches successives soit
parfois en visavis (en phase), parif® en intercalage (déphaséBans les couches de 24
fils/ pouce, l es fils sont beaucoup plus r ®c¢

effet de plase (nesting) est ainsi minimisé.

L 6 anal gesukats deelas perméabilité; Kknontre que tous les facteurs ont une in-
fluence sur | a moyenne t an dtype. Segantegrapbeudes n' a
tendances, les facteurs B et C font aagtar la moyennedecK al or s que | 6ef fe

A et D est inverse.

Pour évaluer le comportement en perméabilité de chaque réaferte vraies conditions
de moulage, deuempilementsle renfortsle 24 fils/pouce et 16 fils/pouce sont moulées par
injection de résine a une pression de 100 kPa. Dans chaque composite deux zones elliptiques

sont distinguéesune région intérieure totalement saturée par la résine (nommée région ),
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et une région exté@ure partiellement saturée par la résine (hommeée région Il). En injectant

a pression constantefront d'écoulement atteisa vitesse la plus élevée au point d'injection

Au fur et ° mesure quodil progresseregpancth s | e
aux vitesses élevées. Les forces visqueuses sont alors dominantes et la résine passe entre les
fils (en créant également des misides a l'intérieur des fils). La région Il correspond aux
vitesses plus faibles. Les forces capillaires soms @lominantes et la résine passe au travers

des fils (en créant également des macgdes entre les fils). Cette dynamique est confirmée
pardes micrographies de chaque région ou I'on percoit clairegquenta région Il contient

plus de videsLes échantlbns tirés de chaqu&gion montrent également une densité plus
élevée danka région I.A une certaine distance du point d'injection il existe une vitegse

timale pour laquelle le taux de vide final dans lagpk est théoriguement minimu@et

a s p eesttpas trdté ici et fera l'obj@gté ®t udes ul t ®ri eur es.

Tel que mentionné précédemmadatgensité surfacique de la couche de lin (facteur B) est
le seul facteur qui influence a la fois la moyeehda variance de la perméabilité. KCeci
permet donc de faire urmgtimisation robusteelon ce facteuComme le taux volumique de
fibres (facteur E) est depuis longtemps reconnu comme un des parameétres les plus importants
pour une étude de perméabilité, ce deuxieme facteur a également été inclusidargeame
pl an doexp®FfDOEndageel ynanpdele de ®gr@ssion pour la ptiédi de la
moyenne de Kesttré Deux mod | es sont aussi utilis®s
Ki. Le premier est une régression tirée des résultants expérimentaux (appelé modéle R) et le

deuxieme est plutét obtenu par la méthode de propagatd e | 6 erreur (appel
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Une optimisatonbb bj ect i ve pour maxi mi ser-tydeast moyen
ensuite réalisée sur les deux modeles avec un algorithme génétique. Les deux optimisations
(sur le modele R et sur le modéle P) congatgyers le méme point optimal quand le coeffi-
cient depondérationpourles e ux t er me s ebjertive estrajustea O.bestn b i

déduit que le point optimal robuste pour la perméabilitésg:

Parametre EVs = 0.35
Paramétre B Couche ddin UD a 24 fils/pouce

Une étude comparative de la perméabilité du renfort optimal UD lin/papier avec des ren-
forts UD lin sans papier a été effectuée. Il a été démontré que la couche papier permet de
r ®d ui r-gpeldd®peanéabilité K Ce résultatontribue également a la conception

robuste du nouveau renfort.

Densité surfacique

Outre les effets évidents de la densité surfacique des couches de papier et de lin sur la

densité surfacique du renfoune autre analyse ANOV#dique que la température de sé-

chage affecte elle aussi signi fi crousipare me nt
tonspremi rement du ph®nom ne d® " connu quodu
sion quand il est exposé au flux de chalewr ds ® c ho i r . De pl us, | e

pressant le renfort entre un feutre et un roulgdaauffant.Cette combinaison antagoniste
chauffaggpr essi on | ors du s®chage semble ° | dori

densité surfacique du remt résultant.
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Ce résultaest d'une grande importance en pratiquedeasité surfacique du renfort in-
fluence le taux volumique de fibre, ce dernier ayantri@me un impact majeur sur les pro-
priétés mécaniqueuccomposite final. Il est donc importarg dien contrdler la température
de s®chage du renfort pendant sa fabricatio

des piéces composites résultantes.

Propriétés en traction

Léanal yse ANOVA sur | es pr cgnposi@s abtenuss@®c ani (
lonle *XDOE montre qubéaucun des quatre param tr
ficative sur I'écart type des résultats. Cela indique que les conditions de fabrication des com-
posites étaient toujournsistantesll est ausisrapporté dans quelques articles récents que
| 6 ®typee dds propriétés des compasigst principalement influencé par la qualité de la
fabrication plut6t que la variation inhérente des propriétés mécaniques des fibres naturelles,

en r ai s odverdgingdesfibrésfdans le composite.

Les r®sultats de | 6ANOVA indiguent que | es
(facteur A) et de lin (faeturB) ainsi que la température de séchageedfort (facteur D) ont
influencé la moyenne de lasiétance ultime en traction du composite. Le seul parametre
ayant influencé les deux modulesdf B est le facteur B. Le facteur A présente une corré-
lation inverse sur la moyenne de résistance du composite alors que les facteurs B et D ont
une corrélatia directe. La relation entre les modules ¢EE) et le facteur B est aussi une

corrélation directe.
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Les images microscopiques de la section transversale des coswmusiteent que la po-
rosité (vides représenté par des lignes minuscules noires autour des fibres) est concentrée
autour des fibres de Kraft (couche papi#@stconcluque lorsque ledcteur Aaugmente et
gue par conséquent la quantité des fibres de papgmente, le composite comporte plus de

porosités et donc sa résistance diminue.

Il est documenté dans la littérature que le séchage favorise la formation de liaisons fibres
fibres dans les matériaux cellulosiques. Le séchage du renfort & tempélaguétepée
augmente donc la cohésion des fils de lin entre eux. Il en résulte une augmentation de la
résistance du composite moulé avec une augmentation de la température de séchage du ren-

fort.

La rigidit® scpnipositeffinafestesupéliere | © ®cel | e ddédun ¢
fibres de verrgoour un méme taux de fibre€e résultat tres important pave la vaides
applications industrielles du renfort ®tudi

dustrie automobile, aéronautique, spettsges loisirs ainsi que dans le secteur du batiment.
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Abstract

Canada is the world's largest producer of flax. However, most of the flax fibers are used
either for food production aio weaveinto clothing and blankets. Sby developing rein-
forcements of flax fibers to be used in polymeric compoditese is a opportunityto not
only produce valuadded products, but also be more environmentally friendly. Flax fibers
are characterized by a higher specific stiffnesffristis divided by density) than glass fibers
and therefore can be considered as a potential replacement of glassdiraposite parts.

In order to develoflax fiber composits that can be used in lodmkaring structures unidi-

rectionalreinforcement oflax fibers must be developed.

This thesis aims at developing a new unidirectional flax/paper reinforcement with inter-
esting properties in terms of permeability, tensile mechanical properties and bonding strength
between paper and flax fibers in ttey reinforcement. To study and model the important
reinforcement parameters on the concerned properties, the classicapaybusttedesign
approach is considereblloreover, high quality fabrication and characterization methods are
developed tyield consstent resultsFeasibility of mass scale production of the hylon-

directionalflax/paper reinforcement on the pilot paper machine of Innofibre is also studied.

To study the reinforcemenh alaboratory scale two material parametansluding sur-
facedensity of the paper sheet and the surface density of the flax layer, as well as two fabri-
cation parametersncluding forming pressure and drying temperature, are considefred
fects of these parameters are studied on three properties of the matenaisicy the co-

hesion between the two reinforcement layers (flax and paper), reinforcement permeability
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and mechanical properties of the final - @omnposite. For the modeling aspect, the design of
experiment followedy statistical modeling are usdd. adition, effects of different rein-
forcement architectures as well as the fiber volume fraction are studied through comparative

studies.

Effect of temperature on improving the flggaper cohesion and decreasing its standard
deviationin the dry reinforcemdnwas identified Mean and standard deviation of the per-
meability alonghey ar n s 6 di) is namly infloemced by surface density of the flax
layer. So, this parameter must be adjusted to its maximum value to reduce the standard devi-
ation. It hadeen shown that the temperature hatatistically significaneffect on the rein-
forcement surface density as well as strength of theceemposite. Although temperature
effect on mean vals®f surface densitgndstrength could be marginal from an eregnng
point of view,it is concluded that it should be adequately controlled during manufacturing
process of the reinforcement to minimize variance of mechanical properties fHsudtggh
comparative studies, it was shown that the paper layer redecstatidard deviation of the
K1 permeability andensile propertiesf ecocomposite These resultshow thathe flax/pa-
per reinforcement has a robust architecture compared to sole layer of unidirectional flax
Specific stiffness of the final eembmpositeis foundto behigher than that of a UD glass
fiber composite, at the same fiber volume fraction. This very important finding paves the way
for industrial applications of the studied reinforcement. This material could be potentially

used in the automotiviedustry, aerospace, sports as wellreesbuilding sector.
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The flax yarns are fed into the pilot paper machine of Innofibre and then at the exit of the
machine, the paper sheet reinforced by unidirectional flax yarns was rolled up successfully.
This reault, proves that the mass scale fabrication of reinforcement is feasible and therefore

paves the way for attracting industrial intera@stl also reducing its production costs.
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Preface

The thesis report consists of 5 chapters. In Chapter 1 a general introduction to the subject
is given. Several aspeadf natural fibes and their composites have beaatroduced based
onthe literature. In chapter 2 it is tried to represent more relevant aspects to thefwioiks
study byreviewing some of themostinteresting articles from each categamyd thenthe
motivation and remarch objectiveof this thesisare describedt is explained that this thesis
is part of a long term project aiming at developing natural fiber composite parts having com-
plex geometries. Materials and methods used in this thesis are described inZHdpter
rials include flax and Kraft pulp fibers as well as epoxy resin and permeability test fluid and
the methods comprise laboratory and pdoale reinforcement fabrication, shear cohesion
test, permeability measurement and compssitelding and testig. Robusiparametede-
sign approach fostudying the reinforcement eso describedin chapter4 experimental
results of shear cohesion tests, permeability, composite tensile test as well as pilot scale fab-
rication of reinforcement with a paper machiaeg presented and discussed. At the end, a

comprehensive conclusiam chapter5 gives an overview on the outcomes of this thesis.



CHAPTER 1: INTRODUCTION

1.1. Statement ofthe problem

In recent timesthe exploitation of natural fibers as reinforcing element in polymer com-
posite materials has attractadticeableattentionfrom scientists and researchehs.fact,
after decades of higtech development of petroleum based plastics anebramiegradable
fibers such aglass,aramid and carbon, the huge increase of material waste has led to dis-
posal problems as well as environmental consequences. Due to thegfaitant scientific
research has been directed toward environmentally friendly, sustainalilereposite ma-
terials.These materials are made of natural fibers (NF), mostly cellulose based ones, being
impregnated with biksourcedmatrix. In this section thenotivations of this global tendency

will be discussed

The application of natural fibers as reinforcement in composite materials dates back to
some 3,000 years ago, when the Egyptians used straw reinforced clay to build bricks and
walls[1]. Generally speaking,atural fibers are classified into thremjorgroups cellulose
based (plant) fibers as well as animal and mineral gkeBigure X1 illustrates, ellulose
basedplant)fibers, as the most important group of natural fiparsfurther classified into
straw fibers (e.g. corn, wheat aride strawg, bast fibers (e.g. flax, jute, hemp and kenaf),

leaf fibers (e.g. sisal, henequegmneapple leaf fibgy seed/fruit fibers (e.g. coir and cotton),



grass fibers (e.g. bamboo and elephant grasscanthusand wood fiberge.g. sofivood

and rardwood)[2]. Flax (Linum usitatissimum) is probably the oldest teXiler known to

mankind. The first well documented application is the use of the linen fabric by the Egyptians

to wrap their mummiedhis fiber has been used as the basigdioric notonly for clothing

but also for sailgentsand war outfitsuntil around 1950phenafterthatsynthetic fibers took

over[3].

It is worth mentioning that implementation pfantfibers as reinforcement for polymers

has its own advantages and difficulties which need twhsideredefore their application.

On the plus side, employing natural fibers results in positive environmental impacts due to

less energy consumption for production, and budget zeee@3sions if recycled.

Plant fibers (cellulosic/vegetable fibers)

Straw fibers

Bast fibers

e.g.. corn, wheat,
rice straws

Leaf fibers

Grass fibers

Seed/fruit fibers

Wood fibers

e.g.. bamboo.

elephant grass.
miscanthus

e.g., sisal. henequen,
pineapple leaf fiber

e.g., flax, jute,

hemp, kenaf

e.g.. softwood,
hardwood

e.g.. coir, cotton

‘ Animal fibers (protein) ‘

‘ Minera

1 fibers

e.g.. wool, silk,
hair

e.g., asbestos,

Figurel-1. Classification ohatural fibers

fibrous brucite




In addition they are renewable compared to synthetic fiblmusyielding lower cost and
lessreliance on foreign oil sources. Some other points include low density that brings about
high gecific propertiegparticularly specifiamodulug, health benefits as they are not sus-
pected to cause lung cancer or skin irritation for those involved in productionaampula-
tion, low wear and abrasion on processing tools and good acoustic insdlaitmtheir low

density and cellular structure.

On the negative sidaydrophilic nature of fibers results in poor resistance towards mois-
ture absorption and lack of good interfacial adhesion with the matrix which in turn results in
inferior mechanical properties. Furthermore, variability of properties due to quality of the
harvest and growing conditiors well asextraction techniqueandprocessing operations,
could be conflicting with the normal industrial demand of constant product quisliitseo-
ver, lack of heat resistance is another limitation of natural fidedsle 11 briefly summa-

rizessomepros and conef natural fibers

Apparently the total balance of properties comes out positive since the major disad-
vantages like water absorption and low interfacial adhesion can be addressed through chem-
ical or physical treatment of fibers surfaces. In addition their variable quatithesaken

into account in the engineering design phase.

Currently most flax fibers around the world are either processed into pulp for special pa-
pers (e.g. paper of cigarettes, currency, artwork), etevoveninto cloths and blankets. Oth-
erwise they a incinerated in the fields. So there exists an opportunity to not only produce

higher valueadded products but also to be more responsible towards the enviroAsient.



Table 12 indicates, it is documented in the literature that the specific stiffness (stiffness di-
vided by the density) of flax fiber can compete well vatime categories of-glass fibers

andit could be considered as a replacetm&nE-glass fibes for composite partOn the

other hand, unidirectional (UD) glass fiber reinforced composites are often used in load bear-
ing constructions, like wind turbine blades, foot bridges or structural composites for the au-
tomotive industry. Howver, fever studies have dealt with load bearing composites based on
continuousnaturalfiber reinforcementsompared to chopped randomly oriented natural fi-
ber reinforcements (mat) whid¢tavealreadybeen implementeih industryto produce non

structural parts such as car interior trijdsL(].

Tablel-1. Advantages and disadvantages of natural fibers

Advantages Disadvantages

Lower costs Poor dimensional stability

Biodegradable Kink band fracturefl1]

No CO2 emission Low resistance to moisture

Sound damping Low interfacial adhesion

Low energy requirement for production  Hydrophilic hydrophobic interaction

No health hazard Operating condition limited to the temperature
Renewable Waterabsorption

Excellent specific module Variable quality

Reduced abrasion of the tools Biodegradable

In a nutshell, the objective of this research is characterization of a hybrid unidirectional
flax/paper reinforcement in terms oénpeability to liquid resintensile behaviour of the
composite as well as the dry shear strength between flax and paper layers of the
reinforcement. Since variability of the properties is an inherent characteristic of natural
fibers, it is also aimed atudying the variability reduction of the propertiébe feasibility

of fabricating this hybrid reinforcement kg pilotscale paper machine is also studied.



However, throughout this thesisly laboratorymade reinforcements ausedfor permea-

bility measurementsgompositegabricationand dry shear strength measurement.

Tablel-2. Comparing Flaxand¥g | ass fi bersdé propert.i

Tensile Specific tensile

Fiber type I(D?S;'%/ modulus modulus Tens(l:\jps;r)ength
g (GPa) (GPalg crr)
Flax fiber[12] 1.451.55 28-100 19-65 3431035
Flax fibef13] 1415 27.6103 45 3432000
Flaxfiber [14] 1.53 58+15 38 1339 + 486
EGlasq12] 2.55 78.5 31 1956
EGlasq14] 2.55 71 28 3400

1.2. Background

1.2.1. Cellulose basedaturalfibers

Figure 22 shows the structure and processing of a typical bast fiber from plant stem up to
the nanoscale microfibrils. As can be seen the fiber bundles are situated in the periphery of
the stem and are continuous throughout the stem length. After harvestingnibeast ex-
posed to a microbial process named retting. The goal of retting is to break down the chemical
bonds whichnterconnect théber bundlesNext, the fibers are extracted amdrganizedy
some mechanical processes like scutching, defibratioflihg¢combing)and drafting, re-
spectively. The autching process includes two steps namely breaking and swingling. In the
breaking stepthe core of the stems is broken into small lengths using a pair of profiled ro-
tating rolls. In this stephort piecesalled shives are detached from fiber bundles which are
removed in the swingling step. After scutching the fiber bundles are only partially separated.
Therefore a process named defibration is further applied on the fiber bundles to separate even

more the échnical fibers from fiber bundles. Commonly the collection of fibers that come



out of the defibration process are referred to as filasn&he hackling and drafting steps are
used to minimize the variation of properties within the final yarn. The hgcklage aims at
aligning the fibers and removing a portion of the shortest fibers. This is accomplished through
passing filaments into series of pinned rollers that comb out the short and tangledrfitbers
align the long fibers. In the drafting process technical fibers are passed through a series
of rollers in order to straighten out the technical fiqdr2]. A number of spinning tech-
niques exists to spin discontinuous technical fibers, coming tinendrafting process, into

yarn. Some of them for instance include ring spinning, rotor spinning, wrap spinning-and air

jet spinning
hackling
technical fibre elementary fibre,
breaking © 50-100 pm plant cell
scutching ©10-20 pm

meso fibril
@ 0.1-0.3 pm

bast fibre
bundle

‘ -e-y

flax stem
@ 2-3 mm

micro fibril
@ 1-4 nm

Figurel-2. Schematic representation of flax fibers processing, 8t@m to micro fibrils

[3].

An elementary plant fiber as a building block of @omposites is itself an advanced
composite materiakigure 3 shows a schematic of a unit cell made of crystalline cellulose

microfibrils in an amorphous hemicelluleBgnin matrix. Beginning from the outside of the



wall, Figure 13 shows that thelementaryfiber consists of four layers namely the primary
wall, the secondary 1 layer;,8he secondary 2 layer;,%nd the secondary 3 layeg, $he

hole in the center of the fiber is called the lumen and the region sdmarthe fiber is called

the cuticle in the case dfast fibers As S layer is by far the thickest one, it is the most
important determinant of the mechanical properties of the fiber. At a higher level, 10 to 40
of these elementary fibers are bundlecetbgr with amorphous pectin to form technical fiber

with a diameter of about 50 to 100 & m.

As can be seen ihable 13, natural fibers have a lower density compared wigldss
fibers, resulting in a higher specific modulus and comparable specific strength. These days,
the mostly used natural fiber in composite materials is flax fiber due to its better mechanical
propertes and availability compared to other natural fibers. Other fibers like hemp, jute, ke-

naf and sisal are also being used.

Since wood and bast fibers both belong to the cellulose based group of natural fibers, the
morphological proportion, characterizeg lhigh aspect ratio, and chemical composition of
their elementary fibers resemble each otfahles 14 and1-5 compare the dimensions and
chemical characteristics of wood fibers (softwood and hardwood) with other plant fibers,
respectively. Hemp and flax fibres have small lumen dimess$ids while, in wood fibers,
the lumen area is between 20 and 70 % of the fiber-sexggnal arefl]. Moreovermicro
fibril angle in the Slayer of flax fibersis6 0e whi |l e the correspond
fibers is in the range of-3 O[#]. Finally, if one travels from the outside of the fiber to the

lumen, the lignin concentration decreases while the cellulose concentration increases.
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Figurel-3. Schematic of the morphologicstructureof elementaryplant fibes, (a)bast fi-
ber, (b) spruce wood fib¢g].

Table1-3. Mechanical properties of natualantfibers compared with synthetic one}.

Fiber Density Diameter Elongation Tensile Young's Specific Price
(g/emd) (pm) at break strength modulus modulus (€/Kg)
(%) (MPa) (GPa) (GPa-cm3/g)
Flax 1.40-1.50 40-620 2.7-3.2 343-1035 27-80 19-53 2.29-11.47
Jute 1.30-1.50 30-140 1.4-31 187-773 3-55 2-37 0.12-0.35
Abaca 1.50 17-21 10-12 980 72 48 0.81-0.92
Sisal 1.30-1.50 100-300 2.0-29 507-855 9.0-28.0 7-19 0.70-1.02
Kenaf 1.22-1.40 40-90 3.7-6.9 295-930 22-53 18-38 0.53-0.61
Ramie 1.50 40-60 3.6-3.8 400-938 44-128 29-85 1.44-2.40
Hemp 1.40-1.50 16-50 1.3-4.7 580-1110 3-90 2-60 0.57-1.73
Cotton 1.50-1.60 16-21 2.0-10.0 287-597 5.5-12.6 4-8 1.61-4.59
Coir 1.25-1.50 100-450 15.0-47.0 106-270 3.0-6.0 2-4 0.24-0.48
Banana 1.30-1.35 50-280 3-10 529-914 7.7-32.0 6-24 0.7-0.9
Henequén 1.49 20-500 3.0-5.0 430-580 10.1-16.3 7-11 0.38-0.67
Bagasse 0.55-1.25 200-400 0.9 20-290 2.7-17.0 5-14 0.15
Pineapple 1.562-1.56 200-8800 0.8-3.0 170-1627 6.21-82 4-53 0.36-0.72
E-glass 2.50-2.55 10-20 25 2000-3500 73.0 29 1.25
Aramide 1.40-1.45 12 3.3-3.7 3000-3150 63.0-67.0 45-48 7.20
Carbon 1.40-1.75 5.5-6.9 1.4-1.8 4000 230.0-240.0 164-171 12.0




Table1-4. Mean dimensions of various plant fib¢is.
Plant Fibre type Dimensions Aspect ratio
Length (mm) Diameter (um)
Hemp 25 (5-55) 25 (10-51) 1000
Flax Bast 33 (9-70) 19 (5-38) 1750
Tute 2 (2-5) 20 (10-25) 100
Ramie 120 (60-250) 50 (11-80) 2400
Sisal Leaf 3 (1-8) 20 (8-41) 150
Cotton Seed 18 (10-40) 20 (12-38) 900
Wheat Stem 14 (0.4-3.2) 15 (8-34) 90
Softwood (e.g. spruce) . 33 33 100
= Tracheid
Hardwood (e.g. beech) rache 1.0 20 50

Table1-5. Chemical composition dhe cell wall in different plant fibefd].

Plant Fibre type Cell wall chemical composition (w%)
Cellulose Hemicellulose Lignin
Hemp Bast 57-77 14-17 9-13
Sisal Leaf 43-62 21-24 7-9
Cotton Seed 83-96 1-3 0.7-1.6
Wheat Stem 29-51 26-32 16-21
Wood Tracheid 38-49 7-26 23-34

The wood species can be classified into two mainggamamely softwood (or conifers),

and hardwood (or deciduous trees). Typical softwoods are pines, spruces or firs, while gum,

aspen, oak or maple are examples of hardwood. Softwoods and hardwoods differ in their

structural characteristics and mechanisnesigiing structural strengtlsoftwood fibers have

typical lengths of & mm, while hardwood fibers areZlmm long on average. Hardwoods

also have additional elements, compared to softwoods, named vessel elements that conduct

fluids.
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1.2.2. Naturalfiber composite$NFC)

According to Lucinte[16], the automobile industry is the largest industrial sector using
bast fiber based composites. Using such fibers in this industry results in fuel consumption
economy and other environmental bendfils Application of NFCs in this industry has been
evaluated in the literatufg, 9, 17, 18] and some of the challenges to be addressed in this

regard are discussed|ib3].

The first and foremost problem to be addressed in dpivgj a NFAs establishing a high
fiber-matiix interface strength, i.e. the fiberatrix interface compatibilityppetween polar
(hydrophilic) plant fibers on one hand, and rawiar (hydrophobic) thermoplastic or ther-
mosetting matrif2], on the other hand. This in turn affects the mechanical performance of
the resulted composite. Generalaturalfibers are teated chemically or physically to re-
duce their polarity and subsequently become less hydrophilic. Doing so increases the wetta-
bility of fibers to liquid resin and ameliorates the impregnation quaipther approach is
the application of coupling agentghich create stronger bonds at the interface of fiber and

matrix compared to the former method.

Tensile,bending fatigue, impact and humidity uptakeoperties ohaturalfiber compo-
sites are thenain propertiesvhich have been considéitg examined irthe literature19-
27]. In addition, fiber/matrix interface properties have been studied by microbond or frag-
mentation test§28-32]. Table 16 represents some typical tensile properties of plant fiber
composites and gives a comparison with gfdss reinforced plastics. The results reveal

that composites with short plant fibers possestffness of about 9 GPa with biodegradable
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PLLA matrixand5 GPa with thermoplastic RRatrix. The corresponding ultimate strength
values are abodt00OMPa and 70 MPa, respectively. These valuesaarably comparable
with those of short glass/PP injection molded composites vatcbunt foi8.9 GPa andb0

MPa.

Table1-6. Some ypicaltensile properties diIFCsand comparison with glass fibeompo-

sites.
. . . Ultimate Refer-
Reinforcement matrix Vf (%)  Stiffness (GPa) Strength (MPa)  ence
UD Flax PP 4355 27-29 251-321 [33]
UD Flax ~ Unsatrated oo, 27.8 234 [11]
polyester
UD Hemp PET 48 28 280 [34]
Short Flax PLLA 30 9.5 99 [20]
Short Flax PRgMA 30 5.7 73.6 [20]
UD Glass polyester 49 35.2 918 [35]
UD Glass PP 58 43.6 890 [36]
Short Glass PP 25 8.9 50 [37]

Unidirectional fiber composites, as expected, produce considerably higher tensile proper-
ties compared to short fiber ones. For flax composites either with thermosetting or thermo-
plastic matrix, stiffness and ultimate strength are about 27 GPa and 230dg{Rstively.
Unidirectional hemp/PET is reported to have stiffness of 28 GPa and strength of 280 Mpa.
Table 16 demonstrates that the tensile stiffness of unidirectional glass composites is slightly
superior to the plant fibers composites. The difference is more pronounced in terms of ulti-
mate strength where it is around 4 times larger for glass reinforced plakiigsver, it is
usually argued that the lower density of plant fibers with respect to glass fibers could com-
pensate for the slightly higher stiffness of glass fiber composites. Generally speaking, in de-

signs where tensile or bending stiffness is selexsdatie key parameter, it could be expected
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that plant fiber composites provide lower weight for the same values of compliance and fiber

volume fraction.

The main objective of research works on plant fibers is the development of green
composites made of fiyl biodegradable constituents. However, their industrial scale
application is generaly influenced by c&ice the price of biodegradable polymers is much
higher compared to petrochemical plastics (8able 17) currently the most viable way
toward ecefriendly composites is the use of natural fibers as reinforcement in synthetic plas-
tics. Although the current industrial scale natural fiber cositps are not totally recyclable,
they form a foundation for further investment in research about environmental friendly ma-

terials and their future implementation.

Tables 18 and1-9 respectively compare physical and mechanical properties of biopoly-
mers with some synthetic plastics. Aade seen imable 19, two biopolymers, PLA and
PLLA can compete with synthetic polymers like PP and Unsaturated polyester, in terms of

Y o u B madulus and ultimate strength.

Tablel-7. Biodegradable vs. traditional plasticeost comparisofi38].

Material Average cost
S/1b.
Biodegradable plastics PLA (Cargill Dow Polymers) 1.50-3.00
Starch-based resins (Novon/Novaiont) 1.60-2.90
PHA (BIOTEC/Monsanto) 4.00-6.30
Commodity petrochemical plastics PP 0.33
LDPE 0.41
HDPE 0.37
PS 0.39
PVC 0.28
Polyester 0.52
PVOH 1.40
Polycarbonate 1.60
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Table1-8. Melting temperature, of, glass transition temperatyrg; and density of some

biopolymerdq 20].
Polymers Tm (°C) T, (°C) Density (g/cm’)
Mater-Big ZF03U/A 55 —50 1.25
PLLA 1.9000 169 65 1.25
PHB P226 161 —10 1.25
Ecoflex (PBAT) 115 n.a. 1.27
Bionolle 1020 (PBS) 115 —40 1.26
PLA 4042D 175 56 1.27
PP-g-MA (5%) 170 —10 0.91

Table1-9. Tensile properties of some biand synthetic polymeif20].

Polymer Young‘'s modulus Ultimate stress Strain to
(MPa) (MPa) failure (%)
ZF03UA (MaterBig) 130+6.3 6.8+04 322+11.3
PLLA 3321 4+214 60.1 £5.0 24+04
PHB 938 + 78 21 +24 6.8+ 1.6
PBAI (Ecoflex) 62+ 3.5 11.2+3.9 6.8+ 1.7
PBS (bionolle) 687 + 268 17+1 10.4 + 0.6
PLA 3200 + 201 66.8 + 1.8 2.8+0.2
PP-g¢-MA 1501 4+ 99 26.7+0.8 394+0.2
Unsaturated polyester 3797 £ 110 46 + 3 1.24+0.1

1.2.3. Papelprocessing

The papermaking process starts with wood chips as base raw material and stops with the

paper sheet coming off the paper machine. As is schematically outlinedHiguhe 14, the

wood chips pass through the pulp mill, the stock (furnish) preparation facilities and the paper

machine, respectively

Wood chips

Pulp mill

Wood pulpfiber

Pulp stock (furnish)

y

Paper mill

Figurel-4. Schematic of the gper processing
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Thepaper machine was invented by the French papermaker Nicholas Louis Robert. It was
improved by British Bryan Donkin and John Gamble. As their work was funded by Four-
drinier brothers most of the modern papermaking machines nowadays are named after them.
Major components of the Fourdrinier paper imae include headboformingtable press,
dryer, calendar and the reel sectidfigure 15 schematically presentsfigrent sections of
a typical Fourdrinier paper machine. The headbox, forming section and the press section are
named tehred A,wewhi |l e the dryer, cal eeddryand

endo. This grouping i sinvheda the tavamextterhitees o ano u n t

paper machine.

Headbox

Forming Wet Press Section Dryer Section Calender Section
Table

Figurel-5. Schematic drawing ad Fourdrinier paper machingww.wikipedia.com
Author: Egmasoi

The headbox forms the first part of a paper machine and consists generally of an open box
with a narrow opening toward the forming table of the machine. The pulp geddut the
headbox through a tapered outlet manifold where the stock is spread out to the width of the
machine. Three basic functions of headbox include spreading furnish out to the width of the
paper machine, dispersing fibers and other materials umifaand matching slurry speed

with the fabric speed of forming table.


http://www.wikipedia.com/
http://commons.wikimedia.org/wiki/User:Egmason
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The section next to the headhiexthe formingable The main objectives of formirtgble
are to form the sheet and dewater it to abou¥@6olids (starting from about % in the
headbox). The forming table consists of a plastic mesh fabric wound around two principle
rollers known as breast roller and the couch roller. As the paper sheet travels down the form-
ing table, it experiences increasing dewatering suction and gravity fateespproximate
solid content at the end of this section allows the paper to withstand the forces exerted on it

during transfer from the forming section to the press section.

At the end of the press section, the sheet is dewatered up4te @5solid. Tte other
functions of the press section includes consolidating the paper web and decreasing the surface
roughness. The paper strength is considerably influenced by applied pressure which forces

the fibers to agglomerate and develop some cohesion

When thesheet leaves the press section water still remains inside the structure of the pulp
fibers as well as the pores of their walls. Evaporative drying is used to remove the remained
water and bring the sheet t0-94 % of solid content. On top of that, heafithe sheet web
makes it develop fibeto-fiber bonds, and establish the paper strength. Moreover, since the
paper takes the surface characteristics of the drying rollers, the dryer section is also used to

improve the surface finish of the sheet.

1.2.4. Designof experiments and empirical modeling
Design of experiments (DOE), also known as experimental design or designed experi-

ments, is atatisticalapproach toward better understanding a process or a product. It consists



16

of tabulated rows of tests (runs) in st input factors of the process or material are purpose-
fully changed with the aim of observing corresponding changes in the outputs (responses)
and discovering the reasons for these changes. Designed experiments not only play an im-
portant role in enginerg and design problems like characterization of a new product or a
manufacturing process, but also there are many applications in marketing, service operation

and general business operations.

Empirical models are used to quantitatively express thetsesfn experimental design,
through fitting a regression equation on the set of sample data. Empirical models are proposed
to replace mechanistic mod¢gg)]. In situations where scientific phenomena are well under-
stood, useful mechanistic mathematical models could be directly developed. A simple exam-
pleofamechani sti ¢c model is the Ohmés | aw, E=1 |
electrical circuit. On the other hand, empirical models are experimentally determined models.
To this end, one requires observation of the system at work using a designechexipe
Then, based on the analysis of experimental results one can infer an empirical model which
describes why and how the system works. These models can be next maniputzied-by
tists andenginees just the way a mechanistic model can. Throughout ttesis, empirical
model approach is considered for analyzing and turning the resdkésighed experiment

into a model for the material under study.

As explained above, iexperimental design, one needs to first conduct well controlled
tests, and theextract the knowledge of the process or the material from the experimental

data, using graphical and statistical strategies. The main inferential statistical approaches
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used here to analyze experimental results include analysis of variance (ANOVAyees re

sion analysis. On the other hand there exist some graphical tools such aanckef§ect
diagram, process flow diagram, Pareto analysis, histogram and marginal averageipiot

work both statistical and graphiagbproaches are employéthe man objective of ANOVA

is for determining the factors changing the average response (location effects), as well as the
ones that change the response variability (dispersion effects) and discriminate these two
groups from those factors having no effect onrémponse. Once such a classification is
performed on the factors, then in the regression angliysar or quadratic polynomial mod-

els are built to simulate the average and/or variability responses.

In many cases the purpose of conducting experimdagadns is to develop a robust pro-
cess or material. The robust design principle was originally developed by T#&4d0cto
improve the quality of a product through minimizing variance of performance. Based on the
fundamental definition of robust design, a product or process is called robust when it is in-
sensitive to the effects of variability s@es, even though the sources themselves have not
been eliminated41]. Generally speaking the variability in therformance of a material
could come fromiour mainsources, including experimental uncertainties ¢@gcgrtainty of
fabrication procegs material uncertainties (e.g. variation of mechanical and/or physical
properties or variation of the parameters ofrtregerial) and human factrn addition, en-
vironmental uncertainties which are also called noise factors, such as humidity or ultraviolet
radiation, could affect the performance of the material. To be alWeatofirm statistical
conclusionsaboutthe effect of material paramesas N r evariation tbeexperimental

uncertaintiesnoise factors as well dlse effect of human factershould bewell controlled
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during experimentatiarin the case of natural fibers, where variability of properti@me of
their intrinsic characteristics, it seems relevant to consider robust design approach in design-

ing the products made out of them.
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CHAPTER 2: LITERATURE REVIEW AND RESEARCH
OBJECTIVES

Natural fiber compositedNFC) provide researchers with diverse areas of research. Some
of these for instance include characterization of elementary/technical short fibers, developing
and modeling long plant yarn/roving, measuring permeability of fabric/mat reinforcements
for differentarchitectures, evaluating the compatibility between thermoplastic/thermosetting
resins and the plant fibers, evaluating the mechanical performance of resulting composites,
as well as implementing statistical modeling techniques to characterize and eptatizal
fiber materials. In this chapter a review of different aspects of NFC research is presented,

followed by the research objectives.

2.1. Short natural fibers

Elementary or technical plant fibers, as one of the basic reinforcement constituents, have
attracted much attention in the literature because the knowledge of their behavior is necessary
to understand how they influence the characteristics of the reinferte and their compo-
sites.Gassan et a[42] developed two finite element models to evaluate the dependency of
elastic modulus of elementary fibers to microfibrils spiral angle, cellulose content and ellip-
tical degree of fiber cross section. Bos ef48] showed that the tensile strength of technical

flax fiber bundles depends strongly on the clamped length, while tensile and compressive
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strength of elementary fiber is affected by the process of isolating flax fibers from stem, as it
may induce kink bands on the fiber surface. B4¥4] noticed that the elastic modulus de-
creases as the fiber diameter increases, and increases with strain during the tensile test. Char-
let et al.[45] studied the dependency of elastic modulus, tensile strength and ultimate strain
of elementary flax fibers otheir location in the stem which subsequently affiectphology

(cell diameter angborosity) and chemical composition (hemicelluloses and peatithe

fibers. Itis claimed that fibers taken from middle of flax stem have shown the best mechanical
propertiesSymington et al[46] characterized the effect bfimidity and alkaline treatment

on tensile properties of some bast fibdrss reported that moisture has a distinct effect on
the properties, although trends of chamggre not entirely clear or conclusivét is also

shown that over alkale treatment of natural fiber is detrimental to the fibers mechanical

properties and treatment time should be less than 10 minutes to obtain optimum properties.

2.2. Long natural fiber yarns

Apart from short technical/elementary fibers whose lengths daxeetd a few centime-
ters, it is also important to consider long yarns/rovings made of twisted elementary fibers,
which allow for applying natural fibers in lodmkaring applicationdn the textile industry
context, rovings or prgarnsare of very low twislevels (e.g. 29 turns/m) and by way of
contrast, the level of twist in yarns is considerably higher (e.g. 200 turns/m), which allows
their processing in industrial scale reinforcement manufacturing using textile machines.
However, the terms roving andmeare observed to be used interchangeably in the composite

materials literatureln 2003, Goutianos and Pe[j47], optimized the level of twist in flax
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fiber rovingsin order to develop high quality natural fiber composites for structural applica-
tions. Tensile tests of dry rovings shows that, as the twist level increasesitigestrength
increases from zero to reach a maximum at a certain level of twist and ttredeafeases

with further increase of twist level. Howevegrfan impregnated roving (compositbe
highest strength is obtained thiosewith low (or no) twist levels and the strengtregalown

as the twist increases. TBBturns/m is reported as thaptimum level of twist to fulfill the
requirements of textile processes for dry rovings, while giving a reasonably high tensile per-
formance of resulted composites. Madsen gi8). fabricated textile hemp yarns usitige

ring spinning method and characterized them in terms of chemical composition, fiber density,
yarn structure, moisture absorption properties, and mechanical propgdieg.a mathe-
matical model it is shown that for the yarns with surface twisting angleobe tdeGnean
twisting angle is approximately related to the surface twisting angle by a factor 0.7. Shah et
al. [49 developed an analytical model for tensile strength of aligned plztdomposites
(PFCs) based on the yarn twist level measured in turn per meter (tpm) and on yarn's surface

twist angle. It is reported that the model accurately predicts published experimental data.

2.3. Using wood fibers as reinforcement of plastics

Among the first works dealing with the use of paper layers as reinforcement in composites,
one can refer to Michell et §60] in 1975. Commercial bleached bag kraft papers (48)g/m
are coated with a lowlensity thermoplastic polyettene film (24 g/m) and hotpressed to
form laminates up to 6.5 mm thick and 67%bf cellulose fibers. The flexural strength and

stiffness, tensile strength and elongation at break are reported comparable with those of glass



22

filled high density polyethylene and pag@renolic composites. However, the tensile
strength and flexural stiffness are inferior to those of wood. Three years later the same authors
evaluated the effect of chemical treatmeoftpaper on thélexural properties of their com-
posites at various humidity levds1]. Either wood pulp fibers dormed paper sheets were
chemically treated and then katessed with lowdensity polyethylene or ethylemwenyl ac-

etate copolymer (EVA) to obtain laminates. It is reported that the chemical treatments have
markedly maintained the flexural properties appr/polyolefin laminates upon exposure to
water. Moreover, althoughigher levels of chemical treatment increttseresistance to hu-
midity of the material, it degradéexural propertiesdue to fiber degradatiomn 2006, Bul-

lions et al.[52] fabricated sheets of paper with varying compositions of feather fibers (Ff),
recycled kraft pulp fibers (Pf), recycled newspaper pulp fibers (Nf) and retted kenaf bast
fibers (Kf) to be used as reinforcements in polypropylene matrix composites. The prepreg
were fabricated using a wetlay papermaking equipment and then compresdimd to

form multiple plies composites. The contributions to the composite strength of the four dif-
ferent fibers in descending order are: Pf > Nf > Ff > Kf. It is concludediwafactors
playing major roles in determining the contributions of each fiber to the composite strength
are fiber aspect ratio and fiber strength. Nordin and Vigg8a4] developed nonlinear vis-
coelastic and viscoplastic models fpdrenol formaldehyde impregnated papers submitted to

a compression creep loading followed by strain recovery. The analytical models are validated

with experimental test results.
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2.4. Permeability of natural fiber reinforcements

In liquid composite molding (LCMprocesses, the usual practice is to simulate the mold
filling process using a flow simulation software to predict the filling time and filling pattern
and subsequently optimize the process (e.g. location of resin inlets and outlets) for a good
quality impregnation. A prerequisite for such a simulatiothis experimentally determined
or computationally estimated permeabilitijthe fiber preform to be molded. In fact perme-
ability is a determining parameterinflow t he
inside a porous fibrous media. On the other hand, permeabiiitffisnced by several pa-
rameters among which the fiber volume fraction),(¥einforcement architecture and its in-
tra-ply shearing are the most important ones. Because of dhesgations many research-
ers have extensively studied different methofdgermeability measurement and have char-

acterized the permeability of several preforms.

In 1988 Adams et a[55] proposed a methodology to solve the governing equations of
two-dimensional radial flow in an anigopic porous media based on experimental data of
elliptical flow front radii versus time. The original method was further developed by Chan
and Hwand56] and Griffin @ al.[57] in 1991 and 1995, respectively.1999 Weitzenbdck
et al.[58, 59] propose a new solving technique for a more general case in which the assump-
tion of symmetric permeability tensiar lifted. In this method, instead of recording the major
and minor radii of the elliptical flow fropthree points on the flow front along three orienta-
tions are recorded with timeloes et al[60] proposed a new permeability measurement set
up for radial injection experiment which uses two steel plates as top and bottom mold haves

and electrical senseembedded in the top mold h#&df detect the flow front. Permeability of
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several woven glass fabrics are tested and their statistical distributions are acquired.
Endruweit et al. used radial flow injection method to experimentally study the effect of shear
angle on the principal permebties of various glass fiber fabrigé1]. Effects of stochastic
variation of fiber angles and spacing betwdibers on permeability uncertainty are also sim-
ulated in other works of Endruweit et al. using 2D radial flow injection metB2ad63].

Apart from radial injection technique, éar flow method is also used for permeability meas-
uremenf64]. Pan et al[65] used onalimensional permeability measurement technique to
examine influence of process parameters on permeability variance of knitted and woven glass
fabric preforms. It is reported that edge protection, fabric areal weight and complexity of

mold shapehave significant influence on the permeability behavior.

As a result of increasing popularity of natural fiber composgesneability of natural
fiber reinforcements has also been studied in recent.y@ausr et alcharacterized the per-
meability and compaction response of wood fiber mg@$] and flax fiber mat$67]. For the
former mattypethe permeability is characterized versus fiber volume fraction while for the
latter one, it is characterized versus fiber length and diameter as Wedramlume faction.

It is claimed that the permeability of natural fiber mats and fabrics is dominated by the char-
acteristics of open channelBherefore swelling offibers impregnated with glucose syrup
which is a polafiquid, is responsible for lower measured pegahility compared to the situ-
ation where nospolar motor oil is used-or flax fiber matstie permekility of mediumyarn
diameter(560 & mnatsis repated to behighestin comparisorwith both small(3 50 ) € m
andlarge(810e myarn diameter mats. Moreover, the permeability of 50 choppedyam

length was found to be highas compared to its 15 mm counterpBermeabilityof medium
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yarn diameter and 50 mm yarn lengthatsis reportedabout 0.% 108 m?, for 20 % fiber
volumefractionwhich is equal to that of glass fiber matghatsame fiber volume fraction

Mekic et al.[68] evaluated the hplane andut-of-plane permeabilitiesf preforms made of
randomly oriented flax fibers ranging from®m t o 50 mm in | ength an
in diameterlt is concluded that the iplane and oubf-plane permeabilities fall in the rga

of those obtained for randomly oriented fiberglass n&as traditional liquid molding tech-
niques can be used for the fabrication of natural fiber compokit2810, lidirectional wo-

ven jute fabricsre characterized in terms of saturated and uratatipermeability by Fran-

cucci et al[69]. It is claimedthat fluid absorption and fiber swelling are two mechanisms
respectivelyresponsibldor lower unsaturated and saturateermeability values compared

to thepermeabilityof glass fiberfabrics In unsaturated permeability measureméntiro-

philic nature of plant fibers removes fluid from theain stream and thus decreafiesv
velocity. On the other hand, saturation of natural fibers causes swelling, thus reducing the
porosty and increasing flow resistandéhe permeabilityporosity relationship ialsoinves-

tigated for bidirectional jute fabrig€9, 70] and random sisal magQd] based on the empir-

ical CarmainKozeny modelRecently Lebrun et a[71] studied the permeability behavior

of unidirectionalhemp/paper anflax/paperreinforcemerg, as well agheirindividual con-
stituents of UD flax layers and absorption papeusing resin infusiomolding methodand

epoxy resin agest liquid Tensile properties of the resulted composites are as well investi-
gated. These reinforcements have shéwwer permability levels, paticularly the hybrid

reinforcementsgcompared to th&/D glass reinforcementtt wasconcluded that the overall
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permeabilitymust be improvedVore recently, the effect of test fluid on saturated permea-

bility of twill weave flax fabrics was examined by Nguyen ef &2]. Saturated permeability

is reported dependent on the test fluid because of different swelling besahvilax fibers

to each of the test fluid. The modified Kozérnyarman model with two model constants is

also claimed to well simulate the experimental saturated permeability data. In another work
[73, a model for resin flow inside flax fibe

sink effect and swelling during the nabfilling process is proposed.

Despite considerable amount of research on permeability evaluatiomternational
standard for permeability measurement is still lacking. In response to this, two international
permeaklity benchmarks were conductét4, 75 and a guideline was published for meas-

uring the unsaturated permeability of preforms using the linear injection n&tjod

2.5. Architecture of natural fiber reinforcements

To incorporate natural fibers as reinforcing agdgr@omposite laminatesne could either
developnonwoven mats based orchoppedrandomly oriented fibersyeave continuous
yarnsinto biaxial fabricsor alternativelydevelopunidirectionalreinforcement$l, 77]. The
four commonweavearchitecturesriclude uniaxiandbiaxial plainwovenfabricsas well as
twill and satinweaved4, 78] as can be seen Figures 21 and2-2 . These woven fabrics
are produced by the interlacing of warp (0°) and weft (8B&ysin a regular patterrnThere
are also other textile technologies like knitting, braiding and stitchidg\elopcontinuous
noncrimp fabricreinforcementg79, 80]. Architecture of the reinforcement plays an im-

portant role in its permeability and mechanical properties ofdkelting compositeas it
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affects the flow pattern in the fiber preform and stress distribution in the part. Many research-
ers have studied differerginforcementrchitecturesand their influence on the responses of

the material.

Figure2-1. Different reinforcement architectures (ajiaxial reinforcementnade of flax
fiber yarrs [81], (b) schematic of a biaxial plain weay@g].

Figure2-2. Schematic oflifferentreinforcement architectures (aipxial twill weave
[78], (b) biaxial satin weav§78g].
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Gassarj82] comparedhe tensiortension fatigue behavior of unidirectional and woven
jute-epoxy composites. Apart from textile architecture, influence of some other material pa-
rameters likehetype of natural fibes, fiber-matrix adhesion, strength and modulus of the
fibers as well as fiber volume fraction on the fatigue behadatlso examined. It is shown
that the mechanism of damage development through cyclic loading differs between UD and
woven fiber reinforced jutepoxy systems. For the UD composites the criticalimarn
applied load is reported around MiBawhile for the woven based composites it is measured
about 20MPa Goutianos et al[81] produceduniaxial and biaxialvarp knitted fabrics as
well asbiaxial plain weavg outof flax yarns and evaluatedheflexural and tensile stiffness
and strengtlof their thermosetting compositdsis claimedthattheresponses dhenatural
fiber compositesre closewith those ofglass fiber compositeshile in all caseghe fiber
volume fractions in flax composites was considerably lower thainofglassfiber compo-
sites Moreover, pecific flexural and tensile stiffness of the unidirectional flax composites
are reported superior to their unidirectional glass fiber counterpatisan et al[83] ana-
lyzed the effects of three weave architectures of sisal yarns including plain, twill and mat
weave on the permeability, tensile and flexural behavior of polyester composites. It is con-
cluded that weaving architecture was the crucial factor in determining the response of the
composites. The weave architecture with a maximum proportion of fibenstexiin the
loading direction (mat weave) is best to improve tensile and flexural propé&ftesover
mat weave showed lower madtow permeability compared with plain weave, while its
capillary pressure and consequently miftoov within fiber bundless higher than that of

plain weave architecturdiao and Shar84] developed highly aligned nonwoven mats of
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flax fibers as an alternative to unidirectional woven fabrics for being used in thermoplastic
composites. For the reinforcement fabricateo drawing step is added to the conventional
nonwoven process to get the fibers aligned. The composites showed similar strength to those
made from unidirectional woven flax fabrics while the reinforcement production cost is more
affordable. However, thdastic modulus is lower than its unidirectional woven fabric coun-
terpart. Plain weave and weft fimitted fabrics made out of flax yarns were manufactured

by Muralidhar[85] and several composite plates with different stacking sequences and lay
up angles are hand laigh using epoxy resin. A maximum specific tensile modulus of 3.0
GPa/gcert? is obtained for a [0/90aminate at V= 27 %. Xue and HU86] introduced a

biaxial weftknitted flax fabric made with a modified flat knitting machine. The reinforce-
ment is characterized in terms of tensile behavior of the flax yarn and fabric as well as the
resulting conposite. Experimental results showed that sodium hydroxide (NaOH) treatment
improves mechanical properties of the composites and tensile strength and stiffness of 176.6
MPa and 8.9 GPa are reported at\81.6%. Recently, Khalfallah et a]87] developed a

new unidirectional flax tapes out of long technical flax fibers and used Actbthermoset

resin to impregnate them. Optimum specific tensile modulus and strength of 19gtiGPa

3 and 103 MPa/gcrhare respectively acquired ¥t = 35% and based on these values the
reinforcement performance is considered adequate for being integrated into automotive ap-
plications.In 2013, Shah et al77] fabricated a fulscale 3.5 m flax/polyester rotor blade

and compared it with its glass/polyester counterjitaig.reported that flax fiber blade satis-

fies the structural integrity requirements and thus is a suitable repatdo glass fiber



30

blades in small wind turbine blade applications. However, the flexural rigidity of flax fiber

blade was reported around half that of a glass fiber blade.

2.6. Statistical modeling techniques applied tonatural fiber s

Statistics, whichis defined as the science of variapis aimed at understanding varia-
tions and what causes them, through collecting, analyzing, interpreting and presenting data.
Based on the scalled statistical thinking, all processes are subject to variationstsde¢ha
tifying, characterizing, quantifying and reducing process variations are keys to successful

processeg38].

The advantage of composite materials is that their parameters can be tailored to provide
the desired performance for a giwearking condition. To this end, it is well understood that
one needs to quantitatively model and then optimize the influences of process and material
parameters on the performances of interest. Although mechanistic models are developed to
model composite widing processes and the structural behavior of composites, in many sit-
uations the complexities and uncertainties involved cannot be well reflected through such
models because idealizing assumptions are normally needed to achieve dorlossalu-
tion. Fa synthetic fiber composites, quite comprehensive studies can be found in the litera-
ture on their statistical modelirf$5, 89-91]. However, implementation of statistical tech-
niques omatural fiber reinforcements and their composites is an emerging field of research,

as variability ofnatural fibergropertiess more pronounced compared to synthetic fibers.
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Recently, Summerscales et[@2] have reviewed the statistical models which have been
applied to natural fibaer According to their review, the three main areas for which quantita-
tive models are developed include estimating the true -sexdsoral area of fibers, imple-
mentationof the Weibull model to simulate the strength of bast fibers and their composites
as well as modifying the rule of mixture (ROM) for natural fiber composites to take into
account the effects of porosity, fiber diametertribsition, fiber area correction factor

(FACF) and yarn twist.

Aly et al.[93] optimized the al&line treatment of flax fibers using analysis of variance
(ANOVA) and response surface methodology according té Betinken designs. The treat-
ment parameters include NaOH concentration, soaking time and treatment temperature, each
parameter studied at tlerdevels. The responses were defined as the tensile strength and
Young modulus of single fibers. It is concluded that response surface methodology is an
accurate technique to optimize the treatment parameters and thatitheno levels of pa-
rameters aré % NaOH solutiorconcentratiorat 55C for 10 min. Peponi et al. employed a
new statistical method based on neural network approach to comparatively study the dimen-
sional characteristics and tensile properties of some natural figras well agensile be-
havior oftheirrandom discontinuouBP-matrix compositef95]. The novel statistical model
is claimed to show a more accurate prediction of experimental dinaereterand tensile
propertescompared to the traditional statistical function estimation approach. However, the
predicted values for the composites were much higher than the experimental values which

are attributed to the poor fiber/matrix adhesion.
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2.7. Research bjectives

Flax fibersare in direct competition with-glass fibesin terms of specific tensile stiffness
[12, 96]. It was thus considered important to develop a reinforcement which could maximize
the effect of this particular characteristic of flax fibepithe final composite. As showed in
the earlier sections of this chapter, up to now the vast majority of continuous NF reinforce-
ments use bidirectional fabrics made through weaving and/or knitting methods, while as it is
reported if87, 97] unidirectional(UD) composites perform better than bidirectional ones in
terms of mechanical performance. The novel reinforcement proposed in this thesis is a UD
hybrid flax/paper reinforceent made of a layer of unidirectional flax yarns laid down on a

thin and porous paper layer used as binder for the UD fibers.

Long fibers (flax yarn)

e

Paper (short wood fibers)

Figure2-3. Unidirectional flax/paper reinforcement, (a) schemagresentation, (b) labor-
atorymade sample

Figure 23a shows a schematic of the reinforcement Rigdre 23b shows a reinforce-
ment sample developed at the Laboratory of Mechanics and/atarials (LMEM) The
benefits of the paper layeould be multifold. Firstly, the paper layer acts as a binder for

holding the yarns. This role of the paper can potentially impart consistency into the behavior



33

and properties of the derived composites th
sistent (parallel) during manipulation and molding. Furthermore, it allows usingtiuost

yarns (which are normally too loose to be handled without a binder) that are proven to result

in better composite performandes, 81]. Moreover, it is already reported in the previous

work on this flax/paper reinforcemefitl] that the standard deviation of some tensile prop-

erties are reduced using a paper layer, and that the samples containing one or two layers of
paper show more unifm and confined fracture surfadéigure 24). Howeverit was also

reported that thepecifictensilestiffnessof the resulted composités 52% lower tharthat

of glass fiber composites and permeabitifyflax/paper reinforcement wagry low[71].

Figure2-4. Results of tensile tesin composite samples made of a layer of flax vajlagd
without (b) paper{71]

With the aim of makingylobal characteristicef the widirectional flax/paper reinforce-
mentcompatitbe with industrial applicationsithis thesis three important properties of the
reinforcementnamely shear strength between paper and UD flax lajdry reinforcement
the reinforcement permeability to liquid resind tensile performance of the derived comp
site are examined. While the shear strength is an index of quality for the reinforcement en-

suring that the yarns remain as much as possible intact during manipulation and molding, the



34

permeability and tensile performance of the composite (particulantyfispiffness) are the
bases for judging if the reinforcement and its resulting composite can compete with glass

fiber composites for industrial applications.

To improve the performances of the reinforcement the effeats parameter®n the
properteshave to be characterized and optimized. In this thesis the effemtra€inforce-
ment parameters, including surface density of paper layer, surface density of flafolayer,
ing pressure, drying temperatui@e studiedbased on robust parameter design approach
This approach (explained in secti®f) is considered as a geneaglproachoward studying
the variance minimization of the resufthie to parametsisetting)while maximizing their
mean valuesEffect of fiba volume fraction (V) is also studiedvith regard to permeability
Feasibility of producing this hybrid reinforcement with a pilot scale paper mashaiso
examinedProducing the reinforcement in mass scale is necessary to attract industrial interest

in mass production of composite parts and also to reduce its production costs.

Because in robust parameter desigariance of results due to parameter setting needs to
be identified it is essential to have loa 8 u Vatiamogdue to measurement fabrication
uncertaintiesThese aspestare addresselderethrough developing a standard peability
measurement seip, reliable pemeability measurement procedure artigh qualitycom-

posite molding techniqyéo ensureonsistency of theesults.

A long-term program aiming at manufacturing quality composite parts with arbitrary di-

mensions and geometries using the new hybrid flax/paper reinforcement is already launched
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at the LMEM. This project consists of five phases: choice of constituents,roginfent de-

sign, testing of flat composites, molding and designing more complex compositd-garts.

ure 25 showsthe causeandeffect diagram of this lorterm program. As can be seen each
phase is a prerequisite to the next phase and each phase itself is influenced by some sub
phases. Within each sydhase several factors have been extracted based on a comprehensive
literature review. These factors which are either parameters (adjustable or fixed) or properties
(measurable or computable) are organized in the individual-@aekeffect diagrams shown

in appendix ASince addressing all the phases of the roadmap irgke sesearch project is

far from realistic, the research work in this thesis has been narrowed down to a precise topic
considered more important in light of the current state of knowledge on this new reinforce-

ment. The phases that are addregselis thesisare highlighted irFigure 25.

With that in mind, a major part of the experimental work is conducted according to design
of experiments (DOE) and the results are analyzed using ANOVA and regression. To study
the qualitative parametessich as reinforcement architectun®o comparative studiesn

permeability and tensile propertjese also conducted.
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Figure2-5. The causandeffect diagram of the long term project on the reinforcement;

topics of this thesiare highlightedsubphasesreexploded in appendix A
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CHAPTER 3: MATERIALS AND METHOD S

Specifications of the raw materials, as well as processing of the hrgimidrcement both
in laboratory and on a pilgiaper machine, are described in this chapter. Furthermore, the
methods for characterizing the reinforcement in terms of internal bhoemgth (IBS), per-
meability, composite molding and tensile testing are explained. Thereafter, the modeling ap-

proach is discussed

3.1. Materials

3.1.1. Flax yarn

Flax yarns are supplied by Safilimc.! (France) and are made of 1@0European fix. A
common measuring unit for thimear density of yarns in the international systems of units
is dexd defined as the mass in grams per 1000 meters of the yarn. Apart from linear density,
another parameter for a yarn is the twist level measurednber ofturns per meter (tpm).
Tex 200 andtex 400 lowtwist flax yarns used in this study have twist levels of 55 and 30
tpm, respectively. The yarns specifications based on supdiia are shown imable3-1.
Data on Eglass and Rylass fibers are also shown for comparistme \aluesof flax fiber

in Table3-1 are calculated from composite samples moldedk at 48 %, using a 330 g/

1. www.safilin.com
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UD fabric andthe vacuum molding process with epoxy resin, according to ASTM D303

standard.

3.1.2. Kraft pulp

Softwood Kraft pulp is used in this stuttyfabricate paper layers.i#t provided by Inno-
fiorel. Pulp consistency which is defined as the ratio of oven dried fiber mass to the mass of
pulp stock is 10 % for the supplied Kraft pulp. The average fiber length and percentage of
fines (short fiberaip to 0.2 mm in length) are 1.08 mm and 32.77 %, respectively. More

detailed pecifications of the pulp employed in this study are provided in Appendix B.

Table3-1. Properties ofthelow-t wi s t flay fibersused in this studgsource: sa-

filin.com)

Property Safilin 100%flax Fiberglass Fiberglass
low-twist yarns E R

Density(g/cm?) 1.45 2.6 2.5
CAOSNI RAFYSGSNI 6>) 20 16 10
Tensile elongatior(%) 1.35 3.5 4
Tensile strength (MPa) 742 2500 3200
Tensile modulus (GPa) 72.9 74 86
Specific tensilestiffness (GP&cm™) 50.3 28.5 34.4

3.1.3. Epoxy resin
For composite molding, the Adtech Marine 820 epoxy laminating system mixed with 18

% by weight of hardener Mar itechknicél ¢hdet, thesmixu s e d .

epoxyhar dener has a dynamic viscosity mwof 0.42

1.09 g/crm.

1. www.innofibre.ca
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3.1.4. Permeability test fluid

SAE 20W50 synthetic motor oil is used as the test fluid in the permeability measurement
experimentslts average dynamic viscosity is measured 0.458 Pa.s (458 cP) at 21°C and
0.349 Pa.s (349 cP) at 24°C using a-B\Brookfield viscometerlt is reported that motor
oil, as a norpolar liquid, can better mimic the hydrophobic thermoset resins used in LCM
processes as opposed to wdiased test liquids (e.g. glucose syrup) inducing swelling in

natural fiberd66, 68, 72].

3.2. Laboratory scale fabrication of unidirectional flax/paper reinforce-
ment

Figure3-1 schematically illustrates the procedure of reinforcement fabrication in the la-
boratory. As ca be seen it consists of four main steps, namely winding UD flax yaiqs €
3-1a), fabrication of Kraft paper layeFigure 3-1b), adding flax layer over the paper sheet
and pressing them with a sheet présgyre3-1c) and finally drying with a sheet dryd¥ig-
ure 3-1d). During the last two steps some chemaradl mechanical (anchoring)onds are
developed between flax and paper fibers and so the unidirectional hybrid flax/paper rein-
forcement is finally assembleBigure 3-2 shows a typical reinforcement developed in this
study. Practical knovihow and the details of reinforcement fabrication are described in ap-

pendix C.
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Figure3-1. Fabrication pocedure of hybrid flax/paper reinforcement (a) winding machine
(b) Allimand dynamic sheet former (c) Canpa® sheet press (d) Adirondack Machine sheet
dryer.

Figure3-2. A typical laboratorymade unidirectional flax/paper reinforcement

In the following sections, the use of each apparatus for reinforcement fabri¢agjore(

3-1) is explained

3.2.1. Flax yarn winding machine

By turning the handle of winding machine showrfFigure3-3, one is able to lay down
flax yarns adjacent to one another (side by side) to finally end up with a continuous UD flax
ply as is shown ifrigure 3-4. Distance between yarns is controlled by the number of yarns
laid down per inch. To ensure a uniform yarn distribution and consequently repeatable su
face density of the UD flax layer, screws with desired number of thpeaidnch are used at

the two ends of winding plate and the threads roots are used to lay down and guide the yarns.
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Obviously, the higher the number of yarns per iactithelower the distance between yarns
result inhigher surface densitginforcementThree types of teR00 UD flax layers used in
this study consist of UD flax layers of 16, 20 and 24 yarns per inch, which are fabricated with

1/ 16/n20n and 1/ 24n pitch screws.

Figure3-3. Winding machindor aligning theyarn

Figure3-4. Final stage of manual aligning
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Once the UD flax layer is made, it is wetted anddegrnight for dryingThis allows
fragile polar bonds to develop between the fibers, which ease handling of the layer during

fabrication of the hybrid flax/paper reinforcement.

Surface density of a UD flax layer is controlled by the yarn linear denskydhd spac-
ing between the yarns. Equatid# is used to calculate the surface density of a UD flax
layer (in g/nf) knowing yarn tex and spiag between yarns. Considering that width and
length of flax layers obtained from the apparatus-mjure3-4 are 6 inchesand12 inches,

respetively, therefore the total length of the yarn used in a ply is:

YE O GEQEQBD YR G OREQ @ QE p ¢QE TBIC L= 3-1

so the weight of théotal length ofyarncalculated irEquation3-1 would be:

00 @ @WQ @WAQ Y 0AED QD E— 3-2

dividing the abovecalculated weighby the surface areaf a ply,thatis:

Yo I "Q@in@HN & é PQE pCQE mMEICUL T 33

yieldsthefollowing equationfor estimatingsurface density of a flaply:

"Od A AW 1 ORI QO W e 3-4
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From Equatior3-4, it observed that two plies with different values for spacingterd
can have the same surface density as long as the product of Spéexrage equalFigure

3-5 showsthree types of te00 UD flax layeron the flax/paper reinforcement layers.

3.2.2. Dynamic sheet formanachine

Figure3-6 showsthe manually controlled dynamic sheet former (DSF) machindlief
mand® Company,utilized in this study to fabricate paper sheétsthe figure, the central
cylindrical containers where the sheets are made on a plastic forfaiogc installed upon
a perforated centrifugal drurigure3-7). In order to develop a paper shdest some stock
slurry with thedesired consistency (usually between 0.0 %) is stored in the eboard
tank at the right hand side of the cent@htainer Then a wall of water is built on the forming
fabric by projectng water on it while it is spinningp provide an even distribution of Kraft
fiber. Next, as is shown in Figu®7, the prepared stock slurry is evenly distributed across
the width of the formindabric through a spraying nozzle moving upward and downward
with a constant speed while the drum is still spinniffgere is always a minor loss of pulp
in the process of paper fabrication with the dynamic sheet former machine. However, since
t he mac hieters base bpea keatroonstant at all times (80 rpm for the pump) it is
assumed that the portion of pulp loss is constant for all series of paper fabrication. The paper
surfacedensitieswere measuredfter fabrication of paper layers and as will be shown i

section 3.9theyhave small standard deviation signaling consistency of process.



Figure3-5. Flax/paper reinforcements (flax layer side) with flax layers of (a) 16 yarns per
inch, (b) 20 yarns pench and (c) 24 yarns per inch.

Figure3-6. Allimand® dynamic sheet former machine
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Actually, the dynamic former is devised to simuldieheadbox and forming table of the
pilot paper machine (Figure3) using nozzle and forming fabric, respectively. Althotiggn
dynamic former is not identical to pilot machine and its parameters differ from thtse of
pilot machine, an analogy can be made between the two groups of parameters to make them
comparable t@ach othef98]. Moreover, among different laboratory former machines, the
dynamic former produces paper sheets having characteristics (such@asfoomitiesand
anisotropies) comparable to papers made on the pilot paper machines.

Some important parameters of dynamic former which could affect the paper formation
quality include the stock volume put in the machine, stock flow rate through the nozzle, water
wall thicknessyotationalspeed oforming fabrig fabrictype, dewatering rate, nozzle linear
speed as well as nozzie-fabric speed ratio which controls the cross direction to machine
direction fiber orientation ratio. The specifications of the machimgl@yed in this study are

shown in appendix D.

3.2.3. Sheet press

Three main functions of paper pressing include: dewater the paper, consolidate the fiber
web andeduce thesurface roughnesafter formation in the dynamic former, the wet press-
ing of paper sheet involves pressing the sheet between press rollers while the sheet is sand-
wiched between the plastic forming fabric kept underneath and a blotter paper placed on top.
Figure 38 shows the sheet press employed in this study. It is a prod@ard?a® Instru-
ments ands specifically designed for pressing the long sheet producéukelgynamic for-

mer machine. It features four selectable pressing speed and two selectable pressing loads
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(low and high). The specifications of this press are indicatédlite 32. It should be men-

tioned that the standard laboratory pressing method differs significantly from the situation of
an industrial paper machine press section. For an industrial machine, the pressing time is
substantiallyshorter (order of milliseconds) and the pressure level is higher. So, the dynamic
nature of the pressure pulse of a paper machine nip (squeezing region between two pressing

rollers) does not occur in the laboratory press.

Figure3-7. Spreading pulp furnish upon thé&asticforming fabric (modified from[66]).

5L

|

Figure3-8. CanPa® dur-speedvi-directional sheet press
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Table3-2. Specifications of the wet sheet press machine

Maximum test sheet size

280 mm widex 900 mm long (11X 36")

Rollersize

133 mm diametex 330 mm long (5.25" B 13" long)

Rollerspeed 4-speed adjustable, max. Idn/sec
Rollernip pressure 200lbs/inchat 4 bars
Instrument air 100 psi maximun(7 bar)

3.2.4. Sheet dryer

Figure 39 shows the sheet dryer consisting of a heated drum over which the sheet of
paper, maintained in place by a plag#bric, rotates during drying. The dryer is a product

of Adirondack Machine Corporation, Forntaxmodel. This standard dryer is specifically

designed to evenly dry pulp and paper products and is equipped with a scal¢drhan

switch allowing for drum temperature adjustment. Another Hamidng switch allows ad-

justment of the drum rotating speed. General specifications of the dryer asgeddnTable

3-3. A digital thermometer from OMEGA Instruments (showrFigure 310) using a type

K chromiumAluminum thermocouple is used to manually measure and adjust the drum sur-

face temperature.

Figure3-9. FormaxE hand sheetirum dryerof Adirondack Machine€o.
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Table3-3- Specification of the Form#&x drum dryer

Motor selectable speed drive motor controk8rpm

Heat selectable heat input, 3200 W

Power supply 240V, 1 Ph, 5Bz

Drying drum nickelplated aluminum of 12" diameter with a 16" face
Maximum test sheet size 300 mmx 300 mm

Figure3-10. Model HH11Bdigital thermometer with model 98221 type K thermocouple

3.3. Pilot-scale manufacturing of the reinforcement with paper machine

The general specifications of the pilot Fourdrinier papachineof Innofibre from the
Cégep of TroisRivieres are shown in Appendix E. In order to develop the hybrid flax/paper
reinforcement with theaper machine, flax yarns must be deposited on the forming table of
the paper machiné-gure 15) while it is running. his isperformedusing the feeding frame
in Figure 311, which was designed at LMEM for this purpose. The frame can accommodate
up to 16 flax yarn bobbins. The yarn ends pass through the appropriate holes in the eyelet bar
and subsequently through the tightener section. The spacing between yarns is next adjust

using calibrated combgigures 3-12 and 3-13 show three combs tested in this study. The
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comb ofFigure 312 could be sed for feedind.0 yarnswith one inch spacing between each.

The resulted reinforced paper out of this comb could be potentially employed in packaging
applications, where the flax yarn provide higher strength than paper or cardboard alone. The
combs ofFigure 313 are used for producing a one inch wide sample of 16 yarns per inch
flax/paper reinforcement. The reinforcement produced with theséscoan be used for
producing reinforcement samples to be used next to prepare and test composite samples.

Technical drawing of the comb Bfgure 313b is illustrated irFigure 3 14.

Bobbins

s \ Eyelet bars
(&

Tightener

Changeable comb

Figure3-11. The feedhg frame to deposit flax yarns into paper machine
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Figure3-13. Two different comb desigrfor laying down 16@lax yarns in one inch
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Figure3-14. Technical drawing for the comb Bfgure 313b, dimensions are in
inches.
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After the bobbins are installed on the feeding frame andothetwist yarns ends are
passed through the eyelet bars, the tightener and the desired comb, the feeding frame is in-
stalled on the paper machifégure 315shows the feeding frame installed over the forming
table of the paper machine. This frame can be positioned at the desired distanagleand an
with respect to the top of the table. When the ends of the flax roving contacts the running
forming table over which the pulp slurry is spread (using the headbox), the roller in the form-
ing table section (schematically showrFigure 15) causes the flax yarns to be drawn into
the paper machine at the end of which the unidirectional hybrid flax/paper reinforcement is

rolled up.

Wire Mesh pesr-

g

Figure3-15. Installed feeding frame on the paper machine forming table

3.4. Internal bond strength measurement(shear cohesion test)

Internal bond strength (IBS) is a general term describing the-tfibidver bonding
strengthof a sheet of paper in a plane located around thetimg&ness of the sheet. As is

schematically illustrated iRigure 316, a number of different standard methods are available
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to measure the IBS of papers and paperbof@€s In this thesis, to evaluate the shear
strength between two adhered layers of flax and paptre dry reinforcementhe shear

cohesion testHigure 316E), was employed and adapted for our particular application.

The modified technique used in this work is depictedrigure 317. Throughout this
thesis,shear cohesion tests abvaysperformed orlaboratorymade fax/paper reinforce-
mens. Samples of dimensio 25 mmx 150 mm (1 inx 6 in.) are prepared\ext, the test
sample is prepared by peeling eéich end of a flax/paper reinforcement over a precise length
such that an overlap area (jointed areigure 317) of 25 mmx 25 mm (1 inx 1in) remains
in the middle of specimen. Then the samples are exposed to tensile force from both ends,
resultingin a shear force (converted to shear stress) in the jointed area. Samples are tested
based on D.34 standard of Canadian pulp and paper association, using an Instron tensile ma-
chine equipped with a model 25836, 0.5 kN loaetell capable to measure a loadthe
range of 2N (0.2 kgf) to 0.5kE60 kgf) with a precision of £.25% of the read value. The
crosshead speed was 2.5 mm/min and based on the standard, the test is stopped®nce 30
of maximum load is lostll of the samples are conditioned at tela humidity of 50% and
23°C for more than 24 hoyrand tested under these conditions in the humidity controlled

room
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Figure3-16. Methods of measuring the internal bond strength (IBS): A. Peel cohesion test;
B. Delamination test; C.-directional tensile test; D. Cantilever beam test; E. Shear cohe-
sion test; F. Scott bond t99].

3.5. Thickness measurement of reinforcement layers

Thickness of reinforcement is measured using MBd8IE micrometer from Testing Ma-
chines Incshown inFigure 318. This device is a standard micrometer in the papersingu
to measure thickness of papers and has the accuracy of 1/200 mm. or 1/10000 in, with the

measurements made constant and controlled contact pressure.
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Figure3-17. Shear cohesion test adapted for this worlsg¢agmatic (modified fronp99])
and(b) a typicaltest specimen installed on the Insttensile testingnachine

S T S
Figure3-18. Micrometer for measuring reinforcement thickness.

3.6. Permeability measurement

3.6.1. Permeability mold

A schematic representation of the permeability mold developed and used in this study
is shown inFigure 319. The top mold half is made of a 19 mm thick tempered glass plate

which allows for visualizing and tracking the flow front progress. #mperedglass
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plate has a negligible deflectiamd samaintairsthe cavity height as constant as possible
throughoutthe experimentA metallic fixing frame with a central window of 165 x 127
mm (6.5 x 5in.) is mounted on the tempered glass and screwed to the bottom steel mold
half using six screws of half an inch diamefiéhis fixing frame minimizes the deflection
of tempered glass plat@reciseStarrett shims are used between top and bottom mold
halves to adjust the cavity height and consequently the fiber volume frakkeso x 0
ando yslkown on the reinforcementigure 319 indicate the laboratory coordinate sys-
tem.The required cavitieight (h) to obtain the desired ¥ computed as followHqua-
tion 4 of[74])
Ko NN T 35

Where n is the number of stacked reinforcenteyers, m(g/n?) is the surface density of
each reinforc@mdnti sl ayher famery densi try. An
1.5 g/cn¥ ([100-102)) is considered for the flax and soft wood Kraft fibers. For each perme-
ability measurement experiment a stack of four (n = 4) hybrid reinforcement layers of 15 x
15cm (6 x 6in) is used and each stack has a 12 mm diameter hole in itsTdentele is
pierced using a special punch made of a thin razor blade rolled around a 12 mm diameter
mandrel Figure 320). Making this hole provides the ngéiged circular inlet gate (Rparam-
eter inFigure 321 described later) while helping improve the precision of permeability re-
sults[74]. The test fluid is injected at a constant vacuum of 100 kPa. Vacuum is provided by
a vacuum pump connected to the four outlet vents located at the four corners of the mold

cavity.

oL}
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In designing the permeability measurementugetthe first and foremost terion is that
the cavity thickness should remain constant during the test, with the highest precision possi-
ble in order to obtain reliable results with less dispersion. The mdéidyure 319 was de-

signed and manufactured to meet this requirement

Fixing frame

Precise spacers

Top mold half
at four corners

(tempered glass)

Bottom mold half

Vacuum sealing rubber
Reinforcement

Outlet vent at
four corners
(to vacuum)

Test fluid inlet

Figure3-19. Schematic representation of the permeability mold used in this study

Figure3-20. Custom punch used to cut injection hole in the reinforcements.
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According to Alms et al.76] the deflection of the permeability mold should be evaluated
to make sure it is less tha®2of the nominatavity height Accordingly, maximum deflec-
tion of the tempered glass was measured using a Mitutoyo model BH305 coordinate meas-
uring machine (CMM). First, the stack of reinforcements was placed inside the mold and
vacuum was applied. Ati\= 35% (same forlhatests) and after applying vacuum over the
test samples, the glass plate nearly touches the shims (for some of the tests, it was indeed
contacting). This means vacuum was almost enough to reach the desamd tie fixing
frame was mainly required to@id the upward deflection of the plate during resin injection.
The bolts of supporting frame were next tightened to make sure the thickness spacers were
in contact and remained in contact with both halves of the mold during injection. Next, the Z
coordindes at the surface of the glass plate were measured for a grid of 25 points drawn on
top of the plate. Finally, the vacuum pressure was removed and the Z coordinates of the
points were measured again. Subtracting Z coordinates of each point beforeraratattm
gives the deflection of the given point. Removing vacuum correspond to the extreme situation
in terms of deflection variation because during resin injection, vacuum pressure is just partly
removed when the flow front progresses. The maximum vamiat the Z direction (occurred
in the middle of glass plate) was 0.030 mm for the maximum cavity thickness of 1.65 mm
(in Table 34), and 0.014 mm for the minimum cavity thickness of 1.10 mnT giole 34),
which means mximum cavity height variations of 1.8% and 1.3% respectively, that are well

below the 2% limit
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Table3-4. Measured surface density gnof flax/paper reinforcements and nominal cavity
height to attain Y= 35%.

Run m: (g/m?) Nominal cavity
mea STD  height (mm)

n
1 147 2 1.12
2 144 2 1.10
3 197 9 1.50
4 204 4 1.55
5 152 4 1.16
6 155 5 1.18
7 216 3 1.65
8 204 6 1.55

3.6.2. Measurement procedure

Permeability which is defined as the resistancBuid flow inside a porous media, is a
second order tensor exhibiting point symmetry and thus can be completely characterized by
just three principal values, namely tweplane permeability and a through thickness one.
However, as thickness of the partnich smaller than the other dimensiomssheltlike
structuresstudying the irplane permeabilitys more relevant for liquid composite molding
of thinrwalled structure§74]. So in this work and as a first attempt, attention has been given
to in-plane permeability measurement, keeping in mind thalysg the oubf-plane per-
meability will be required in future works, especially for molding thick parts.

For an anisotropic 2D medium the permeability tenis@hown as beloywhereé x 6 an d

Oyo6 indicate | abor &iyokxguetosymmetiy. nat e system

Q- ~ 3-6

Permeabilityis a determining parameter in resin flow inside a porous fibroukamnea

empirical Dabelowirihe geheaaiorgi v e n

a
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6 - Onn 37

where' is the fluid dynamic viscosityj the fluid velocityvector inside the porous media,

andnn the vector of pressure gradient inside the porous media

o)
0o o 3-8
R || i
Mo 39

Another equation governing the fluid flow inside a porous media isaihignuity equation

(mass conservation) written in its general form (supposing a constantdisity) as

ng 1 3-10

Solutions toEquations3-9 and3-12 for rectilinear and radial flow in an isotropic media

with constant injection pressure or constant flow rate boundary conditiogis@nén [103).

Two types of permeability to distinguish include saturated and unsaturated permeability.
In the unsaturated permeability, the injected test fluid flows through the dry preform by fill-
ing macroscopic (between fiber yarns) and microscopic (inside fiber)ysores such that a
certain region, called unsaturated zone, separates the effective flow front (externally ob-
served flow front) from the fully saturated flow front located behind the effective front. In
the saturated case, the fibrous preform is fullyregpated by the test fluid so that any new

incoming fluid will just replace the already present one. Both types of permeabilities can be
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measured through either constant pressure or constant flow rate injection. A further differ-
ence in the types of permelitly test setup includes 1D (or linear flow) experiment and 2D

(or radial) injection.

In this study, the unsaturated permeability of the hybrid flax/paper reinforcement is meas-
ured using a constant injection pressure and 2D radial flow experiments.efisenement
is based on recording several flow front position versus time and then processing them ac-
cording to the approach proposed in appendix[3df Because thesinforcement and con-
sequently resin flow have directionality, during the experiment the liquid flow front is ellip-
tical with Rt and R representing the length of the major and minor radii of the ellipse, as
schematically shown iRigure 321, and R is the radius of inlet powhere the fluid enters
the reinforcement. At the end of experiment we obtain a set of raw data comprisind R
R2 radii with their corresponding absolute injection times, like the data set exemplified in

Table 35.

Figure3-21. Schematic of an elliptical flow front in a tadimensional permeability meas-
urement
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Table3-5. A typical st of experimental data acquired from a permeability test

Absolute injection Time Major radius  Minor radius

t1 Ri1 R
t2 P R
t3 Ris Rs
tn Rln RZFI

Figure 322 shows the permeability measurementigeuused in this study. After the test
fluid enters the mold several photos are taken at regular time intervals using a 10 mega pixels
A640 Canon photo camera which is adjusted perpendicular to the mold plane. &acis ph
time stamped such that impregnation temporal evolution candoétored. A small video
camera recording the very moment of test fluid entry into the mold allows calculating the
absolute injection time (starting from test fluid entry) of each taketop Using twaembed-
ded longitudinal and transverse rulers in the photos (showigure 322), a rectangular
portion of the captured photasviolving the flow front ellipse can be extracted with known
physical dimensiond-igure 323a shows such an extracted portion. The extractetbpio
then treated with a prepared Matllimage processing code (named code A, hereafter)
which fits an ellipse to the flow front and computes the length of major and minor radii in
pixel unit.Figure 323b depicts a treated digital image. Knowing the precise area covered by

the photo enables to convert the pixel units into physical dimensions.

To give an example of the permeability calculatioocedure, results of one of the exper-
iments on the natural fiber reinforcements of this study are Usdide 36 compares the

major and minoradii calculated by code A-{gure 323b) with those measured directly from
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the photos using the embedded rulers. As can be seen, at smaltr&dand 10 sec) the
difference is quite noticeable. However, as the time increases the discrepancy becomes neg-

ligible.

Figure3-22. Overview of permeabilityneasuremergetup.
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11 cm

Figure3-23. Procedure of flow front detection: (a) extracted photo with known physical
dimensions (b) treated photo using the Matlab code A.

Table3-6. Comparison of flow frontletection methods

Time Code Avalue Direct
(Sec.) measurement
R(cm) R(m) R(m) R(cm)
5 1.20 0.84 1.50 0.95

10 1.61 0.95 1.80 1.05
15 1.92 1.05 2.05 1.10
20 2.17 1.11 2.25 1.20
25 2.39 1.18 2.45 1.25
30 2.54 1.24 2.65 1.30
35 2.71 1.29 2.75 1.35
40 2.88 1.34 2.90 1.40
45 3.01 1.38 3.05 1.43
50 3.14 1.42 3.30 1.55




64

Once the set of raw dat@igble 35) is obtained, they ateeated according to the method
described i157]. The method is summarized below in six steps and a Méitalle (named
code B, hereafter) has been prepared according to these steps in order to routinely calculate
permeability values from the sets of raw data. Ia $tudy, due to the unidirectional config-
uration of the flax yarns the reinforcements are considered orthotropic, meaning that direc-
tions of principal permeabilities (Rind R in Figure 323Db), respectively coincide with the
| aboratory coor di nat digueB$tThemprodedute ofaalcdlatidgy 6 s h

K1 and K permeabilities is as folloyb6, 57]:

a) A regression line passing thrdughe origin of graph is drawn through a sequence of
experimental points [R Rai] (i =1, 2, 3 é, n) ainisicompoted s | o p ¢

(Figure 324a).

b) Equivalent values f& and Re are computed for eachyiRand for the radius §of the
inlet port, as follows
Y a 1Y Ry a oy 311

c) For each Re a corresponding parameter, calledgsFeomputed with
O Y jY cagY jY pp 1O Y0Oje Y 312

where ke is the equivalent permeabilitypP (Pa) is the difference between the inlet pres-

sure (p) and the pressure at the flow fronf)(m(Pa.s) ighedynamic viscosity of test fluid

and G 1 s t hpeo rfoisbietyy). p(rde f=o rim



65

d) A regression line is drawn through a sequence pfi[fpoints and the origin and the

slope of this line, m is computedRigure 324b).

e) The equivalent permeability,eKis calculated as follows:

O & «tY jiY0 3-13
f) Principal permeability valuesikand K are finally computed as
0 —ho a o 314
To validatecode B based on this procedure, raw data taken[f6hare used to calculate
permeability valuesTable 37 shows that the code B values compare well with thoEggjn

Figure 324 also shows the experimental data points and the least square regression lines

fitted on them

3.7. Composites fabrication

Resin transfer wlding (RTM) was used to fabricate composite laminates. Schematic of
the RTM mold and the resin injection system employed in this study are sh&igures 3-
25 and3-26, respectively. The top mold half is a 17 mm thick steel slab. It is mounted with
a fixing steel frame screwed to the bottom mold half to firmly hold the top mold half and
limit its deflection during resin injection. Four series of precise Starrett shims are used at four
corners, between the top and bottom halves of the mold to adjust theheaglhy. The re-
quired cavity height for obtaining the desired fiber volume fractiahiévcalculated based
on Equatior3-5. All composites othis study are fabricated using eight layers of reinforce-

ment (n = 8).
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Table3-7. Results of code B for permeability calculation

Parameter Code Bvalue Ref.[56] % error
m; 0.867 0.863 0.5
mz 0.182 0.184 1.1
Ky (M?) x 1010 5.34 5.38 0.7
Ko (M?) x 16 4.01 4.01 0.0
— 200 : =
——Regression m, = 0.867 / ——Regression m,= 0.182 /;/
0.03 g ! _ 2 P
---Experimental R = 0-995 150_---Expenmental i i rF
0.025 7 L] o
T 0.02 // _/.r
= 4 w 100 A
@ 0.015 S / :
g =4
Vi =
001 :” /,/”
/f/ 50 (“‘
0.005} 4 ” i
/ M
0 ; ; ; ;
0 001 002 003 004 Q5250 o0 800 1000
R, (m) time (sec)

Figure3-24. Outcomes of code B, (a) principal radii of elliptical flow front, (b) function F
versus time, for experimental data]66].

Fixing frame

Top mold half

Precise spacers
at four corners

Reinforcement

Sealing rubber

Bottom mold half
Figure3-25. Schematic of the RTM moldsed in this work.
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» _inlet
Figure3-26. RTM composite fabrication setup

The RTM injection setupHigure 326) includes a compressor and a sealed pressure pot
inside which the catalyzed resin cup is placed. Once the pressure (up to 4 barstirdyhis
is applied inside the pressure pot, resin enters the mold at one end and impregnates the rein-
forcement through a unidirectional flaalong the yarnsBefore injection, the catalyzed resin
is degassed under vacuum for five minutes. Molded compasggzosicured at 80°C for 4
hours. Reinforcements are firstly impregnatedsat 30% (using the required cavity height),
then at the end of injection process when all the epoxy resin is injected, the top mold half is
slowly pushed downward (through festng the screws of the fixing frame fingure 325)
to reach the desired:Mvhile the excess resin exits from the outlet. This techniqueesaur
well impregnated laminate and if some dry spots are left in the reinforcement due to perme-
ability issues, they are forced to get impregnated when reducing the cavity thickness to reach
the desired ¥ Using this molding technique, it was however naggble to study the rela-
tionship between permeability and tensile performance. Numerous molding trialsarere

ried outin order to adjust the manufacturing parameters required for complete impregnation
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of the composite plateandFigure 327 shows one of the typical qualified compositsed
for mechanical testing in this worR50 mm long by 15 mm we specimens are cut from the
composite plates using a water cooled diamond saw and then driedgivest 80°CFigure

3-28 shows some typical tensile test coupons.

Figure3-27.An i mpregnated composite plate
reinforcement, (a) top side, (b) backside

(6Nl 1
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Figure3-28. Tensile test coupons of the flax/paper composite (15 mm x 250 mm).

3.8. Tensile testing of omposites

Figure 329a shows the testing setup and skessstrain curve of a typical tensile test
performed on composite samples of this work. The tests are carried out oFlJd 3
Instron electromechanical machineaatrosshead speed of &im/min according to ASTM
D3039 standard. The machine is equipped with a 150 kN load cell and a model 3542 Epsilon
Tech extensometer of 50 mm gauge length was used for measuring strain. Samples are
gripped between t he mashéetdmiectease therfrictsandire-i n g
duce the need for large gripping forces. At least five composite specimens are tested for each
type of composite plate. Because natural fimamposites show a bilinear behavior in their
stressstrain curveg11] and a knee point is always noticed at around @oXrain, for the
samples of this studyF{gure 329b) two moduli are evaluated for each sampk is the

modulus before the knee point, calculated for a strain range of-0.026 [104 and E is
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the modulus after the knee point calculated for a strain range-0f428. Figure 330shows
some typical failed couponA. Leitz Metallovert optical microscope (OM) and a Jeol 3SM

5500 scanning electron microscope (SEM) are used to analyze the microstructure and facture

surfa@ of thesamples.

06 08 1 1:2 14 16 1.8
€X(°/o)

Figure3-30. Typical tensiletestcouponsaftertest



71

3.9. Robust parameter design approach and statistical modeling

As explained in the introduction section, the main objective of rggarsimetedesign is
to minimize variance of the results while the sourcesnakrtaintystill exist. Main causes
that can potentially impart uncertainty into the reinforcement behavior of this study include
the fabrication processesharacterizatiomethods and material uncertainties, including in-
herent natur al f irdeesignparameters detting sf the reimfarcenaenti o n
Uncertainties due to fabrication adlaracterizatiomethods are addressed here through de-
veloping consistent reinforcement and composite fabrication methods (explained in appendix
C and sectioB.7, respectively) as well as usingliablepermeability mold ancheasurement
procedures (sectiah6) while composite testing is performed accordind\®TM standards.
However, as will be explained in the results chapter, the IBS test method (Set}ishavs
a quite large variability in the results. Furthermore, natural fibers of this study have always
been supplied from the same companies (Innofibre for Kraft pulp and Safilin for flax yarns)
which favor the consistency abnstituentmaterialpropertiesand subsequently of results.
Principally in this thesis, studying inherent variation in physical/mechanical properties of
different natural fiber species was not targeted and such an aspect is already staes in
other research wor402 105.

For studying the variation oésultsdue to parameters setting, the classical robarstm-
eterdesign method shown Figure 331 is consideredn this thesis, as a general approach.

This algorithm is devised based on refererf@8 106, 107] and its detailed description is



72

explained in appendix F (sectiét¥). Explanations about design of experiment (DOE), anal-
ysis of variance (ANOVA) and regression modeling used in this approach are also given in
the same appelix.

Taguchi method is repoddess efficient than thelassical methogi106, 107], and with
regard to the parameters of this study and their settings, it was hardly possible to implement
the notion of outer array design of experinsarged in Taguchi's methoMoreover,since
the practical domain of each factor was langeandset at the beginning of experiments on
the feasible experimental region, the heuristic portion of the algorithm (steps 5 teigoran
3-31) was not actually applicable and hence was not followed.

Throughout this thesis tWdOE trials shownin Table 39 (cdled 1t DOE hereafterand
Table 311 (called 29 DOE hereafter) are use@he 1% DOE is a 2** fractionatfactorial
resolution IV design of experiment considered for step Bigiire 331 andthe 2" DOE is
afull-factorial 3 experimental design used for step 1Figlure 331. Because it was difficult
to conduct a central composite design (CCD) for the parameter settitnjs stiidy (due to

axial portion of the CCD), full factorial"?DOE is used for step 11 ®&ble 311.
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Firstly, IBS, permeability and tensile tests are conducted based off @R in con-
formance with step 3 dfigure 331 and their results are presented and analyzed in the sec-
tions 4.1.2, 4.2.1 and 4.3.2, respectively. As will be explained in these sections, because IBS
and tensile test results did not fulfill the criterion of step 4, other stdpgufe 331 are no
more followed for IBS and tensile behavior evaluation. However, areal density of UD flax
layer (factor Bin the ' DOE) is concluded influential on both mean and standard deviation
of K1 permeability (fulfilling robust criterion of step 4), therefore a second series of permea-
bility measurements is conducted based onthBQE to implement steps 11 to 14F§ure
3-31 and its results are presented and analyzed in section 4.2.2.

The first two columns ofable 38 show the factors used in th& ROE and their defini-
tions, and the last two columns indicate their coded and actual settings. &bkbjgtie 116
+ 4.3 and 172 + 6.9 ghsurface densities correspord 16 and 24 yarns/in. flax plies (tex
200 yarns) respectivelluikewise, the two studied paper surface densitie2are 0.99 and
38 = 0.64 g/m2High and low limits of factors A werehosen low because a low paper
surface density is better for the reinforcement permeability. For factor B, it was not possible
to put more than 24 yarns/in. and 16 yarns/in. was considered a low limit in tem of yarn
spacingHigh and low levels for factor€ and D are selected based on technical considera-

tions(reasonable drying temperatures and compressing pressures).

Table 39 shows the 2! fractionatfactorial resolution IV design of experiment along with
the measured values using this table. In 1Ri©OE, the fiber volume fraction was kept
constant at 386 for permeability tests and compodi#brication Each response indicated

in Table 39is measured at least four times. According to appendix [MIG¥ such a sample
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size yields aonfidence of 9% t o avoi d type || %dadasoidityset i c a l
I statistical error (U) for standard devi af

error in the case of mean valuehigher than this.

Similarly, Table 310 shows the factors used in th& DOE with their corresponding
actual and coded setting. In this table, the flax ply sudacsities of 125 + 1.853 £ 1.3
and 175 + 1.8 g/Arespectively correspond to using 16, 20 and 24 yarns/inch flax layers. As
can be noticed the middlevel surface density of flax ply (153 + 1.9 djnis not exactly in
the middle of high and low level settings. This is beedahsse values are measured experi-
mentally with inherent variations in the values. Because of this, in the regression modeling
of surface density accordingTable 311, corresponding énumber of
and 24) values are used and once the opti mu

it has been converted to flax layer surface density measuredin g/m

Table3-8. Reinforcement factors considered for tReDDE.

Low and high level

Factor Description setting
name
coded actual
A Paper ply surface density  +1 38+ 0.6
(9/m?) -1 29+1.0
B Flax ply surface density +1 172+ 6.9
(g/m?) -1 116x+4.3
, +1 3+0.1
C Forming pressure (bar) 1 1+01
+ 5+1.
D Drying temperature (°C) 1 101.5+1.5

-1 71.5+1.5
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Table 311shows the fulifactorial 3 experimental design {2DOE). Other reinforcement
factors are set at A=l (27+0.67g/m?), C = +1 @8 + 0.1 bayand D =+1 (101.5+1.5¥or the
reinforcements fabricated according to this table of experiments. Each run of this table is

repeated four times.

Table3-9. 15 DOE with coded level setting of the factand the evaluated resposse

Run Factor Responses
A B C D Reinforcement Composite
Surface  IBS Permeability E B v
density K1 K2
1 -1 -1 -1 -1
2 -1 -1 41 +1
3 -1 +1 -1 +1
4 -1 +1 41 -1
5 +1 -1 -1 +1
6 +1 -1 +1 -1
7 +1 41 -1 -1
8 +1 +1 +1 +1

Table3-10. Reinforcement factors considered for tH&R2OE.

Factor - level setting
Description
name coded actual
+1 175+19

Flax plysurfacedensity

B (g/m?) 0 153 £1.3
-1 125+1.9
+1 45

E Fiber volume fraction (%) 0 40

-1 35
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Table3-11. 2" DOE with coded level setting of the factors and the evaluated response

Factors Responses
RuUn Reinforcer_n_ent
B E Permeability
K1 K2

1 bl b1

2 0 ®1

3 +1 b1

4 bl 0

5 0 0

6 +1 O

7 b1 +

8 0 +1

9 +1  +1

Tables 3-12 and3-13 show the surface densities of the flax/paper reinforcements for the

15t and the 2 DOE, respectively. These values are used in Equatbrio calculate the

cavity height. The measured reinforcement surface densities are based on weighting at least

12 reinforcement layers of 140 mm 4QLmm (5.5 in. x 5.5 in.) which are cut using scissors

and a precise metallic template of the same dimension{fdxdE samples) and using cutter

and the metallic templafer 2" DOE samples. Prior to weighting, all samples are dried at

103°C for at last 18 hours and stored irdasiccatorto prevent humidityabsorption All

other reinforcements used foermeability tests ancbmposites moldingrecondtioned the

same way. This was done to promote consistency in the results as natural fibersare hydr

philic and easily affected by the humidity levklis reported that drying of fibers before

processing is important, because water on the fiber surface can weakenthesisteength

and consequently thraechanical properties of composif{é8Q.



Table3-12. Final surface density (inof flax/paper reinforcements of'DOE.

m; (g/m?)
RUN -~ ean  STD
1 147 2.30
2 144 2.1
3 197 854
4 204 3.95
5 152 3.74
6 155  4.82
7 216  3.42
8 204 6.15

Table3-13. Final surfacedensity (m) of flax/paper reinforcements of2DOE.

mr (g/m?)

Run

mean STD
1 152 2.73
2 180 1.97
3 202 3.46
4 152 2.73
5 180 1.97
6 202 3.46
7 152 2.73
8 180 1.97
9 202 3.46
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CHAPTER 4: RESULTS AND DISCUSSION

4.1. Internal bond strength (IBS)

4.1.1. Chemicalanalysis

To explore the nature of chemical bonds between paper and flax lyaumgr transform
infrared (FTIR)spectroscopyis performed on the extracted waxes (substance found at the
surface of flax yarns and coming in direct contact with the paper layer) of flax yarns. These
waxy compounds were extracted using$loehletextractor shown ifrigure 41. Flax yarns
were inserted into thextractor, mountedith a 250 ml flaskcontainingl50 ml of dichloro-
methaneas the solveniThe extractiorwas carried out at 60°C in an oil bath for 24 h. After
extraction, the solvent was removed using a rotary evaporator and the extracted compounds
were dried in a hot air oven at 104°C to eliminate any residual sofvethis temperatur
was observedhatthe waxhad ahigh viscosity Then,the FTIR spectroscopy is performed
using a Thermo Scientific Smart iTR spectrophotometer to identify the functional groups of

the extracted wax. The samples were exposed to irradiations in reflectance mode gethe ran

of 500 to 400@m* (~15 to 120 THz)with a1 cm(~30 GHz)resolution

The result ofF TIR spectroscopy ishown inFigure 42. Thepeak at 800 crhis attributed

to Si-alkyl contained in Si(Ck)s and Si(CH)2 groups, at 1010 crto Si-O stretching in Si
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O-Si, and at around 1250 chto C-H deformation in the SCHz group[108-117]. The ab-
sorptions of GH bands are also observed at around 1462, 2848 and 291 Wiich are
assigned to aliphatic methylene groug8He-) and the small peak at around 2960"cs

attributed to methyl groups (GH

Based on these remarks, itneticedthat moleculesin the silicon wax contain a large
number of CHchemical groug These chemical groups are capable to create Van der Waals
bonds between each other as wellvaish free hydroxy (OH) groups (not involved in hydro-
gen bonds) on the celluloseolecular chain of paper fibers. Accordingly, it is hypothesized
that the presence of a larger number of Van der Waals bonds betwegeheddiical group
on the surface of flax fibers ai@H groups on the paper fiber can be the cause of cohesion
between pagr layer and flax yarns of the dry reinforceméntould be hypothesized that if
the waxy compound had been washed out, OH groups on flax and Kraft fibers would have estab-

lished hydrogen bond.

The chemical bonds between paper and flax fibers are schematically illustriigdr
4-3. It should be mentioned that Van der Waals bigradfragile type othemicalbond and
its bonding strength is generally 10 times less than that of hydrogenamhd00 times

lower thancovalent bond
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Figure4-1. Soxhletextractor
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Figure4-2. Infrared spectra of the wax extracted from flax yarns.
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Figure4-3. Schematic representationftdx-paper chemical bonding.

4.1.2. Analysisof shear cohesiotestresults

In this subsectioreinforcement sampldabricated according to thé' DOE (Table 39)
are tested withhe shear cohesion teahd their IBS (shear strength) values are studied for
evaluating step 4 of the robysarametedesign approach iRigure 331. Measured shear
forces and the calculated IBS are show@ble 41. Typical forceelongation curves are

also illustrated irFigure 44.

During the tests some samples hardly showed any resistance to the tensile force, meaning
that the paper and flax layers were barely bonded to each other. Curves of such samples are
poi nted out Fawe 44 and tharadsudts ade not maken into account in the
analysis. Moreover as mentioned in sectBoh based on the specification of the load cell,
minimum force that could be measunedh precise linearity and repeatability is 2 N. So,

shear forces below this threshold are also not taken into account.
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Table4-1. Shear forceand shear strength between fendpaper layers daboratorymade
reinforcement samples.

Run No. of samples Shear force (N) IBS (IRa)
Total Rejected mean STD mean STD G/ (%)
1 9 0 3.00 1.04 6.09 212 34.71
2 10 0 2.94 0.66 599 134 2232
3 10 0 5.12 1.15 6.94 156 2243
4 10 1 3.35 1.17 455 158 34.80
5 18 0 6.81 1.22 13.85 248 17.92
6 10 2 4.57 2.38 9.30 4.83 51.96
7 10 1 6.42 3.09 8.71 4.19 48.08
8 10 0 491 1.64 6.66 2.22 33.35
1.1
1.0
0.9
08 Typical curves
o 07 v | :
o) of rejected
X 06
e samples
O 0.5 ;
£ 04 vy /4
03 / " i
0.2
0.1 I L g P R
0.0 — —

00 041 02 03 04 05 06 07
Elongation (%)

Figure4-4. Examples of forceelongation curves in shear cohesion.test

To calculate IBS from shear forcesTable 41 an estimate of theontact surface area
between paper and flax yarngeésjuired With a detailed look at the shear cohesion samples
like the ones shown iRigure 45, it is experimentally noticed that after the pressing step of
the reinforcementabrication process (section 3, thewidth of the 24 yarns/in UD flax

layer (Inx6 nj) exceeds the init.i,anly2llyarmsoarhéplaged dt h a
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sideby-side to fill the 1 inch width Figure 45b). Therefore,The effective width of24
yarns/in. UD flax layer samplaés approximated to 2412x 1" = 1.14" and its contact area is
approximated to 1.14" x 1" = 1.14%is 735.5 mm. Moreover asFigure 45aindicates, in
the 16 yarns/insamples not all the 1 inch width is covered by yarns and theté®edffec-
tive width of 16 yarns/in. UD flax layer samplésapproximated to 16/21 x 1" = 0.76" and

its contact area is approximated to 0.76" x 1" = 0.76:#490.3 mm

In Table 42, the RPvalues of ANOVA, indicating the probability of making type | error
(concluding that a factor is important while in reality it is ngtjow that all factors have
statistical significancen the mean values of IB®ne must keep in mind that having high
variability in the results (seevGn Table 41) in spite of a large number of repetitions may
result in reducing the mean square of error (MSE) in ANOVA procedure (Equa8an
appendix F) which in turn increases thesttistic values for each parameter and conse-

quently the probability of being accepted as an influencing factor for the mean IBS.

None of the factors were found influential on the standard deviation of IBS, based on the
method presented in appendix F (section F.2). Equétibis the regression model for mean
values of IBS and its coefficient of determinatior)(R 0.84 According to this equation and
the marginal average plot Figure 46a, average IBS increases with paper surface density
(factor A) and drying temperature (factor D), whereas increasing the flax ply surface density

(factor B) and forming pressure (factor C) decrease the average IBS.

Having moe Kraft fibers in high level surface density paper layers (A = +1) helps estab-

lish more Van der Waals bonds with flax fibers and leads to higher IBS. Using 16 yarns/in.
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in the flax layer (B 3 1) leaves a narrow space between two adjacent yaigsré 45a)

and therefore more surface would be available for each yarn to bond with Kraft fibers.

A £ g

1\”\)‘\‘\‘)‘ 1'\’1\'1\

Il

5 4

Figure4-5. Typical widthof laboratorymadeshear cohesion tesamplega) 16 yarns/in
(b) 24 yarns/in

A potential hypothas for decreasing IBS with higkvel compressing pressure (C+1)
is that Kraft fiberswell duringthe pulping procesand terefore their cell walls are opesh
while this is not the case for tflax fibers Consequently under higher pressuraft fibers
tend to conform (bond) to each other rather thandto the flax fibersEffect of factor D
(drying temperature) on increasing average t#®8Ild be explained by é&fact that drying
promotes formation of fibefiber bonds in cellulosic materiald13 114. So it is believed

that high level of factor @D = +1) have created more bonding between fibers which in turn

increasedheaverage IBS.

Average IBS of rub in which each factor setting is a tptimum level (A=+1, B=11,

C=11, D=+1) has shown a noticeably higher mean IBS compared to the other runs.
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Table4-2. ANOVA resultson shear strengtbf dry reinforcemengsignificant P valuesin-

derlined).
Factor P values for P values for
mean IBS Stdev. of IBS
A 0.00 0.14
B 0.00 0.81
C 0.00 0.94
D 0.03 0.30
Total D@®=71;
Error DO=67;
Factor D®B=1;
10.0
(a) 54.0 (b)
9.0
§ 8.0 \ / A44.0*
2 70 ?34&/ s A \
% 6.0 © 240
2 50 14.0
L ; ; 4.0
- 4 1 A 1 A 1 A4 1 1 1 # 1 A 1 1 1
A B C D A B C D

Figure4-6. Marginal average plot for (aean IBSand(b) coefficient of variance

006 YK @ pBY P8O pH D THO 4-1

Table 41 shows that the coefficient of vanee(Cv) is always high. This could becaused
by a rather small overlap area (25 w25 mm) between the paper layer and the flax yarns
in the test specimen&igure 317) in addition to the fact thatan der Waals forcespnsid-
ered to be the main cause of flax/paper cohesion, are among the most fragile chemical bond

types
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Increasing the overlap area was not an option because it resulted in tearing the thin paper
layer before reaching the maximum shear strength of the jdowever, a noticeable trend
in the coefficients of variation (§ in Table 41 is that, they are lower for runs where the
drying temperaturés at high level (runs 2, 3, 5 and 8) compared to the other runs where
drying temperature iat low level(runs 1, 4, 6 and 7). This could also be observed from the
marginal averag€v plot in Figure 46b showing that average/Gs reduced almost by half
when temperature increased to its high settingl n addi ti on, the Oreje
tematically observed for runs where the drytemperature is at its low leveddeTable 41,
runs 4, 6 and 7). These observations suggest that higher drying temperature brings more con-
sisterty to the cohesion of the paper and flax layers, probably by generating more chemical

bonds,which in turn increases the average IBS
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4.2. Permeability

4.2.1. Two-level design ofexperiment(screening phase)
4.2.1.1. Analysis of experimental permeability results

In this subsectionunsaturated principal permeabilitiestbé hybrid UD flax/paperein-
forcemens fabricated according tthe 15 DOE (Table 39) are studied for evaluating the
robustparametedesign approach iRigure 331. Table 43 shows the experimentally meas-
ured K. and K permeabilities of the hybrid flax/paper reinforcements according tosthe 1
DOE (Table 39). Permeability results are also depicteéigure 47. All tests are conducted

at 21°C.

Typicalp| ot s of f | pversu$ Randturictson(Eqaadion3-14) Rersudime
for the flax/paper reinforcements are showrFigure 48. To avoid the local perturbation

effect of inlet hole at the beginning of injectipf], only the experimental points acquired

Table4-3. Principalpermeabilities of the flax/paper reinforcement at\85 %, according to
1' DOE.

Run Ki (102 m?) Kz (1012 m?)
mean STD G,(%) mean STD G/ (%)
51.99 1258 24.2 572 034 5091
48.33 1091 22.6 559 064 114
20.87 2.71 13.0 577 116 20.1
27.00 1.56 577 833 0.88 10.6
4591 13.25 28.9 468 072 154
53.32 12.70 23.8 6.00 040 6.62
23.01 219 9.51 588 0.96 16.3
1941 0.73 3.75 6.21 1.06 17.1

NGB WNIEF
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Figure4-7. Principalpermeabilities of flax/paper reinforcement at\85 %, according to
15'DOE.

after one minute of injection time are taken into accoufitniEtion is obtained from con-
venti onal Darcyodés | aw from which no fluid
for the fibers, and the relationship betweefufction and time (t) is liear. This linearity in
Figure 48 (with root mean square errors very close to 1) is a sign of very low mass sink
effect of flax fibers during impregnation, which could be due to using motor oil for permea-
bility measurement. According to Nguyen et[&B] where a onalimensional permeability
measurement method is used, adimelationship between the normalized square of flow
front position against timéAnalogous to Function versus time her&prresponds to the

absence of mass sink effect of fl ax fibers
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Figure4-8. Typical principal radii position and functiontfne plotsfor 13* DOE: (a,b) run
1, (c,d) rums.

In Table 43 andFigure 47, due to the unidirectional configuration of the yarnsplr-
meability is one order of magnitude higher than Rurthermoreamongaverage Kvalues
those of24 yarns/inreinforcements (runs 3, 4, 7 and 8) are much lower than other runs using
a flax layer of 16 yarns/irfruns 1, 2, 5 and 6However, 24yarns/in.reinforcements showed
more consistent permeability results, considering that&dard deviations are by far lower

inruns 3, 4, 7 and 8 compared to runs 1, 2, 5 and 6.

The higher variability in Kfor 16 yarns/inreinforcements can be explained hg than-

neling effect, considering the presence of gaps between yarns as sHéguré 3-5a and
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4-5a. The gaps length and their position being difficult to control, the permeability reproduc-
ibility is consequently affected. A more detailed analydithis phenomenon is presented in

the next section

4.2.1.2. Permeabilityin the yarsodirection (Ky)

Results of ANOVA on K permeability, shown ifable4-4, indicate that the flax layer
surface density (factor B) is the only parameter with statistically significant influence on both
mean and standard deviation of. Kigure 49 also shows that reducing the surface density
of flax layer from 24 yarns/irio 16 yarns/inincreases the average By a factor of two, and

K1 standard deviation by a factor of sbhi3 is explainedby the distancediweertlax yarns.

Figure 410 compares different optical microscopy images of composites maieirof
layers stackef 16 and 24 yarns/imeinforcements. Based dtigure 410a, there is always
some narrow flow path between two adjacent yarns in the 16 yanmsfiforcements, al-
lowing the test fluid or resin to flow easily between the yarns. On the other hand, in the 24
yarns/in reinforcements Kigure 410c andFigure 410d) the yarnsare in close contact,
which limits the fluid flow between them. It is also reported for a short flax fiber mat that the

permeability is governed by the presence and characteristics of open clhé@rnels
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Table4-4. Result of ANOVA on Kk permeability (significant P values underlined)

Factor P value P value
for mean K for STD of K
A 0.61 0.94
B 0.00 0.00
C 0.62 0.73
D 0.11 0.92
AxB (CxD) 0.73 0.79
AxC (BxD) 0.92 0.95
AxD (BxC) 0.92 0.98
Total D®=31;
Error D@=24;
Factor D®G=1;
14.0
60.0 = )
— 500 7124
E £ 100
8 40.0 g UV
2 — — | 2 sol
~ 30.0 - oz N —
= % 6.0
s 20.0 &
= 5 4.0
10.0
2.0
0.01—— — — —
11 A 19 11 1 1 0.0 —
14 1 . = -
A B ¢ D A 1 B1 1C1 1 D1

Figure4-9. Marginal average plot for (a) average and (b) Stde\K 1 permeability
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Flow path (epoxy) In—phase stacking

~
3

Figure4-10. Crosssection of UD flax/paper/epoxy composites manufactured egh)16
yarngin. reinforcements and (c,d) 24 yafinsreinforcements. 100x magnificatians

Figure 410b shows that for a stack of 16 yalinsreinforcements, the yarns could be
positioned randomly one over each othergrase) or intercalated (eof-phase) due to the
spacing between the yar(seeFigures 3-5aand4-5a). Therandomness of stacking conduct-
ing pbasedofphaédéedt modes and the possi-bl e
reproducibility of the narrow spacing between yarns, result in high local permeability inho-
mogeneity leading to global permeabiktyatter. On the other hand, in 24 yadmseinforce-
ments Figures4 10c and4-10d), the yarns are regularly arranged beside each other, resulting

in no nesting effect and a reproducible permeability. This explains wéiaKdrd deviation
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increases when the flax layer surface density reduces to the low level value. There is no way

to control the narrow spacing between yarns and the stacking of reinforcements.

Typical flow front shapes for the two types of reinforcements angpared inFigure 4
11 As can be seen, in the case of 24 yarnsginforcement the flow front is more elliptical
than the 16 yarns/irone, in which local discrepancies from the elliptic shape are observed.

This is another sign of higher local permeability inhomogerneitiye 16yarngin. reinforce-

ments.

10.5

v

L e
4 cm ‘

Figure4-11. Typical flow frontshape for (a) 16 yarfis. and (b) 24 yarris. reinforce-
ments
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4.2.1.3. Permeabilityperpendicular to the yarddirection(K2)

Results of ANOVA inTable 45 show that all of the four factors have an influence on
the mean Kpermeability, while no parameter has influenced its standard deviation. More-
over, based on the marginal average pldtigure 412, increase of factors B and C (flax
layer surface density and forming pressure, respectively) increases the medmid<for
factors A and (paper layer surface density and drying temperature, respectively) the op-
posite trend is obtained. Result of rdinn Table 43 showed the higest kk mean value
(8.33x10'2 m?) and run5 showed the lowest one (4.68%%£0n?). The reasons for having
maximum K at run4 and minimum Kat run5 is that according tBigure 412, the factor
levels increasing K( A= 1T 1, B= 1, C= 1, 4 Dbhethode)making e pr e
Krdecrease (A= 1, afsetinrlk. Hoeveriad can b@ roticed from
Figure 412, change of meanwi t h regard to factorso | evel

neeringpoint of view.

Regarding the effect of factor B (flax layer surface density) on increasing me#rnisK
believed that the tight arrangement of yarns beside each other in 24 yagnstimcements
provides a homogeneous medium for the resin to floder a continuous capillary force,
being dominant in low permeability medium under low fluid velocities conditions. It is even
more pronounced when a higher forming pressure is applied on the yarns (high level of
factor C), because more connected and lgemeous lateral pores are obtained. As a con-
sequence the capillary effect in lateral direction is favored and an increasis wokerved

The capillary effect in the 16 yarins reinforcement is less consistent fog, iue to the
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spacing between yarrfseeFigures 3-5a and4-5a) provoking a dominant viscous flow in

the fibers direction. More details about these effects are given in the next section.

The inverse relationship between meanalkd factor D (drying temperature) could be
explained by an obstruction of the open chanwélsincreased temperature. As mentioned
before, it is a wetknown phenomenon that drying promotes formation of fitlesr bonds
in cellulosic material§113 114]. Softening of waxy compound at the surface of flax fibers
could also contribute to obstruct the open channels by creating more bonds when spreading
into the reinforcement poreSo, it is suspected that more bonds at higher drying tempera-
ture could obstruct the connectivity of reinforcement pores, thus redugingilkewise the
high surface density paper (high level of factor A) is less porous and therefore it risduces

overall permeability of the reinforcement.

It is finally observed that> mean values are more sensitive to the reinforcement param-
eters than the Kpermeability. This could be due to the much lower values;@oihpared
to K1 (flax yarns are barrier for Xdirection fluid flow)and that none of the parameters are
dominatingin the Ko direction. However in the longitudinal direction the effects of factors
A, C and D may have bednddenby thepredominaneffect of UD flax yarns (Factor B)

and so they have statistically been concluded insignificant (based on ANOVA).
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Table4-5. Result of ANOVA on k permeability (significant P values underlined)

Factor P value P-value
for mean k for STD of K
A 0.03 0.93
B 0.00 0.19
C 0.00 0.90
D 0.00 0.51
AxB (CxD) 0.24 0.91
AxC (BxD) 0.51 0.88
AxD (BxC) 0.16 0.92
Total D®=31;
Error D@=24;
FactorDO=1;
7.0
. 6.5
gE 6.0 - \
'3
. 5.5 -
s
c
& 5.0 1
=
4.5
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Figure4-12. Marginal average plot for meanK

4.2.1.4. Quality of impregnation

To support the permeabilignalysis irtheprevious section, evaluate the behavior of each
reinforcement in real molding conditions and assess the influence of permeability on the
guality of final composite, two stacks &4 yarnsih. and16 yarnsh. reinforcements, each

comprisingfour reinforcements layers, are molded with epoxy resin. The molding parameters
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were identical to those used in the permeability measurements, except that the resin is driven
into the mold by applying a pressure of 100 kPa instead of using vacuum (pgos@ine

pressure gradient as the permeability tests).

Resulting laminates are shownHkigure 413. In each laminatéwo regions arelistin-
guishable An interior and fully resin saturated region (dark brown region called region 1)
and an exterior and partly resin saturated region (light brown region called region II). It is
well known from literaturg¢115 116 that the resin flow inside a doubdeale reinforcement
is driven by two flow inducing forces, namely viscous and capillary forces. At high resin
velocities the viscous foregedominant and the flow front is dominated by resin flow between
yarns (creating microvoids within the yarns), while at low velocities the capillary forces be-
come dominant and at the flow fratie resin flows mainly within the yarns thus inducing

macrovoid between yarns.

The dimensionless capillary number giveriegquation4-2, defined as the ratio of viscous
to capillary force, is a determinirgarameter on the micro/macro void formation inside the
composite. In this equatidnandw are resin viscosity and velocity, respectively, whilis

resin surface tension.

o — 4-2
At constant values afhandg, an optimum(or critical) flow front velocity (and subse-

guently an optimun® &) is obtained for which the final void content in the laminate is

minimum|[115. For flow front velocities higher than tleptimumvelocity, viscous forces
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Region II Capillary-infused resin

inside yarn

+ /

Capillary-infused resin
Region I : inside yarn

Figure4-13. Impregnated reinforcements with epoxy resin, (a,b) 16 yarns/in. (c,d) 24
yarns/in

dominate and microvoidare formedwithin yarns. For flow front velocities below tlogti-

mumyvelocity, capillary forces dominate and macrovoids are obtdetgleen yarns

At constant injection pressure the actual experimentshe flow front has its highest

velocity at injection port and as the flow front progresses its velocity lawers and more.
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This means that at criticeddiiin directions 1 and 2 of permeability measurentlegte exists
corresponding critical velocities for whitihe final void content in the plaque is theoretically

at minimum if these velocities are maintained during molding. From these critical radiuses
(of an unknown size for now), the resin was probably injected under a very low resin front
velocity for which apillary forces were predominant. This is whajures 4-13b and4-13d

suggest.

The dashed lines iRigures 4-13a and 4-13c are not necessarily related to the critical
radiuses because the photos were taken after demolding the plaques, not during resin injec-
tion. So esin movements under capillary forces could have occurred after the end of injection
and before curing of the resiAlso seen inFigures 4-13a and 4-13c, region | of the 16
yarnsin. reinforcement spreads to a larger extent in the fiber directian that of 24
yarnsin. reinforcement. This is a direct consequence of highgekmeability of the former
reinforcement which allows the resin to flow faster in khalirection and therefore the ca-

pillary dominated region (region Il) is observed only in the transverse dingatihis case.

To better evaluate the quality of impregnation, two specimens were extracted from each
region of the laminates for density measurement and optical microscopy evaluation, as is
shown inFigure 414. Density was measured using a gas pycnometer (nitrogen) model Ul-
trapyc 1200eQuantachrome Instrumeptwith five repetitionsTable 46 shows the meas-
ured densities as well as estimated volumetric compositions using Eqdif8¥, 107,
where V,W and | respectively represent vol

subscripts ¢, f, m and v refer to composite, fiber, matrix and void, respecfibelyand
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matrix, correspondingly. Standard deviations of volumetric compositions were also esti-

mated using analysis of uncertainty formulaflieZ.

O it R i p @ Fo p & @ 4-3

Composite samples from region 1l show lower density and higher void frg®tipnom-
pared to region |. Because region | is well impregnated, it is believed that capillary forces are
not active at small radiuses. However, at the border of the two regions (shown with dashed
lines) inFigures4-13a, and4-13c, the porosity increases rapidly so capillary forces are acting
in region Il and resin flows in the intsaarn space. These results are in line with microscopy
images of region Il specimens figures 4-150 and4-15d showingnoticealte macraoids
compared to their region | counterpartsHigures 4-15a and4-15c. The higher intefyarn
void content support the above observations that in region Il the resin is absorbed by the

yarns (intrayarn impregnation) due to high capillary pressure, leaving-yraer voids.

(a)

R
bl

Figure4-14. Position of samples taken from each region of composites for density and opti-
cal microscopy analysis (a) 24 yaftins(b) 16 yarnén., reinforcements.
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Table4-6. Measured density and volumetric composition of the composite specimens.

5Syaide& Fibervolume  Voidvolume

C?‘ranp:grs;lte (glcm®) fraction, t (%)  fraction, W, (%)
9 Mean STD mean STD mean STD

g é | 1.270 0.009 37.7 0.24 0.9 0.1

g <

o O

— o |l 1.239 0.006 37.7 0.23 8.5 0.1

%’ é [ 1.323 0.006 39.5 0.26 0.4 0.1

®

>

S8 0 1273 0008 383 025 7.4 0.1

Effect of capillary pressure on permeability is studied in the literdtlt@ and in terms
of natural fibersthe magnitude of capillary pressure is reported two or three times higher
than in synthetic fabricgl1§. In this study capillary pressure was not considered in the
pressure gradient used for permeability measurenzgpuiation3-14). However the above
mentioned explanations and statistical conclusions about permeability remain valid, because

the effect of capillary pressuigconstant in a given direction of the reinforcement.

4.2.1.5. Regression modeling

Equationsi-4 to 4-6 show the regression models for average and standard deviatien of K
as well as averagezipermeability. The Rcoefficiens for these equations are 96, 0 %
and92 %, respectively. In these equations, parameters A, B, C and D are in the coded setting
domain varying i+i]. Bebaase iwo levels areaconsidered f¢r eath pa-
rameter, the data was fitted througHinear model. This is in line with the objective of
screening the reinforcement parameters and identifying those having an effect on mean

and/or standard deviation of principal permeabilities §dKd K). Equations 4 to 46 are
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therefore approximatend do not necessarily imply linear relationship between the parame-

ters and the permeabilities, as will be shown later.

O Oo& p&S pm & 4-4
" Xp uvad pm a 4-5
0 eI M6 ™MOE ™WPHP MO pn a4 4-6

Figure4-15. Presence of macnmids in microscopy images of UD flax/paper/epoxy
composites (a) 16 yarns/imegion | (b) 16 yarns/in., region Il (c) 24 yarns/in. region I,
(d) 24 yarns/in. region 1l. 200X magnifications.
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Themodelsare depicted ifrigure 416. In Equatiord-6 the factors A, C and D are set at
optimum | evels of 11, + 1 a n dareidrawrwith respgrte ct i v e

to parameter Bflax ply surface density)

The gaphs indicate that and, models decline with the increase of B. For now, it
thus appears that an optimum design is a compromise between two extend of the design space
which in this case is B 0, and is equivalent to actual setting of 144%ymerage of high
and low level inTable 38). Considering a linear relationship betwesemface density of UD
flax | ayer and /itnhceh 66, n uthbbpet rii dodfm gysasrtntsi 2@ cor r «
yarnsi nc h 6. Such an optimum value for factor
O o@x®» pm & and0 x& p 1 & .Beausein this section atwo level
DOE is employed a linear regression could only be used for modeling the effect of factor B.
Quadratic behavior of the :Kpermeability with respect to factor B is studied in the next

section, through using a three level DOE.

4.2.2. Threeleveldesign ofexperiment (modeling phase)

As concluded in the previous section, the flax layer surface density (factor B) influences
both average and standard deviation of theétmeability. This allows for (step 4 gure
3-31) performing a robustness study om permeability based on this factor in addition to
the fiber volume fraction (Y which is reporte@n important process parameter in determin-

ing preform permeabilitj74]. Therefore in the" DOE (Table 311) these two parameters,
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each evaluated at three levels, are considered for conglpetimeability measurement. Sec-
tion 4.2.2.1 presents the measured permeabilities and gives a general analysis on them using

ANOVA and marginal average plots.

x 10 -12 (mZ)
60 -

1

50

40

30 A

20

1

10 1

0 T T T
-1.5 -1 -0.5 0 0.5 1 1.5

B: Flax ply areal density (coded setting)

T T 1

Figure4-16. Permeability regression graphs witspect to factor B

It is obviousthat maximum mean Kpermeability is attained at low level of flax layer
surface density andsVand generally it is desired to maximize meanas much as possible,
to reduce the mold filling time. However, apart froraximizing mean value of Kthe main
concern in a robustness study is to minimize standard deviation, t§ Kicrease the con-
sistency of mold fling time andpart quality. So, to do a robust optimization, mean and
standard deviation models are developesection 4.2.2.2. MeaniKnodel ( ) is approxi-
mated with a quadratic regression model. Moreover, two models are estimated for standard

deviation of K using error propagation methag () and linear regression modeling ().

These two models aresed to simulatéhe standard deviation because in the literature both

methods are suggested and it was intendedrnparetheir behavia with each otherThen
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in section 4.2.2.3i-objective optimization is carried out to simultansly maximize mean

K1 and minimize its standard deviation. As will §igown the results ofthis robust optimi-

zation differ from trivialsolutionof simply choosingninimum values for both dand flax

surface density.

4.2.2.1. Analysis of experimental permeabilitgsults

Table 47 andFigure 417 show thepermeabilityresultsaccording tahe 29 DOE. All

of the permeability testsre conducted at 24°C.

Table4-7. Principalpermeability of the hybrid reinforcement accordin@tbDOE.

Run Ki (1012 m?) Kz (1012 m?)
mean STD G/,(%) mean STD G/ (%)
1 48.6 5.03 10.3 718 181 25.2
2 20.1 3.65 18.2 6.80 1.20 17.7
3 16.3 3.23 19.8 6.61 180 27.2
4 28.9 5.58 19.3 457 124 27.2
5 143 3.77 26.3 3.70 050 136
6 946 1.10 11.6 3.21 090 282
7 29.1 5.87 20.2 3.67 062 16.9
8 9.16 1.21 13.2 224 037 165
9 6.52 0.38 5.89 196 0.09 4.37

Similar to theprevious sectionpl ot s of f |l ow

frovwstR)andF adi i

function versus time aralso drawnin Figure 418. It shows astrong linear relationships

bet ween F fun

cti

on

against

t

i me

a nEduatiom er e f o

3-14) for typical results ofun 1 andrun 9 represenng the lowest andthe highest fiber

content respectively.

Coefficients of variation (¢) of 19.7% and 15.68% for Ky and K of glass fabrics are

reported reasonable to consider the experimental procedure reprodésjbkeccordingy

f
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the G, of Table 47 arefairly reasonablelLow standard deviation values acquired here could
be due to usingstandard permeability mold as well as consistent measurement procedures.
However, classical robugtarameteidesign is implemented here to study the behavior of

reinforcement permeability.

60.0

mKq
50.0 - ~K,

10.0 A

0.0 -
1 2 3 4 5 6 7 8 9

Run number

Figure4-17. Principalpermeability of the hybrid reinforcement according tb20E.

Comparing 2¢ DOE (Table 311) with the ! DOE (Table 39) one noticeghat the first
run of the 2¢ DOE matches with the second run of tifeDIOE in terms of reinforcement
parameters and fiber vol ume #=8x%).WhbieeqfalA = T 1
mean valusareinterestingly acquired fathese tvo runs (481012 m?), standard deviation
of runlin 2 DOE is half of rur2 in 1*DOE. This could bslightly dueto different vacuum
sealing methods used in the permeability mekeFigure 319), which may have resulted

in higher variatiorof injection pressure in the case 6f ROE permeability testsFor the
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experiments of theS1DOE, a sealing paste is usadd for each test a different strand is
installed, while in the ® DOE experiment continuous shore50A rubber frame is consist-
ently employed Another reason for the higher standard deviation could be due to higher

reinforeement surface density variation in the caseddOE.

Results of ANOVA inTable 48 indicate that in addition to the main factors B and E (flax
layer surface density and fiber volume fraction, respectively) their interaction has also sig-
nificant effect on mean K Marginal average plsein Figure 49a also shows that by increas-

ing values of factors B and E, the meand€creases.

P-values ofANOVA on standard deviation ofikn Table 48 suggests that only factor B
has a statistically meaningful effect on standard deviation, ofiBwever,interaction plots
in Figure 420indicate thatalthough factor E (fiber volume fraction) hardly shows any effect
on standard deviation of 16 yafimsreinforcement (B= 1 itk ¢ffecton standard deviation
of 20 and 24yarngin. reinforcemerg (B = Oor B = +1) is noticeableSo,in spite of being
evaluated insignificant by the ANOVA test, factonl be included in the regression mod-
eling of standard deui@n. Figure 419 furthermore shows the overall change trefd

standard deviatiowith respect to factors B and E.
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Figure4-18. Typical principalradii position and function-Eme plots for 2¢ DOE: (a,b)
runl, (c,d) ruro.

Table4-8. Result of ANOVA on STD of K(significant P values underlined).

Factor P- value P- value
for average of K for STD oK
B 0.00 0.01
E 0.00 0.35
BxE 0.02 0.30
Total D®=35;
Error D@=29;

Factor D®=2,
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Figure4-19. Marginal average pleffor, (a) meanand(b) standard deviation.
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Figure4-20. Interaction plos for standard deviation values.

4.2.2.2. Statistical modeling of an and variatioof K; permeability

Performing a regression modeling on averaggi&lds the response surface mogieken
in Equation4-7 and shown irFigure 421. The R coefficient ofdeterminatioris 0.90for
this model The minimum K occurs at [B= 0.63, E= 0.64] with the value dd.58x10% m?
(acquired using genetic algorithnoptimization). Maximum average:ermeability at [B

=71 E=11] has thevalue of 461 x10* m?.

0 pPACP®Y WD ¢X® 18O BBVO pm da 4-7
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Flax ply areal density

Figure4-21. Response surface 0f model.

Theregression model fitted on standard deviaioiK: in Table 47 is givenin Equation

4-8 andplottedin Figure 422. The coefficient of determination @Ris 0.80 for this model

and superscript 6rdé6 indicates thaMaximim s mod
and minimumvaluesof this modelcorrespond tq = 6x10*?m? and, = 0.6x10*?m?,
respectively

, o p PO O pmM A 4-8

Standard deviation model foriKs also estimated using the propagation of error method.
To this end, mean Kmodel in Equatio-7 is used in Equation-B1 of appendix F. The

outcome is shown in Equati@h9 and plotted irFigure 423. Super scri pt &6péb

this madel is obtained using the propagation of uncertainty method.

P&EYPRY ¢8O, oX p YO c8 B, p T 4-9
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The parameters and, in this equation represent standard deviations of mean flax

layer surface density and fiber volume fraction, respectively.

%10'\2

55

-0.5
- 0
0.5 15

1
Flax ply areal density

Figure4-22. Response surface pf model.

The, is estimated based on expeentally measured surface densitiegpaper and
reinforcementayers using Equatioa4-10from [102] andEquatior4-11. In Equation 410,
» IS called standard deviation of single measurerfi@gmtertainty of single measurement)
and, (is the standard deviation of theean(uncertainty of the meanMoreover,n, w and
ofare respectively the number of sampthasj" measured value, and the average of measured
values.In Equatiord4-11 standard deviation of single measuremegn) @ndstandard devia-
tion of meanof flax layersurface density, ) arecalculatecbased on standard deviations
of single measurement of reinforcement)(and paper layers, () as well as number of

reinforcemensamplegn;) and papesamplegny).
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Surface densities of reinforcement layers and paper layers are experimentally measured

and then their statistics are calculated using Equétibd,
forcement 6 Tabledd9. Blgxtagveragedof flaxnlayer surface density) (s cal-
culated by subtracting average of paper surface density from that of reinforcement¥m

T mp) and standard deviation of single measurement &énd stadard deviation of mean

as

S

shown

(, ) for flax layer surface densities, are calculated using Equétidnands h o wn

| ayer

Table 49 occurred for 24 yarns/in. flax layer and is 1.06.,Sc= 1.1 g/nt is considered in

Equation4-9.

( f cion bfdable 49.)A8 cas lee seen, maximum () in the last column of

Figure4-23. Response surface pf model.

Flax ply areal density

25

4-10

4-11

n

n C

o FlI
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Table4-9. Surface densities and standard deviations of reinforcement, paper and flax layers.

No. Reinforcement Paper Flax layer (factor B)
yarns
/ oo 2 " w [ Dp e 2 n n [ i 2 ” "
inch (9/m?) (g/m?) (9/m?)
16 12 152 2.73 0.79 124 2.97 0.86
20 12 180 197 057 11 27.11 1.17 0.35 153 2.29 0.67
24 12 202 3.46 1.00 175 3.66 1.06

Standard deviation of mean fiber volume fractipn)(is approximated through further
applying the method of enrgropagationEquationF-21 of appendix fto Equation3-5
whichyieldsfiber volume fraction(Vs) as afunction ofnumber of reinforcement layers (n),
reinforcemensurface density (i fiber density Jr) and cavity height (h)his yieldsEqua-

tion4-12givenbelow.In this equation  p "Qa ¢ from Table 49, , Tt uQa from

[102, and,, T3t o p T A just as a conservative approximation loé uncertainty of

shims stack used to adjust cavity height.

" " S g i g8 7 8 " 412

Other parameters in this equation are set as follow: n"=4,p® p " Qa , h=
0.9x10°m, m = 152 g/m. The two latter parameters are from run fhe2"? DOE. Inserting
all of thesevaluesinto Equation 412 yields,, T8t ¢ Next, putting estimated, and,,
into Equation 49 results in the propagation model plottedrigure 423. Minimum value of

” Ttp @p T & occurs at [B = 0.64 E = 0.57] (found using a genetic algorithm

optimization) and maxi mum v aHautlke vaue gft he mode

cuv pT & .
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Both models,( and, ) convergeo the same combination of parameters[Bl, E=
T 1] for the maximum value. However this maximum vaki@bout six times higher for the
, model compared to the, model (, cuvpm a and, | (0}
p T & ). On the other handhe minimum valuef the,  predictingmodelat high end
combination ofB = 0.64 E= 0.57]is much lower than, regressioomodel afB =1, E=
1 G 5 ™ipepm & and, ™ p T & ). The reason fothese dif-
ferencess that the, modelis obtained fronfirst partial derivation oy model ands

proportional to the slope dhe mean0 modelAt[ B = 1 1, E theslope 1s]

maximum (sed-igure 421) , standard deviation overestimatée practical, standard

deviation and afB = 0.64, E = 0.57] wherethe slope of the plot is close to zéhe 0 6 s

extremumhappengsee explanation abokigure 421) and, standard deviation underes-
timatesthe practical] standard deviationdigh deviation between maximum and minimum
values of, andthose of model could also be partially due to overestimating oénd
» Which in turn increases the values,of , in addition to the uncertainty of meanmodel

(considering its R= 0.9) from which, is derived.

4.2.2.3. Robust optimization

To simultaneously maximize average &d minimize its standdrdeviation, a bbbjec-

tive optimization is performedTo this end,tleb and, models are mixed up in a single

objective functionn equation4-13 such that minimizing it, simultaneoushyaximizes O

wher
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andminimizes, .Parameteb in this equation is a weighing factthratcan vary between

0 (singleobjective maximization of mean) to 1 (singibjective minimization of standard
deviation). ing the two scaling factors 60x10'? and 0.10'2in function Y1, the terms

in parenthesigary in the range of 1 to 10.

4-13

Similarly, Equation4-14 shows the objective function mixing tbeand,, models. In

this case the second parenthesis roughly varies in the range of 0 to 10.

4-14

Tables 4-10 and4-11 respectivelypresent outcomes of minimizing: dnd Y- functions
usingthe genetic algorithmsGA) optimizédion. In these tableSquations4-15 and4-16 are
used to convertoded settings of factors B and E to their corresponding actual settings of
O0NoO. y a r m/\ Rurthbridoreasnnientioned befanand in thesection3.9, since
relationship between ONo. yarn/inchd and of
to experimental uncertainties), regression Equattdi is used to relate these two parame-

ters.Coefficient of determinatiofor this equation iR?=1.

CIMAQEOAECTT T 4-15

6 b T V% 4-16
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iB— 417

Table4-10. Result of Yi function optimization using GA.

Actual setting Ki (x10%2 m?)
h Codedsetting No. Flax plysurface W
yarnfinch  density (g/in) (%) oot v
0 [B=bl, E=bl] 16 125 35 460 6
0.25 [B=10.79, E=bl] 17 132 35 39.7 5.6
0.5 [B=1, E=11] 24 175 35 16.4 2.1
0.75 [B=1, E=1] 24 175 45 7.86 0.61
1 [B=1, E=1] 24 175 45 7.86 0.61
Table4-11. Result of ¥, function optimization using GA.
Actual setting Ki (x10%2 m?)
h Coded setting No. Flax plysurface Vi
yarn/inch  density (g/n?) (%) mean
0 [B+1, E®1] 16 125 35 460 35.3
0.25 [B=0.86 E+1] 23 170 35 162 0.38
0.5 [B=086, E+1] 23 170 35 162 0.38
0.75 [B=086, E+1] 23 170 35 162 0.38
1 [B=0.63, E=0.64] 23 170 43 5.80 0.07

Comparing the optimurdesignpoints inTables 4-10 and4-11 (given in codded setting

and actual settinghdicates thal ; optimization atJ

similar, and this is

at U = 0.25

a largl0  tHowever, sesubts off Yoptimizdtionr= 0 .

and ©0.d6 dre

0 .U2 5are@lmaist completely
75

Ddentiochér entitmal y

both Y1 and Y- optimization are quite the saniehe observed differences in the converged

opti mum poi nt s whencdnparingdrand %, isatmitiitedto tiieFesultant

topology of ior Y2at t he ven

gi

optimum.

U ’

which provide dif
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Considering that at U = 0.5 both models ha
gives even weight to both mean and variance model, it is believed that thissghbest
compromise for permeability robust optimization. This optimum robust point corresponds to
run 3 of the 29 DOE and experimentally measured fermeability at this point, according
to Table 47, is 16.3+3.23 x1®. Figure 424 shows the Pareto optimal solutions in the ob-
jective function space foriYand Y. andatd i f f e r e nAs cdn bevsadn,utdesign
pointsandcorrespondingbjective functions values f& = wiich & chosen here as best
tradeoff between mean argtandard deviation values of. Kermeability,arequite close to

each othefor both models

40 X 10 -12 mZ
[Vi=35%, m, =125g/m2]
| f \ w=0 I,.\
35 ‘
I 1
30 q [v,=45% [ Ve=35% ' g
m, =175 g/m?] m, =175 g/m?] |l '|
Q-; 25 N [Vf=43% [Vf=35% I :
© m. =170 g/m?] m, =170 g/m?] Y, - |
% : 20 A ' 1
o H
15 ~ !
I
10 4 !
1
- 1
5 a=1
0 :~—-: I I I 1
0 10 20 30 40 50

ﬁl x 10 12 m2

Figure4-24. Pareto fronin objective functions domain. Corresponding optimum design pa-
rameter values aghown in the graph with color code for each efavid Y- function. m
represent surface density of reinforcement.
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4.2.3. Comparative study

To complete the permeability study, the effects of different reinforcement architectures
on permeability are studied ihi$ section. In section 4.2.3.1, the behavior of tex 200 UD
flax/paper reinforcement studied above (through DOE approach) is compared with other la-
boratory reinforcements made in this thesis, while in section 4.2.3.2 behavior of tex 200 UD
flax/paper reinbrcement is compared with two commercial reinforcements incluelaog

Tape®©and a woven glass fabric.

4.2.3.1. Comparison with other laboratergade flax fiber reinforcements

Figure 425 shows the studied reinforcements and the comparison stnasegyin this
subsectionWhile fiber volume fraction is kept constant at\B5 % for the experiments of
this plan, comparison of results allows for studying the effects of different parameters (men-
tioned inFigure 425) on permeability These parameters are qualitative ones and cannot be

studied through a DOE approach.

Effect of ‘IBS’ Effecl of ‘tex’
SFP-200 FP—200 FP-400
Effecl of ‘spacing’

)| UDF-200
Effect of

‘process’

Figure4-25. Plan of permeability comparative study for laboratory reinforcements.
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The first comparison uses two types of flax/paper reinforcementBlakgpaper tex 200
(FP-200) andFlax/paper tex 400 (FROO0). They differ in linear density (tex) of the yarn and
spacing between yarnbhey are designed to have equal surface denstdsi400 consist
of 12 yarns per inch compared to 24 yarns per inch {80Ksee Equatio-4). These two

reinforcements are shown kigure 426.

The second comparison concerns the effect of paper/flax cohesion (IBS) on the permea-
bility. To evaluate thisthe paper layer of FROOis very cautiously peeled off and stacked
over flax layer for testing. This reinforcement correspondefmrated Flax/Paper Tex 200

(SFR200) preform.

Thethird comparisons madebetweerntwo UD flax reinforcements (without papefhe
UD flax tex 200 (UDF200) consists in 24 yarns/iiex 200 UD flax layer made using the
winding machine ofigure 34. It is observedhatafterfabrication of FP200, its flax layer
(Figure 426a) becomes more uniform and homogeneous compared te200fFigure 4
27) which is directly got fromthewinding machine. To evaluate this homogenization effect,
the paper layer of FROO, is very cautiously peeled off such that the lger remains intact,
and therefore the pressdded UD Fhx Tex 200 (PDUDFR200) layeris acquiredfollowing

this procedure

A fourth comparison between F®0 and PDUDR200 having identical UD flax layer
allows for evaluating the effect of paper layertbe permeabilityTable 412 shows the
surface densis of the studied reinforcements. Surface densities of hybrid reinforcements

areacquired hr ough wei ghting | aboratory sampl es
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However, since UDR200 was fragile and likely to be distorted during weighting, surface

density of this reinforcement is calculated uddymation3-4.

Figure4-27. Texture of UDF200.

Table4-12. Surface densities géinforcements

Reinforcement name Reinforcement type Surface density (g/m)
UDF200 UD flax tex 200 189
FR400 Flax/paper tex 400 221+1.5
FR200 Flax/paper tex 200 216 £2.2
PDUDR00 Pressed, dried UD flax tex 200 175+ 2.3
SFP200 Separated Flax/Paper t&00 213+1.7

Permeability results are summarizedTiable 413 anddepictedin Figure 428. Higher
average and variance of #P0 in comparison with FR0O is attributed to open channels
between texXd00 yarns and the consequent nesting effect, as explained for the 16 yarns/in

tex 200 reinforcements in sectidr?.1.2 based orFigure 410.
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A noticeable observation is that 200 and SFR200 show the lowest average ¥alues
and also the most consistent fermeability behavior considering that their standard devia-
tion are much smaller than the other reinforcements. Comparing the results of these two re-
inforcements also reveals that regardigfsthe papeibonding tothe flax layer (magnitude
of IBS = 0), he mean or variance ofipermeability is not affected’he slightly smaller
mean K in the case of SFROO could be simply due to variation of cavity heidhiring
permeability tests for SFP0O, the cavity heightwas slightly reduced (around 0.05 mm)
compared to permeability tests of 200 to provide more pressure on the SR preform
andpreventany movement ofhe separated paper layers during injection, due teeffext

of injection pressure.

Table4-13. Results of permeability comparative study.

Reinforcement  Nominal Ki (102 m?) Kz (1012 m?)
type V(%) Ave. STD G (%) Ave. STD G(%)
UDF200 35 70.7 13.3 189 8.12 118 145
FR400 35 77.1 225 292 764 134 176
FR200 35 23.0 219 951 588 096 16.3
PDUDR00 35 49.0 860 175 136 442 324
SFR200 35 145 2.00 13.8 492 097 197

Figure4-28. Results of permeability comparative study, (a) permeability along yarns (b)
permeability perpendicular to yarns.


























































































































































































































































































