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I. Composites biosourcés à base de fibres végétales  

Un matériau composite est un matériau multi-phasé constitué d’une matrice, d’un renfort 

mais également d’une zone interfaciale renfort / matrice [1]. Le développement d’un 

matériau composite peut notamment avoir pour objectif d’alléger la pièce produite tout en 

conservant de bonnes propriétés physiques et mécaniques. Le marché des composites à 

matrice polymère et renforts fibreux est en plein essor au niveau mondial : 11,4 Mt en 2018 

contre 8,5 Mt en 2010 avec une utilisation majoritaire des fibres de verre à 87,7 % (en 

volume), 11 % de fibres végétales (lin, chanvre, coton,…) et 1,2 % de fibres de carbone [2].  

Dans le contexte environnemental actuel, il paraît indispensable de se tourner vers des 

matières premières plus respectueuses de l’environnement dans l’intégralité de leur cycle de 

vie. Le gouvernement français et l’Union Européenne (UE) ont financé depuis 2000, 195 

projets liés aux composites à base de fibres végétales et plus de 560 millions d’euros ont été 

investis en grande partie dans les secteurs de la construction, l’automobile et l’emballage [3] 

(Figure 1). 

 

Figure 1 : Composites biosourcés réalisés à base de fibres de lin et/ou chanvre dans les secteurs de la 

construction, l’automobile, les sports et loisirs et la vie quotidienne (repris avec permission de CELC-

Gomina [4] et Bcomp-Rion [5]). 
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La production de composites biosourcés, aussi appelés « biocomposites », a atteint en Europe 

410 kT en 2017 contre 357 kT en 2012 [6]. Leur croissance annuelle moyenne est estimée à 3%, 

allant jusqu’à 30% dans certains domaines d’application, avec majoritairement la 

construction (terrasse, clôture…) représentant 49% du marché et l’automobile avec 

principalement des pièces intérieures (36% du marché). D’autres secteurs d’application 

innovants peuvent également être cités comme le mobilier et biens de consommation, les 

objets en impression 3D etc. La législation de l’UE suit ce chemin avec une réduction des 

émissions de CO2 imposée à 95 g/km en 2020 contre 135 g/km auparavant dans le secteur 

automobile, poussant les constructeurs à alléger les véhicules [6]. Les fibres végétales telles 

que le lin sont de bonnes candidates (Tableau 1) avec une faible densité comparée aux fibres 

de verre et de carbone, permettant ainsi un allègement des pièces, un prix très attractif et des 

propriétés mécaniques compétitives avec notamment une très bonne rigidité spécifique.  

Tableau 1 : Propriétés mécaniques et coûts moyens des fibres de verre (type E), de carbone et de lin. 

Fibres 

Résistance σ 

(MPa) / 

Spécifique σ/d  

Rigidité E 

(GPa) / 

Spécifique E/d 

Densité  
Déformation à 

la rupture (%) 

Prix 

(Euro/kg) 
Références 

Verre (type E) 
2500 – 3500 /  

960 - 1400 

   70 – 73 / 

27 - 28   
2,6 2,5 – 4,0 1,5 – 2,5 

[7], [8] 

Carbone 
2500 – 6000 / 

1400 - 3300 

220 – 700 / 

120 – 380  
1,75 – 1,9 1,4 - 2 30 – 50 

[7], [9] 

Lin 
595 – 1510 / 

410 – 1040  

37 – 75 / 

26 – 52  
1,4 – 1,5 1,6 – 3,6 0,5 – 1 

[7], [10] 

 

La particularité des fibres végétales réside dans leur plus faible impact environnemental 

(disponibilité de la ressource renouvelable, neutralité carbone, biodégradabilité) en 

comparaison aux fibres de verre avec notamment un faible impact sur le réchauffement 

climatique et la diminution de la couche d’ozone (Figure 2). Il a été estimé qu’un hectare de 

lin textile permet de stocker 3,5 tonnes de CO2 [11]. 

 

Les composites à renfort végétal possèdent d’autres avantages comme une bonne isolation 

thermique et phonique ou encore un fort amortissement des vibrations [6], [10]. Cependant, 

l’étude de Coroller et al. (2013) sur la confection de composites époxy / verre et époxy / lin 

avec renforts unidirectionnels montre une différence des propriétés mécaniques des 

composites [12]: volume de fibres, module d’Young et résistance en traction de 45 %, 34 GPa 

et 550 MPa respectivement pour le composite à renfort en verre, contre 51 – 54 %, 26 – 34 GPa 



Résumé français – French Abstract 

14 

 

et 290 – 410 MPa pour le composite à renfort en lin (selon la variété des fibres de lin, i.e. 

Hermès, Andrea ou Marylin). Cette différence est due d’une part aux différences de 

propriétés mécaniques intrinsèques des renforts mais aussi à la moins bonne compatibilité et 

adhésion interfaciale lin / résine époxy. En effet, les renforts en fibres de verre subissent 

systématiquement un ensimage ou « sizing » (traitement de surface) [13], [14], fruit de 

plusieurs années de développement et permettant l’amélioration de l’adhésion fibre / 

matrice. Les composites à base de fibres végétales ne disposent pas encore aujourd’hui d’un 

tel historique scientifique et technologique. 

 

Figure 2 : Carte radar représentant les impacts environnementaux durant la production de fibre de lin 

peignées en comparaison aux fibres de verre (Le Duigou et al. 2011 [15], pas de permission de 

diffusion de l’image). 

II. Problématique et enjeux 

L’une des problématiques des composites biosourcés à renforts végétaux réside dans la 

mauvaise compatibilité entre les fibres végétales et la matrice polymère. La zone 

tridimensionnelle mise en jeu est appelée « interphase » ou « zone interfaciale », une 

extension de l’interface définie seulement par deux dimensions. Cette région de transition, 

d’une centaine de nanomètres jusqu’à quelques microns selon les matrices polymères 

Écotoxicité terrestre Acidification

Appauvrissement 

abiotique

Eutrophisation

Réchauffement 

climatique

Diminution de la couche 

d’ozone
Toxicité pour l’humain

Ecotoxicité écosystème 

eau douce

Oxydation photochimique

Occupation des terres

Fibres lin peignées Fibres de verre



Résumé français – French Abstract 

15 

 

considérées, permet le transfert et la distribution des charges de la matrice vers les fibres 

lorsque le composite est soumis à une sollicitation mécanique [1]. Cette zone d’interphase est 

le siège de différents phénomènes chimiques et physiques. Ainsi, la qualité de l’adhésion 

interfaciale est gouvernée par les interactions (physico-)chimiques entre le renfort et la 

matrice polymère en lien avec le mouillage et la réactivité chimique de la matrice, ainsi que 

par la quantité d’interface et l’ancrage mécanique liés notamment à la surface spécifique et la 

topographie du renfort (Figure 3). 

 

Figure 3 : Ensemble des phénomènes intervenant dans la zone d’interphase fibre / matrice dans un 

matériau composite (repris avec permission de Herrera-Franco et Drzal 1992 [16], Bergeret et 

Krawczak 2006 [1]). 

 

Une interphase dite « faible » sera caractérisée par des ruptures adhésives à l’interface avec 

un déchaussement des fibres dans la matrice et une propagation de fissures le long de cette 

zone, impliquant une baisse des propriétés mécaniques et une possible augmentation de la 

fragilité du composite. Un compromis entre résistance et ténacité est toujours nécessaire et 

implique un choix adapté de la stratégie de compatibilisation entre fibres et matrice.  

Le cas des fibres végétales est plus complexe car celles-ci sont en grande partie hydrophiles 

et polaires, en contact avec une matrice polymère majoritairement hydrophobe et apolaire. 

De plus, les renforts végétaux sont des matériaux complexes et multi-échelles, impliquant 

une chimie de surface hétérogène et la présence de multiples interfaces au sein du composite, 

(Figure 4), et donc de potentielles zones de défauts dans le matériau. 
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Figure 4 : Schéma des différentes interfaces présentes au sein d’un composite biosourcé à renfort 

végétal. 

Pour tenter de répondre à cette problématique, de nombreuses stratégies ont été développées 

pour modifier les fibres végétales et améliorer leur affinité avec les matrices polymères [17], 

[18] : (i) prétraitements (rouissage, extraction par voie chimique ou solvant), (ii) 

fonctionnalisation chimique (acides gras, anhydrides d’acide, diisocyanates, 

organosilanes,…), (iii) fonctionnalisation physique (traitement plasma, irradiation 

gamma,…) ou encore (iv) traitements thermiques. Ces modifications ont permis d’augmenter 

les quantités d’interface fibre / matrice par une meilleure dispersion des fibres, ainsi qu’une 

meilleure compatibilité physico-chimique (Figure 5).  

 

Figure 5: Diagramme d’Ashby – variation en module versus en contrainte (propriétés en traction ou 

flexion) des composites à renforts végétaux ayant subi des prétraitements et/ou fonctionnalisations de 

fibres. Ensemble de données non-exhaustif (repris avec permission de Le Moigne et al. 2018 [19]). 

1. 2. 3.

1. Interface matrice / faisceaux ou fibres élémentaires de lin (rouge)
2. Interface entre les fibres élémentaires dans le faisceaux (bleu)
3. Interface entre les couches dans les parois cellulaires de la fibre élémentaire (vert)

10 µm 5 µm 2 µm

Variation en 
module, %

Variation en 
contrainte, %

Composites polyoléfines / fibres végétales courtes

Composites biopolyesters / fibres végétales courtes

Composites résine epoxy / fibres végétales longues

Composites polyesters insaturés / fibres végétales longues 
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Une amélioration des propriétés mécaniques telles que le module d’Young ou la résistance 

en traction a été obtenue, mais ces performances ne permettent pas de cibler des pièces 

structurelles nécessitant des propriétés mécaniques plus élevées, ce qui est par exemple le cas 

dans le secteur automobile. 

III. Projet de thèse : concept, verrous et démarche scientifiques 

Dans ce contexte, ce projet de thèse porte sur la « Modification de fibres de lin par des 

nanocristaux de cellulose et du xyloglucane pour le développement de composites biosourcés 

hiérarchiques », fruit d’une collaboration entre 3 laboratoires français : l’IMT Mines Alès 

(Polymères, Composites et Hybrides, PCH), le LGP2 (Laboratoire Génie des Procédés 

Papetiers) à Grenoble et l’INRAe (Biopolymères Interactions Assemblages, BIA) à Nantes 

(Figure 6).  

 

Figure 6 : Ensemble des laboratoires intégrés au projet de thèse. 

III. 1. Concept du projet de thèse 

Le concept développé dans ces travaux pour modifier les fibres de lin est directement inspiré 

de systèmes présents dans la nature (os, nacre, bois). En effet, ceux-ci possèdent des 

structures hiérarchiques se développant de l’échelle macroscopique à l’échelle nanoscopique 

[20]. Il a été démontré l’importance de l’architecture hiérarchique dans ces systèmes 

biologiques et particulièrement la présence de nano-objets qui améliorent de manière 

Nantes

Grenoble

AlèsPCH (Polymères et 

Composites Hybrides)
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considérable certaines propriétés du matériau telles que la résistance et la ténacité [21]. Des 

chercheurs se sont inspirés de ce concept dans la réalisation de composites hiérarchiques en 

déposant à la surface de fibres de renfort (fibres de carbone, de verre ou végétales) des 

nanoparticules telles que des nanotubes de carbone, des nanofils d’oxyde de zinc, des nano-

argiles ou encore des nanocelluloses [22]–[24]. Le but de cette nanostructuration de surface 

étant notamment l’amélioration de la résistance interfaciale et de l’ancrage mécanique fibre / 

matrice, induisant un meilleur transfert de charges au sein du composite. En transposant ces 

structures pour la création de fibres hiérarchiques 100% biosourcées, une stratégie originale 

de nanostructuration des fibres de lin a été mise en place pour améliorer l’interphase fibre / 

matrice dans les biocomposites à l’aide de deux co-produits de la biomasse ligno-cellulosique 

: le xyloglucane (XG) et les nanocristaux de cellulose (CNC), illustrée avec l’exemple du tissu 

de lin (Figure 7). 

 

Figure 7 : Schéma de nanostructuration d’un tissu de lin par adsorption de nanocristaux de cellulose 

et de xyloglucane. Ce schéma n’est pas à l’échelle pour faciliter l’illustration. 

 

En effet, le XG est un polymère naturel disposant d’une forte affinité avec les surfaces 

cellulosiques via des interactions hydrogène et van der Waals, et pouvant donc être utilisé en 

tant qu’agent interfacial pour l’auto-assemblage des CNC sur les fibres de lin. Les CNC 

possèdent par ailleurs des propriétés physiques très intéressantes avec un module d’Young 

de l’ordre de 100 à 130 GPa et une surface spécifique estimée entre 150 et 800 g/m² [25], [26], 

permettant un renfort de l’interphase fibre / matrice avec un ancrage mécanique augmenté. 

De plus, les CNC possèdent plusieurs groupements hydroxyle en surface pour une possible 

fonctionnalisation, toujours dans le but de compatibiliser les fibres et la matrice polymère. 

+ Xyloglucane (XG) 
Biopolymère,
Forte affinité avec
la cellulose

+ Nanocristaux
de cellulose 

(CNC)Tissu de lin 
industriel

100 nm

Création d’une fibre 
hiérarchique
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Enfin, l’atout de cette stratégie de nanostructuration est l’utilisation de l’eau comme solvant 

non-toxique. 

III. 2. Démarche scientifique et déroulé du manuscrit de thèse 

Ce projet de thèse se divise en trois grands volets qui structurent le manuscrit de thèse : 

(1) La création de fibres de lin hiérarchiques ou nanostructurées par l’adsorption de 

xyloglucane et de nanocristaux de cellulose à leur surface ; 

(2) L’apport de la combinaison de deux stratégies de modification de l’adhésion 

interfaciale, à savoir les fibres hiérarchiques CNC ou XG/CNC et l’ajout d’un agent de 

couplage chimique au sein de la matrice, sur le comportement mécanique de 

composites thermoplastiques polypropylène / fibres courtes de lin, préparés par 

extrusion bi-vis et injection ; 

(3) L’analyse multi-échelle de composites thermodurcissables stratifiés époxy / tissus de 

lin unidirectionnels (UD) modifiés CNC et XG/CNC, préparés par 

thermocompression.  

Le Chapitre I porte sur l’état de l’art avec une section I.1. décrivant la fibre de lin de sa 

croissance et sa structure jusqu’à son utilisation comme renfort dans les matériaux 

composites. Cette section traite également du XG, des CNC et de l’importance des 

interactions XG / cellulose. La section I.2. détaille le rôle de la zone d’interphase fibre / 

matrice dans les composites. Elle décrit également les principales stratégies de modification 

des fibres végétales en vue de leur compatibilisation avec les matrices polymères. Enfin, la 

section I.3. met l’accent sur le concept bio-inspiré de la création de fibres hiérarchiques avec 

différents exemples allant des composites synthétiques jusqu’aux composites biosourcés à 

fibres végétales, en passant par des systèmes hybrides. Cette dernière section a pour but de 

comprendre l’apport du dépôt de nano-objets à la surface de fibres de renfort sur les 

propriétés de matériaux composites et plus précisément dans la zone d’interphase. 

Les Chapitres de ce manuscrit de thèse sont basés sur des publications acceptées (Chapitre I, 

Chapitre II, Chapitre III) ou en cours d’écriture (Chapitre IV) et couvrent, dans l’ordre, les 3 

grands volets du projet de thèse présentés ci-dessus. 
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Pointe fonctionnalisée CNC

Fibre lin adsorbée par XG

Le Chapitre II du manuscrit de thèse porte sur la compréhension des processus 

d’adsorption XG/CNC sur les fibres de lin. La démarche scientifique est détaillée dans le 

Tableau 2.   

Tableau 2 : Questions de recherche et stratégies/techniques utilisées dans le Chapitre II pour l’étude 

du processus d’adsorption de XG et/ou CNC sur un tissu de lin. 

Questions  de recherche Stratégies/Techniques mises en œuvre 

• Localisation de XG et CNC sur le tissu ? 

Pénétration des composants dans 

l’architecture du tissu ? 

Couplage d’images en microscopie à balayage 

électronique (MEB) + Microscopie confocale avec 

un greffage de marqueurs fluorescents 

(rhodamine B et fluorescéine) sur XG et CNC 

 

 

 

• Quantification de XG et/ou CNC 

adsorbés sur les fibres ? 

• Cinétique d’adsorption (ou sorption) du 

XG et des CNC sur les fibres de lin ? 

Utilisation de XG et CNC greffés avec le 

marqueur fluorescent rhodamine B et analyse du 

surnageant en spectroscopie UV  

→ obtention d’isothermes d’adsorption 

• Architecture et adhésion lin / XG / CNC 

obtenues ? 

Mesures de la force d’adhésion par microscopie à 

force atomique (AFM)  

→ fonctionnalisation de pointes avec XG ou CNC 

pour mesures d’adhésion sur fibres de lin 

 

 

 

 

 

Comme détaillé ci-dessus, le Chapitre II se base sur l’utilisation de marqueurs fluorescents 

greffés sur XG et CNC pour localiser et quantifier leur adsorption (environ 20mg/gfibres). Il 

permet également une mise en lumière de la complexité de l’adsorption du XG et des CNC 

sur un matériau tel qu’un tissu de lin industriel avec des phénomènes de pénétration dans 

les mèches, de gonflement et de déstructuration. Enfin, des mesures de force d’adhésion en 

AFM ont permis de révéler la création d’un réseau extensible XG/CNC en surface de la fibre 

de lin. 

Les Chapitres suivant, à savoir le Chapitre III et le Chapitre IV, utilisent le procédé de 

traitement des fibres par CNC et XG/CNC étudié dans le Chapitre II et adapté à plus grande 

échelle au type de renfort utilisé. Le Chapitre III du manuscrit de thèse est consacré à l’étude 
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de l’incorporation de fibres courtes de lin modifiées CNC ou XG/CNC dans une matrice 

thermoplastique polypropylène, par extrusion bi-vis. Ce chapitre a pour objectif d’étudier 

l’apport de la combinaison de deux stratégies de modification de l’interface fibres / matrice 

sur le comportement mécaniques des composites, à savoir le traitement CNC ou XG/CNC 

des fibres de lin et l’ajout d’agent de couplage chimique polypropylène greffé anhydride 

maléique (PP-g-MA) dans la matrice. Afin de mieux comprendre le rôle de la 

nanostructuration de surface des fibres de lin, des analyses micro- et macroscopiques ont été 

réalisées sur les composites, telles que détaillées dans le Tableau 3. 

Tableau 3 : Questions de recherche et stratégies/techniques utilisées dans le Chapitre III pour l’étude 

des microstructures et du comportement mécanique des composites thermoplastiques PP / fibres 

courtes de lin. 

Questions  de recherche Stratégies/Techniques mises en œuvre 

• Imprégnation et adhésion interfaciale 

fibre/matrice dans les conditions de mise 

en œuvre du composite ? 

 

→ Tensiomètre K100SF : immersion d’une fibre 

élémentaire dans des liquides choisis pour 

l’obtention de l’énergie de surface (composantes 

polaires et dispersives) des fibres modifiées  

→ Calcul du travail d’adhésion entre le PP ou 

PP-g-MA et les fibres de lin modifiées à la 

température de mélange (190°C) selon les 

modèles OWRK [27] et Wu [28]         

• Effet de la combinaison de 2 stratégies de 

modification de l’adhésion interfaciale 

sur la microstructure et le comportement 

mécanique du composite ?   

1) nanostructuration des fibres de lin par 

adsorption de CNC et XG/CNC  

 

2) ajout d’un agent de couplage 

polypropylène greffé anhydride 

maléique (PP-g-MA) 

→ Échelle micro : tests de micro-traction sous 

MEB (20% fibres en massique) 

- Mesure du travail à la rupture  

- Observation de la propagation de 

fissures au sein du matériau 

 

 

 

 

 

→ Échelle macro : tests de traction uni-axiale  
(5, 20 et 30% fibres en massique) 

- Mesure de la contrainte maximale et du 

module d’Young 

- Mesure du travail à la rupture 

→ Étude microstructurale : 

- Taux de cristallinité Xc de la matrice 

- Facteur de forme L/d et dispersion des 

fibres de lin dans les composites 
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Fibre de lin 

modifiée 

XG/CNC

Résine époxy

Le Chapitre III a révélé que l’adsorption de CNC à la surface de fibres de lin diminue leur 

caractère polaire en surface et améliore le travail d’adhésion avec la matrice PP / PP-g-MA. 

De plus, la combinaison des modifications interfaciales avec la nanostructuration des fibres 

via l’adsorption de CNC et XG/CNC à leur surface ainsi que l’utilisation de l’agent de 

couplage PP-g-MA apporte vraisemblablement des liaisons covalentes avec les fibres, ce qui 

améliore les propriétés en rupture des composites. Des fissures locales plus progressives ont 

été observées ainsi qu’une amélioration des contraintes et travaux à la rupture en traction : 

augmentation de 12,5 % et 21,6 % du travail à la rupture des composites mesuré par tests 

micromécaniques pour les traitements CNC et XG/CNC, respectivement. 

Enfin, le Chapitre IV du manuscrit de thèse porte sur une étude multi-échelle de 

composites stratifiés thermodurcissables à matrice résine époxy et tissus UD lin modifiés 

CNC ou XG/CNC. Il met également l’accent sur le procédé de traitement des tissus et son 

impact sur les microstructures et les performances mécaniques du composite stratifié final. 

Les méthodes/techniques utilisées pour appréhender au mieux les questions de recherche 

posées sont détaillées sur le Tableau 4. 

Tableau 4 : Questions de recherche et stratégies/techniques dans le Chapitre IV utilisées pour l’étude 

multi-échelle des composites stratifiés thermodurcissables époxy / tissus UD lin. 

Questions de recherche Stratégies/Techniques mises en œuvre 

• Effet du traitement CNC et XG/CNC 

sur la morphologie des fibres et des 

mèches au sein du tissu UD lin ? 

→ Observations MEB des mèches de lin issues des 

tissus UD traités  

→ Analyse dimensionnelle/gravimétrique de 

l’effet du procédé de traitement (trempage, 

séchage) et de l’adsorption de CNC et XG/CNC.   

• Phénomènes d’imprégnation des plis 

de lin traités CNC et XG/CNC par la 

résine époxy 

→ Tensiomètre K100SF : mesure de l’énergie de 

surface (composantes polaires et dispersives) des 

fibres modifiées et de l’angle de contact avec la 

résine époxy 

→ Calcul du travail d’adhésion  

Equation de Young-Dupré [29], [30] et modèles de 

OWRK et Wu 

 

 

 

→ Microstructure : Etat de dispersion des fibres et 

mèches dans la matrice (MEB) + Détermination des 

volumes de porosité et de fibres dans le composite 
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Free drying in heat chamber Drying by contact under strength• Effet du procédé de traitement des 

tissus (trempage et séchage) sur les 

propriétés du composite final ? 

→ Alignement des plis de tissu de lin dans le 

composite stratifié sur surfaces polies (MEB) 

→ Utilisation de deux procédés de séchage 

différents (libre ou sous tension) 

 

 

 

 

• Comportement mécanique des 

composites stratifiés et effet des 

traitements CNC et XG/CNC ? 

→ Comportement visco-élastique : rigidité en 

traction uni-axiale dans le sens longitudinal, 

analyse thermo-mécanique dynamique en 

transverse 

→ Comportement à la rupture : résistance en 

traction uni-axiale dans les sens longitudinal et 

transverse, observations MEB des faciès de rupture 

en traction transverse 

→ Utilisation de lois de mélange pour analyser 

l’effet des traitements sur les propriétés 

mécaniques 

 

Une analyse multi-échelle a été réalisée dans le Chapitre IV pour étudier l’effet des 

traitements CNC et XG/CNC du tissu UD lin sur la fibre élémentaire, la mèche et la 

microstructure des composites. Ces analyses ont permis de mieux comprendre les 

comportements (visco-)élastique et à rupture des composites en lien avec les traitements 

réalisés sur les tissus de lin. Une amélioration du travail à la rupture en traction sens 

longitudinal a été mesurée avec des augmentations de 11 % et 14 % pour le traitement CNC, 

séchage libre et sous tension respectivement. En revanche, le traitement XG/CNC a généré la 

formation de structures/réseaux polymères autour des fibres dans les mèches du tissu, 

induisant une moins bonne dispersion et imprégnation des fibres dans la résine époxy et de 

la porosité au sein du composite laminé. Enfin, les traitements appliqués aux tissus de lin 

pouvant modifier leur structure, des composites de « contrôle » ont été étudiés afin de 

prendre en compte l’effet du procédé de traitement, à savoir les étapes de trempage et de 

séchage des tissus. 

Ainsi, les Chapitre III et Chapitre IV étudient l’utilisation de fibres de lin hiérarchiques 

modifiées CNC et XG/CNC dans des composites thermoplastique et thermodurcissable. Les 

procédés de mise en œuvre des thermoplastiques et thermodurcissables étant relativement 
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différents, ce choix a permis de mettre en évidence certains avantages ou limitations de ce 

type de traitements. En effet, le procédé de mélange par extrusion des fibres courtes de lin 

dans le PP implique une concentration en fibres maîtrisée et des volumes de porosité très 

faibles dans le composite. Il facilite donc l’analyse de la zone d’interphase avec peu de 

paramètres influents qui découlent du procédé de mise en œuvre. En revanche, le procédé de 

thermocompression implique des volumes de fibres et de porosité variables, influencés par 

la qualité de l’imprégnation fibre / matrice, et pouvant grandement modifier le 

comportement mécanique des composites stratifiés préparés. 

L’ensemble de ces travaux a permis d’étudier les procédés à mettre en œuvre pour élaborer 

des fibres de lin hiérarchiques et leur incorporation dans des matériaux composites, et 

d’évaluer le potentiel de ces renforts végétaux hiérarchiques pour le développement de 

biocomposites structuraux. 
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I. 1. Flax: A multi-scale material 

I. 1. 1. Contextualization 

I. 1. 1. 1 History 

Flax or Linum L. is a large genus of around 200 species comprising the most widely used, the 

domesticated flax (Linum usitatissimum L.). The first discovered wild flax fibres dates from 

the Upper Paleolithic (36,000 B.C.), and have been found in a cave in Georgia. These flax 

fibres were colored, indicating the early producing of colorful textiles at this period [1]. 

Natural fibres and more especially flax fibres have really contributed to the development of 

the sedentarization of humans in the Neolithic period (about 10,000 years ago) [2], [3] with 

the making of cords, garments and weaving yarn. The European and more especially 

Flanders linen industry became to be prospering in the Middle Ages.  

All this history confers to these bast fibres a real advantage in the artisanal knowledge and 

know-how in the harvesting and producing of textiles and other linen objects. However, flax 

fibres have been gradually replaced by cotton fibres in the nineteenth century and largely 

since the twentieth century by cotton, artificial (viscose, lyocell etc.) and synthetic fibres 

(polyester, polyamid etc.). Today, flax fibres are mostly used in the textile industry but also 

in paper industry and more recently in biocomposite materials [4]. 

I. 1. 1. 2 Geographical area and production market 

Natural fibre type and production quantity are very different considering the geographical 

area and climatic conditions, illustrated in Figure I-1. The major part of the flax cultivation is 

based in temperate region, requiring humidity and mild temperatures. The maritime coast of 

the Western Europe (Netherlands, Belgium, and France) is well appropriated for this 

cultivation [5]. 
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Figure I-1: Distribution of the world production of natural fibres (cotton and wood excluded) 2001 – 

2008 (translated and reprinted with permission from the report of ADEME and FRD in 2011 [6]). 

 

The European Union is largely the 1st producer in the world with 85 % of the production 

distributed in three countries: France with 80 %, Belgium with 15 % and Netherlands with 5 

%, representing around 141,000 tons of scutched flax fibres. The inter-branch committee of 

the flax production Cipalin publishes regularly the key figures [7], [8]. The production of flax 

fibres is increasing since few years with an increase of the harvesting surfaces (Figure I-2) 

showing the renewed interest in this natural fibre with notably the emergency of the 

biocomposite sector. 

This diversity of applications and the strong interest in flax based innovative materials result 

to a growing industrial involvement and numerous emerging projects mixing industries and 

academic scientists. Some studies are directly focused on the plant growth, the development 

and the structure of the stem and fibres, while the majority aims at the development of high-

performance biocomposites or the improvement of specific criteria for the textile application 

[9], [10]. 
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Figure I-2: Histogram of the harvesting surfaces of flax fibre from 1990 to 2018 (data taken from 

websites [7], [11] and report from FRD [12]). 

I. 1. 2. Flax plant building and organization 

In order to well understand the interesting morphological and mechanical properties of the 

flax fibre, it is necessary to come back to its original role that is reinforcement of the flax stem 

[13]. First, farmers and scientists have worked closely for one century [14] on the control of 

the flax plant growth and the crossing and selecting of varieties, to reach a varietal selection 

with an exceptional slenderness giving its interesting properties [15]. This selection of high 

yielding flax fibres covers especially the textile industry but more recently the composite 

sector with the development of natural fibre based composites [16]. The flax plant is also 

considered as a composite structure with a hierarchical structure developed at different 

scales (Figure I-3). The next section will explain more precisely the creation of this complex 

architecture, going from the seeding of the flax plant to the flax fibre maturity. 
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Figure I-3: Hierarchical architecture of the flax plant (reprinted with permission from Woigk et al. 2019 

[17]). 

I. 1. 2. 1 The flax plant 

The growth of the plant, a period of about 100 – 120 days, is divided in different stages going 

from the sowing (15th March - 15th April in France [18]) to the fibre maturity [13]. Growth 

conditions can be influenced by many parameters like cultivation methods (inputs, seeding 

etc.), the nature of the soil, the harvesting time or even the weather (temperature, amount of 

rainfall etc.). This growth and the gene pool variety have a real impact on the flax stem and 

consequently on flax fibres in terms of morphology and mechanical properties. 

I. 1. 2. 2 The flax stem 

The main functions of the flax stem in the plant are the water and nutrients conduction and 

also the mechanical support. The stem is highly hierarchical structured with different parts 

detailed in Figure I-4. The bark surrounding the stem protects the plant against fungi and 

insects. The pith, the cambium and the xylem are mainly composed of vascular tissues and 

carries water and nutrients. The particularity of the flax stem is the incredible slenderness, 

corresponding to the ratio between the height and the diameter of the stem. Indeed, with a 

length of around 1 m and a diameter between 1 and 3 mm [19], the ratio L / d may exceed 

1,000. This slenderness is partially possible thanks to peripheral fibres, allowing the support 

and the stability of the plant with a huge elongation capacity of the cell walls compared with 

other bast fibres [20], [21].  
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Figure I-4: Transverse section of flax stem (Ariane variety) with the different components of the stem 

(reprinted with permission from Goudenhooft et al. 2017 [15]). 

 

Flax fibre bundles, corresponding to so-called technical fibres or bast fibres, are located at the 

periphery. This thin parenchyma cell wall contains between 15 and 40 bundles of fibres, 

depending on the variety. These bundles are composed of 10 to 40 elementary flax fibres, 

bonded with the parenchyma cell walls, a matrix composed in majority of pectins and low 

amount of lignin [22], [23], Figure I-3. 

I. 1. 3. Flax fibre growth, structure and chemical composition 

I. 1. 3. 1 Building of the elementary fibres and morphological properties 

During the growth of the plant, cell tissues are growing within the stem in different steps. 

Tissues at the periphery of the stem will formed the so-called technical fibres mainly used in 

natural reinforced composites. Indeed, the flax bast fibres are very long with extremely 

thickened cell walls. The elongation stage corresponds to a short time of the fibre growth and 

restricted to the top of the stem. This stage is crucial and determines the maximal length of 

the bast fibres, reaching up 8 cm. This fibre-cell elongation is divided in two steps: (1) fibre-

cell multiplication at the top of the stem with a different number of fibres depending on the 

plant variety, (2) the intrusive growth of each fibre (0.5 – 2 cm/day during 2 - 4 days) [24] in 

the top of the stem, above the snap-point (SP), Figure I-5 A. 

The last and extending stage of the fibre building, called cell-wall thickening, occurs below 

the snap-point and lasts around 2 months. During this step, the radial expansion of the fibre 
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and the thickening of the walls can be observed with a significant increase of the stiffness of 

the stem. The formation of a secondary cell wall corresponds to layered deposition of 

cellulose fibrils, which act as reinforcing agent, inducing a strong increase of the mechanical 

strength of tissues. In fact, a specific layer S2 is created in the tripartite secondary cell wall of 

the fibre, detailed in Figure I-5 B. Therefore, flax fibres have non circular but polygon cross-

sections, which can be a problem for their use as reinforcement in biocomposites, such as the 

impregnation process. 

 

Figure I-5: A. Localization of the different stages of the fibre growth in the flax stem during the fast 

growth period. SP: snap-point; B. Cell-walls thickening stage until the maturity flax fibre and cell 

walls organization in the elementary flax fibre (adapted with permission from Goudenhooft et al. 2019 

[13]). 

 

These two main stages in the growing of the cells give to the flax fibre exceptional 

morphological properties, i.e. 6 – 80 mm length, 12.4 – 23.9 µm diameter with a low density 

around 1.53 – 1.54 g/cm3 [25]. 

I. 1. 3. 1 Structure and biochemical composition 

I. 1. 3. 1. 1. Hierarchical structure of cell walls 

The architecture of matured flax fibres is very complex with a hierarchical organization at 

different length scales, illustrated in Figure I-6.  

Three main layers can be described [26]: 

▪ The Middle Lamella (ML) is the first layer formed during the cells division. This 

adjoining area between fibres provides a good cohesion and is fully composed of 

B.A.
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pectins, lignin in woody secondary wall and low amount of cellulose. In the case of 

flax fibre, lower amount of lignin is observed than in woody primary wall. 

▪ The Primary Wall (PW) corresponds to the deposited wall in the growing cell. This 

thin layer is closely linked to the ML and composed of cellulose microfibrils 

randomly dispersed in a matrix containing mainly hemicelluloses and pectins. 

▪ The Secondary Wall (SW) is formed during the cell-walls thickening. This is the major 

part of the fibre which can be divided in three layers S1, S2 and S3 [27] particularly 

characterized by the orientation of cellulose that is measured by the microfibril angle 

(MFA). The layer S2 is the thicker one, up to 15 µm, and plays a key role in the 

mechanical and morphological properties of the flax fibres. 

Finally, the Lumen (L), a small channel at the middle of the fibre, contributes essentially in 

the water uptake. 

 

Figure I-6: A. Cell wall structure of mature flax fibres, with: middle lamella, primary wall, secondary 

S1 wall, secondary S2 wall (main body), secondary S3 wall, lumen (adapted with permission from 

Nicolas Le Moigne et al. 2018 [28]). Indications about thickness, microfibrillar angle and biochemical 

composition are given according to Goudenhooft et al. 2019 [13]; B. Microscopic view of flax cell walls 

(adapted from Hock 1942 [29] and reprinted with permission from Bourmaud et al. [25]). 

 

In a summarized form, the structure of the flax fibre can be compared with a composite 

network with cellulose microfibrils as reinforcements embedded in an amorphous matrix 

mainly composed of pectins, hemicelluloses, proteins, lipophilic extractives and lignin 

(Figure I-7). 
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Figure I-7: Hierarchical organization of flax fibre cell walls and cellulose microfibrils (reprinted from 

Moon et al. 2006 and with permission from Baley 2020 [30], [31]). 

 

I. 1. 3. 1. 2. Cellulose microfibrils as reinforcements 

Cellulose is the most abundant biobased polymer on the Earth with more than half of the 

total biomass [32]. The production of cellulose by the nature via the photosynthesis is 

estimated at 1010 to 1011 tons per year [33]. This polymer can be extracted from many biomass 

sources, mainly from wood but also from seed fibres, bast fibres, fruits, tunicates etc. The 

chemical structure of the cellulose, formula C6H10O5, can be described as a linear 

homopolymer composed of anhydro-D-glucopyranose units (AGU) covalently connected by 

β-(1-4) glycosidic linkages, detailed in Figure I- 8. The cellobiose is considered as the 

structural repeating unit of cellulose and is a combination of two AGU which is the chemical 

repetition unit [34]. The two extremities of the chain of cellulose are chemically different with 

one reducing end bearing aldehyde group and one non-reducing end. The chain length of 

cellulose, commonly named degree of polymerization (DP), is the number of AGUs, and 

depends on the origin of the cellulose and the treatment method. It varies from  300 – 1,700 

for wood pulp and 800 – 10,000 for cotton and other plant fibres such as flax or hemp [34]. 

 

Non-cellulosic
polymers

Cellulose micro fibrils
(70%)

Cell wall structure Composite structure

200 nm

10 µm

Micro fibril structure Cellulose

Secondary
wall

Primary
wall



Chapter I – Literature Review 

37 

 

 

Figure I- 8: A. Chemical structure of the cellulose polymer and B. Interactions between glucan chains 

in cellulose microfibrils (reprinted with permission from Banvillet 2021 [35]). 

 

The degree of crystallinity of cellulose in flax fibres measured by Bonatti et al. was 64 % [36]. 

In fact, cellulose chain are constituted of highly ordered crystalline arrangements but also 

disordered amorphous-like regions, due to the presence of defects in the structure [37]. Four 

principal allomorphs have been identified: cellulose I (Iα and Iβ), II, III and IV [38]. The 

cellulose I is considered as the natural form of cellulose (so-called native cellulose) and is the 

most abundant crystalline form. The cellulose is the major constituent of the flax fibres and 

can represent until 85 % of the weight, reported below in Table I-1. High cellulose content 

seems to increase significantly the mechanical properties of the fibre [39]. In fact, the Young’s 

Modulus of the crystalline cellulose can reach 100 - 130 GPa [40]. The major part of the 

cellulose is located in the layer S2 of the secondary wall, the main part of the flax fibre. The 

cellulose microfibrils are oriented along the axis of the fibre with an angle of 8.3 – 11° [25]. 

This angle MFA is very low in the flax fibres comparing to other biomass sources and 

displays a unidirectional structure and consequently high mechanical properties in the 

longitudinal axis. 

I. 1. 3. 1. 1. Non-cellulosic matrix entangled with cellulose microfibrils 

In the cell walls of periphery flax fibres, cellulose fibrils are entangled in a non-cellulosic 

matrix, mainly composed of hemicelluloses, pectins and also lignin and extractives, their 

content values being reported in Table I-1 and compared with other natural fibres.  
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Contrary to cellulose, hemicelluloses and pectins are synthetized in the Golgi by enzymatic 

complexes and carried to the extracellular matrix via Golgi vesicles merging the plasma 

membrane. The non-cellulosic polymers are assembled in the inner surface of cell walls at the 

same time as the microfibrils cellulose biosynthesis [41].   

Table I-1: Biochemical composition of lignocellulosic fibres (reprinted with permission from 

Bourmaud et al. 2018 [25]). 

 

Hemicelluloses  

Hemicelluloses are low-molecular weight branched heteropolysaccharides constituted of an 

osidic β-(1-4)-linked linear backbone literally substituted with different sugars units with a 

DP of 100 – 200 [42]. The nature of hemicelluloses varies according to the cell wall of the flax 

fibre: majority of xyloglucan in the primary wall and xylan and glucomannan in the 

secondary wall. Hemicelluloses, in contrary to the cellulose, are amorphous with very 

limited mechanical properties [43]. Even if these polysaccharides are non-crystalline, they 

contribute strongly to the support of the plant and the organization of the cell walls [23], [44]. 

Moreover, hemicelluloses are very hydrophilic components. 

Pectins 

Pectins are high molecular weight acidic polysaccharides constituting a large part of the cell 

wall of plants [45], [46]. They are synthesized in the Golgi vesicles, probably involving a lot 
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of different enzymes. These pectic polysaccharides have a complex structure but can be 

gathered in three principal groups: homogalacturonans (HG), rhamnogalacturonans type I 

(RG-I) and rhamnogalacturonans type II (RG-II), illustrated in Figure I-9. They are 

principally located in the primary wall of non-wood plant fibres and are also abundant in the 

middle lamellae, playing a role in the cohesion between cells. According to the Figure I-6 A, 

they are also present in the secondary wall but in small proportion around 5 %. This anionic 

polymer can sometimes form gels in the presence of calcium, which is the case in flax fibres.  

 

Figure I-9: Schematic structure of main pectins (reprinted with permission from Henrik Vibe Scheller 

et al. 2007 [46]). 

 

Proteins and lipophilic extractives 

Structural proteins are gathered considering the main amino acid: proline-rich (PRP), 

glycine-rich (GRP) and hydroxylamine-rich (HRGP) proteins [26]. These proteins have the 

capacity to create covalent bonds between them or with the non-cellulosic matrix and so 

participate to the building of the plant cell wall and structure [23], [47].  

The lipophilic extractives are the non-polar extractable fraction from lignocellulosic crops 

including alkanes, fatty acids, fatty alcohols, free and conjugated sterols, terpenoids, 

triglycerides and waxes [48], mainly illustrated in Figure I-10. Waxes, for example, can also 

be added on the surface during the process of flax fabrics manufacturing, requiring a good 

resistance during the manipulation of the product for a biocomposite application. The 



Chapter I – Literature Review 

40 

 

extraction of such components is possible thanks to treatments with water, ethanol or 

ethanol / toluene, and induces an increase of the hydrophilicity of the flax fibres [49]. 

 

Figure I-10: Chemical structures of compounds representing the main classes of lipophilic extractives 

found in lignocellulosic fibres: (I) pentacosane; (II) octacosanol; (III) octacosanal; (IV) palmitic acid; (V) 

sitosterol; (VI) sitosteryl linoleate; (VII) sytosteryl 3β-D-glucopyranoside; (VIII) β-amyrin and (IX) 

octacosyl hexadecanoate (reprinted with permission from Marques et al. 2010 [48]). 

Lignin 

Lignin is a complex polyphenolic polymer and exhibits both distinct sub-cellular localization 

and monomeric composition [50]. It is created by the enzymatic polymerisation of three 

monomers leading to three phenolic building blocks: guaiacyl (G), p-hydroxyphenyl propane 

(p-H) and syringyl (S).  

The lignification occurs during the formation of the second wall and is essentially located in 

the middle lamella (ML) and the primary wall (PW). This complex assembly is 

interconnected via non-covalent and covalent bonds and gives a strong cohesion between the 

elementary flax fibres gathered in bundles. In the case of the flax, the lignin is present in very 

low content and is rich in guaiacyl units and condensed bonds, implying an increase of the 

hydrophobicity [51]. 
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I. 1. 4. Transformation steps: flax stem to final product 

The peripheral flax fibres play a role in the nutrients transport and the support of the plant. 

The extraction process is crucial and consists of the extraction of fibres from the stem, via 

enzymatic, chemical and/or mechanical processes. The main challenge is to keep the physical 

and structural integrity of the fibres to obtain the best properties for biocomposite 

application. In the case of the flax plant, there are strong knowledge and know-how coming 

directly from the textile flax industry. Three main steps are required:  

▪ Pre-treatment to decrease the cohesion between elementary flax fibres inside bundles 

and start the separation;  

▪ Defibrillation mechanical processes to extract the flax fibre bundles, separated from 

the other components of the plant; 

▪ Post-treatment to refine and prepare fibres to be used for different applications 

(textile, biocomposite, semi-product etc.). 

 

It can be noticed that all the components of the flax plant are used and required different 

characteristics and qualities considering the desired applications, which have to be 

preliminary defined. 

I. 1. 4. 1 Flax plant harvesting 

In June-July, the flax is at the maturity state with a brownish color of the heads and no more 

leaves. At this state, the flax plant is mechanically extracted from the soil, action called 

“pulling”, and deposited homogeneously on the soil in windrows (Figure I-11). This specific 

method is necessary to obtain the entire fibre, going from the root to the top of the stem. The 

plant is turned over several times to have a homogenous and efficient retting.   
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Figure I-11: Different steps of the flax plant harvesting: A. Flax fibres in the maturity state; B. Pulling; 

C. Windrows on the soil for retting; D. Turning of the flax plants; E. Flax straw bales.  

(reprinted with permission from the following sources: https://linfibredeprintemps.wordpress.com/la-

recolte/; http://lejardindenanny2.over-blog.com/album-1422124.html). 

 

The dew retting is a current and natural method and the first step of the transformation of 

the plant. It is driven by the alternation between sun and rain, essential climatic conditions to 

allow the development of micro-organisms and bacteria present naturally in the soil. A good 

retting is observed with the harvesters’ expertise and knowledge via the color, the 

homogeneity, the divisibility and the resistance under the hand. This enzymatic action will 

modify the biochemical composition of the flax plant, decreasing pectins, phenolic 

compounds and hemicelluloses contents. In fact, micro-organisms will attack the pectic 

matrix and the lignin, present in the middle lamella surrounding the elementary flax fibres. 

This step is crucial to weaken the stem structure and begin the separation of bundles from 

the woody core and other tissues (more details on other retting methods in section I. 2. 5. 1). 

After several weeks of dew retting and the reach of the optimal quality of fibres, the flax is 

ready to be collected. Flax straw bales are formed and stored, waiting for the defibrillation 

steps. This pretreatment is essential to begin the defibrillation and strongly contributes to the 

efficiency of mechanical treatments. 

I. 1. 4. 2 Defibrillation and refining 

A B

C D E

 

https://linfibredeprintemps.wordpress.com/la-recolte/
https://linfibredeprintemps.wordpress.com/la-recolte/
http://lejardindenanny2.over-blog.com/album-1422124.html


Chapter I – Literature Review 

43 

 

The scutching [25], [26] is the combination of successive mechanical operations used to 

extract selectively the flax fibres from the stem, trying to have as little impact as possible on 

the morphological and mechanical properties [52], illustrated in Figure I-12.  

 

Figure I-12: Different operations present on the scutching line  

(reprinted with permission from the following source: https://blog.libecohomestores.com/fr/metier-de-lin-

fr/extraire-la-fibre/). 

 

The flax bale is unwound in a sheet: flax stems are parallelized and homogenized in 

thickness via the grinding and the stretching. Then, flax straws are crushed under fluted rolls 

with different tooth sizes and an angle close to 90°. These rolls lead to repeated pull-off 

forces and bending of the stems, that increases the disintegration of the more rigid woody 

core (epidermis, xylem), separated from the smoother fibres. Wastes, called “shives” 

composed mainly of xylem, are collected and stocked in bales. Finally, the threshing is made 

on a drum and removes the remaining shives and tows. The noble part is obtained at the end 

of the scutching line in a discontinuous form. These operations are delicate because they can 

induce damages and defects on the flax fibres, implying a decrease of the quality of the final 

product. 

The long fibres obtained after the scutching are composed of bundles of less separated flax 

fibres with remaining attached intern and extern tissues of the stem. These fibres can provide 

from 15 to 20 wt% of shives and need to be post-treated in order to reach a higher quality, 

essential for textile and biocomposite applications. These steps of refining are adapted 

considering the application and can be modified to open new grades of fibres.  
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The hackling is used to align, untangle the bundles, remove residual shives or seeds 

and partly separate the elementary fibres inside bundles. Indeed, bundles run through more 

and more thin hackles to obtain at the end individualized, smooth and entangled long fibres 

stored in a continuous ribbon, illustrated in Figure I-13. The fractions of the fibres retained 

by the hackles, called “hackled tows”, are collected for non-woven and reinforcement in 

biocomposites or ropes. 

 

Figure I-13: Hackling operation with the obtention of a continuous ribbon of flax fibres 

(reprinted with permission from the following sources: https://www.embrin.fr/; 

https://blog.libecohomestores.com/fr/metier-de-lin-fr/extraire-la-fibre/). 

 

Recent studies have highlighted that the decrease of the mechanical properties of fibres 

occurs in majority during the retting and the mechanical processes of scutching and hackling 

[53], [54]. So, these steps have to be well controlled and optimized to obtain biocomposites 

with high mechanical properties to compete with synthetic fibre reinforced composites. 

The mechanical treatment of the flax plant is a model of circular economy with no wastes 

and the desire to optimize all the plant. All the products and co-products obtained by these 

different operations are used in many applications, illustrated in Figure I-14. Following the 

model of circular economy, a research team from the LOMC French lab of Le Havre studied 

recently the valorisation of shives, wastes from the flax plant defibrillation, by the 

production of nanocellulose, i.e. cellulose nanofibrils and cellulose nanocrystals [55]. This 

production of derived products from plant cell walls is welcomed in the realisation of green 

materials.  

https://www.embrin.fr/
https://blog.libecohomestores.com/fr/metier-de-lin-fr/extraire-la-fibre/
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Figure I-14: Illustration of the products and co-products obtained during the mechanical processes of 

defibrillation and post-treatment of the flax plant; their obtained weight proportions for 1 hectare and 

the different applications. (Images reprinted from the following Source: https://www.lelin-

cotenature.fr/FR/Pour-que-le-lin-donne-le-meilleur-de-lui-meme-32.html). 

I. 1. 5. Derived products from plant cell wall for material applications 

This section will focus on nanocellulose, especially “cellulose nanocrystals”, and “xyloglucan”, 

derived products from plant cell wall and used in the framework of the PhD project, getting a strong 

interest in the scientific community, highlighted in Figure I-15, for their interesting and specific 

properties applicable to numerous sectors.  

 

Derived products from plant cell wall have raised a huge interest for the last decades in the 

conception of new products and materials. Many examples can be cited as bioethanol, 

biochar, lignin, hemicelluloses, nanocellulose targeting numerous applications such as 

energy, pharmaceutical, food, packaging, biobased plastic and composites [56]–[62].  

SCUTCHING
Grinding, Stretching, 
Crushing, Threshing

Long fibres
(> 30 cm)

Short fibres or Tows
(10 – 30 cm)

Shives

Mulching, animal bedding, 
chipboard panel, 

Hackled tows

Continuous
ribbon

Non-woven fabrics, biocomposite, spinning, 
bank notes, cigarette or print papers

Flax straw bales 
from 1 hectare

until 3.2 tons

HACKLING

wastes

CARDING,  
NEEDLING etc.

High quality
tows

1.3 tons

650 kg

wastes

High value: Textile, 
biocomposites

Biocomposites
(reinforcement, non-

woven), Ropes

Seeds, chaff

Seed, food, 
mulching

~ 1 ton

https://www.lelin-cotenature.fr/FR/Pour-que-le-lin-donne-le-meilleur-de-lui-meme-32.html
https://www.lelin-cotenature.fr/FR/Pour-que-le-lin-donne-le-meilleur-de-lui-meme-32.html
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Figure I-15: Non-cumulative evolution of the number of publications and patents dealing with 

cellulose nanocrystals (CNC) (Source: SciFinder, July 2020 – Descriptors: cellulose nanocrystals, 

cellulose nanorod, cellulose nanowire, cellulose crystallite, cellulose whiskers, nanocrystalline 

cellulose, microcrystalline cellulose – Language: English) and xyloglucan (Source: SciFinder, July 2020 

– Descriptor: xyloglucan – Language: English). 

 

I. 1. 5. 1 Cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF) 

Nanocellulose can be divided in two types differing by their extraction procedure, properties 

and applications: (i) cellulose nanofibrils (CNF) and (ii) cellulose nanocrystals (CNC) [63]. 

CNF are long and flexible, semi-crystalline with one nanometric dimension, mainly 

influenced by the cellulose source and the type of pre-treatments (mechanical, enzymatic,…). 

CNC have a rod-like shape, a high crystallinity rate and possess two nanoscale dimensions, 

providing a high specific surface area up to 100 m²/g and a high Young’s modulus around 

100 – 130 GPa [40]. The use of sulfuric acid to obtain CNC from cellulose is the most common 

way that induces the presence of sulfuric groups –OSO3- on their surface. 

• Isolation of cellulose nanocrystals 

Cellulose nanocrystals (CNC) are extracted from biomass (wood, cotton, tunicate,…) by 

hydrolysing (ligno)cellulosic fibres with sulfuric acid, the most common process, to dissolve 

most of the amorphous regions of cellulosic chains with defined concentration, temperature 

and reaction time. Highly crystalline rod-like nanoparticles are obtained displaying two 

nanoscale dimensions [63] (Figure I-16). 
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Figure I-16: Schematic of the general procedure of acid hydrolysis of (ligno)cellulosic fibres until the 

achievement of cellulose nanocrystals (CNC) with the sulfuric acid process. 

 

Indeed, in the amorphous regions, cellulose chains are not tightly packed, which allows 

easier diffusion of acid in the cellulose network compared to crystalline part [64]. The 

sonication step allows the separation between intact crystalline regions and leads to isolated 

CNC bearing anionic half-sulfate ester groups –OSO3- randomly distributed on their surface. 

These surface charges come from the esterification reaction between surface hydroxyl groups 

of cellulose and sulfuric acid. 

CNC are renewable biobased nanomaterials and can be obtained from various sources of 

cellulose. They display interesting properties and target many applications and industrial 

sectors, detailed in the following section.  

• Properties and applications of cellulose nanocrystals 

We have to keep in mind that the properties of cellulose nanocrystals described below in the 

Table I-2 are strongly dependant on the cellulose sources and isolation processes of 

(ligno)cellulosic fibres. 

For non-purely cellulosic material only

Fibres Alkali treatment 80°C

Bleaching treatment 80°C
(pH = 4.8) 

+
Hydrolysis H2SO4

(65 wt%)

Purification 
(centrifugation, dialysis)

Sonication

CELLULOSE NANOCRYSTALS (CNC)CNC isolated with sulfate 
groups on surface

Amorphous
regions

Crystalline regions

Crystalline regions

CNC blocks
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Table I-2: Principal physico-chemical and morphological properties of cellulose nanocrystals. 

Properties Features References 

Renewable, biobased, 

low toxicity 

Non-toxicity by injection, dermal contact and for aquatic 

organisms but pulmonary diseases and cytotoxicity 

depending on shapes (powder form).   

→ Prioritize wet-state or in composites  

Lin & Dufresne (2014), 

Roman (2015) [65], 

[66] 

Specific surface area 
Asp = 150 – 800 m²/g (very high due to the nanosize) 

→ difficult to determinate due to aggregates upon drying 

Dufresne (2017), Foster 

et al (2018) [63], [67] 

Aspect ratio L/d 

Length L = 100 nm – few micrometers; 

Diameter d = ~ 5 to several tens of nanometers; 

L/d ≈ 10 – 30 (from cotton) and 70 (from tunicate) 

Habibi et al (2010) [68] 

Surface chemical 

groups 
 

Anionic groups –OSO3- induce repulsive forces between 

negatively charged CNC  

→ colloidal stability and dispersion in water solvent  

→ decrease the thermostability of CNC 

Julien et al (1993), Kim 

et al (2001),Habibi et al 

(2010),Tang et al 

(2017) [68]–[71] 

Hydrophobicity 
High rate of crystallinity increases the hydrophobicity  

(less amorphous regions sensitive to humidity) 

Dufresne et al (2015) 

[72]  

Density 
Low density compared to other organic materials 

d = 1.61 g/cm3 (for pure crystalline cellulose Iβ) 
Foster et al (2018) [67] 

Crystallinity ΧCNC = 54 – 88 % depending on isolation process Lin et al (2012) [66] 

Mechanical 

properties 

Young’s modulus E = 100 - 130 GPa; 

Tensile strength σ = 7.5 ± 0.5 GPa; 

→ Almost same properties than Kevlar-49 fibres providing 

 E = 124-130 GPa and σ = 3.5 GPa  

Moon et al (2011), 

Klemm et al (2011), 

Dufresne  [73], [74] 

 

In this PhD, a commercial batch of CNC is used and was obtained via acid hydrolysis from wood. It 

was supplied by CelluForce (Canada) and more details will be given in section “Materials & 

Methods” of following Chapters.  

Mainly –OH groups but 

presence of other groups such 

as –OSO3 -   (low amount 80 – 

350 µmol / g), -COO - ,   -CHO 

and others (from isolation 

processes) 
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I. 1. 5. 2 Xyloglucan and xyloglucan-cellulose interactions 

Xyloglucan (XG) is a polysaccharide and precisely an important group of hemicelluloses 

located in the primary cell wall of higher plants (around 20 % of the dry mass). In food and 

related industries, tamarind seed xyloglucan is mainly used as thickener and stabilizer, 

gelling agent, starch modifier [75].  

XG is composed of repeated units with a β-(1-4)-glucosyl backbone like cellulose, with 

attached substituents / sugars such as xylose, galactose and more rarely fucose (linked to 

galactose substituent) [76]–[78]. One of the possible tetrasaccharide backbones (XLLG) 

obtained after the hydrolysis of tamarind XG is illustrated in Figure I-17. XG hydrodynamic 

radius is estimated to 51 nm with a weight-average molecular mass of 470 kg/mol [79].  

 

Figure I-17: Structure of the XLLG oligosaccharide xyloglucan showing the β-(1-4)-glucosyl backbone 

(gray) with side chains made of xylose (green) and galactose (blue). Adapted with permission from 

Park and Cosgrove 2015 [44]. 

 

In this PhD, a commercial batch of XG is used and was obtained from tamarind seed gum. It was 

supplied by DSP Gokyo - Food and Chemical (Japan) and more details will be given in section 

“Materials & Methods” of following Chapters.  
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glucosyl

backbone

Xylose
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In vivo, hemicelluloses are located around cellulose microfibrils within the amorphous matrix 

acting as an intermediate between lignin and cellulose. The role of xyloglucan in the plant 

cell walls is dual: (i) energy storage in seed, (ii) structural thanks to its tight interaction with 

cellulose. The precise role of the XG/cellulose network is still a matter of debate in the 

community but the model recently reported by Park and Cosgrove proposes the occurrence 

of three different assembly domains for XG/cellulose: (1) XG chains are not directly in 

interaction with cellulose (bridges, loops and tails between MFC), (2) XG is in interaction at 

the surface of cellulose and (3) XG is intimately located within MFC or between them acting 

such as a “glue” [44], Figure I-18. Nevertheless XG/Cellulose interactions have been 

investigated extensively in vivo and in vitro in literature [80]–[83]. XG interacts with cellulose 

microfibrils through hydrogen, van der Waals and polar bonds, the adsorption being 

entropically and kinetically driven [84], [85]. More precisely, the hydroxyl groups, in 

majority on the glucan chains, interact each other and create physicochemical interactions. 

The binding capacity  between cellulose and xyloglucan is significantly related to 

concentrations of the building blocks, the molar mass and other adsorption processing 

parameters [84], [86]–[88]. 

 

Figure I-18: Biomechanical hotspot model with cellulose microfibrils depicted as rods with 

hydrophilic (yellow) and hydrophobic (blue) surfaces and extended xyloglucan chains (green) 

(reprinted with permission from Park and Cosgrove (2015) [44]). 
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To go further in this way, friction measurements have been performed by AFM between 

cellulose and XG  [89], [90]. These studies show the irreversibility side of the adsorption of 

XG to cellulose. Moreover, the adhesion between cellulose surfaces in water, which is often 

very small, is increased with the presence of XG on the surfaces. It appears that specific 

bonds are formed between XG and cellulose surfaces, creating a strong bridging between 

cellulose fibres. 

I. 1. 5. 3 XG/cellulose interactions for the creation of innovative materials 

This part will present some examples of innovative materials integrating the strong affinity between 

XG and cellulose and dealing with the framework of this PhD thesis.  

 

First, scientists worked on the adsorption of XG on pulp fibres for paper application. For 

example, the addition of XG by spraying on a bleached birch kraft pulp increases its wet web 

strength, tension holding, drying tension and also its smoothness [91]. Similarly, when XG is 

used as a wet end additives in paper making process, paper formation is facilitated and final 

paper strength is increased [92], [93]. In fact, fibre bonds in pulps treated with XG seem to 

give high adhesion levels.  

Berglund’s team worked on the addition of the combined XG and CNF in wood pulp fibres 

for the manufacturing of sheet papers [94] and aerogels [95]. Considering the paper material, 

the addition of enzymatically pre-treated CNF (10 wt%) in wood pulp fibres increased the 

toughness by around 60 % due to the higher stress transfer by the preservation of fibre-fibre 

bonds. Moreover, the addition of XG (5 wt%) to the CNF-paper increased the toughness even 

more by 210 %, compared to the reference. They went further in this concept in the 

development of bionanocomposites. They adsorbed partly oxidised XG on TEMPO oxidized 

CNF, forming a core-shell CNF, to prepare wood fibre / CNF nanocomposites from a 

vacuum filtered suspension. The CNF or XG-CNF suspension is treated with wood pulp 

fibres and a cellulose nanofiber network is created in the pulp fibre structure, as shown in 

the schematic Figure I-19. The density, the strength and the modulus of the pulp fibre 

network composite have been strongly improved with the addition of CNF-XG, acting as a 

binder between fibres. It can also be noticed that the carboxylate content in CNF (CNF5 or 
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CNF10) has an impact on the mechanical properties of the composite with a stronger 

reinforcement for high charge content. 

 

Figure I-19: (A) Schematic representation of XG coated CNF network in pulp fibre composite; (B) 

Tensile curves of hardwood unbeated wood fibre networks reinforced with 10 wt% of CNF. Note that 

the difference between the two grades of CNF is the density of charged carboxyls on the fibril surface 

(reprinted with permission from Vilaseca et al. 2020 [95]). 

 

Jaafar et al. (2020) used the combination of CNC and XG to construct aerogels inspired by the 

hierarchical organization of the wood tissue [96] (Figure I-20).  

 

Figure I-20: Images of the unidirectional freeze-cast aerogel in water (a) before immersion, (b, c, d) 

after 4 h and (e) 2 weeks. The aerogels used in this experiment consist of (b) CNC2 XG0, (c) CNC1.9 

XG0.1 and (d, e) CNC1.6 XG0.4. (f) 3D reconstruction of CNC/XG aerogel from confocal microscopy of 

the XG-RBITC channel, imaged after lyophilisation (adapted with permission from Jaafar et al. 2020 

[96]). 

(A)

f
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The addition of XG amount in the unidirectional freeze-dried CNC aerogel improved clearly 

the mechanical properties of the structure with a Young’s modulus increasing by around 

340 % from 138 kPa to 610 kPa. Moreover, aerogels containing the highest proportion of XG, 

i.e. CNC/XG (1.6/0.4 wt%) for a final concentration of CNC/XG suspensions at 2wt%, keep 

their structural integrity in water. 

 

If we focus on this combination of xyloglucan and cellulose nanocrystals, two derived 

products from the plant cell wall, they have been investigated in the literature and spurred 

the interest for developing innovative eco-friendly materials with the specific and interesting 

properties of the two components (Figure I-21). 

 

 

Figure I-21: Cumulative number of publications and patents dealing with cellulose nanocrystals 

(Source: SciFinder, August 2020 – Descriptors: cellulose nanocrystals, cellulose nanorod, cellulose 

nanowire, cellulose crystallite, cellulose whiskers, nanocrystalline cellulose, microcrystalline cellulose 

– Language: English) and xyloglucan (Source: SciFinder, August 2020 – Descriptor: xyloglucan – 

Language: English) since 1990. 

CNC

311 Patents
9277 Publications

XG

381 Patents
4366 Publications

XG-CNC

7 Patents
46 Publications
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I. 2. Interfaces and fibre modifications in natural fibre reinforced 

biocomposites 

Mechanical properties of fibre reinforced composites are strongly linked to the fibre content 

and their intrinsic properties, such as strength, stiffness, biochemical composition and 

humidity and temperatures sensitivity, but also to the fibre / matrix interface. The interface 

in composites has a huge importance and impacts strongly the macroscopic properties of the 

materials. In the case of biocomposites, different types of interfaces occur at different scales 

providing complex failure mechanisms during mechanical loading. In order to enhance the 

compatibilization between natural fibres and matrix, modifications of fibres are performed 

following different paths. This section will present the properties of flax fibres influencing 

final biocomposite properties, the different types of interfaces within biocomposites with the 

role of the interphase region fibre / matrix, and finally present the different strategies of 

modification to improve the interfacial adhesion between natural fibres and the polymeric 

matrix. 

I. 2. 1. Properties of flax fibres: biocomposite application 

The preparation of biocomposites with natural fibres implies to well know the intrinsic 

properties of the fibres, reported in Table I-3, and their aptitude to resist to the 

transformation processes in order to keep their morphological and mechanical properties. 

These properties are in general highly variable that can be partially explained by their 

dependence to the seeding method, the climatic conditions during their growth, the retting 

etc. [10], [97], [98]. In fact, these fibres have different selection variety [15], location in the 

stem conditioning [99], diameter [100], biochemical composition and cell wall organization 

that decrease the reproducibility of their functional properties. 

This particularity is often blamed on the natural fibres and is viewed as a limitation in their 

use as reinforcement in biocomposites. However, Baley et al. [101] have compared 4298 flax 

fibre mechanical tests from 17 varieties between 1993 and 2017 and have shown stable 

mechanical properties despite very different climatic conditions, which is positive for the 

manufacturing of industrial products. The average tangent modulus is 52.3 ± 8.3 GPa, the 
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average strength is 945 ± 200 MPa and the average failure strain value is 2.4 ± 0.4 %, with a 

mean diameter of 16.64 ± 2.65 μm. In their point of view, this variability in mechanical 

properties is also present in the synthetic fibres like E glass fibres. In fact, the tensile strength 

of freshly drawn 10 microns diameter E glass fibres is 3200 – 3400 MPa, against 2200 – 2400 

MPa for sized fibres from a yarn and 1200 – 1550 MPa for a yarn with numerous fibres. It is 

therefore important to take into account all the mechanical extraction processes (scutching, 

combing, hydrothermal conditions) and the manufacture of semi-products for textile or 

biocomposite applications (spinning, weaving, bundles production, preform manufacture, 

carding, needling, post-treatments etc.), which have also a real impact on the final 

mechanical properties of the fibres 

Table I-3: Diameter and mechanical properties of lignocellulosic fibres (elementary fibres or bundles), 

(reprinted with permission from Bourmaud et al. 2018 [25]). 

 

I. 2. 1. 1 Different flax fibre properties influencing biocomposite mechanical 

properties 

The diameter and the tensile mechanical properties of flax fibres are reported in the Table I-

3. Comparing with the other lignocellulosic fibres, flax fibres seem to have very high Young’s 

Modulus 37.2 – 75.1 GPa and tensile strength 595 – 1510 MPa. In fact, they are located in the 
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periphery of the stem, as explained in the part I. 1. 2. 2, and have the role of mechanical 

support of the plant. However, flax fibres are not continuous fibres such as glass or carbon 

fibres, which can induce defects and lower tensile strength of natural fibre reinforced 

biocomposites.  

The biochemical composition and the cell wall organization may also influence the 

mechanical properties of fibres. The presence of cellulose microfibrils as reinforcement in the 

secondary wall of the fibre is mainly responsible of the high stiffness. More specifically, the 

high cellulose content, the high degree of crystallinity and their quasi-parallel orientation 

with respect to the axis of the fibre (MFA around 10°) explain mainly the high mechanical 

properties of the flax fibres [102].  

Because of the composition of the natural fibres, their mechanical properties are also directly 

linked to environmental factors as relative humidity and temperature. For example, flax 

fibres under usual storage conditions contain around 7 wt% of water at equilibrium at 65% 

RH and 21°C [103], [104]. Garat et al. [105] have highlighted two different processes of water 

uptake in natural fibres: (i) a microscopic swelling due to the sorption of bound water at the 

scale of cell walls, (ii) a macroscopic swelling with the formation of free water in lumens and 

pores (Figure I-22 A).  

 

Figure I-22: A. Moisture content of natural fibre bundles in relative humidity (DVS) and in immersion 

(WRV) conditions at 23°C (reprinted with permission from Garat et al. 2020 [105]); B. Typical stress-

strain plots comparing raw and dried flax fibres at 105°C during 14 hours (reprinted with permission 

from Baley et al. 2012 [106]). 

 

A

B

Raw fibres
Dried fibres 
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The presence of this water in the cell wall, acting as a plasticizer, is a real challenge in the 

manufacturing of biocomposite materials [107]–[109]. High temperatures used in 

thermoplastic manufacturing processes (twin-screw extrusion, injection molding etc.) 

decrease considerably the properties of flax fibres and also biocomposites. In fact, it will 

affect directly the fibre / matrix interface and initiate defects such as porosities. On the other 

hand, the removing of water from flax fibres can cause mechanical stresses within the fibres 

with a strong decrease of their tensile strength [106], [110] (Figure I-22 B). Considering the 

thermoset biocomposites, the drying of flax fabrics before the impregnation can be a solution 

to remove water but will strongly influence the mechanical properties of the biocomposite in 

terms of microstructure, moisture sorption and desorption behaviour, swelling, shrinkage 

[106], [111].   

Elementary flax fibres may have a large number of defects which can be some dislocations, 

misorientations of cellulose fibrils, sliding plane, kink-bands or knees [112]. These impacts on 

the fibre integrity are coming from the growth and the bending of the fibres [113], [114], the 

retting step or from the extraction and refine processes [115], [116] and impact strongly the 

mechanical properties of the flax fibres, especially the tensile strength (Figure I-23). All these 

defects imply stress concentrations, which can form micro-cracks in the matrix and also 

initiate the debonding of fibres at the fibre / matrix interface [117]. 

 

Figure I-23: A. Bundle of flax fibres with kink-bands; B. Tensile test in a SEM with the start of cracks 

in a flax fibre arounf the kink-band (reprinted with permission from Baley 2004 [118]); C. Variation of 

strength with damage for flax and nettle ultimates (reprinted with permission from Davies et al. 1998 

[114]). 

 

 

 

A B C
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I. 2. 1. 2 Surface properties and porosities of natural fibres 

The surface of natural fibres is the first contact zone between the fibres and the matrix and 

plays a key role in the adhesion and wetting mechanisms in composite processing. Physico-

chemistry, chemistry and topography of flax fibre surfaces have a huge importance and will 

be detailed below.  

In this section, all the technics used to analyse natural fibre surfaces have been listed and a focus will 

be done on methods used in the frame of the PhD work. 

I. 2. 1. 2. 1. Physico-chemistry 

In order to analyse the physico-chemistry of natural fibres, several technics can be relevant: 

the contact angle measurement techniques and the Inverse gas chromatography (IGC). 

The surface physico-chemistry of natural fibres can be evaluated with the contact angle 

techniques, i.e. sessil drop, drop-on-fibre, vertically immersed fibre(s) with the Wilhelmy 

method, capillary rise in a bed of powder or fibres with the Washburn method. These 

methods provide the determination of the surface free energy 𝛾𝑆𝑉 with the dispersive  𝛾𝑆𝑉
𝑑  

and non-dispersive components comprising polar 𝛾𝑆𝑉
𝑝

, acid-base 𝛾𝑆𝑉
𝐴𝐵, 𝛾𝑆𝑉

+ , 𝛾𝑆𝑉
−  and Lifshitz-

van der Walls 𝛾𝑆𝑉
𝐿𝑊 components. It consists in measuring the contact angle θ at the 

intersection of the liquid, gas and solid phases to study the surface wettability of the fibre in 

the defined liquid. All these values are further used to characterize the fibre / matrix 

interactions with the interfacial tension 𝛾𝑆𝐿  and the theoretical work of adhesion WA. This 

work of adhesion is considered as the measure of the strength of physico-chemical 

interactions between two phases, which can be natural fibres and polymer matrix [119]. 

 It should be noticed that the determination of the surface free energy of natural fibres is 

challenging because of the highly porosity of fibres and the surface roughness. Moreover, the 

distribution of cell wall components within the fibre is very heterogeneous [120] with mostly 

cellulose microfibrils in the bulk and non-cellulosic components at the surface. This surface 

seems to be more hydrophobic with the presence of lipophilic components and waxes [121], 

more or less present following the separation and treatment processes like retting, scutching, 

semi-products manufacturing etc. Finally, many treatments like chemical extractions, 

adsorption, temperature etc. can be used on natural fibres, and in our case flax fibres, in 
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order to obtain the most adapted and compatible surface physico-chemistry to the matrix 

[49], [107], which will be detailed in section I. 2. 5. As it can be observed on the Figure I-24, 

the thermal treatment of flax fibres seems to decrease a large amount of cracks present in the 

biocomposite on the left comparing to only microcracks in the biocomposite on the right. 

 

Figure I-24: Influence of the thermal treatment on the surface physico-chemistry of flax fibres and so 

the microstructure of the final biocomposite materials (adapted with permission from Pucci et al. 2015 

[107]). 

 

I. 2. 1. 2. 2. Chemistry 

The surface chemistry of natural fibres is very complex because of the various biochemical 

components constituting the fibres and so implies a wide variety of functional groups at their 

surface. In this way, many technics have been used to characterize natural fibre surfaces and 

are reported Table I-4. 

Some measurements have been made on flax fibres considering only few nanometres of the 

surface corresponding to the primary cell wall and residual middle lamellae [122]–[124]. It 

has been found a high amount of hydrocarbon compounds such as waxes and waxe-like 

components, a very few amount of lignin (no aromatic compounds), hemicelluloses and  

Untreated flax
fibre

Thermal treated
flax fibre 

(220 °C – 2 hours)

Biocomposite manufacturing

Contact angle measurement

Water Water
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0.5 – 1 % of calcium indicating the presence of pectins. Cellulose is also present but less than 

expected for a cellulosic material. It can be mostly explained by the presence of cellulose 

mainly in the secondary cell-wall of the flax fibre and less at the surface being in the major 

part the primary cell-wall and the middle lamellae. Le Duigou et al. achieved to determine 

the chemical elements ratios present at the surface of flax fibres from two different varieties 

from the C1s peak decomposition by X-ray Photoelectron Spectroscopy (XPS) [123]: 76 – 78 % 

Carbon, 19 – 21 % Oxygen, 1.9 % Nitrogen, 0.5 – 1 % Calcium with O/C ratios of 0.24 – 0.27. 

Table I-4: Different experimental techniques used to characterize chemically natural fibre surfaces. 

Experimental techniques 

Elementary analysis 

Elemental analysis 

Time of Flight – Secondary Ion Mass Spectrometry (ToF-SIMS) 

X-ray Photoelectron Spectroscopy (XPS) 

Energy-dispersive X-ray spectroscopy (EDX) 

X-ray diffraction (XRD) 

Solid state magnetic resonance (NMR) 

Spectroscopy analysis 
IR spectroscopy 

Raman spectroscopy 

Thermal analysis 

Thermogravimetric analysis (TGA) 

Pyrolysis – Gas Chromatography -  Mass Spectrometry (Py-GC/MS) 

Pyrolysis Combustion Flow Calorimetry (PCFC) 

 

All the potential functional groups on flax fibre surfaces are illustrated Figure I-25 but 

chemical groups present at the surface are very difficult to identify with precision, 

depending in particular on the extraction processes and the variety. This entire chemical 

environment has to be taken into account in order to well understand the interactions 

between the fibre and the polymeric matrix in biocomposites to adapt the compatibilization. 
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Figure I-25: Overall biochemical composition of the surface of flax fibres with possible reactive 

functional groups. 

I. 2. 1. 2. 3. Topography 

Natural fibres are very complex structures with pores and capillaries difficult to measure 

and quantify [125]–[127]. This porosity induces high available total pore volume and specific 

surface area which have to be considered in the functionalizing of lignocellulosic fibres with 

the migration of molecules, additives or biopolymers. Different technics are used to analyse 

porosities and specific surface area, i.e. Small angle X-ray scattering (SAXS), Mercury 

porosimetry, water vapour adsorption, Brunauer-Emmett-Teller (BET) or Nitrogen 

adsorption, size-exclusion chromatography or calculation apparent density measurements. 

The flax fibre has a porosity of around 11 % with a specific surface area ranging from 0.31 to 

1.4 m²/g (BET technique) [128]–[130]. Moreover, natural fibres have a non-negligeable surface 

roughness, illustrated Figure I-26, which can play a key role in the wettability and the 

interfacial adhesion in biocomposites. The interfacial interlocking with the matrix is 

enhanced but on the other hand, this topography will affect the wettability during the 

composite processing with the difficulty of the matrix to embed entirely the surface of fibres. 

In comparison, glass fibres have a very low root mean square roughness between 2.4 and 3.3 

nm against 10.8 – 35 nm for flax fibres, measured by Atomic Force Microscopy (AFM) [110]. 

We have to keep in mind that modifications of natural fibres can induce a change of the 

topography in the positive or negative way. In fact, biopolymers adsorption or chemical 

grafting on the surface of natural fibres can induce porosities in the yarns or fibre bundles 

with difficulties in impregnation, compromising the desired gain in interfacial adhesion and 

wettability. 
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Figure I-26: TM-AFM phase of (A) raw flax fibre and (B) de-sized E-glass fibre (reprinted with 

permission from Le Duigou et al. 2012 [110]). 

I. 2. 2. Multi-scale and various interfaces within biocomposites 

The extracted flax fibres are in reality bundles constituted of several elementary fibres 

bonded via the middle lamellae mainly composed of lignin and pectins. It has been 

demonstrated that higher lignin content inside middle lamellae drives to lower dispersion 

state and more aggregated elementary fibres within the polymeric matrix [131]. Indeed, 

during the biocomposite manufacturing, flax fibres are dispersed inside the matrix, 

schematized Figure I-27.1, and can be found in three different shapes i.e. (i) fibres bundles, 

(ii) elementary fibres and (iii) particles (low aspect ratio) [132].  

 

Figure I-27: Schematic of the different interfaces within natural fibre reinforced biocomposites. 

 

1. 2. 3.

1. Interface matrix / elementary or flax fibre bundles (red)
2. Interface between elementary flax fibres in bundles (blue)
3. Interface between layers within the cell walls in flax fibres (green)

10 µm 5 µm 2 µm
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However, the presence of bundles in the matrix decreases the dispersion state and creates 

defects and damages in the material [133]. Indeed, it seems that the failures occur 

preferentially within bundles during mechanical solicitations (Figure I-28). A better 

dispersion induces more fibre / matrix interactions, less fibre / fibre interactions and so a 

higher interfacial coupling with the matrix with a higher available surface in contact. Finally, 

we have to keep in mind the complex architecture of elementary flax fibres with multiple cell 

wall layers and so inter and intra-cellular interfaces, schematized Figure I-27.3, which may 

involve fibre breakage and peeling effects among the cell walls [106], [110], [123], [134], [135]. 

All these interfaces, (1) between matrix and elementary or flax fibre bundles, (2) between 

elementary fibres within bundles and (3) between layers within the cell walls in elementary 

fibres are potential defect zones inducing multiple and heterogeneous rupture mechanisms 

in natural fibre reinforced biocomposites. 

 

Figure I-28: SEM image in the core of PP / flax sample under loading (reprinted with permission from 

Bourmaud et al. 2013 [133]). 

 

The following part will focus on the interphase zone between natural fibres and polymeric 

matrix explaining the key role of this region in composites with a detail of the different 

occurring phenomena.  
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I. 2. 3. Key role of the natural fibre / matrix interphase  

First, the terms “interface“ and “interphase” can be differentiated by the only two 

dimensions of the interface between fibre and matrix against an interphase (or interfacial 

zone) in three dimensions with complex occurring phenomena. This interphase corresponds 

to a transition region between fibre and matrix with a thickness from several hundred 

nanometers to a few micrometers and more rarely a hundred micrometers for some 

thermoset biocomposites. This zone is extending between both interfaces bulk matrix and 

bulk fibre and brings into play several phenomena including intrinsic properties of fibres 

(roughness, specific surface area,…) and also synergistic effects between fibre and matrix 

(transcrystallinity or cross-linking gradient, chemisorption, physisorption, chemical 

interactions,…), illustrated on Figure I-29. The interphase plays a key role in biocomposites 

because this is the preferential site for stress and load transfer. Indeed, during a mechanical 

solicitation, fibres will support the applied load while the matrix will transfer and distribute 

this load among the fibres through the interphase zone. Moreover, the interphase is one of 

the most common sites of damages inducing failure mechanisms. A weak fibre / matrix 

interface is characterized by adhesive interfacial failures with debonding of fibres from the 

matrix and crack propagation between both. 

 

Figure I-29: Schematic of an interphase zone between natural fibre and polymeric matrix including 

natural or provided physical, chemical and physico-chemical coupling phenomena. 
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However, a strong fibre / matrix adherence is recognized by cohesive interfacial failures with 

the rupture within the matrix or within fibre structure [110]. A higher interfacial adhesion 

will provide better mechanical properties such as stiffness and strength but will probably 

also increase the brittleness of the material and so decrease its energy absorption capacity 

upon impact. Indeed, a compromise between strength and toughness is always needed and 

implies choosing the adapted strategy of compatibilization for good biocomposite 

performances. 

I. 2. 4. Improvement of the interfacial adhesion in natural fibre 

reinforced biocomposites 

First, a clarification must be done about the terms “adhesion” and “mechanical adhesion / 

adherence” which provide differences in fibre / matrix interactions [136]. The adhesion 

features all the physico-chemical phenomena such as mechanical interlocking, roughness 

and surface free energy of fibres, surface tension of matrix describing the wettability of fibres 

within a molten polymeric matrix. The adherence (or mechanical adhesion) is a more general 

term including the interfacial strength between fibres and matrix within the composite at a 

solid state during mechanical loading. The interfacial adhesion fibre / matrix is driven by the 

nature of interactions and the quantity of interface and can be modified by different 

strategies, represented Figure I-30, in order to enhance the interphase and so performance of 

biocomposites. 
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Figure I-30: Different strategies to play on the interfacial adhesion in natural fibre based 

biocomposites (reprinted with permission from Le Moigne et al. (2018) [137]). 

 

The quality of interfacial adhesion fibre / matrix can be modified via the surface free energy 

of fibres and their polar and dispersive components. This modification will impact directly 

the work of adhesion with the matrix and so, the wettability and impregnation of the molten 

or liquid matrix among natural fibres. The (physico-)chemical functionalization of fibres will 

increase the reactivity of fibres toward the matrix and enhance the coupling with the creation 

of strong interactions. It can be noticed that this modification is also possible by 

incorporating a coupling agent inside the matrix which will react with chemical groups 

present at the surface of natural fibres [138], [139]. Playing on the quantity of interface is 

another strategy and can be done by changing the topography and/or the specific surface 

area of the surface of fibres. These supplementary contact points between fibres and matrix 

will increase the mechanical interlocking with the matrix and so the interfacial adhesion. 

The dispersion state of fibres within the matrix must not be neglected and has a strong 

impact on the macroscopic properties of biocomposites. Indeed, the dispersion state depends 

on processing parameters (screw speed, rheological behaviour, temperature…) and intrinsic 

properties of fibres and matrix but can also be changed by the modifications of fibres such as 

solvent extractions (Figure I-31). 
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Figure I-31: SEM micrographs of transverse cross section of flax fibre reinforced biocomposites with 

different fibre treatments: (a) untreated, (b) ethanol, (c) toluene/ethanol, (d) water, (e) surfactants, (f) 

NaOH 1% (reprinted with permission from Acera Fernández et al. (2016) [49]). 

 

Finally, the modification of natural fibres is often performed on industrial products before 

the processing of biocomposites. In the case of extrusion and injection, it has be found that 

raw fibres at this step are commonly in bundles shape before the processing, including many 

untreated surfaces in contact with the molten matrix after their dispersion, estimated at 

around 90% [140].  

The following section will now describe in details the different kind of modifications of fibre 

/ matrix interfaces in natural fibre based biocomposites.  

I. 2. 5. Modifications of the interface in natural fibre reinforced 

biocomposites 

As described in the previous section, flax fibres provide many advantages for their use as 

reinforcement in composites, such as lightness, availability, carbon neutrality, low price but 

display also drawbacks such as complex structure, hydrophilic and polar characters, thermal 

sensitivity and poor compatibility with polymeric matrices. It seems necessary to modify 
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natural fibres to improve their compatibility with the polymeric matrix and so enhance 

performances of biocomposite materials. Such modifications can be divided in two main 

categories, i.e. (i) natural fibre pre-treatments with the main objective of extracting some 

compounds from middle lamellae and plant cell walls and (ii) natural fibre 

functionalization applied directly to raw fibres or after fibre pre-treatments. All these 

strategies will be detailed below, mainly focusing on flax fibres as natural fibres incorporated 

in polymeric matrix biocomposites. 

I. 2. 5. 1 Pre-treatments 

Pre-treatments of natural fibres, mostly originated from textile and wood industries, are used 

to prepare fibres for their functionalization in order to obtain a better dispersion and 

compatibilization in the polymeric matrix biocomposite. 

Retting processes (dew, water, chemical, enzymatic) partly introduced in the section 

I. 1. 4. 1, are detailed in Table I-5. 

Table I-5: Various types of retting processes for the production of natural fibres. 

Type of 

retting 
Features Advantages Disadvantages 

Dew 

Plant stems left on the 

soil → action of 

bacterial and fungis 

The most used today 

Easy removal of pectins 

Dependant on the duration and climatic 

conditions, decrease the fibre tensile 

strength, low and various quality 

Water 

Plant stems immersed 

in water (microbial 

action) 

High quality and uniform 

fibres 

Environmental problems and soil 

pollution from anaerobic bacterial 

fermentation, high cost, putrid odour, 

low-grade fibre 

Enzymatic 

Attack of specific 

enzymes (pectinases, 

xylanases etc.) on plant 

stems 

Under controlled 

conditions, selective 

degradation, fast and clean 

Low fibre tensile strength 

Chemical 

Boiling and chemicals 

(NaOH, H2O2, sodium 

benzoate) 

Efficient and clean process 

in short time, smooth 

surface 

Decrease of the fibre tensile strength 

(>1% NaOH), high cost 

 

Such processes are used to ease the extraction of bast fibres from the stem by degrading non-

cellulosic compounds which act as cement between elementary fibres, represented Figure I-

32, and prevent afterward the good dispersion of fibres inside the matrix. This retting step is 

crucial but influences greatly the final biochemical composition, the cleanness and very often 
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leads to the decrease of the tensile strength of fibres [141], [142]. The main challenge of this 

pre-treatment is to find a compromise between an efficient separation of fibre bundles to 

obtain a good dispersion and the keeping of intrinsic mechanical properties of fibres. 

 

Figure I-32: SEM images of transverse sections of (a) unretted and (b) 8 weeks retted flax stems; xy = 

xylem, fb = fibre, ep = epidermis (adapted with permission from Chabbert et al. 2020 [98]). 

 

Solvent or chemical extraction treatments have also been investigated with partial or 

total extractions of inter- and intra-cellular compounds, changing the wettability of natural 

fibres and their dispersion state in the matrix.  

The main used flax fibre pre-treatments are water and mercerization, detailed in 

Table I-6, but other pre-treatments have also been investigated in literature such as thermal 

(mentioned in part I. 2. 1. 2. 1), ethanol, toluene, formic or acetic acid, bleaching, surfactants 

or HCl [49], [120], [143]. It seems that these pre-treatments on flax fibres are good strategies 

with a rougher and cleaner fibre surface, a better separation of elementary fibres within 

bundles and in the matrix, an increase of the available hydroxyl groups on the surface and/or 

an increase of the interfacial adhesion with the polymeric matrix. However, it is necessary to 

choose the good one depending on the matrix and natural fibre reinforcing product to study 

their influence on the physico-chemistry and the intrinsic properties of fibres. 

 

100 µm 100 µm

(a) (b)

RETTING
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Table I-6: Water and alkali pre-treatments on flax fibres and their influence on the interfacial adhesion 

in flax fibre reinforced biocomposites. 

Solvent Methods 
▲ Advantages 

▼ Disadvantages 

Interfacial adhesion 

with polymeric matrix 

(▲▼) 

References 

Water 

72h at 23°C + drying in 

air for 8 days (23°C; 

RH = 50%) 

▲ cleaner, smoother fibre surface with 

removal of weakly bonded components 

▼ – 14 % fibre failure stress, increase in 

fibre peeling failures (weak cohesion 

between primary cell walls) 

▲ + 15 % interfacial shear 

strength (IFSS) and + 30 % 

friction stress with PLA 

matrix 

Le Duigou et 

al. (2012) [110] 

72h at 23°C + drying 

24h at 40°C 

▲ cleaner surface, better separation of 

fibres, removal of some pectins and 

non-cellulosic polysaccharides,  

+ 20.5 % fibre Young’s modulus 

▼ hydrolysing pectin chains with 

boiling water (drastic conditions) 

  
Bourmaud et 

al. (2010) [144] 

NaOH / 

Mercerization 

dipping in NaOH 

solution of different 

concentrations (1,2 or 

3 %) 20min at room 

temp. + washing in 

cold water and then in 

acidified water (20 

drops HCl 0.1 M in 1L 

water) to remove 

remaining NaOH + 

washing in cold water 

+ drying 8h at 80°C 

 

▲ Flexural properties of 

flax/epoxy composites:  

+ 30 % longitudinal strength 

and stiffness (3 % NaOH);  

+ 150 % and + 510 % resp. 

transverse strength and 

stiffness (1 % NaOH) 

Van de 

Weyenberg et 

al. (2003)  [142] 

3 fresh water washes + 

drying 48h at room 

temp. + 5 wt% NaOH 

solution for 30min + 10 

fresh water washes 

and 3 distilled water 

washes (to remove 

remaining NaOH) + 

drying 24h at 80°C 

▲ cleaner and rougher fibre surface, 

remove of surface impurities (waxes and 

oils) + some hemicellulose, pectin and 

lignin 

▼ – 19 % and – 16 % of respectively 

tensile failure stress and Young’s 

modulus of yarn 

▲ Tensile properties of 

flax/epoxy composites: 

+ 24 % strength and + 12 % 

Young’s modulus 

Yan et al. 

(2012) [145] 

Immersion in NaOH  

(10g/L)/ethanol 

solution at 78°C for 2h 

+ rinsing by absolute 

ethanol and drying  at 

20°C 

▲ Best results with the combination of 

NaOH + acetic anhydride with + 13 % of 

IFSS with polyester resin 

▼ visible orientation of microfibrils on 

fibre surface inducing the attack of 

primary cell walls 

▼ – 56 % of IFSS with 

polyester resin; slight 

decrease of the work of 

adhesion  

Baley et al. 

(2006) [120] 

2 g/kg of flax of NaOH 

(purity ≥ 98%) in a 5L 

round bottomed flask 

for 1 hour at boiling 

temperature 

▲ High extraction yield: 8.4 % of non-

cellulosic components removed from 

fabric with 36.1 %, 53.1 % and 47.7 % of 

respectively extracted hemicellulose, 

lignin and lipophilic extractives 

amounts;  

▼ limited selectivity with contrasted 

behaviour;  – 38 % of longitudinal and 

transverse fibre modulus 

▲ High dispersion of yarns 

in epoxy matrix 

▼ Transverse tensile 

properties of epoxy/flax 

composite :  – 5 % Young’s 

modulus and – 26 % 

ultimate stress 

Acera 

Fernández et 

al. (2016) [49] 

See also 

Lacasse and 

Baumann 

(2012) [146] 
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I. 2. 5. 2 Natural fibre functionalization 

The functionalization of natural fibres is often performed after pre-treatments and achieves a 

chemical and/or physical coupling between fibres (-OH, -COOH or phenolic groups, see 

paragraph I. 2. 1. 2. 2) and the considered matrix with grafted polymers and/or reactive 

molecules on the surface of fibres.  

 

Figure I-33: Various physical treatment technologies and functionalizing molecules and polymers 

used in chemical modifications of natural fibres in biocomposite materials ([119], [147]–[152]). This 

schematic is not exhaustive. Green colored molecules/polymers induce “green chemistry”. 

 

The functionalizing molecules are selected for their good affinity and/or reactivity towards 

the matrix and the surface chemistry of considered natural fibres, i.e. fatty acids, anhydride 
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acids, diisocyanates, organosilanes etc. [153]–[155]. Moreover, physical treatments such as 

plasma and irradiation treatments have been also investigated in the literature to confer a 

better interfacial adhesion and compatibilization fibre / matrix inside natural fibre reinforced 

biocomposites. All these chemical and physical treatments are illustrated in Figure I-33.  

This modification of the surface chemistry of fibres occurs before biocomposite processing or 

during their manufacturing with the incorporation of additives such as coupling agents 

within the matrix. The example of maleic anhydride grafted polypropylene (MAPP) or 

polyethylene (MAPE) are coupling agents used in polyolefin matrices by reactive extrusion 

process for the preparation of natural fibre based composites [138], [147], [156]. The coupling 

agent chains are able to migrate at the fibre / matrix interface during compounding to create 

a covalent bond with hydroxyl groups of natural fibres. Moreover, these chains are 

entangled in the polyolefin matrix enhancing the compatibilization.  

I. 2. 5. 3 Thermal treatments 

Thermal treatments have also been investigated to play on the physico-chemical and 

morphological properties of flax fibres with a potential increase of composite performances.  

 

Figure I-34: Three dimensional reconstructions and 3D visualisations of micropores for (a and b) 

untreated and (c and d) thermal treated quasi-UD flax reinforced composites (reprinted with 

permission from Pucci et al. 2017 [109]). 



Chapter I – Literature Review 

73 

 

 

High temperatures applied to natural fibres provide an elimination of hygroscopic or weakly 

bonded to the cell wall components. Pucci et al. (2017) reported a better dimensional stability 

of thermal treated flax fibres (220°C, 2 hours) with more hydrophobic fibres and less 

sensitive to liquid sorption and swelling, conducting to less voids within the quasi-UD flax / 

epoxy composite [109] (Figure I-34).  

However, the same team highlighted that this thermal treatment decreased drastically the 

tensile strength of elementary fibres from 1009 MPa to 447 MPa, and the overall surface 

energy of fibres from 64.0 mN/m to 56.6 mN.m, decreasing the final mechanical properties of 

the composite [109], [157].  Gourier et al. (2014) reported also the negative effect of thermal 

cycles on flax fibre mechanical properties, especially on fibre tensile strength [158]. 

To summarize, natural fibre pre-treatments and functionalization give good results 

for most of the scientific papers with higher mechanical interlocking, higher interfacial 

properties and wetting between fibres and matrix and higher mechanical properties for 

biocomposites. However, they both show some limitations such as the decrease of the fibre 

structure and properties. Advantages and limitations of these natural fibre modifications are 

detailed in Table I-7. 

Table I-7: Advantages and limitations observed in pre-treatments and chemical/physical 

functionalization strategies for the modification of natural fibre surfaces applied to composite 

application. 

  Advantages Limitations 

Pre-treatments 

 

• Individualization of fibre bundles into 

elementary fibres: higher L/d and 

specific surface area 

• Removal of weakly bonded 

intercellular components: higher 

surface roughness and cleanness 

•  

→ better mechanical interlocking + dispersion 

state 

→ increase of interfacial adhesion between 

fibres and matrix and so mechanical properties 

of natural fibre reinforced composites 

→ increase of surface reactivity of fibres prior 

their functionalization 

 

Degradation or removal of biopolymers 

constituting the cell wall; decrease 

sometimes of the cellulose crystallinity 

 

→ decrease of the intrinsic properties of 

fibres: tensile ultimate strength and Young’s 

modulus,  toughness, defects such as 

dislocations, kink-bands or knees. 
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Chemical and 

Physical 

functionalization 

 

• Decrease of waxy components amount 

• Decrease of moisture absorption 

capacity 

• Physical treatments: no solvents so 

considered as “eco-friendly” 

processes; high reactivity of fibre 

treated surfaces 

 

→ increase of the interfacial adhesion with the 

formation of an interphase 

→ higher interfacial shear strength (IFSS) 

→ better mechanical interlocking 

(entanglements, hydrogen bonds, covalent 

bonds) 

→ better wetting of fibres by matrix during 

composite processing 

• Use of strong chemical products 

(bases, catalysts etc.); eco-toxicity 

for isocyanates with formation of 

carcinogenic substances such as 

heterocyclic diamines; 

• Necessity to control strictly the 

degree of substitution (DS) for fatty 

acid chains; 

• Decrease of fibre microstructure: 

tensile strength and tenacity; 

• Possible diffusion of 

functionalizing agents within the 

matrix (cross-linking gradient, 

transcrystallization, chemisorption, 

physisorption) 

 

Figure I- 35 represents the variations in modulus versus variations in tensile strength of flax 

fibre reinforced composites and highlights limitations in the enhancement of mechanical 

properties with these strategies.  

 

Figure I- 35: Ashby plot – variations in modulus versus variations in strength (flexural and tensile) of 

flax fibre reinforced composites after pre-treatments (alkali, retting) and/or functionalization 

(chemical, physical) of flax fibres. Non-exhaustive set of data taken from literature for different 

matrices (PP, PLA, epoxy resin…) with short or long flax fibres [49], [54], [140], [142], [145], [159]–

[169]. 
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It seems crucial to find an appropriate strategy of compatibilization providing a good 

dispersion of fibres in the polymeric matrix, and simultaneously prevent the alteration of 

intrinsic properties of natural fibres and also polymeric matrix. 

In this way, the bio-inspired strategy consisting on the creation of hierarchically structured 

fibres with the nanostructuration of fibre surfaces seems to be a good path, combining the 

improvement of tensile strength and toughness of hierarchical fibre reinforced composites. 

The following section will present this concept, going from the biological materials (bone, 

nacre, wood) to the manufacturing of (bio)composites. 
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I. 3. Development of bio-inspired hierarchical fibres to tailor the 

fibre/matrix interphase in (bio)composites 

The section I.3. is adapted from Doineau E., Cathala B., Bénézet J-C., Bras J., Le Moigne N. “Development 

of bio-inspired hierarchical fibres to tailor the fibre/matrix interphase in (bio)composites”, Polymers, 13(5), p. 

804, march 2021. 

By combining biopolymers and minerals into hierarchical nanoscaled structures, nature succeeds 

in developing hybrid materials with amazing mechanical performances such as high toughness 

and strength adapted to the specific needs of biological system [170]. In this respect, complex 

biological architectures, displaying self-assembly processes and implying the key role of 

nanostructuration and nano-objects intrigue researchers and inspire them for the development of 

innovative engineering materials [171]–[176]. Elaboration of bio-inspired materials has already 

been investigated in a plethora of engineering materials, mimicking natural systems such as nacre, 

tooth, bone, or wood [177]–[181]. Practically, it seems that these architectures modify stress 

transfer mechanisms within the material and boost their strength and fracture toughness thanks to 

nanostructuration and the development of a “hierarchical architecture” [182]–[186]. The 

hierarchical architecture of a system can be defined as the deployment of structures exhibiting 

specific organizations at different length scales, going from the macro- to the nanoscale, and 

ensuring interesting properties to the entire material. This concept has notably been used in 

composite materials with the implementation of hierarchical fibres via the deposition of nano-

objects on fibre surfaces. As an example, the whiskerization of carbon fibres with carbon 

nanotubes (CNTs) has been developed for the manufacturing of carbon fibre reinforced 

composites [187]–[189]. The developed nanostructured composites displayed enhanced mechanical 

properties due to increased mechanical interlocking and lower local stress concentrations at the 

fibre / matrix interface, hence resulting in higher strength and toughness [190]–[194].  

Besides, current environmental issues push towards the implementation of eco-friendly and high-

performance composite materials on the market, either hybrid, that is, synthetic/bio-based, or fully 

bio-based and reinforced with natural fibres and/or bio-based nano-objects [195], [196]. In this 

regard, the development of hierarchical fibres at the interphase zone in (bio)composites is at its 

very early stage and could be an interesting strategy to tackle current and future challenges raised 



Chapter I – Literature Review 

77 

 

by the implementation of fully bio-based natural fibre reinforced biocomposites in industrial 

applications [197]–[199].  

The aim of this section is to highlight the potential of hierarchical fibres for the modification of 

fibre / matrix interfacial adhesion in (bio)composite materials. First, several biological systems will 

be described to understand the role of nano-objects in naturally occurring hierarchical 

architectures. Then, current studies on hierarchical fibre reinforced composites will be discussed 

and divided into three main categories: (i) fully synthetic hierarchical composites, (ii) hybrid 

hierarchical composites either reinforced with bio-based nanoparticle modified synthetic fibres, or 

with synthetic or mineral nanoparticle modified natural fibres, and (iii) hierarchical biocomposites 

reinforced with bio-based nanoparticle modified natural fibres, the matrix being oil-based or bio-

based. 

I. 3. 1. Naturally occurring hierarchical structures: towards the conception 

of bio-inspired structures for composite materials  

I. 3. 1. 1 Hierarchical structures in biological systems 

The complex architectures found in natural biological systems are the result of billions of years of 

evolution with a continuous refining of their structure to face different challenges and adapt in an 

ever-changing environment. They are made of hierarchical micro/nanostructures with soft and 

organic interfaces (or matrices) and small stiff building blocks. In general, these hierarchical 

structures include nano-objects, enhancing drastically the mechanical properties, as for instance in 

bones [200], [201], nacre of seashells [202], [203] or wood [204]. 

The bone is structured by mineral crystals, i.e. hydroxyapatite nanocrystals (thickness 2-4 

nm; length up to 100 nm), embedded in a (collagen-rich) protein matrix [205], [206], as illustrated 

in Figure I- 36. The specific three-dimensional network of hydroxyapatite nanocrystals embedded 

into collagen fibrils shows peculiar deformation mechanisms that impact positively the mechanical 

properties of bones [182], [183]. Indeed, collagen fibrils are assembled into collagen fibres, forming 

macroscopic structures such as osteons and lamellae. This hierarchical structure developed over 

the entire system induces crack deflection and crack bridging mechanisms with impressive 

properties such as self-healing and adaptation to local stress [207]–[209]. 
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Figure I- 36: Hierarchical structure of human cortical bone with the presence of hydroxyapatite mineral 

nanocrystals (reprinted from Zimmermann et al. 2016 [210]). 

 

The nanostructuration plays a central role in the mechanical behaviour of bones. Gao et al. (2003) 

reported that mineral nanocrystals in natural materials have an optimum size to ensure optimum 

fracture strength and maximum tolerance of flaws for toughness [211]. Indeed, according to the 

Griffith criterion, when the mineral size exceeds a critical length of about 30 nm, the fracture 

strength is sensitive to crack-like flaws and fails by stress concentration. As the mineral platelets 

size drops below this critical length, the mineral behave similarly to perfect crystals whatever the 

type of pre-existing flaws due to accidental soft protein matrix incorporation or defective crystal 

structure. Considering the bone material, the nanometric dimensions of hydroxyapatite crystals 

and their hierarchical structure thus appear as an optimization for better reinforcement. 

Nacre can be found in the inner layer of mollusc shells (mussels, oysters, etc.) and is made 

of aragonite plate-like crystals (thickness 200-500 nm; length few micrometres) and a soft matrix of 

proteins and polysaccharides present in very small amounts [212]. These mineral platelets are 

structured in a three-dimensional brick wall fashion, as illustrated in Figure I- 37 a. The interfaces 

between each platelet are soft and very thin (30-40 nm) but seem to play a key role in the 

toughening mechanisms of mollusc shells. In fact, nacre has a fracture toughness around 3,000 

times higher than its main component, the aragonite CaCO3 [203], due to its high deformation 

capacity when submitted to stress along the direction of the platelets (Figure I- 37 b). A sliding of 

platelets relative to each other occurs under stress, this phenomenon being driven by the 
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nanostructured interfaces, strengthened by the nano-asperities of the platelets surface and 

controlled by the hydration rate [213], [214]. Moreover, the crack propagation in nacre is deflected 

along the interfaces (Figure I- 37 c), which strongly increases the fracture toughness of the material 

[170]. 

 

Figure I- 37: Nacre from mollusc shell (a) three-dimensional nanostructure of nacre organized in brick wall 

fashion, (b) tensile stress-strain curves for pure aragonite and nacre, (c) SEM image of fracture surface of 

nacre with crack propagation deflected along the interfaces (reprinted with permission from Barthelat et al. 

2015 [173]). 

 

Plant cell walls are the main components of plant stems and wood ensuring structural, 

conducting functions and protection against pathogens. They are complex composite materials 

with a hierarchical structure starting from the stem or branch down to the cellulose elementary 

fibrils/crystallites (thickness 3-5 nm; length 100-1000 nm) associated with various biopolymers as 

hemicelluloses, lignin and pectins in various amount depending on the species [63]. Müller et al. 

studied the macroscopic biological interface branch-stem of a Norway spruce in terms of 

microstructure, and mechanical and self-healing mechanisms [184]. As illustrated in Figure I-38, 

they observed during the bending and breakage of the branch, the occurrence of a zig-zag crack 

propagation path with crack bridging at the branch-stem interface. This zig-zag shape of cracks 

has also been observed in natural materials like nacre and bone and requires much more energy 

for the formation and extension of cracks [215]. This crack pattern is the consequence of the 

complex and optimized hierarchical interface branch-stem with multiple length scales. At the 

nanometric scale, the cell orientation and the microfibrillar angle (MFA) of cellulose microfibrils 
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within plant cell walls are perfectly adjusted in tissues of the branch and stem to ensure high 

flexibility and strength. Moreover, the distribution of cells appears to be adapted to the local 

damages that could occur at the branch-stem interface, by limiting local stress concentrations. 

 

Figure I-38: Zig-zag cracking at branch-stem interface with the model (insert) of the crack propagation in the 

sacrificial tissue (adapted from Müller et al. 2015 [184]). Wood rays (green) reinforced tracheids (red) form 

tissue bundles responsible for crack bridging. High concentration of activated resin ducts (yellow) after the 

cracking ensures antimicrobial and hydrophobic protection. 

 

The description of naturally occurring hierarchical architectures and their behaviour under stress 

can thus be a model for the structuration of interfaces in man-made composite materials based on 

hierarchical structure concepts using nano-objects. The next section will focus on the conception of 

hierarchical fibre reinforced composite materials implying the use of nano-objects, as observed in 

the biological systems presented previously. The creation of such hierarchical composites targets 

the enhancement of the fibre / matrix interfacial adhesion, a key parameter for stress transfer in 

composite materials. 

I. 3. 1. 2 Towards the conception of hierarchical composite materials using nano-objects 

Fibre-reinforced polymer composites are commonly used in many daily life applications and 

consist of at least three phases: the polymeric matrix (thermoplastic, thermoset), the reinforcing 

fibres (glass, carbon, natural fibres, etc.) and an interfacial zone in between. The matrix protects 

reinforcing fibres, transfers and achieves the distribution of loads to the fibres and among fibres 

[119], [187]. The mechanical properties of the composite such as strength and stiffness are 

primarily determined by the reinforcement characteristics (intrinsic mechanical properties, volume 

fraction, orientation, L/d aspect ratio), but the characteristics of the interphases also appear as a 
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key. Indeed, this interphase between the fibres and the matrix allows the stress transfer from the 

matrix to the fibre, provided that the fibre / matrix interfacial adhesion is good enough. The 

bonding strength at the interface largely influences the final properties of the composite, and the 

role of the interfacial adhesion on their structural integrity is now commonly accepted. 

One of the main challenges when developing composite materials is precisely to combine strength 

and toughness [216]. In general, a strong fibre / matrix interfacial adhesion will achieve high 

strength and stiffness, while a weaker interfacial adhesion or flexible interphase could enhance 

toughness performance. Interestingly, structural natural materials such as bones, shells and plants 

seem to succeed in gathering these mechanical properties often antagonistic. It appears that the 

combination of soft and stiff components inside the systems, in optimized architectures and 

concentrations, could be the key to obtain good mechanical properties [173], [217]. Moreover, 

considering the three examples of biological systems described above, the presence of nano-objects 

within the structures seems to reinforce the most vulnerable parts of the system undergoing higher 

stress levels [211]. By now, if we transpose all these observations of natural materials to synthetic 

and man-made composite materials, it seems that the concept of hierarchical architecture appears 

as an attractive strategy to tailor the fibre / matrix interphase zone, and so increase the strength 

and toughness and hamper crack propagation within composites. 

The following sections will focus on the different hierarchically nanostructured fibre reinforced 

composites as schematized in Figure I-39, the matrix being either oil-based or bio-based. 

 

Figure I-39: Schematic of different hierarchically nanostructured fibre-based composites with (a) fully 

synthetic hierarchical composites, (b) hybrid hierarchical composites either reinforced with bio-based 

nanoparticle modified synthetic fibres, or with synthetic or mineral nanoparticle modified natural fibres; and 

(c) hierarchical biocomposites reinforced with bio-based nanoparticle modified natural fibres. Green colour 

stands for bio-based (nano-)reinforcements and black colour stands for oil-based (nano-)reinforcements. 
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I. 3. 2. Hierarchical interphase in fully synthetic and hybrid fibre 

reinforced composites 

I. 3. 2. 1 Fully synthetic hierarchical fibre reinforced composites 

This concept of developing hierarchically nanostructured fibres has been well studied in synthetic 

fibre reinforced composites, especially in carbon and glass fibre composites with the deposition of 

nanofillers such as nanoclays (layered silicate), carbon nanotubes (CNTs, single, double and multi-

walled), graphene, zinc oxide (ZnO) nanowires [185], [187], [188], [190], [218]–[220].  

 

Figure I-40: SEM images of hierarchical synthetic fibres (a) aligned ZnO nanowires grown on aramid fibres 

(functionalized with carboxylic acid groups) ; (b) Si-nanoclays (nanoclays functionalized with APTES) 

grafted on N-CF (Carbon Fibre modified with GTMAC) ; (c) growth of CNTs on oxidized IM7 carbon fibres 

using CVD method; (d) graphene nanosheets deposited on carbon fibre at a content of 1wt% (reprinted with 

permission from Ehlert et al. 2009 [221], Zabihi et al. 2017 [218], Qian et al. 2010 [222] and Chen et al. 2015 

[191]). 

 

(a) (b)

(c) (d)
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The anchoring of carbon nanofillers on carbon fibre surface can be achieved by two main pathways 

[187], [188]: (i) chemical reaction between nanofillers and fibres (sizing, electrospraying, 

electrostatic and electrophoretic deposition, chemical grafting,…) [223], [224] or (ii) direct growth 

of nanofillers on fibre surface also called “whiskerization” with various Chemical Vapour 

Deposition (CVD) methods (thermal, injection,…) [225]. Besides, ZnO nanowires were grown on 

the surface of aramid and carbon fibres thanks to the strong interactions between ZnO and 

carboxylic acid functional groups added on fibre surfaces [185], [186], [221]. Some examples of 

such synthetic hierarchical fibres are presented in Figure I-40. 

First, the creation of hierarchical fibres by the growth or deposition/grafting of nanofillers 

at their surface induces modifications in the fibre surface topography. Zabihi et al. (2017) studied 

the grafting of (3-aminopropyl)triethoxysilane (APTES) functionalized nanoclays on 

glycidyltrimethylammonium chloride (GTMAC) modified carbon fibres [218]. They obtained 

hierarchical carbon fibres, as shown in Figure I-40 b, with increased surface root mean square 

roughness from ~64 nm to ~103 nm as measured by atomic force microscopy (AFM) on 1 x 1 µm 

area, due to the pits and debris on the surface. Moreover, the specific surface area measured by 

Inverse Gas Chromatography (IGC) increased by 5 % and the coefficient of friction by 11 %. Qian et 

al. (2010) also observed an enhancement of the nitrogen BET surface area of the fibres, from 0.71 

m²/g for oxidised IM7 carbon fibres to 1.71 m²/g after CNT grafting (Figure I-40 c) [222]. Fibre 

surface roughness was qualitatively increased in the work of Hu et al. (2019) studying the spray 

coating of CNTs on carbon fibres (Figure I-41 a) for their incorporation in high-density 

polyethylene (HDPE) composites [226]. This change of fibre surface topography greatly enhanced 

the mechanical interlocking at the fibre / matrix interface, as shown on SEM images of fracture 

surfaces (Figure I-41 c). Indeed, the presence of CNTs coated on the surface of carbon fibres 

(Figure I-41 c) seems to increase the interfacial bonding between the HDPE matrix and the fibres, 

and also decrease voids in between, compared to pristine carbon fibres (Figure I-41 b). 
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Figure I-41: (a) schematic for the spraying coating of CNT onto carbon fibres, Fracture surfaces for (b) 

pristine carbon fibre/HDPE composites and (c) CNT coated carbon fibre/HDPE composites (reprinted with 

permission from Hu et al. 2019 [226]). 

 

The deposition of nano-objects on fibre surfaces can also modify their wettability, and hence ease 

their processing in composite materials. Zabihi et al. observed a better wettability towards epoxy 

resin for carbon fibres modified with APTES functionalized nanoclays. Indeed, contact angles 

between epoxy and carbon fibres measured by the drop-on-fibre technique decreased from ~42° to 

~25° with functionalized nanoclays [218]. Using the same technique, Qian et al. found a similar 

trend with a decrease of the contact angle with poly(methyl methacrylate) (PMMA) matrix from 

27.4° to 21.6° after the growth of CNTs on carbon fibre surfaces, indicating a better wettability of 

CNTs-carbon fibres towards the PMMA matrix [222]. 

The enhancement of the interfacial adhesion related to the presence of nano-objects on fibre 

surfaces can be determined by measuring the interfacial shear strength (IFSS) via different 

techniques. Single fibre fragmentation tests (SFFT) were conducted on hierarchically nanostrctured 

carbon fibre / PMMA composites [222]. A positive impact of the CNTs deposition onto carbon 

fibres was highlighted with an increase of the IFSS from 12.5 MPa ± 0.2 to 15.8 MPa ± 0.4 compared 

(b) (c)

(a)
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to pristine carbon fibres. However, it should be noticed that the strength of CNTs modified carbon 

fibres dropped by ~ 15-17 %, probably due, according to the authors, to the CVD reaction 

temperature of 750°C used for CNTs deposition inducing the dissolution of iron catalyst in carbon 

fibres and lowering their mechanical properties [222]. On the other hand, Ehlert and Sodano (2009) 

measured an IFSS improvement of 51 % by SFFT, thanks to the functionalization o aramid fibres 

with ZNO nanowires imaged in Figure I-40 a, compared to the aramid fibre/epoxy composite, 

without any degradation of the fibre tensile strength [221]. Finally, the deposition of nanoclays on 

carbon fibres also increased by 32 % the IFSS with epoxy matrix [218]. Note that nanoclays were 

chemically functionalized by APTES, ensuring better chemical compatibility between the modified 

fibres and the matrix. 

Besides, it is important to point out that the deposition of nano-objects on fibre surfaces is likely to 

increase the local modulus of interphase regions and thus modify the load transfer from the matrix 

to the fibres and among fibres within composite structure. Chen et al. (2015) studied the deposition 

of graphene nanosheets on carbon fibres by liquid phase deposition (Figure I-40 d) for reinforcing 

epoxy based composites [191]. Based on AFM measurements in force modulation mode (Figure I-

42 a and b), the authors evidenced a gradual variation of the relative stiffness from the matrix to 

the fibres thanks to the presence of graphene nanosheets on carbon fibre surfaces.  

The stiffness distribution, illustrated in Figure I-42 c, is split in two distinct zones corresponding to 

the carbon fibre and the epoxy matrix. This is completely modified by the presence of graphene on 

fibre surfaces with the appearance of a transition phase with local stiffening (Figure I-42 d). This 

gradient interface layer of about 1.5 µm was not observed with pristine carbon fibres (Figure I-42 e 

and f). A smoother transition in the interphase region, from the macroscale (carbon fibres) down to 

the nanoscale (macromolecular structure of the matrix), contributes to the reduction of local stress 

concentrations within the composite structure, allowing much more efficient stress transfer when 

the composite structure is under load. It should be noted that such AFM measurements require a 

meticulous preparation of the samples with a smooth and clean surface. 
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Figure I-42: (a and b) Relative stiffness in the interphase region obtained by force modulation AFM, (c and d) 

probability histograms of relative stiffness and (e and f) stiffness change tendency with the appearance of a 

gradient interface layer between carbon fibres and epoxy resin for hierarchical carbon fibres modified with 

1wt% graphene nanosheets (d and f) (reprinted with permission from Chen et al. 2015 [191]). 

 

Finally, as observed in biological systems, nanoparticles can hinder crack propagation within the 

composite structure, which then follow a zig-zag path preferentially at interfaces hence inducing 

crack deflections [188]. In this regard, Zabihi et al. [218] observed that the deposition of nanoclays 

on carbon fibres favoured the deviation of cracks at the fibre / matrix interfaces. Indeed, failure 

surfaces revealed the presence of big debris of epoxy resin attached to the hierarchical carbon 

fibres modified with nanoclays, indicating a more tortuous crack propagation favouring energy 

dissipation during composite failure. This change in failure mechanism enhanced fracture 

toughness of composite materials. 
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The hierarchical structuration of fibres can thus modify their surface topography and wettability 

towards polymeric matrices, and is likely to enhance interfacial adhesion, stress transfer and 

distribution within the composite structure while also modifying failure mechanisms. As a result, 

increased strength and fracture toughness can be achieved. Based on this concept, several research 

works focused on the development of hybrid hierarchical composites (Figure I-39 b) reinforced 

with either synthetic or natural fibres modified by synthetic/mineral nanoparticles such as ZnO, 

CNTs, or bio-based nanoparticles such as nanocelluloses (cellulose nanocrystals, bacterial 

cellulose). 

I. 3. 2. 2 Hybrid hierarchical fibre reinforced composites 

Idumah and Hassan (2016) published a review on the development of hybrid assemblies in 

polymeric nano-biocomposites [195]. The reviewed works were mainly focused on hybrid 

composite systems incorporating nanofillers within the bulk of the polymer matrix [227]–[229], 

and only few examples dealt with the implementation of hierarchical fibres to tailor the interphase 

in composites. This section will be focused on the development of hierarchical composites 

modified by nanoparticles located on fibre surfaces, hence following the concept of composites 

reinforced with hierarchical fibres. 

 

• Hierarchical natural fibres modified by synthetic/mineral nanoparticles 

Different systems of synthetic or mineral nanoparticles deposited on natural fibres were developed 

in the literature, primarily to enhance the mechanical properties of composites. The morphologies 

of some of these hierarchical natural fibres are illustrated Figure I-43.  

Han et al. (2012) studied the coating of kenaf fibre bundles by exfoliated graphite nanoplatelets 

(xGnP) to reinforce poly (lactic acid) (PLA) based composites [230]. This coating was achieved by 

simple physical adsorption into acetone solvent with no chemical bonding between xGnP and 

kenaf bundles (Figure I-43 a). The authors tested different amounts of xGnP (0, 1, 3 and 5 wt%) 

dispersed in solution and observed, via thermogravimetric analysis, a saturation effect  (no data 

values) of coated xGnP on fibres, inducing the dispersion of the xGnP in excess within the PLA 

matrix during the compounding process. A decrease of the composite flexural strength was 

observed with the addition of xGnP, suggesting a weaker interface in the xGnP kenaf fibres / PLA 
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composite. The authors explained this result by the hydrophobic character of xGnP nanoparticles, 

hence less compatible with the more hydrophilic PLA matrix, implying a decrease of the interfacial 

adhesion. However, still according to the authors, xGnP deposited on kenaf fibre surfaces could 

provide better fibre dispersion within PLA by reducing attractive interactions among kenaf fibres. 

Besides, the flexural modulus of the composite was increased by more than 165 % for PLA 

composite reinforced with 40 wt% kenaf fibres modified with 5 wt% of xGnP. The authors 

explained this result by the synergistic effect of both reinforcements (kenaf fibres and xGnP). 

Indeed, they measured an enhancement of PLA modulus by ~25 % with the addition of 5 wt% 

xGnP and by ~110 % with the addition of 40 wt% kenaf fibres. 

 

Figure I-43: SEM images of hierarchical natural fibres (a) 5 wt% of graphite nanoplatelets coated on kenaf 

fibres, (b) 1 wt% carboxyl-functionalized CNTs (COOH-CNTs) coated on flax fibre yarns, (c) laterally-grown 

ZnO nanowires on sisal fibres, (d) 2.34 wt% grafted nano-TiO2 on flax fibres of yarns (reprinted with 

permission from Han et al. 2012 [230], Li et al. 2015 [231], Yang et al. 2020 [232] and Wang et al. 2015 [233]). 

 

Li et al. (2015) studied the coating of carboxyl-functionalized CNTs (COOH-CNTs) on the 

surface of flax yarns by the spray-drying process (0.5, 1, and 2 wt% COOH-CNTs suspension 

concentrations; drying 120°C for 8h) and its effect on mechanical properties of flax fibre reinforced 

(b)

(c)

(a)

20 µm

(d)

5 µm
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epoxy composites  [231]. The flax yarn coated with 1 wt% COOH-CNTs (Figure I-43 b) shows 

uniformly dispersed and randomly oriented COOH-CNTs on the fibre surfaces, linked by 

hydrogen bonds with available hydroxyl groups of flax fibres. They observed an increase of the 

IFSS between flax yarns and epoxy resin by 26 % thanks to the coating of 1 wt% COOH-CNTs on 

fibres. The interlaminar shear strength (ILSS) of the prepared composites was also increased by  

20 % for the coating of 1wt% COOH-CNT. The complex interfacial region, illustrated Figure I-44 a, 

shows COOH-CNT coated on flax yarns by hydrogen bonds but also COOH-CNT located between 

elementary fibres inside the yarn. According to the authors, several types of interfaces must be 

considered in COOH-CNTs-coated flax yarn / epoxy composites such as fibre/matrix interfaces but 

also those between cell walls within elementary flax fibres. Figure I-44 b illustrates the interlocking 

mechanism with the epoxy resin brought by the presence of COOH-CNTs coated on flax fibres, 

which induces an enhancement of the load transfer in the interphase zone.  

 

Figure I-44: (a) Distribution of CNTs in flax yarn reinforced epoxy composites and (b) interlocking 

mechanism and failure process of composites (reprinted with permission from Li et al. 2015 [231]). 

 

The deposition or growth of ZnO nanowires on natural fibres has been investigated in 

some studies. Yang et al. (2020) modified sisal fibres with laterally-grown ZnO nanowires to 

enhance the interface in poly (lactic acid) (PLA) / sisal biocomposites [232]. The deposition method 

was based on a two-step hydrothermal method with (i) dip-coating or immersion of sisal fibres in 

a seed suspension of ZnO colloidal particles and (ii) growth of unidirectional ZnO crystals from 

the seeded surface of sisal fibres (Figure I-43 c). The estimated amounts of coated ZnO nanowires 

on sisal fibres were 1.8 wt%, 8.4 wt% and 16.7 wt% for respectively 1, 2 and 6 dip-coating cycles. 

The ZnO nanowires modified sisal fibres provided excellent interfacial adhesion with the PLA 
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matrix, attested by an increase of IFSS  and debonding energy of 157 % and 400 %, respectively, for 

the PLA / sisal fibre modified with 6 dip-coating cycles as compared to the PLA / pristine sisal fibre 

biocomposites. This hierarchical structure at the surface of sisal fibres improved the mechanical 

interlocking fibre / matrix, suggesting a more efficient load transfer at the interface. As shown in 

Figure I-45, the authors modelled the stress distribution along the fibre / matrix interface during a 

single-fibre pull-out test with or without ZnO nanowires on sisal fibres.  

 

Figure I-45: schematic illustration of the single-fibre pull-out test (a) with the stress distribution analysed 

during the test of (b) PLA / pristine sisal fibre and (c) PLA / ZnO-modified sisal fibre (reprinted from Yang et 

al. 2020 [232]). 

 

The stress generated at the interface was small and only a part of the interface worked efficiently 

because of the weak interfacial cohesion between pristine sisal fibre and PLA matrix (Figure I-45 

b). In contrast, the laterally-grown ZnO nanowires on sisal fibres contributed to the anchoring of 

nanowires in the PLA matrix with a high mechanical interlocking. Consequently, ZnO coated sisal 

fibres resulted in enhanced interfacial adhesion with a more efficient transfer of loads within the 

composite (Figure I-45 c).  

Wang et al. (2015) modified flax fibre yarns by the grafting of nano-TiO2 particles (Figure I-

43 d) and studied the effects on tensile and bonding properties of elementary fibres and 

unidirectional fabric reinforced epoxy composite plates [233]. They cleaned (ultrasonic bath 80W, 

20°C, 6h) and dried (20°C, 24h) flax fibres before their dipping in nano-TiO2/KH560 during 15min 

under sonication and then washed grafted fibres with ethanol and distilled water for 1h. They also 

performed NaOH and silane coupling agent treatments to compare different types of flax fibre 

modifications. They tested different suspension concentrations and succeeded to graft from  
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0.89 wt% up to 7.14 wt% nano-TiO2 on flax fibres (estimations based on XPS measurements). 

Figure I-46 b shows the presence of nano-TiO2 particles at the surface of flax fibres compared to 

pristine flax fibres Figure I-46 a. However, nano-TiO2 particles are not uniformly distributed on 

flax fibres’ surfaces with the presence of aggregates (150 nm to 300 nm). 

 

Figure I-46: Transmission electron microscopes images of flax fibres cross sections: (a) untreated flax fibres, 

(b) flax fibre grafted nano-TiO2 (reprinted with permission from Wang et al. 2015 [233]). 

 

The optimum nano-TiO2 grafting content on flax fabrics was 2.34 wt% and contributed to the 

increase of tensile strength of flax fibres by 23.1 %. Moreover, the IFSS between flax fibres and the 

epoxy resin was improved by 40.5 %. In comparison, the modification of flax fibres with a silane 

coupling agent (KH-560) showed a lower increase of the IFSS with 23.4 %. Flexural strength of flax 

fibre reinforced epoxy composite plates was increased by 31.4 % when grafting 2.34 wt% of nano-

TiO2, by 19 % for the silane treatment and by 9.5 % for NaOH treatment, compared to the 

untreated flax fabric / epoxy composite. These results suggest that the creation of hierarchical flax 

fibres with the presence of nano-TiO2 induces a more significant improvement of the ultimate 

mechanical properties of flax / epoxy composites (tensile and flexural tests) than chemical 

treatments such as NaOH or the functionalization with a silane coupling agent. 

 

• Hierarchical synthetic fibres modified by bio-based nanoparticles 

An important difference with nanocellulose extracted from lignocellulosic biomass such as CNC 

and CNF, see details in section I.1.5.1., is that Bacterial cellulose (BC) is devoid of hemicellulose and 

lignin. BC is produced by the bacteria Acetobacter xylinum, which synthetizes cellulose nanofibrils 
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from low molecular weight compounds (sugars, alcohol, ...) [234]. This fermentation process 

requires the accurate control of different parameters such as culture medium, temperature, 

incubation time, pH. The resulting bacterial cellulose nanofibers display a lateral dimension 

around 25 – 100 nm and a length of several micrometres [235]. These nanofibres display high 

crystallinity (up to 84 – 89 %) and Young’s modulus of roughly 78 GPa [236], [237]. 

The following examples of hybrid hierarchically nanostructured fibre reinforced composites are 

composed of synthetic fibres, more especially glass fibres, coated with bio-based nanoparticles 

such as BC or CNC (Figure I-47).  

 

Figure I-47: SEM images of hierarchical glass fibres (a & a1) BC grown on glass fibres, (b) and (c) CNC 

coated glass fibres with respectively 1 wt% and 5 wt% CNC content in suspensions (reprinted with 

permission from Chen et al. 2014 [238] and Asadi et al. 2016 [239]). 

 

 

Chen et al. (2014) studied the influence of the dipping time of glass fibres in the BC culture 

medium and the effect of heating post-treatment of BC deposited fibres on the final interfacial 

properties between glass fibres and epoxy resin [238]. BC was deposited on glass fibres by 

fermentation at 30°C for several hours in a culture medium (Figure I-47 a and a1). First, they 

(a) (a1)

(b) (c)
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obtained by microbond test the optimum IFSS value for 1 h dipping time with an increase from 

14.1 MPa ± 1.9 to 21.5 MPa ± 2.2 compared to the untreated glass fibre / epoxy system. Moreover, it 

appears that the heating post-treatment of BC-glass fibres at 140°C during 24 h increased slightly 

the IFSS by 3 %. The authors explained that this heating post-treatment could enhance adhesion 

between BC and glass surfaces. Indeed, they conducted XPS measurements on the surface of 

unheated and heat-treated BC-glass slides (140°C, 24h). The surface chemical composition of both 

samples was shown in high-resolution Si 2p XP spectra. After heating of BC-glass slide, Si-C bonds 

increased from 15.8 % to 30.4 % formed by the reaction between Si-OH of glass fibres and C-OH of 

BC and so contributing to better BC/glass adhesion. The optimization of treatment parameters 

increased the BC-glass fibre adhesion with the creation of hydrogen bonds after 1 hour dipping 

and led to stronger bonding between glass fibres and BC, i.e. C-Si and C-O-Si covalent bonds, after 

heating post-treatment at 140°C during 24 h, as illustrated in Figure I-48. 

 

Figure I-48: schematic representation of chemical bonding between hydroxyl groups of bacterial cellulose 

(BC) and glass fibres and possible formation of C-Si and C-O-Si covalent bonds (adapted with permission 

from Chen et al. 2014 [238]). 

 

Asadi et al. (2016) prepared short glass fibre / epoxy composites with pristine and CNC-treated 

glass fibres (Figure I-47 b and c) by the immersion/dipping of chopped glass fibre roving (around 

25 mm length) in CNC aqueous suspensions between 0 and 5 wt% CNC contents [239]. First, they 

observed that the favourable interactions between hydroxyl groups of CNC and glass fibres 

promote physical adsorption at the surface of the roving but also the partial penetration of CNC 

within the roving, resulting in heterogeneous coating of individual glass fibres. The interfacial 

shear strength (IFSS) measured by SFFT showed an optimum value for 1wt% CNC in suspension 

with an increase of ~69 % compared to the untreated glass fibre / epoxy composite (Figure I-49 a). 

The authors assumed that too much CNC on fibre surfaces could induce slippages between CNC 
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layers, decreasing the load transfer efficiency across the interphase. Moreover, the composite 

reinforced with CNC-modified glass fibres prepared in 2 wt% suspension showed a decrease of 

the tensile strength of ~12 %, while the IFSS measured on the same system was higher than for 

pristine glass fibres. The authors attributed this antagonism to various mechanisms and in 

particular to the incomplete impregnation of the epoxy resin around and within the glass roving 

coated by a thick CNC layer, possibly resulting in the formation of voids that could decrease the 

composite’s strength. SEM images of failure surfaces are presented Figure I-49 b and c. The fibre / 

matrix interfacial adhesion appears very weak for the untreated glass fibre / epoxy composite, with 

mainly interfacial debonding and fibre pull-outs, characteristic of an adhesive interfacial failure. In 

contrast, the presence of CNC on the surface of glass fibres results in matrix cracking and fibre 

breakage, and hence more cohesive interfacial failure.  

 

Figure I-49: (a) SFFT results with the IFSS (solid grey bars) and critical fragmentation length (striped red 

bars) for short glass fibres / epoxy composites as a function of CNC concentration in suspension, (b) failure 

surfaces observed for 30 wt% uncoated glass fibre (on the left) and 30 wt% CNC-coated glass fibre (1 wt% 

CNC in suspension) reinforced epoxy composites (reprinted from Asadi et al. 2016 [239]). 

 

Combination of nanoparticles was also tested with the deposition of both cellulose nanocrystals 

and carbon nanotubes on the surface of carbon fibres, in order to enhance the interlaminar shear 

strength (ILSS) in composite laminates [240], [241]. In this hybrid treatment, CNCs are used as a 

dispersing and stabilizing agent of CNTs in water before the treatment of carbon fibres by dipping. 

(b)

(a)

(c)



Chapter I – Literature Review 

95 

 

The results obtained concerning the mechanical properties of composites are promising with an 

increase of the flexural strength and the ILSS by 33 % and 35 %, respectively, when treating carbon 

fibres with 0.2 wt% CNC 0.2 wt% CNT in suspensions. 

Most of these works on synthetic and hybrid hierarchical composites evidenced a reinforcement of 

the interphase zone thanks to hierarchical fibres, with improved interfacial adhesion measured by 

different techniques such as IFSS, ILSS or flexural tensile tests. The next challenge is to transpose 

this bio-inspired concept of hierarchical interphase to fully bio-based reinforcements, i.e. natural 

fibres modified by bio-based nanoparticles. The following section will focus on hierarchical 

biocomposites as schematized in Figure I-39 c, in particular the deposition of cellulose-based 

nanoparticles on various natural fibres.  

All these examples on hybrid hierarchically nanostructured fibre reinforced composites highlight 

the challenge of depositing nano-objects that can have no physico-chemical affinities with the 

reinforcing fibres used. Indeed, the deposition or growth of CNT, ZnO or graphene requires in 

some cases very high temperatures, not compatible with natural fibres. While the preparation of 

hierarchical synthetic fibres such as carbon fibres is often carried out by the CVD method (750°C 

for 1 hour, C2H2 carrier gas [222]), the deposition of synthetic nano-objects for the creation of 

hierarchical natural fibres requires gentler techniques such as hydrothermal deposition, spray-

drying or dipping in suspension. It should also be noted that the growth of synthetic nano-objects 

on the surface of fibres has been transposed to biobased nano-objects by the use of bacterial 

cellulose, growing directly on the fibres by incubation. 

Most of the works on the development of synthetic and hybrid hierarchical fibre reinforced 

composites evidenced a reinforcement of the interphase zone thanks to hierarchical fibres, with 

improved interfacial adhesion measured by different techniques such as IFSS, ILSS or flexural 

tensile tests. The next challenge is to transpose this bio-inspired concept of hierarchical interphase 

to fully bio-based reinforcements, i.e. natural fibres modified by bio-based nanoparticles. The 

following section will focus on hierarchical biocomposites as schematized in Figure I-39, in 

particular the deposition of cellulose-based nanoparticles on various natural fibres. 
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I. 3. 3. Hierarchical interphase in natural fibre reinforced biocomposites 

The main advantage when treating natural fibres with cellulose-based nanoparticles (i.e. BC, CNC, 

CNF) is their spontaneous adsorption on fibre surfaces. Indeed, they have a mutual affinity 

brought by hydrogen bonding and van der Waals interactions. Moreover, surface modification can 

be performed directly in water without the use of organic solvents or prior fibre pre-treatments 

that would be less eco-friendly and could induce fibre degradation [242]. 

I. 3. 3. 1 Hierarchical natural fibres modified by bacterial cellulose 

Several works report on the deposition of BC on natural fibres to create hierarchical fibres with the 

aim of enhancing the fibre / matrix interface in biocomposites. For example, BC was grown on the 

surface of sisal and hemp fibre bundles (7 days, 30°C) for their further incorporation in bio-based 

matrices, i.e. PLA and cellulose acetate butyrate (CAB) [198], [243], [244]. The authors performed 

SEM observations of BC grafted-hemp fibres, Figure I-50 a, and BC grafted-sisal fibres, Figure I-50 

b, and found that BC nanofibres were randomly oriented and covered fibre surfaces almost 

completely.  

The biocomposite showing the most promising results was PLA / BC-grafted sisal fibres with an 

increase of longitudinal and transverse tensile strengths by 44 % and 68 %, respectively, compared 

to the untreated sisal fibre reinforced PLA biocomposite. The IFSS measurements showed a 

positive effect of the BC treatment on the sisal / PLA matrix interfacial adhesion with an 

improvement from 12.1 ± 0.5 MPa to 14.6 ± 1.2 MPa. In the case of BC modified hemp fibres, the 

authors observed “glued” elementary fibres forming bundles, which could hamper good 

impregnation with the matrix during manufacturing, and create defects and voids within the 

biocomposite microstructure. This is likely to be at the origin of the bad or unchanged results 

observed for hemp fibre reinforced biocomposites with both PLA CAB matrices. Moreover, the 

better mechanical properties (strength and stiffness) obtained for PLA based biocomposites 

compared to CAB based ones could be explained, according to the authors, by the polar functional 

groups of PLA likely to form hydrogen bonds with BC hydroxyl groups present at fibre surface, 

hence providing a better fibre / matrix interfacial adhesion. 
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Figure I-50: SEM images of (a) hemp fibres coated by BC, (b) sisal fibres coated by BC and (c) “hairy” short 

sisal fibres coated by BC, (reprinted with permission from Pommet et al. 2008 [198] and Juntaro et al. 2007 

[243] and Lee et al. 2012 [245]). 

 

Lee et al. also prepared BC-coated sisal fibres by dipping the sisal fibres in an aqueous dispersion 

of freeze-dried BC (3 days, room temperature) [245]. Based on two different drying processes, they 

obtained “dense” and “hairy” BC coated sisal fibres. The resulting “hairy” BC fibres are illustrated 

in Figure I-50 c with BC nanofibres oriented perpendicular to the fibre surface. The loading 

content of BC on sisal fibre was around 10 ± 1 wt%. The specific surface area of sisal fibres, 

measured by nitrogen adsorption/desorption isotherms, was slightly increased from 0.10 m²/g ± 

0.01 to 0.77 m²/g ± 0.03 and 0.49 m²/g ± 0.03 for respectively “dense” and “hairy” BC coated sisal 

fibres. According to the authors, the lower specific surface area of “hairy” BC – sisal fibres might 

be due to the agglomeration of BC nanofibrils on the fibres when they are pressed between filter 

papers, reducing the accessible area for the nitrogen adsorption. Then, sisal fibre / PLA 

biocomposites were prepared with untreated and BC-coated sisal fibres but also with the 

dispersion of freeze-dried BC in the bulk of PLA matrix. The different BC / sisal fibres / PLA 

systems are shown in Figure I-51.  

50 µm

5 µm

1 µm

(a)
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Figure I-51: Illustration of the different hierarchical sisal fibres / PLA biocomposites with or without the 

addition of bacterial cellulose (BC). (Left) with untreated sisal fibres; (middle) with BC coated sisal fibres and 

(right) with BC coated sisal fibres and BC in the matrix bulk (reprinted from Lee et al. 2012 [245]). 

 

Considering the tensile performances of the different sisal fibre / PLA biocomposites, the 

combination of BC-coated sisal fibres with also BC dispersed in PLA and seems to give the best 

results whatever the drying process. Indeed, tensile tests highlighted an increase in Young’s 

modulus and tensile strength by 27 % and 16 % respectively, for PLA / “dense” BC-coated sisal 

fibres and by 24 % and 18 % respectively, for PLA / “hairy” BC-coated sisal fibres, both containing 

BC in the PLA matrix, compared to PLA / untreated sisal fibre biocomposite without added BC. 

According to the authors, these results can be explained by a possible stiffening of the PLA matrix 

with the presence of BC and additional interactions such as hydrogen bonds and van der Waals 

interactions between BC dispersed in the matrix and BC coated on the surface of sisal fibres. 

Indeed, SEM images of fractured surfaces of biocomposites (Figure I-52) highlighted a more 

cohesive interface between sisal fibres and PLA matrix for “hairy” BC coated fibres. This was even 

more obvious with “hairy” BC coated fibres and BC dispersed in the matrix. Indeed, bonded PLA 

matrix was observed on sisal fibres (Figure I-52 c), hence favouring matrix and fibre breakage 

rather than fibre debonding. 

 

Figure I-52: Fractured surfaces of hierarchical BC / sisal fibres reinforced PLA biocomposites, (a) untreated 

sisal fibres, (b) “hairy” BC-coated sisal fibres and (c) “hairy” BC-coated sisal fibres with BC dispersed in PLA 

matrix (reprinted from Lee et al. 2012 [245]). 

(a) (b) (c)
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Lee et al. (2012) also investigated the manufacturing of a non-woven sisal preform treated with 

bacterial cellulose for reinforcing acrylated epoxidised soybean oil (AESO) resin [246]. Sisal fibre 

bundles (10 mm length) were dipped in a suspension of BC overnight and pressed to obtain the 

non-woven sisal preform bound by BC as illustrated in Figure I-53 A. The resulting sisal preform 

strongly increased both the tensile and flexural Young’s modulus of AESO based biocomposite, by 

75 % and 142 % respectively, and tensile and flexural strength by 71 % and 116 % respectively, 

compared to the untreated sisal preform / AESO biocomposite. Dynamic mechanical thermal 

analysis (DMTA) was performed on biocomposites and results are represented in Figure I-53 B. 

The damping factor tan δ (tan 𝛿 = 𝐸′′ 𝐸′⁄ ) is likely to be affected by the molecular mobility of 

macromolecular chains within the matrix and at the fibre / matrix interphase [247], [248]. For sisal 

preform / AESO biocomposites [246], the DMTA curves showed a decrease of the damping factor 

from 0.09 to 0.07 due to the presence of BC on sisal fibres, characteristic of improved fibre / matrix 

interactions and restricted molecular motions at the interface. The fibre / matrix interfacial strength 

indicator b was calculated (see relationship in Figure I-53 B, with tan δc and tan δm the damping 

factors of the composite and the neat matrix respectively; Vf the fibre volume fraction). A higher b 

value was obtained for the BC-sisal preform / AESO biocomposite, highlighting an increase of the 

interfacial adhesion, and possibly better wetting of the AESO resin. 

 

Figure I-53: A. SEM micrograph of sisal fibre (a) preform using (b) BC as binder ; B. results of DMTA tests 

with tan δ as a function of temperature for (a) neat polyAESAO, (b) sisal-polyAESO and (c) BC-sisal-

polyAESO biocomposites (reprinted from Lee et al. 2012 [246]). 

 

 

 

A B



Chapter I – Literature Review 

100 

 

I. 3. 3. 2 Hierarchical natural fibres modified by cellulose nanocrystals (CNC) or cellulose 

nanofibrils (CNF) 

 

Figure I-54: SEM Images of (a & a1) nanocellulose treated hemp fibres, (b & b1) respectively CNC and CNF 

100G treated flax tapes (reprinted with permission from Dai and Fan 2013 [199] and Ghasemi et al. 2018 

[249]). 

 

Dai and Fan (2013) studied the modification of hemp yarns with the deposition of cellulose 

nanocrystals (CNC) at the surface of fibres [199] (Figure I-54 a & a1). They performed a two-step 

modification: (1) pre-treatment of yarns in an ultrasonic bath (60°C, 1 h) containing a solution of 

cationic surfactant dodecyltrimethylammonium bromide (DTAB) at different concentrations (0.05, 

0.10 or 0.15 % the weight of dried fibres) and pH (10, 11 or 12); (2) dipping of DTAB pre-treated 

hemp fibres in a suspension of nanocellulose at 2 wt% (25°C, 10 min). The pre-treatment at pH = 11 

and DTAB 0.10 % prior to the coating of hemp fibres with CNC gave the best results with an 

increase of elementary fibre Young’s modulus and tensile strength  of 36.1 % and 72.8 % 

respectively. Moreover, the addition of 0.10 % of DTAB resulted in much more adsorption of 

anionic CNC at the surface of hemp fibres. SEM images highlighted the “repairing” capacity of 
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300 nm
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CNC towards hemp fibre bundles with the filling of stria at their surface and interfibrillar 

adhesion (Figure I-54 a & a1). 

Ghasemi et al. (2018) studied the produced modified natural fibre yarns (twisted or untwisted 

gathered elementary fibres) and tapes (aligned elementary fibres without any twist) with CNC and 

different types of CNF targeting textile and composite applications [249] (Figure I-54 b & b1). As 

Dai and Fan [199], the authors observed the filling of gaps and the binding effect of CNC and CNF 

on the elementary fibres constituting the yarns / tapes. Moreover, it seems that the substrate 

structure, i.e. yarns or tapes, induces on the distribution of CNC and CNF with a more 

heterogeneous deposition and a larger amount of trapped nanocellulose for tapes compared to 

yarns. Figure I-54 b & b1 show surfaces of two different manufactured tapes modified by the 

deposition of CNC and CNF 100G (“100G” stands for “ground for 100 min with an average 

particle diameter of 2.84 µm”), respectively. CNF and CNC cover the entire tape surface forming a 

three-dimensional network with many bridges between the fibres. Lower magnification SEM 

images, inserted in Figure I-54 b & b1, taken at the scale of tapes and yarns show more uniform 

adsorption of CNC through the structure of yarns and tapes due to its smaller size compared to 

CNF 100G. Finally, the release of water appeared to be easier and more efficient with the presence 

of CNC in the structure of flax yarns / tapes. Indeed, the drying rate was almost two times faster 

compared to untreated yarns / tapes. However, the authors did not use these treated natural fibre 

yarns and tapes to manufacture flax reinforcement-based biocomposite materials. 

To conclude, it appears that hierarchical biocomposites reinforced with natural fibres 

modified by the deposition and/or growth of BC on their surfaces, provide promising results at the 

microscopic scale with an increase of the IFSS. On the other hand, mechanical tests conducted at 

the macroscopic scale revealed more contrasting results in terms of tensile and flexural strength. 

This suggests that the preparation of such hierarchical biocomposites requires an optimization of 

the different processing steps to guarantee the efficiency of the nanostructurated interphase from 

the micro-scale, that is, local interfacial adhesion, up to the composite material, that is, the 

resulting structural performance. Moreover, the treatment procedure appears as a key, especially 

when considering its scale-up for composite manufacturing. The BC growth technique gives 

interesting results but its implementation in composite materials could be difficult due to the 

specific conditions required to control the fermentation bio-process, that is, the culture medium, 

pH, temperature, and especially the incubation time that can last for several days. In this regard, 
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the spontaneous adsorption of CNC or CNF on fibre surfaces appears as an interesting approach 

more suitable for an industrial scale-up in composite or textile applications. However, research 

works focused on the deposition of CNC and/or CNF on natural fibres [199], [249] did not consider 

their application to composite materials by conducting wettability or (micro-)mechanical tests with 

polymer matrices. 

I. 3. 4. Conclusion 

This section highlighted the key role of nano-objects in hierarchical architectures observed in 

biological systems such as bones, nacre and wood. These nanoscaled-hierarchical structures 

increase significantly the tensile strength and toughness of biological systems by modifying the 

load transfer within their microstructure and the failure mechanisms in interfacial regions. Based 

on these findings, the bio-inspired concept of hierarchical fibres modified by nano-objects has been 

considered to enhance the fibre / matrix interphase in man-made composite materials. The coating 

of synthetic and natural fibres with nano-objects (CNTs, graphene, ZnO nanowires, nano-TiO2, 

nanoclay, BC, CNC, CNF) changes their surface properties with higher roughness and specific 

surface area. Moreover, nano-objects localized at the interface allow a smoother transition between 

the fibres and the matrix in terms of microstructure and mechanical properties of the interphase, 

hence improving the load transfer within the composite. Hierarchically nanostructured fibres also 

ensure a better mechanical interlocking with the matrix and prevent fibre debonding. Finally, 

nano-objects can hinder crack propagation, which follow a zig-zag path preferentially at interfaces. 

As a result, the incorporation of hierarchical fibres in composite materials greatly modifies their 

mechanical behaviour. The interfacial shear strength (IFSS) between fibres and polymer matrix is 

enhanced, contributing to better mechanical performance of the composites, especially their 

strength and toughness. Based on this concept, fully bio-based hierarchical composites have been 

developed. In particular, the deposition and/or growth of various nanocelluloses on natural fibres 

showed promising results with more cohesive interphases resulting in higher IFSS, tensile and 

flexural strength as well as modified thermomechanical behaviour. A “repairing” or binding effect 

between elementary fibres has also been pointed out for natural fibre bundles, yarns or tapes. 

Nevertheless, increased voids and worst impregnation have been observed in some cases due to 

thick CNC layers, resulting in a loss of mechanical properties of biocomposites. Concluding, the 
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bio-inspired concept of hierarchical structures appears as an interesting strategy for the 

development of sustainable fibre reinforced composite materials with enhanced structural 

properties and need to be further investigated. Developing new processes to build-up such 

hierarchically nanostructured fibre reinforced composite with long-scale interphases as those 

observed in biological systems could be the key. 
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This Chapter is adapted from Doineau E., Bauer G., Ensenlaz L., Novales B., Sillard C., Bénézet J-C., 

Bras J., Cathala B., Le Moigne N. « Adsorption of xyloglucan and cellulose nanocrystals on natural fibres 

for the creation of hierarchically structured fibres », Carbohydrate Polymers, vol. 248, p. 116713, nov. 

2020. 

II. 1. Introduction 

Surface treatments of natural fibres (chemical, physical, enzymatic...) are commonly used in a 

wide range of industrial sectors like textile, paper or biocomposites to bring them specific 

properties according to the targeted applications [1]. For instance, in textile applications, surface 

treatments primarily concern the dyeing and the finishing while in paper industry, surface 

treatments target functional properties such as printability, bleaching, hydrophobicity, gas 

barrier, softness, strong mechanical properties. In the more recently developed field of 

biocomposites, most of the natural fibres surface treatments are developed to improve 

wettability and compatibility with polymeric matrices. In all these applications, environmental 

concerns prompt the search and the development of environmental friendly surface treatments 

procedures in order to decrease the use of polluting chemical products [2]–[8]. 

In the search of innovative and greener surface modifications of natural fibres, functionalization 

with nanoparticules or biopolymers knows a growing interest [9]–[16]. With this long term goal, 

this work proposes to combine adsorption capacity of xyloglucan (XG) on cellulosic substrates 

with the outstanding properties of cellulose nanocrystals (CNC) to develop hierarchically 

structured assemblies at the surface of flax woven fabrics. XG is an hemicellulose found in the 

primary cell wall of plants, which is involved in the wall extensibility and its integrity, through 

its strong affinity with cellulose microfibrils [17]–[22]. On the other hand, CNC are used in many 

applications thanks to their amazing properties [23]. They have outstanding mechanical 

properties, i.e high Young’s Modulus estimated between 100 and 150 GPa, a high specific 

surface area [24]–[28] and can be chemically functionalized through substitution of their 

hydroxyl groups. Xyloglucan interactions with cellulosic surfaces have been intensively studied 

in vitro and in vivo [29], [30], [20], [31]–[33], and are known to be an entropy driven process [34]. 
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XG and cellulose interact through hydrogen, van der Waals and polar bonds. The hydroxyl 

groups, in majority on the glucan chains, will interact each other and create physicochemical 

interactions. The final architecture of the cellulose/xyloglucan assemblies is related to 

concentrations of the building blocks, the molar mass and other adsorption processing 

parameters [34], [35], [19], [36], [30], [37]–[40], [33]. In particular, the strong affinity of XG for 

cellulose surfaces has attracted researchers for the elaboration of cellulose-based materials as 

natural cross-linker. For instance, XG and CNC have been already used for the implementation 

of thin films displaying structural colors or for the reinforcement of nanocellulose aerogels [41]–

[48]. 

Lignocellulosic fibres properties have also been improved by the adsorption of either XG or 

nanocellulose. For example, addition of XG by spraying on a bleached birch kraft pulp increases 

its wet web strength, tension holding, drying tension and also its smoothness [14]. Similarly, 

when XG is used as a wet end additives in paper making process, paper formation is facilitated 

and final paper strength is increased [49], [50]. Nanocellulose, and more especially bacterial 

cellulose, has also demonstrated its capacity to increase the strength of the interfacial adhesion 

between natural fibres and polymeric matrices as reported by Bismarck’s group [12], [51]–[54], 

detailed in Chapter I – section I.3. However, up to our knowledge there is no report of combined 

adsorption of XG and nanocellulose on (ligno-)cellulosic substrates. In this work, the challenge 

addressed is to characterize the adsorption of XG and CNC on flax fibres and the potential 

synergistic effect of the combination of the two biobased building blocks. Indeed, similarly to 

the plant wall architecture, combination of XG and CNC adsorption may yield different to final 

organization to achieve hierarchical materials combining microscale fibers displaying 

nanostructured surfaces. Moreover, this study has been achieved on substrates of industrial 

interest, i.e. flax woven fabrics that present additional levels of complexity when compared to 

model substrates or unitary natural fibres. 

The adsorption of XG and CNC on flax woven fabrics is investigated in terms of localization by 

confocal and scanning electron microscopy. In order to quantify the adsorbed amount of XG and 

CNC on flax woven fabrics, adsorption isotherms are established by an UV spectroscopy 

method. Different adsorption sequences on flax woven fabrics are evaluated: (i) adsorption of 



Chapter II 

123 

 

XG or CNC (ii) successive adsorption of XG then CNC, (iii) successive adsorption of CNC then 

XG. Finally, Atomic Force Microscopy (AFM) with XG and CNC modified tips was used to 

analyze the adhesion between XG, CNC and flax fibres. 

II. 2. Materials and methods 

II. 2. 1. Materials 

A twill 2x2 flax woven fabric 200 g/m² was provided by SF Composites (France). Cellulose 

nanocrystals (CNC) were produced by acid hydrolysis of wood pulp and purchased in spray-

dried powder from CelluForce (Quebec, Canada). CNC surface charge density : 0.023 mmol/g; 

Crystalline fraction : 0.88; CNC lateral dimensions : 2-5 nm; CNC  length : 50-110 nm. 

Xyloglucan Glyloid 6 C was obtained from tamarind seed gum and purchased from DSP Gokyo 

Food & Chemical. Mw = 840 000 g/mol; Mw/Mn = 1.24, Rg 72 nm; monosaccharide composition: 

Glucose 50.7%; Xylose : 31.7%; Galactose 16.0%; Arabinose 1.6%. Fluorescent agents RBITC 

(Rhodamine B isothiocyanate) and FITC (Fluoresceine isothiocyanate) were purchased from 

Sigma-Aldrich.  

II. 2. 2. Labelling of XG and CNC with RBITC and FITC 

The fluorescent labelling of XG and CNC were performed according to the method reported by 

Belder A & Granath K [55]. The reaction occurring is the formation of covalent bonds between 

hydroxyl groups of polysaccharides and isothiocyanate groups of the fluorescent agents [56]. 

First, 1 g of CNC or XG was solubilized in 40 mL of DMSO under stirring and heated at 65°C. 

After 15 minutes, few drops of pyridine, 50 µL of dibutyltin dilaurate and 7.5 mg of RBITC 

(Rhodamine B Isothiocyanate) or FITC (Fluoresceine isothiocyanate) were added. The reaction 

was heated under stirring at 65°C during 2 hours. XG-RBITC and CNC-RBITC (or CNC-FITC) 

were recovered by precipitation in ethanol/acetone mixture for XG and NaCl 1M solution for 

CNC followed by centrifugation (10 min; 10000 g). Three dispersion/centrifugation cycles were 
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achieved and final precipitates were dissolved / dispersed in deionized water at average 

concentration of 1wt% and dialyzed (12-14000 MWCO) during one week against ultrapure 

water. 

II. 2. 3. Adsorption experiments on flax woven fabrics 

The different steps of adsorption experiments have been illustrated in Figure II-1 and detailed 

below. 

 

Figure II-1: Illustration of the different steps of the adsorption processes of the flax woven fabric with 

labeled cellulose nanocrystals (CNC) and xyloglucan (XG) 
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II. 2. 3. 1 Simple adsorptions 

Small pieces of flax fabrics between 8 to 12 mg were cut and put in test tubes. To avoid the 

quenching of RBITC or FITC, all samples need to be in the dark (tubes were wrapped in 

aluminium film). XG-RBITC or CNC-RBITC solutions of 0.5 g/L were diluted with water in test 

tubes (final volume 5 mL) to obtain final concentrations ranging between 0.05 g/L and 0.45 g/L. 

Each adsorption experiment was duplicated. Reference samples were prepared in the same way 

without flax woven fabrics. Test tubes were gently shaken during 16 hours.  Other samples were 

prepared with CNC-FITC in the same conditions for confocal microscopic observations. At least 

triplicate was performed. 

II. 2. 3. 2 Successive adsorptions  

For successive adsorptions of XG / CNC-RBITC and CNC / XG-RBITC on flax woven fabrics, 

similar protocol as for labeled-CNC or -XG adsorption was used preceded by adsorption of XG 

or CNC. A solution of non-labeled XG or CNC at 0.4 g/L was added in test tubes. After 5 hours, 

the flax woven fabrics were washed with deionized water. Labeled CNC or XG were added at 

concentrations ranging between 0.05 g/L and 0.45 g/L, during 16 hours. Other samples were 

prepared with both XG-RBITC and CNC-FITC in the same conditions for confocal microscopic 

observations. At least triplicate was performed. 

After adsorption experiments, the supernatant was collected and the absorbance of Rhodamine 

at 558 nm for XG-RBITC or CNC-RBITC was measured by UV spectroscopy. The amount of 

adsorbed XG-RBITC and CNC-RBITC on the fibres was calculated by the difference between 

measured absorbance in test tubes with flax woven and the absorbance of reference tubes 

(without flax woven).  

II. 2. 4. Scanning Electron Microscopy (SEM) 

Elementary flax fibres extracted from the raw and treated flax woven fabrics were observed with 

an Environmental Scanning Electron Microscope (ESEM, FEI Quanta 200 FEG, Netherlands). 
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The samples were pasted on an adhesive wafer and metallized in high vacuum by depositing a 

thin layer of carbon on their surface using a BALZERS CED 030. SEM micrographs were 

obtained under high vacuum at an acceleration voltage of 3 keV, a working distance of 9 mm 

and magnification up to 50 000 X. At least 10 micrographs per sample were performed and the 

most representative pictures were conserved for the discussion. 

II. 2. 5. Confocal microscopy  

The confocal microscopy images were obtained using an inverted Nikon A1 laser scanning 

confocal microscope. Several pieces of yarns (raw or treated) were deposited between slide and 

slip cover with one spacer and deionized water, avoiding the prolonged light contact. The 

samples were viewed with a Plan Fluor 4× or with a Plan Apo 20× Nikon objective by scanning 

using a laser beam at a wavelength of 488 nm and 561 nm, for imaging FITC and RBITC 

fluorescences respectively. The emissions of fluorescence were recorded via a photomultiplier 

through 500–530 nm and 570–620 nm band-pass filters, respectively. Images were processed 

using the NIS-Element software (Nikon). At least triplicate was performed. 

II. 2. 6. Atomic Force Microscopy (AFM) 

AFM force curves (Bruker Icon dimension) between the tip and the substrate have been 

performed in the air to study the adhesion between xyloglucan (XG), cellulose nanocrystals 

(CNC) and flax fibres. Shortly, during the adhesive force measurements, the cantilever tip 

approached the surface of the substrate at a speed of 1.4 µm/s until contact, and then separated. 

Before all these measurements, calibrations have to be performed on the cantilever Sharp 

Nitride Lever (SNL-10, Bruker) with a tip radius below 10 nm. First, the stiffness of the 

cantilever was determined by the thermal tune method and gave a spring constant of 0.098 N/m. 

Secondly, the sensitivity of the cantilever has to be measured. To achieve this calibration, force 

curves have been performed on a sapphire in contact mode. By measuring the yield of the curve, 

made possible by a functionality of the AFM device, the sensitivity of the cantilever can be 
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determined. Then, the different force curves between cantilever tips and substrates were 

measured [57], [58]. The raw data were converted by a calculation algorithm detailed in Figure 

II-2.  

 

Figure II-2: Algorithm employed to convert the raw data graph of the force measurements obtained by 

AFM to the force-distance curve. 

 

The method is based on the conversion of the raw data graph (deflection of the cantilever vs 

piezo position) into a force-distance curve representing the force vs the tip-substrate distance 

(D). The baseline was done and the zero separation was obtained from the gradient of the 

constant compliance region. Different parameters are required like the cantilever rest position 

(Z), the deflection of the cantilever (c), the deformation of the surface of the substrate (s) and 

the constant spring of the cantilever (kc). 

In order to perform the experiments, two different tips functionalization have been done. First, 

one consisted on the dipping of the SNL-10 cantilever tip in a drop of XG solution at 20 g/L 

during 1 min and then a rinsing in water during 1 min before a drying at 60°C during 30 min. 

This functionalized tip is named XG-tip within this article. The second one consisted on a tip’s 

functionalization with CNC. The pre-coating of the tip by polycations poly(ethylene imine) (PEI, 

Mw = 750 000, Sigma Aldrich) was made to decrease the time of dipping and obtain a uniform 

coating of CNC [59], [60]. The different steps of the dipping are described in the study of Jean et 

al. (2008). This functionalized tip is named CNC-tip within this article. Finally, a mica substrate 
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was also spin coated (POLO SPIN150i, SPS-Europe) by PEI and CNC following the protocol of 

Aulin et al. (2009), and is named CNC-surface throughout the article. Adhesion measurements 

were taken in contact mode at three localizations, 35 on each, i.e. 105 measurements in total for 

each configuration. No obvious irreversible deformation or damaging of the substrates or the tip 

was detected during the measurements.  

II. 3. Results and discussions 

II. 3. 1. Adsorption behaviour of XG and CNC on flax woven fabrics 

In order to assess XG and CNC adsorption behaviors qualitatively and quantitatively, CNC and 

XG were labeled with fluorescent dies. In a first approach, confocal microscopy was used to 

study the localization and homogeneity of XG and CNC adsorption on flax fibres. Using the UV 

absorbance of the dies, the amount of XG and CNC adsorbed on flax fabrics were then used to 

determine adsorption isotherms.  

II. 3. 1. 1 Microscopic observations 

Confocal microscopy images in Figure II-3 present two different views of XG-RBITC  

(Figure II-3 a) and CNC-FITC (Figure II-3 b) adsorbed on flax woven fabrics, at the scale of a 

yarn and an elementary fibre.  

Both adsorption of XG-RBITC and CNC-FITC is homogeneous with no aggregates on the 

surface of yarns and elementary fibres. Some microfibrils functionalized by XG-RBITC or CNC-

FITC were also observed at the surface of elementary fibres. These microfibrils probably 

originate from the peeling of fibre cell walls and/or the presence of impurities and residues at 

the surface of flax fibres generated during the manufacturing process of flax woven fabrics [63]. 

Some elementary flax fibres were extracted from the yarns of treated flax woven fabrics to 

compare qualitatively the homogeneity of XG-RBITC (Figure II-3 c) and CNC-FTIC (Figure II-3 

d) adsorption across flax yarns diameter. 



Chapter II 

129 

 

 

Figure II-3: Confocal microscopy images of (a) XG-RBITC and (b) CNC-FITC adsorption on flax yarns and 

elementary fibres; and of (c) XG-RBITC and (d) CNC-FITC adsorbed on elementary flax fibres extracted 

from different positions across the diameter of flax yarns. 

 

The elementary fibres collected at the outer part of flax yarns show higher intensities for both 

CNC-FTIC and XG-RBITC, compared to fibres extracted within the yarns. These results 

highlight differences in penetration of CNC-FTIC and XG-RBITC within the complex and multi-

scale architecture of flax woven fabrics. Indeed the elementary fibres are twisted together to 

form flax yarns that are then woven to form the fabric. This puts forwards the issues related to 

the homogeneous treatment of industrial ligno-cellulosic substrates as natural woven fabrics 

having complex architectures and possibly impurities. 

The surface of flax fibres treated with CNC was imaged by SEM. Cellulose nanocrystals at the 

surface of treated flax fibres are clearly visible in Figure II-4 b (see also insert), compared to raw 

flax fibres (Figure II-4 a) with no visible rod-like shaped nanoparticles at their surface.  
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Figure II-4: SEM images of elementary flax fibres surface extracted from (a) raw flax woven fabrics; (b) 

CNC treated flax woven fabrics. (X 50 000). 

Adsorbed CNC appear homogeneously distributed and randomly oriented at the surface of flax 

fibres. This clearly demonstrated the creation of hierarchical structuration at the surface of the 

fibres by the formation of a nanostructured layer. This microscale structuration echoes the 

organization of the cellulosic elements of the flax fibers. It should be noticed that CNC were not 

present on all elementary fibre surfaces. This has to be related to the accessibility of fibre 

surfaces during adsorption treatments. Indeed, the twisted structure of flax yarns and physical 

contacts between elementary fibres likely limit the exposure of flax surface upon adsorption. As 

observed by confocal microscopy (Figure II-3), flax fibres from the inside of the yarns are less 

accessible and hence likely treated to a lower extent. 

II. 3. 1. 2 Adsorption isotherms 

Xyloglucan (XG) and cellulose nanocrystals (CNC) adsorption processes are complex 

phenomena, and the final adsorbed amount and conformation over substrate’s surface are 

related to several parameters such as the molar mass, concentrations, solubility, etc. [64], [65]. 

Additionally, flax woven fabrics are industrial materials and as such are far from being model 

substrates. For instance, flax fibres swelling and destructuration of the fabrics occurring during 

treatment might influence the adsorption kinetics. Indeed it changes the available surfaces for 

(a) (b)

1.0 µm
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adsorption and their accessibility, as well as the particular microstructure of natural fibres with 

its porosities and the lumen. Based on preliminary adsorption trials, an adsorption time of 16 

hours was chosen. These trials also highlighted that further investigations on the adsorption 

kinetics of XG and CNC on flax fibres would be of interest.  

The obtained adsorption isotherms are displayed in Figure II-5, for XG and CNC on flax woven 

fabrics.  

 

Figure II-5: Adsorption isotherms of (a) XG and (b) CNC on flax woven fabric and associated confocal 

images of XG-RBITC and CNC-FITC at low and high adsorption ratios. 

 

Adsorption was determined by comparing the UV absorbance of reference labeled CNC-RBITC 

or XG-RBITC solution to those incubated with flax woven fabrics. First, the Figure 5a represents 

the adsorption isotherm of XG on flax woven fabrics. The insert shows the related confocal 

images of the yarns at low and high adsorption ratios. The difference in intensity of XG-RBITC 

on confocal images is nicely correlated with the increase of adsorbed amount of XG on flax 

fibres depending on initial concentrations of XG in solutions. A plateau is observed at average 

15-20 mg/g. In literature, the adsorption of xyloglucan has already been studied on different 

substrates.  
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For example, paper fibres like bleached softwood kraft pulp (BSKP) [66] or chemical and 

mechanical pulp [15]. For BSKP fibres, the amount of adsorbed XG was between 4 and 12 mg/g 

pulp depending on the refining time. In the case of thermomechanical pulp (TMP) and chemi-

thermomechanical pulp (CTMP), refined or unrefined pine/spruce and birch pulp, an adsorption 

of XG from 15 to 30 mg/g pulp was reached. In our study, the adsorbed amount of XG on flax 

woven fabrics seems to be in the same range as TMP and CTMP pulps. Previous studies also 

reported the adsorption of xyloglucan on cellulose nanocrystals [35], [67], [38] with a maximal 

adsorption between 98 to 333 mgXG/gcellulose. The higher amount of adsorbed XG on cellulose 

nanocrystals as substrates is due to the much higher specific surface area of CNC that range 

from 150 to 800 m²/g [68], [69], as compared to that of flax fibres, roughly 1 m²/g [70]–[73], even 

if fibre swelling could contribute to improve specific surface area. Figure 5b represents the 

adsorption isotherm of CNC on flax woven fabrics. As for XG adsorption, the difference in 

intensity of CNC-FITC on confocal images is well correlated with the increase amount of 

adsorbed CNC on flax fibres depending on initial concentrations of CNC in suspensions. A 

plateau is reached at average 15-20 mg/g. Plateau values of the amount of adsorbed XG and 

CNC are thus similar for the studied flax woven fabric. This points out that both XG and CNC 

can be adsorbed in similar quantities on flax woven fabrics, and suggests that the surface 

availability of the substrate has more influence on the amount of adsorbed polymers/particles 

than its nature and physico-chemical characteristics. It should be noticed that the adsorbed 

amounts of XG and CNC are rather high when considering the low specific surface area of flax 

woven fabric. It might be suggested that adsorption occurs in multilayered structure and not 

only in monolayer as usually proposed in adsorption studies based on model substrates. Other 

parameters than adsorption mechanisms cannot be ruled out to explain our findings. As 

discussed above, other processes such as the swelling of flax yarns and fibres with an increase of 

the available surface for adsorption, the complex and heterogeneous surface chemistry of flax 

fibres as well as a significant fibrillation rate due to flax processing (retting, scutching, weaving 

etc.) should also be considered.   
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II. 3. 2. Successive XG and CNC adsorptions on flax woven fabrics 

Two different successive adsorption procedures of XG and CNC have been tested on flax woven 

fabrics, i.e. adsorption of XG then CNC (XG-CNC) and vice versa (CNC-XG). Both had the aim 

to observe a possible synergy between XG and CNC during their adsorption on flax woven 

fabrics. 

II. 3. 2. 1 Microscopic observations 

Figure II- 6 shows confocal microscopy images of XG-RBITC (Figure II- 6 a) and CNC-FITC 

(Figure II- 6 b) on the same elementary flax fibre.  

 

Figure II- 6: Confocal microscopy images of successive adsorption of XG-CNC on an elementary flax fibre 

with (a) XG-RBITC (b) CNC-FITC. 

 

RBITC and FTIC were successively imaged to investigate their potential co-localization.  

Globally XG and CNC are homogeneously adsorbed on flax fibres, recovering the entire surface 

of the fibre on both Figure II- 6 a and Figure II- 6 b, even if some difference can be seen between 

the two images. As for the simple adsorptions of XG or CNC on flax woven fabrics, some 

microfibrils around the flax fibre are visible and are likely originated from the peeling of fibre 

cell walls and/or residues produced during the manufacturing process of the industrial flax 

a) b)
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woven fabric. These residues display RBTIC labeling and seem thus to have a preferential 

adsorption of xyloglucan (Figure II- 6 a) than cellulose nanocrystals (Figure II- 6 b). The 

confocal plan used allows also the imaging of the inner part of the fibre. It has to be noticed that 

any fluorescence can be detected in the bulk of the fibres indicating that the adsorption of both 

XG and CNC remain located at the surface of the fibres. 

Surface of XG-CNC treated flax fibres were imaged by SEM. As for simple CNC adsorption 

(Figure II-4), cellulose nanocrystals are clearly visible at the surface of treated flax fibres in 

Figure II-7 b (see also insert). Adsorbed CNC appear homogeneously distributed and randomly 

oriented at the surface of flax fibres. As mentioned above, CNC were not present on all 

elementary fibre surfaces which could be explained by differences in fibre surfaces accessibility 

and chemistry during adsorption treatments. 

 

Figure II-7: SEM images of elementary flax fibres surface extracted from (a) raw flax woven fabrics; (b) 

XG-CNC treated flax woven fabrics. (X 50 000). 

 

II. 3. 2. 2 Adsorption isotherms of successive XG and CNC 

Adsorption isotherms of the successive adsorptions CNC-XG and XG-CNC have been plotted in 

Figure II-8. The goal was to investigate if the pre-treatment of flax woven fabric by CNC or XG 

had an influence on the adsorbed amount of the second compound (Figure II-8 a; Figure II-8 b). 

(a)

2.0 µm

(b)

2.0 µm

1.0 µm
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It seems that the pre-adsorption of CNC on flax fibres, Figure II-8 a, has no influence on the 

adsorption behavior of XG. Indeed, the two adsorption isotherms are very similar with the same 

plateau around 15-20 mg/g. However, it should be noticed that the plateau seems to be reached 

at lower initial concentrations of XG in solution with the presence of CNC on flax woven fabric. 

The pre-adsorption of XG on flax fibres, Figure II-8 b, appears to have a slight influence on the 

amount of adsorbed CNC. In fact, the adsorption isotherm for XG-CNC reaches a plateau at 

around 25-30 mg/g for against 15-20 mg/g for simple CNC adsorption. These results 

demonstrate that CNC have a good affinity for flax fibres surface, the pre-adsorption of XG 

increasing the amount of adsorbed CNC at high initial concentration of CNC in the suspension. 

 

Figure II-8: Adsorption isotherms of (a) XG and (b) CNC for simple and successive adsorptions (XG-CNC 

and CNC-XG) on flax woven fabrics and associated confocal images of XG-RBITC and CNC-FITC at low 

and high adsorption ratios. 

II. 3. 3. Adhesive force measurements by Atomic Force Microscopy 

In order to get a deeper understanding of the affinity between xyloglucan (XG), cellulose 

nanocrystals (CNC) and flax woven fabric, we performed different adhesive force 

measurements by the atomic force microscopy (AFM). All of these results are detailed in Figure 

II-9. Different configurations tip / substrate were analyzed:  
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(a) neat-tip or XG-tip / CNC-surface obtained by deposition of CNC on PEI pre-coated 

mica substrate by spin-coating. 

(b) XG-tip / flax-CNC or XG-tip / raw flax, where flax-CNC corresponds to a flax fibre 

surface adsorbed with CNC, 

(c) CNC-tip / flax-XG or CNC-tip / raw flax, where flax-XG corresponds to a flax fibre 

surface adsorbed with XG. 

 

Figure II-9: Adhesion force, rupture distance and work of adhesion obtained with force measurements by 

AFM in different tip / substrate configurations (a) neat-tip or XG-tip / CNC-surface, (b) XG-tip / raw flax 

or flax-CNC, (c) CNC-tip / raw flax or flax-XG. 
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The adhesion between the tip and the substrate is due to the chemical interactions between the 

two surfaces into contact. The force curves measurements allow the quantification of these 

interactions. The rupture distance corresponds to the distance tip-substrate needed to 

completely separate the tip and the substrate. Finally, the work of adhesion is the energy 

required to separate the tip from the substrate. All the results in Figure II-9 show high standard 

deviations, probably due to differences in surface roughness and chemistry between the 

different surfaces. 

First, the configuration (a) with the neat-tip or the XG-tip approaching the CNC-surface, was 

used as a supplementary control of the dipping of the XG-tip. The adhesion force and the work 

of adhesion between the XG-tip and the CNC-substrate are respectively 7 times and 25 times 

higher than the measurements with the untreated nitride tip. In this configuration, the rupture 

distance is unchanged. These results show that the XG-tip has a high adhesion force with the 

CNC-substrate, which is correlated with the high affinity between XG and CNC with strong 

hydrogen and van der Waals bonds. 

Then force curves measurements were performed with the configuration (b), XG-tip in contact 

with the raw flax or the flax-CNC and results are detailed in Figure II-9 b. We can observe that 

the adhesive force is the same, around 6 nN for both, with more heterogeneous measurements 

for the raw flax substrate (between 3 and 15 nN). The work of adhesion is also in the same range 

with 60-90 nN.nm. However the rupture distance seems to be slightly increased with the 

presence of CNC on the flax woven fabric with a maximum of 12 nm against 5 nm for the raw 

flax. This result shows a possible increase of the interactions zone between biopolymers XG and 

adsorbed CNC with the creation of an extended network. The configuration (c) is the opposite of 

the configuration (b), with the flax-XG as substrate and CNC coated on the AFM tip. The 

adhesion force and the work of adhesion are higher between the CNC-tip and the raw flax than 

the flax-XG substrate with respectively 35 nN against 20 nN and 750 nN.nm against 3100 

nN.nm. It means that CNC seem to have very good interactions with the flax woven fabrics, 

without the presence of adsorbed XG on the surface.  
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On the other side, the rupture distance is strongly improved between the CNC-tip and the flax-

XG with a median around 23 nm against 5 nm for the raw flax. That means, like the 

configuration (b), that the interactions between CNC and adsorbed XG create specific bonds and 

entanglements with an extensible network, illustrated in Figure II- 10.  

 

Figure II- 10: Illustration of the adhesive force measurements by AFM with the CNC-tip comparing (A) a 

non-treated flax fibre and (B) treated flax fibre with XG as substrates. 

 

 

Despite the similar adsorbed amounts are similar for CNC and XG whatever the adsorption 

process, the AFM results suggest that a change in the sequence of adsorption and the 

combination of the two biobased building blocks can be a mean to vary the structuration of the 

surface organization. Accordingly, future studies will focus on the impact of hierarchically 

structured surfaces obtained by varying the adsorption sequence on the macroscopic properties 

of flax fibres based materials.  
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II. 4. Conclusions 

Adsorption isotherms, confocal microscopy and force measurements by Atomic Force 

Microscopy (AFM) have been used to characterize different architectures of xyloglucan (XG) and 

cellulose nanocrystals (CNC) adsorptions on an industrial flax woven fabric. This industrial 

fabric has a complex architecture with twisted yarns composed of several hundred elementary 

flax fibres. Moreover, some residues provided probably during the manufacturing process of the 

fabric are present at the surface and seems to have affinities mainly with xyloglucan and also 

cellulose nanocrystals. The confocal images show the homogeneous distribution of XG and CNC 

on the flax fabric for the simple and successive adsorptions with no aggregates. However, SEM 

images show non-treated surfaces, which can be explained by the complex architecture of the 

fabric with porosities, entanglements etc. Moreover, phenomena such as swelling and 

destructuration occur during the dipping in water suspension and can influence the adsorption. 

The adsorption isotherms of XG and CNC on the flax woven fabric are very similar for the 

simple and successive adsorptions with a plateau around 20 mg/gfibres. The pre-adsorption 

with XG on flax woven fabrics increases the adsorbed amount of CNC in the high 

concentrations and seems to change the architecture of the biopolymers network. In fact the 

AFM adhesive force measurements show first a good affinity between CNC and XG and also 

higher adhesive force and work of adhesion between CNC and the neat flax woven fabric. 

However, it seems that the pre-adsorption of XG on the fabric increases the rupture distance 

with the CNC-tip. The combined XG and CNC, adsorbed with strong interactions on the flax 

woven fabric, create an extensible network. These results open perspectives in the treatment of 

natural fabrics and the possibility to change the surface and the architecture with the adsorption 

of biopolymers like xyloglucan and cellulose nanocrystals. However, we have to keep in mind 

the complexity of the hierarchical architecture of the industrial flax woven fabric for such 

treatments in terms of homogeneity, residual components and swelling. 
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This Chapter is adapted from Doineau E., Coqueugniot G., Pucci M. F., Caro A-S., Cathala B., Bénézet J-

C., Bras J. and Le Moigne N. « Hierarchical thermoplastic biocomposites reinforced with flax fibres modified 

by xyloglucan and cellulose nanocrystals”, Carbohydrate Polymers, vol. 254, p. 117403, feb. 2021. 

III. 1. Introduction 

Considering the current environmental concerns towards the creation of eco-friendly materials 

entirely or partially biobased, the use of natural fibres as reinforcements in biocomposites in 

sectors like automotive, building and constructive or sports is a great opportunity and has been 

the subject of various recent scientific reviews [1]–[7]. Natural fibres have many advantages 

compared to synthetic fibres, such as their renewability, biodegradability, wide availability 

associated with low density, low cost and high specific mechanical properties. However, the 

implementation of these materials in industrial applications is limited by low thermal and 

dimensional stability of natural fibres, especially in humid conditions, as well as interfacial 

adhesion with several polymer matrices [8]–[12]. The fibre / matrix interface plays a key role in 

the stress transfer within the biocomposite materials and their resulting mechanical performances. 

The main difficulty comes from the polar and hydrophilic character of lignocellulosic fibres 

considering their global biochemical composition, whereas the thermoplastic polymer matrices 

display a very often hydrophobic and apolar character [13], [14]. 

To tackle these compatibility issues, a wide panel of chemical and physical modification strategies 

of natural fibre surfaces have been reported in literature [15]–[18]. For example, coupling agents 

such as MAPP or MAPE were used in biocomposites to create chemical bonds between natural 

fibres and polyolefins [19]–[22]. Another strategy consists in the deposition of nanoparticles on 

fibre surfaces. This concept is directly inspired from naturally occurring composites such as bones, 

shells and wood which show nanoscaled structures inducing amazing mechanical behaviour [23], 

[24], detailed in Chapter I, section I.3. The purpose is to use nanomaterials at the interphase to 

create local reinforcement and increase the mechanical interlocking between fibres and matrix 

[25], [26].  
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Following this concept, the goal of this work is to modify raw short flax fibre surfaces by 

nanostructuration with bio-based reinforcements as CNC so as to reinforce polypropylene (PP) 

matrix. It has been shown in literature that the strength of the interfacial adhesion is mainly 

governed by the polymer surface tension, the fibre surface free energy and also to the surface 

chemistry and topography of the fibres [27], [28]. Nanostructuration with CNC appears 

interesting as they display a high specific surface area of 150 – 800 m²/g and a high Young’s 

modulus of 100 – 130 GPa [29]–[32]. Moreover, Khoshkava and Kamal found a total surface free 

energy of CNC  𝛾𝐶𝑁𝐶= 68.9 mJ/m², being characterized by a predominant dispersive component, 

i.e. 𝛾𝐶𝑁𝐶
𝑑  = 40.9 mJ/m² against 𝛾𝐶𝑁𝐶

𝑝
 = 28.0 mJ/m² for the polar component [33], due to its highly 

crystalline and (almost pure) cellulosic structure. This characteristic could be very interesting to 

enhance the interfacial adhesion with apolar polymer matrices such as PP. The previous work 

described in the Chapter II highlighted the creation of an extensible network XG/CNC on the 

surface of fibres [34]. The deposition of such XG/CNC complex on natural fibres could provide in 

composite applications an expended interphase region with enhanced interfacial adhesion. 

In this context, this work will focus on the surface modification of short flax fibres by the 

adsorption of cellulose nanocrystals (CNC) and xyloglucan (XG), and the resulting interfacial 

adhesion and mechanical behaviour of PP / flax biocomposites prepared by extrusion and 

injection moulding. The coupling agent maleic anhydride grafted polypropylene (MAPP) was 

also incorporated in some biocomposites to provide chemical interactions and improve the 

compatibility between the PP matrix and (modified) flax fibres [21], [22]. Wettability tests on CNC 

and XG/CNC modified flax fibres, and mechanical tests on biocomposites at macro- and 

microscopic length scales were performed. In addition, possible changes in microstructure such 

as crystallinity, fibre size and shape distribution, which could also influence the final mechanical 

performances of the materials, were analysed. 
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III. 2. Materials and methods 

III. 2. 1. Materials 

Flax fibre bundles of average length 2.24 mm and width 110 µm (initial aspect ratio around 20) 

were supplied by Fibres Recherche Développement (Troyes, France). Their biochemical 

composition was characterized according to van Soest method (standards NF EN ISO 13,906 and 

NF V18-122): cellulose (79.7 ± 1.7 wt%), hemicelluloses (5.6 ± 1.0 wt%), lignin (2.8 ± 0.3 wt%), 

solubles (11.2 ± 0.5 wt%) and ashes (0.7 ± 0.3 wt%). Polypropylene (PP), grade PPH 9020, 

homopolymer, was purchased from Total Petrochemicals (Melting point = 165°C; Density 0.905 

g/cm3). Maleic anhydride-grafted polypropylene (MAPP) OREVAC CA100 was purchased from 

Arkema (MA content = 1 %; Melting point = 167°C). Cellulose nanocrystals (CNC) were obtained 

by acid hydrolysis of wood pulp and provided in spray-dried powder by CelluForce (Quebec, 

Canada). CNC lateral dimensions: 2-5 nm; CNC length: 50-110 nm; CNC surface charge density: 

0.023 mmol/g; Crystalline fraction: 0.88. Xyloglucan (XG) Glyloid 6 C was obtained from tamarind 

seed gum and purchased from DSP Gokyo Food & Chemical. Mw = 840 000 g/mol; Mw/Mn = 1.24; 

Rg = 72 nm. Monosaccharide composition: Glucose 50.7 %; Xylose: 31.7 %; Galactose 16.0 %; 

Arabinose 1.6 %.  

III. 2. 2. Flax fibres modification by CNC and XG 

Cellulose nanocrystals (CNC) and xyloglucan (XG) were adsorbed on short flax fibre bundles. At 

first, flax fibres were modified only with CNC. A CNC suspension was prepared under stirring 

during 2 hours (10 g of CNC in 1L deionized water) followed by sonication (cycle 5; amplitude 

50%; 2 x 1min) to break residual CNC agglomerates. Then, 10 g of flax fibres were added in the 

CNC suspension and gently stirred during 5 min to obtain a good dispersion of flax fibres within 

the suspension. The resulting mixture was stored at 4°C during 24 hours. The CNC modified 

fibres were then filtered with a Büchner system and dried at 105°C during 2 hours.  
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Same procedure was followed for the modification of flax fibres with both XG and CNC. In this 

case, XG was firstly adsorbed onto flax fibres as follows: XG suspension was prepared, i.e. 10 g of 

XG added gradually in 1L deionized water with a vortex, at 50 – 60 °C during few hours. Then, 

10 g of flax fibres were added in the XG solution and gently stirred during 5 min to obtain a good 

dispersion of flax fibres within the solution. The resulting mixture was stored at 4°C during 24 

hours. The XG modified fibres were then filtered with a Büchner system and dried at 105°C during 

2 hours. These fibres were then modified with CNC following the procedure described above. 

The resulting CNC and XG/CNC modified flax fibres, named flax_CNC and flax_XG/CNC 

respectively, were stored in a conditioning room at 23°C and 50% relative humidity. Based on the 

Chapter II, the amount of XG and CNC on flax fibres was estimated around 2 %. 

III. 2. 3. Surface free energy of flax fibres 

As flax fibre bundles are dispersed and individualized in the matrix during composite processing, 

elementary flax fibres extracted from an unidirectional flax woven fabric 300 g / m² (FRD, France) 

were used for these experiments, and modified with CNC and XG/CNC following the same 

procedure described in section 2.2. The tensiometer K100SF (Krüss, GmbH) was used to perform 

wettability tests in different reference liquids following the Wilhelmy method (Equation III-1): 

𝐹 = 𝑚. 𝑔 = 𝛾𝐿
𝑡𝑜𝑡. 𝑝. cos 𝜃𝑒  (III-1) 

With F the capillary force (mN) measured by the tensiometer when a single fibre is immersed in 

the test liquid, m (g) corresponding to the mass of the liquid meniscus formed around the 

immersed elementary fibre, 𝛾𝐿
𝑡𝑜𝑡 (mJ/m²) the liquid surface tension, p (µm) the fibre wetted length 

or perimeter and θe  (°) the static advancing contact angle between the fibre and the liquid [35].  

Due to the heterogeneity of elementary flax fibre diameters, the perimeter p was determined 

beforehand for each tested fibre by using n-hexan (Sodipro) which has a surface tension 𝛾𝐿
𝑡𝑜𝑡 = 18.4 

mJ/m², and is a totally wetting liquid, implying that cos θe = 1. Then, the tested fibres were dried 

(16 hours, 60°C) to remove any residual n-hexan before being tested in the two other reference 

liquids, i.e. water, diiodomethane (Sodipro).  
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The contact angle between the elementary flax fibre and the reference liquids was determined as 

follows. The elementary flax fibres (modified or not) were dipped at a velocity of 1 mm/min in a 

vessel containing the test liquid. The vessel was approached manually close to the fibre extremity 

and a fixed depth immersion was set in order to have at least 3-4 mm immersion depth. During 

immersion (advancing mode), the mass m is measured to obtain the contact angle. When 

immersion is completed, the fibre is maintained in contact with the liquid in a static position 

during 60 seconds in order to reach an “equilibrium state”. At equilibrium, the capillary force is 

measured and the corresponding static advancing contact angle θe is derived from the Equation 

(III-1). Then, the fibre is withdrawn from the liquid (receding mode). Tensiometric tests were 

carried out on eight samples for each type of fibre, i.e. raw flax fibres, CNC and XG/CNC modified 

flax fibres. Results were reproducible and gave low standard deviations. 

III. 2. 4. Biocomposites processing 

Blends of PP or PP / MAPP loaded at 5, 20 and 30 wt% of raw, flax_CNC or flax_XG/CNC modified 

fibres were compounded in a co-rotating twin-screw DSM Micro 15 extruder. The amount of 

MAPP was fixed at a ratio of flax fibres / MAPP (w / w) = 10.  This ratio was shown to give the 

most efficient compatibilization between PP matrix and flax fibres [36]. The composition of the 

different biocomposites is detailed in Table III-1. 

Flax fibres were dried before compounding in an oven at 80°C during 2 hours. The PP matrix or 

PP / MAPP pre-mix were introduced simultaneously with raw and modified flax fibres in the 

mixing chamber. Processing temperature was roughly 185-190°C (setpoint temperature) with a 

screw speed of 50 rpm and a processing time of 10 min. The resulting biocomposite compounds 

were collected and pelletized to around 4 mm diameter. Then, pelletized compounds were shaped 

by injection moulding with the HAAKE Minijet Inject press (Thermofisher), into dumbbells type 

5A specimens (ISO 157-2) for the measurement of mechanical properties. Injection conditions 

were Tinject = 180°C, Pinject = 650 bar during 15 s and Tmold = 50°C. Biocomposite specimens were stored 

in a conditioning room at 23°C and 50% relative humidity during at least 48 hours, prior to 

mechanical tests. 
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Table III-1: Composition of the different extruded and injected biocomposites. 

Designations 

Fibre content (wt%) 

5 % 20 % 30 % 

Matrix composition (wt%) 

PP_flax 

PP_flax_CNC 
95 % PP 80 % PP 70 % PP 

PP_MAPP_flax 

PP_MAPP_flax_CNC 

94.5 % PP + 

0.5 % MAPP 

78 % PP + 

2 % MAPP 

67 % PP + 

3 % MAPP 

PP_MAPP_flax_XG/CNC / 
78 % PP + 

2 % MAPP 
/ 

III. 2. 5. Differential scanning calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) tests were carried out using Perkin-Elmer Pyris 

Diamond DSC, equipped with an Intracooler II using nitrogen as purge gas. Samples of 10 mg 

were cut from the injection moulded specimens and placed in aluminium pans. The thermal cycle 

was a first heating from 10 to 200°C, then cooling down to 10°C and a second heating up to 200°C 

with heating/cooling rates of 10°C/min and holding times of 2 min between each step. Two 

samples were tested per materials. Results were highly reproducible and gave low standard 

deviations. Melting enthalpies ΔHm (J/g) were determined between 143 and 175°C on the first 

heating ramp. The degree of crystallinity Χc (%) was calculated according to the following 

Equation (III-2): 

𝛸𝑐 = (
|𝛥𝐻𝑚|

𝜒𝑚𝑎𝑡𝑟𝑖𝑥 x |∆𝐻𝑚
0 |

) x 100 (III-2) 

Where ΔHm0 is the melting enthalpy of 100% crystalline PP (207 J/g) [37], ΔHm is the melting 

enthalpy of the sample (J/g) and 𝜒𝑚𝑎𝑡𝑟𝑖𝑥 is the weight fraction of PP or PP / MAPP within the 

sample. 
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III. 2. 6. Microstructural analysis by SEM 

Microstructural analysis of the biocomposites was conducted on tensile specimens polished in the 

central zone down to 300 µm below the surface, ensuring that samples were observed in the 

shell/core zone [38], [39]. These polished samples were observed by Scanning Electron Microscopy 

SEM (FEI Quanta 200) and cartographies of 4 mm x 4 mm consisting of 16 SEM images were built 

using the software Aztec® (Oxford Instruments). All the SEM observations were made on sputter 

coated samples with carbon using a BALZERS CED 030 in order to avoid any degradation. 

Micrographs were obtained under high vacuum at acceleration voltage 12.5 keV. Based on 

cartographies, fibre size and shape distributions were analysed with the software AphelionTM 

V.4.3.2 (ADCIS and Amerinex Applied Imaging Inc.), which automatically detects the outlines of 

the fibres present on the pictures. Fibre length (L) and width (W) were determined as the 

maximum and minimum Feret’s diameters with roughly 1300 fibres per cartography. The fibre 

shape is defined by its aspect ratio (L / W), i.e. the ratio between the maximum and the minimum 

Feret’s diameter. Overlapped fibres were excluded from the counts. Because of the pictures 

resolution (0.67 µm/pixel), the particles with the maximum size smaller than 335 µm² 

(corresponding to cell wall fragments) were not considered in the fibre size and shape 

distributions. 

III. 2. 7. Tensile properties 

Tensile properties of the biocomposites were measured with a Zwick TH 010 testing machine 

equipped with an extensometer Zwick “clip-on” for the determination of the Young’s modulus 

(ISO 527 standard). The displacement speed of the crosshead was 1 mm/min for the determination 

of the Young’s modulus and 10 mm/min for the determination of the ultimate tensile properties 

(ultimate strength, elongation at break and work of rupture). Five samples per materials were 

tested and showed good reproducibility. 
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III. 2. 8. In situ micro-mechanical tensile SEM experiments 

The SEM was equipped with a tensile stage (DEBEN microtest, maximum load 5 kN) to analyse 

interfacial failure mechanisms. Direct observations of the crack propagation were conducted at a 

displacement speed of 0.1 mm/min on notched specimens with dimensions of 20 mm × 5 mm × 2 

mm and a notch of 1 mm depth and 45 ± 1° opening. Before testing, notched samples were 

polished to remove the 100 µm thick polymer layer from the surface and better observe failure 

mechanisms between the fibres and the matrix. Experiments were performed twice per materials. 

III. 3. Results and discussions 

III. 3. 1. Surface free energy of flax fibres and work of adhesion 

Total surface free energy 
𝑠
𝑡𝑜𝑡 of elementary flax fibre and its polar and dispersive components 𝛾𝑠

𝑝
 

and 𝛾𝑠
𝑑 (mJ/m²) were determined by the Owens, Wendt, Rabel and Kaelble (OWRK) approach [40] 

(valid only at small temperature variations), knowing the respective polar and dispersive surface 

tensions of the testing liquid 𝛾𝐿
𝑝

and 𝛾𝐿
𝑑 (mJ/m²), Equation (III-3): 

𝛾𝐿
𝑡𝑜𝑡(1+cos 𝜃𝑒)

2√𝛾𝐿
𝑑

= √𝜸𝑺
𝒑

× √
𝛾𝐿

𝑝

𝛾𝐿
𝑑 + √𝜸𝑺

𝒅 (III-3) 

Polar and dispersive surface tensions values of water (𝛾𝐿
𝑝

= 51.0 mJ/m²; 𝛾𝐿
𝑑 = 21.8 mJ/m² ), n-

hexan (𝛾𝐿
𝑝

= 0 mJ/m²; 𝛾𝐿
𝑑 = 18.4 mJ/m²), diiodomethane (𝛾𝐿

𝑝
= 2.3 mJ/m²; 𝛾𝐿

𝑑 = 48.5 mJ/m²) have 

been used. The resulting surface free energy and its dispersive and polar components values are 

reported in Table III-2 for non-treated and treated flax fibres. It was verified that the wetted 

length did not change after immersion in liquids, meaning that fibre swelling did not occur here 

and then, this phenomenon has not be considered for surface energy determination [35]. Raw flax 

fibres have a total surface free energy of 34.3 mJ/m² with polar and dispersive components of 18.2 

mJ/m² and 16.1 mJ/m², respectively. First, the presence of cellulose nanocrystals (CNC) at the 

surface of flax fibres decreases their total surface free energy to 30.9 mJ/m². Its polar component 
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is greatly decreased from 18.2 mJ/m² to 12.9 mJ/m² while its dispersive component is slightly 

increased from 16.1 mJ/m² to 18.0 mJ/m².  

Table III-2: Measured surface free energies (with their polar and dispersive components) for non-treated 

and treated flax fibres at 20°C; Surface energies of PP and MAPP matrices at 20°C (data from Fuentes et al. 

2018) and 190°C (calculated from literature data* obtained between 20°C and 220°C). 

 

 

 

 

 

 

 

 

 

 

 

 

*calculated from Fuentes et al. (2018), Khoshkava & Kamal (2013), Kwok et al. (1998), Schonhorn et Sharpe (1965), Tran et al. 

(2013). 

 

As explained in the introduction section, CNC display a predominant dispersive character due to 

its crystalline and almost pure cellulosic structure. This characteristic may explain the increase 

dispersive character of CNC modified flax fibres. Topographical changes at the flax fibre surface 

due to nanostructuration with CNC might also play a role. In fact, the wettability of a surface is 

governed by its physico-chemical interactions with test liquids but also by its surface morphology 

and characteristic (roughness, specific surface area,…) [42]. Qian et al. obtained the same trend via 

the grafting of carbon nanotubes on carbon fibre surface with a pronounced decrease of the total 

surface energy of the carbon fibre from 54.6 ± 1.4 mN/m to 38.8 ± 2.4 mN/m [43]. The polar part 

decreased strongly from 29.7 ± 1.0 mN/m to 1.0 ± 0.6 mN/m while an increase of the dispersive 

part from 24.9 ± 0.4 mN/m to 37.8 ± 1.9 mN/m was observed. 

For the XG/CNC modified flax fibres, no changes were observed with total surface free energy 

and polar and dispersive components similar to the raw flax fibres. It is thus assumed that 

Temperature 20°C 𝜸𝑺
𝒑
  (mJ/m²) 𝜸𝑺

𝒅 (mJ/m²) 𝜸𝑺
𝒕𝒐𝒕 (mJ/m²) 

PP [41] 0.1 30.5 30.6 

MAPP [41] 0.3 31.8 32.1 

Flax 18.2 ± 3.0 16.1 ± 0.2 34.3 ± 3.2 

Flax_CNC 12.9 ± 0.8 18.0 ± 1.1 30.9 ± 1.9 

Flax_XG/CNC 17.5 ± 3.8 16.8 ± 0.4 34.4 ± 4.2 

Temperature 190°C 𝜸𝑳
𝒑

 (mJ/m²) 𝜸𝑳
𝒅 (mJ/m²) 𝜸𝑳

𝒕𝒐𝒕 (mJ/m²) 

PP * 0.1 21.1 21.2 

MAPP * 0.2 22.0 22.2 
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xyloglucan has a counterbalancing effect compared to CNC, and increases the polarity of flax 

fibres. It is known in literature that hemicelluloses as xyloglucan have a pronounced polar 

character [44].  

Based on the respective surface free energy of flax fibres and surface tension of the molten 

matrices, i.e. PP or MAPP, it is possible to predict the adhesion strength at the fibre / matrix 

interface. The work of adhesion (WA) greatly influences the wettability of the fibres towards the 

matrix during processing and plays a role in the interfacial adhesion within the final 

biocomposite. The highest the WA, the better would be the wettability and the quality of adhesion 

between fibres and matrix. The work of adhesion WA (mJ/m²) was calculated with Equation III-4 

derived from the OWRK approach [40] based on the geometric mean of dispersive and polar 

components of the liquid surface tension and solid surface free energy:  

𝑊𝐴 = 2 × [√𝛾𝑆
𝑑 × 𝛾𝐿

𝑑 + √𝛾𝑆
𝑝 × 𝛾𝐿

𝑝] (III-4) 

And with the Equation III-5 derived from the Wu approach [45] based on the harmonic mean of 

dispersive and polar components of the liquid surface tension and solid surface free energy: 

𝑊𝐴 = 4 × (
𝛾𝐿

𝑑.𝛾𝑆
𝑑

𝛾𝐿
𝑑+𝛾𝑆

𝑑 +
𝛾𝐿

𝑝
.𝛾𝑆

𝑝

𝛾𝐿
𝑝

+𝛾𝑆
𝑝) (III-5) 

Surface energy / tension values of PP at various temperatures measured either by the sessile drop 

(low temperature) or the pendant drop (high temperature) techniques [33], [41], [46]–[48] have 

been used to determine the surface tension of PP at a temperature of 190°C, corresponding to the 

processing conditions used in the micro-compounder. We assumed that the evolution of the 

surface tension of PP and MAPP is linear, a constant polarity ratio 
𝛾𝐿

𝑝

𝛾𝐿
𝑡𝑜𝑡⁄  (0.003 for PP and 0.01 

for MAPP determined at 20°C from Fuentes et al., 2018) and a constant ratio 
𝛾𝑃𝑃

𝑡𝑜𝑡

𝛾𝑀𝐴𝑃𝑃
𝑡𝑜𝑡⁄  (0.953 

determined at 20°C from Fuentes et al., 2018) over the temperature range 20 – 220°C. On this basis, 

we calculated the surface tension and its polar and dispersive components for PP and MAPP at 

190°C (see Table III-2). Based on our calculation, the increase in temperature decreases the total 

surface free energy of PP and MAPP with a surface energy thermal coefficient k = - 0.0495 mJ / m² 
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°C. Note that the variations of polar and dispersive components of these polymers as a function 

of temperature are not well known but considering the quasi-dispersive character of polyolefin 

matrices, we assumed that variations should be limited. 

The work of adhesion WA between flax fibres and PP or MAPP was thus determined according to 

Equation III-4 and III-5, and considering the surface tension of PP or MAPP in the molten state 

at 190°C and the surface energies of raw and flax_CNC or flax_XG/CNC fibres determined by 

tensiometric tests on single fibres at 20°C given in Table III-2. Besides, the values of WA 

determined for flax fibres / MAPP suppose a complete migration of MAPP at the fibre / PP matrix 

interface during the compounding process. The resulting works of adhesion for the different 

systems are compared in Figure III-1. 

 

Figure III-1: Work of adhesion between non-treated or treated flax fibres, and PP or MAPP matrices at 

190°C calculated by OWRK (Eq. 4) and Wu (Eq. 5) approaches. 

 

As detailed in the materials and methods, two different approaches were used to calculate WA 

(mJ/m²), i.e. the OWRK approach (Equation III-4) and the Wu approach (Equation III-5). OWRK 

approach is widely used in literature dealing with interfacial adhesion in composites. However, 

Wu assumed that the harmonic mean approach gives more consistent results for low energy 

systems interactions, the geometric mean approach being more suitable to high energy systems 

like adhesives on metals [45].  
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As can be seen in Figure III-1, the Wu approach gives lower work of adhesion for both PP and 

MAPP matrices compared to OWRK approach. Taking the example of PP matrix, WA varies from 

36.7 to 38.8 mJ/m² (Wu) against 38.9 mJ/m² to 40.7 mJ/m² (OWRK) for the different flax fibres (raw, 

flax_CNC or flax_XG/CNC).  

Firstly, it is noticeable that the work of adhesion is slightly increased with MAPP whatever the 

calculation approach and fibre treatment. This suggests a better adhesion and wettability of non-

treated and treated flax fibres in the presence of MAPP. This is related to the highest surface 

tension and polarity of MAPP (versus PP) brought by maleic anhydride functional groups grafted 

on PP chains [49]. Secondly, an interesting increase of the work of adhesion between CNC treated 

flax fibres and PP is observed, i.e. from 39.6 mJ/m² to 40.9 mJ/m² (OWRK) and 36.9 mJ/m² to 38.9 

mJ/m² (Wu). Similar trend is also observed for CNC treated flax fibres and MAPP, i.e. from 41.5 

mJ/m² to 42.7 mJ/m² (OWRK) and 38.0 mJ/m² to 40.0 mJ/m² (Wu). It thus appears that the increase 

dispersive character of CNC treated fibres promotes the adhesion with mostly apolar polymer 

matrices such as PP and MAPP.  

In contrast, the XG/CNC treated fibres only bring slight improvement of the work of adhesion as 

their surface free energy and dispersive and polar components are similar to raw flax fibres, the 

more polar character of XG counterbalancing the increase in dispersive character of the fibres 

brought by CNC. 

Our results suggest that the surface treatment of flax fibres with nano-objects as CNC can improve 

their work of adhesion with mainly apolar matrices such as PP and MAPP thanks to a better polar 

/ dispersive balance at the fibre surface. The use of PP based coupling agents functionalized with 

maleic anhydride groups (MAPP) allows a further increase of the work of adhesion due to their 

higher surface tension and polarity providing that MAPP efficiently migrates at the fibre / PP 

interfaces. 
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III. 3. 2. Crystallization and microstructure of biocomposites 

III. 3. 2. 1 Crystallization of PP and PP / MAPP 

DSC analyses were performed to study the effect of the adsorption of CNC and XG/CNC on flax 

fibres on the crystallization of PP and PP / MAPP. In fact, the chemical composition as well as the 

topography of fibre surfaces could play a role on the crystallization behaviour of polymer matrices 

[50], [51]. Curves of the first heating scan and cooling scan are represented in Figure III-2 for each 

prepared biocomposites.  

 

Figure III-2: Thermograms obtained by Differential Scanning Calorimetry of the different prepared 

biocomposites (a) first heating scan and (b) cooling scan. 

 

First, melting temperatures Tm of the different biocomposites were similar, i.e. roughly 166-170°C, 

indicating that the thermal stability of the crystals was not significantly affected by the presence 

of CNC and XG/CNC on flax fibre surface. Then, crystallization temperatures Tc were measured 

during the cooling step and showed slight differences between biocomposites as shown in Table 

III-3.  
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Table III-3: Melting temperature Tm and enthalpy Hm, degree of crystallinity Xc and crystallization 

temperature Tc of the matrix determined from the first heating and cooling scans of DSC thermograms for 

PP or PP / MAPP based biocomposites reinforced with 20 wt% flax fibres (non-treated, CNC and XG/CNC 

treated). 

 

PP_flax, PP_flax_CNC and PP_MAPP_flax had Tc = 131 - 132 °C, while PP_MAPP_flax_CNC and 

PP_MAPP_flax_XG/CNC display lower Tc around 127°C. It seems that the combination of both 

MAPP and CNC (or XG/CNC) induces a change in the crystallization behaviour of PP with a slight 

decrease of its crystallization temperature, and hence a possible delayed and/or reduced 

nucleation. Further isothermal crystallization analysis by DSC and polarized optical microscopy 

observations would be necessary to better depict the effect of flax fibres and surface modification 

on the crystallization behaviour of PP.  

PP / MAPP based biocomposites reinforced with XG/CNC modified flax fibres also showed a 

slight decrease in the degree of crystallinity Χc from around 37.5 % to 35.5 % (Table III-3). This 

can be explained by the occurrence of covalent bonds between MAPP and the hydroxyl groups 

present at the surface of XG/CNC assemblies. This leads to the formation of a covalent bond 

network of lower molecular mobility at the fibres / matrix interface that could locally hamper the 

crystallization of PP matrix. This phenomenon is also likely to occur with non-treated flax fibres 

but the higher specific surface area of CNC implies a higher amount of available hydroxyl groups 

at the surface of fibres, and hence possibly more covalent bonds with MAPP. 

 

 

Melting 

temperature 

Tm (°C) 

Melting 

enthalpy 

Hm (J/g) 

Degree of 

crystallinity 

χc (%) 

Crystallization 

temperature  

Tc (°C) 

PP_flax 168.2 ± 1.1 61.9 ± 0.6 37.3 ± 0.4 132.4 ± 0.1 

PP_flax_CNC 168.9 ± 0.3 62.1 ± 0.0 37.5 ± 0.0 132.7 ± 0.4 

PP_MAPP_flax 170.3 ± 1.3 62.2 ± 1.4 37.6 ± 0.8 131.1 ± 1.0 

PP_MAPP_flax_CNC 165.7 ± 0.2 61.2 ± 0.3 37.0 ± 0.2 127.2 ± 0.1 

PP_MAPP_flax_XG/CNC 167.8 ± 2.1 58.8 ± 0.1 35.5 ± 0.1 126.8 ± 0.4 
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III. 3. 2. 2 Fibre size and shape distribution 

The fibre treatments could affect the fibre size and shape distribution within the biocomposites 

after extrusion and injection processes, so microstructural analysis was performed to investigate 

this possible effect. In fact, fibre morphology changes influence greatly the mechanical properties 

of the biocomposite material. The higher the aspect ratio, the most efficient is the load transfer 

from the matrix to the fibres, and the higher is the stiffness and strength of the composite. 

All 4 mm x 4 mm cartographies obtained by SEM of each biocomposite polished surface are shown 

in Figure III-3. A good dispersion and individualization into elementary fibres is observed for a 

large fraction of flax fibres for all biocomposites with the presence of small particles and also some 

fibre bundles having a much higher diameter. Results of the fibre aspect ratio distributions are 

reported in Figure III-4. Median aspect ratios are very similar for all biocomposites and range 

from 2.9 to 3.2 and 3.4 to 3.8 for number and surface weighted distributions, respectively. The 

morphology of flax fibres after biocomposite processing appears to be unchanged by the different 

treatments, i.e. addition of MAPP coupling agent and adsorption of CNC or XG/CNC. The 

obtained mechanical properties of the biocomposites should thus not be influenced by variation 

in the aspect ratio of the fibres. 
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Figure III-3: 4 mm x 4 mm cartography images obtained by SEM for the (a) PP_flax, (b) PP_flax_CNC, (c) 

PP_MAPP_flax, (d) PP_MAPP_flax_CNC, (e) PP_MAPP_flax_XG/CNC biocomposite. Red lines 

correspond to automatic detection of the outlines of flax fibres further used for image analysis and 

calculation of maximum and minimum Feret’s diameters. 
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Figure III-4: Resulting box-plots of fibre aspect ratio distributions weighted in surface and in number for 

the different biocomposites. 

 

Concluding, there are no significant variations in the biocomposites microstructure in terms of 

fibre size and shape distributions and matrix crystallinity. We thus assume that the mechanical 

behaviour of the biocomposites should primarily be influenced by variations in the interfacial 

adhesion brought by the treatments with CNC and XG/CNC on flax fibre surface. 
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III. 3. 3. Mechanical behaviour and interfacial adhesion of biocomposites 

It has been shown previously the positive effect of CNC adsorption onto flax fibres with better 

work of adhesion with the matrix, this being primarily due to increased dispersive character of 

fibre surface. Moreover, the MAPP coupling agent also increases the work of adhesion thanks to 

its higher surface tension and polarity. These results are completed below by macro- and micro-

mechanical tests to study the influence of CNC and XG/CNC fibre modifications combined with 

MAPP coupling agent on the mechanical behaviour of biocomposites and thereby study the 

practical interfacial adhesion at different length scales. 

III. 3. 3. 1 Uniaxial tensile tests 

Uniaxial tensile tests were perfomed on biocomposites to determinate their Young’s modulus E 

as well as their tensile strength σmax and work of rupture more sensitive to failure mechanisms at 

the fibre / matrix interface and hence interfacial modifications [15]. The results of the uniaxial 

tensile tests are presented in Figure III-5. 

As expected, Young’s modulus (Figure III-5 c) increases with the amount of flax fibres [52]. No 

pronounced effect of the CNC and XG/CNC fibre functionalization were observed as the Young’s 

modulus is generally little influenced by the interfacial adhesion, especially for short natural fibres 

composites for which the quantity of fibre / matrix interfaces developed is limited [15], [53]. We 

can also observe that the presence of the MAPP coupling agent even slightly decreases the 

Young’s modulus of the biocomposites. It could be explained by a plasticizing effect related to the 

presence of MAPP within the bulk of the PP matrix that did not migrate at the fibre / matrix 

interface. 
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Figure III-5: Typical uniaxial tensile curves at 20wt% fibre content (a), tensile strength (b), Young’s modulus 

(c) and work of rupture (d) for the different biocomposites. 

 

In contrast, pronounced variations in tensile strength (Figure III-5 b) are observed for the different 

biocomposites depending on the interfacial modifications either MAPP coupling agent or CNC, 

XG/CNC fibre functionalizations. Without the presence of MAPP, it is obvious that the PP / flax 

interface is not cohesive. The increase in fibre content even results in a slight decrease of the tensile 

strength because of this weak interfacial adhesion. The same trend is observed for raw flax and 

flax_CNC fibres. On the other hand, the incorporation of MAPP appears to increase the tensile 

strength, especially for the highest flax fibre contents. For 30 wt% flax fibres, the tensile strength 

increases significantly from 36.2 MPa ± 0.2 to 40.4 MPa ± 0.5 for respectively PP_ flax and 

5 10 15 20 25 30

32

34

36

38

40

42

44
 PP_flax

 PP_flax_CNC

 PP_MAPP_flax

 PP_MAPP_flax_CNC

 PP_MAPP_flax_XG/CNC

T
e
n

s
ile

 s
tr

e
n

g
th

, 
s

m
a
x
 (

M
P

a
)

Fibre content (wt%)

0 2 4 6 8 10 12

0

10

20

30

40

 PP_flax

 PP_flax_CNC

 PP_MAPP_flax

 PP_MAPP_flax_CNC

 PP_MAPP_flax_XG/CNC

S
tr

e
s
s
 (

M
P

a
)

Elongation (%)

(a) (b)

(c) (d)

5 10 15 20 25 30

2.0

2.5

3.0

3.5

4.0
 PP_flax

 PP_flax_CNC

 PP_MAPP_flax

 PP_MAPP_flax_CNC

 PP_MAPP_flax_XG/CNC

Y
o
u
n
g
's

 m
o
d
u
lu

s
 (

G
P

a
)

Fibre content (wt%)

5 10 15 20 25 30

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6  PP_flax

 PP_flax_CNC

 PP_MAPP_flax

 PP_MAPP_flax_CNC

 PP_MAPP_flax_XG/CNC

W
o
rk

 o
f 
ru

p
tu

re
 (

J
)

Fibre content (wt%)



Chapter III 

168 

 

PP_MAPP_flax (p-value = 0.0079 based on the statistical Mann & Whitney non-parametric U test). 

The novelty of our approach is the combination of MAPP with the flax fibres treatment by CNC 

and XG/CNC. The presence of CNC and XG/CNC on fibre surfaces have a positive effect on the 

tensile strength of the biocomposite. In fact, the tensile strength increases from 37.4 MPa ± 0.9 to 

38.5 MPa ± 0.2 and 39.3 MPa ± 0.3 for respectively PP_MAPP_flax, PP_MAPP_flax_CNC and 

PP_MAPP_flax_XG/CNC at 20 wt% flax fibres (p-values of 0.19 and 0.015, respectively, based on 

the statistical Mann & Whitney non-parametric U test). This suggests that the combination of CNC 

or XG/CNC functionalizations onto flax fibres combined with the incorporation of MAPP 

coupling agent improves the interfacial adhesion, possibly due to increased interfacial area and 

preferential chemical interactions between CNC and MAPP. 

The work of rupture (Figure III-5 d) decreases significantly with increasing fibre contents. In fact, 

the incorporation of flax fibres makes biocomposite materials less ductile with much lower 

elongation at break as seen on Figure III-5 a. The increase in tensile strength brought by interfacial 

modifications cannot compensate this loss in ductility, thereby leading to a decreased work of 

rupture. 

III. 3. 3. 2 Micro-mechanical tensile tests 

The developed in situ micro-mechanical tensile SEM test allows direct observations of crack 

propagation while recording force-displacement curves (Figure III-6 a). This experiment could be 

assimilated to a pull-out test at a larger scale, i.e. several fibres and bundles are progressively 

extracted from the matrix during the test. These experiments were performed to better depict the 

effect of CNC and XG/CNC treatments on interfacial adhesion of flax / PP at the microscale. First, 

the PP_MAPP_flax composites break at average 233 ± 2 N, while PP_MAPP_flax_CNC and 

PP_MAPP_flax_XG/CNC break at higher tensile forces, respectively 262 ± 15 N and 260 ± 3 N. The 

strength improvement related to interfacial adhesion is highlighted by the micro-mechanical 

tensile test, which is conducted at low tensile speed (0.1 mm/min). PP matrix have more time to 

dissipate energy and is known to be strain rate dependant [54]. 
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Figure III-6: (a) Force - displacement curves recorded during the micro-tensile test for notched specimens 

of PP_MAPP_flax, PP_MAPP_flax_CNC and PP_MAPP_flax_XG/CNC with 20 wt% flax fibres and (b) the 

resulting work of rupture. 

 

Moreover, the work of rupture during crack propagation has also been calculated (Figure III-6 b). 

The biocomposites with CNC and XG/CNC modified flax fibres have better tenacity with an 

increase of 12.5 % and 21.6 %, respectively. This suggests that the presence of both XG and CNC 

on the flax fibres modifies the failure mechanisms in the interphase zone between fibres and 

matrix, leading to higher forces and elongation at break. This hierarchical and extensible XG/CNC 

network with strong interactions and increasing rupture distance was characterized in our 

previous work [34] by AFM adhesive force measurements. Our results suggested that such 

network can have a positive influence in the breaking strength of composite systems. 

An analysis of the failure mechanisms by in-situ visualization of the crack propagation has been 

done for the different biocomposites (Figure III-7, the three videos are available online on 

Doineau et al. 2021 [55]). As regard the local fibre / matrix interfacial adhesion, behaviours are 

similar and characteristic of both adhesive and cohesive interfacial failures. Indeed, fibre 

debonding as well as fibre breakage occurs, the matrix showing mainly ductile behaviour with 

stretching and tearing. Nevertheless, flax fibres modified by CNC and XG/CNC seem to change 

the failure pattern of the biocomposites (Figure III-7). In the case of PP_MAPP_flax, the failure 

occurs through the formation of a macro-crack that propagates quasi linearly behind the crack tip. 
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In the case of PP_MAPP_flax_XG/CNC, the crack propagation is more uneven and occurs through 

the formation of numerous micro-cracks. These qualitative observations support the higher work 

of rupture measured for these biocomposites. 

 

Figure III-7: SEM observations during crack propagation in notched specimens for (a) PP_MAPP_flax, (b) 

PP_MAPP_flax_CNC and (c) PP_MAPP_flax_XG/CNC with 20 wt% flax fibres. Note that a B&W threshold 

was applied to the pictures to ease the observation of the described failure phenomena. 

 

The development of hierarchical interphases by the surface modification of natural fibres with 

biopolymers and nano-reinforcements such as XG/CNC thus appears an interesting strategy to 

modify failure mechanisms and enhance the strength of biocomposite materials. However, it 

appears that a chemical coupling between the matrix and modified flax fibres such as MAPP is 

needed to ensure good interfacial strength and hence better work of rupture. 

III. 3. 4. Work of adhesion versus practical adhesion 

Figure III-8 shows the correspondence between the work of adhesion that is only governed by 

physico-chemical interactions between the fibres and the matrix; and the practical adhesion that 

is related to interfacial strength and influenced by fibre / matrix chemical interactions, mechanical 

anchorage, transcrystallinity at the interphase and intra and intercellular cohesion within 

elementary flax fibres and bundles [15]. 

PP_MAPP_flax PP_MAPP_flax_CNC

stress0.66 mm
110 N

0.61 mm
139 N

(a) (c) 0.79 mm
137 N

(b)

PP_MAPP_flax_XG/CNC

400 µm 400 µm 400 µm
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Both plots evidence that the combination of interfacial modifications with (i) MAPP coupling 

agent that brought covalent bonds with the fibres and; (ii) hierarchically structured interphases 

with CNC or XG/CNC assemblies that enhance adhesion and modify the mechanical behaviour 

in the interfacial zone, could improve the ultimate properties of biocomposites with higher tensile 

strength and more progressive local failure with higher work of rupture. 

 

Figure III-8: (a) Tensile strength by uniaxial tensile tests and (b) work of rupture measured by micro-tensile 

tests for the different biocomposite specimens at 20 wt% flax fibres versus the calculated work of adhesion 

Wa (Eq. 5) between flax fibres and matrix. 
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III. 4. Conclusions 

The interphase of PP / short flax fibre thermoplastic composites was modified by the combination 

of two strategies, i.e. (i) chemical coupling by MAPP and (ii) flax fibre nanostructuration with the 

adsorption of CNC and XG. The resulting fibres and biocomposites were characterized by 

wettability tests, micro-mechanical tensile tests with in situ SEM observations and uniaxial tensile 

tests. The presence of cellulose nanocrystals on the surface of flax fibres decreased their polar 

character and improved the work of adhesion with PP / MAPP matrix. Uniaxial tensile tests 

revealed that combining the incorporation of MAPP coupling agent and the adsorption of CNC 

or XG/CNC on flax fibres enhanced the strength of PP / flax biocomposites. Furthermore, the work 

of rupture of the materials measured by micro-mechanical tensile tests was improved by 12.5% 

and 21.6% for CNC and XG/CNC treatments, respectively. To conclude, the combination of 

interfacial modifications with nanostructured fibres via the adsorption of CNC and XG/CNC at 

their surface and the use of coupling agent MAPP that provides covalent bonds with fibres, 

improves the ultimate properties of biocomposites, giving higher strength and work of rupture, 

and more progressive local failures. These results open interesting perspectives for the 

development of bio-based hierarchical composites inspired by naturally occurring structures with 

enhanced structural properties. 
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Introduction 

Unidirectional flax fibre based epoxy laminated composites have already been studied in 

literature using different processes such as thermocompression, (vacuum-assisted) compression 

molding, liquid resin infusion or resin transfer molding [1]–[14]. They obtained good mechanical 

properties with tensile Young’s modulus values going from 15 GPa to 39 GPa and tensile strength 

values from 130 MPa to 415 MPa. Such high variations are strongly due to differences of fibre 

volume fractions in composites, manufacturing processes and also type of flax reinforcement 

(directly scutched fibres, unidirectional (UD) or quasi-UD fabrics) [11], [15], [16]. Indeed, as shown 

in the Figure IV-1, performances of fibre based composites are governed by many parameters 

linked to intrinsic properties of matrix and fibres but also to the manufacturing process and the 

interphase zone fibre / matrix. 

 

Figure IV-1: A range of parameters influencing the performance of fibre based composites with polymeric 

matrix (reprinted with permission from CELC & JEC Composites 2012 [15]). 

 

The study of Coroller et al. (2013) on the manufacturing of epoxy/glass and epoxy/flax composites 

with unidirectional reinforcements shows differences in mechanical properties of composites [1]: 

fibre volume fraction, tensile Young’s modulus and strength of 45 %, 34 GPa and 550 MPa for 

glass fibres respectively, and 51 – 54 %, 26 – 34 GPa and 290 – 410 MPa for flax fibres respectively 

(according to flax fibre varieties, i.e. Hermès, Andrea or Marylin). This difference is partly due to 
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differences in intrinsic mechanical properties of reinforcements and also to worse compatibility 

and interfacial adhesion flax / epoxy. Indeed, glass fibres are systematically submitted to a sizing 

surface treatment [17], [18], the fruit of several years of development allowing an improvement of 

fibre / matrix adhesion. This scientific and technological background has not yet been reached for 

natural fibre reinforced composites.  This lower compatibility flax / epoxy is mainly due to 

hydrophilic and polar flax fibres in contact with apolar and hydrophobic epoxy matrix [19], [20], 

and induces bad load transfer within the composite at the interphase, a complex zone between 

flax fibres and epoxy resin [21]. In order to tackle this problem, pre-treatments (retting, 

defibrillation process, solvent extractions…) [5], [22], chemical  functionalization (silanes, NaOH, 

acid anhydrides…) [13], [14], [23], [24], plasma treatments [25] and/or thermal treatments [26] of 

flax fibres have been performed to increase the compatibility fibre / matrix and so the interfacial 

adhesion. However, those strategies did not enhance significantly mechanical properties of flax / 

epoxy composites. Another strategy based on biological systems (bone, nacre, wood) [27], [28] has 

also been followed in synthetic/mineral [29]–[32], hybrid [33]–[35] and more recently biobased 

fibres reinforced epoxy composites [36], see Chapter I section I.3. This strategy of fibre surface 

modification consists of creating hierarchical fibres via the deposition of nano-objects on their 

surface (carbon nanotubes, ZnO nanowires, graphene, nanoclay, nano-TiO2 or nanocellulose). In 

the paper of Lilli et al. (2020), ZnO nanorods coated basalt fibres show a lower surface energy of 

23.8 mN/m compared to 32.3 mN/m for commercial sized basalt fibres, with also a strong decrease 

of the polar component  𝛾𝑆
𝑝

 from 14 to 4.2 mN/m [29]. The nanostructuration of fibres show in 

most of cases an increase of the interfacial shear strength (IFSS) with the epoxy resin, for example 

an increase of 40.5 % was observed in the work of Wang et al. (2015) for nano-TiO2 modified flax 

fibres (2.34 wt% of particle content) compared to untreated fibres [33]. Finally, the deposition of 

nano-objects on fibres enhances tensile and flexural mechanical properties. Lee et al. (2012) used 

BC as binder in a sisal preform and obtained huge increases of tensile Young’s modulus and 

strength by 75 % and 71 % respectively for BC – sisal preform / Acrylated Epoxidized Soybean Oil 

(AESO) biobased composites. 

In this context, this work reported the modification of unidirectional flax fabrics by the adsorption 

of cellulose nanocrystals (CNC) and xyloglucan (XG) and their incorporation in an epoxy resin 
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matrix to prepare biobased laminates. This study will focus on the multi-scale analysis of 

hierarchical flax fabric reinforced epoxy biocomposites. The resulting modified flax fabrics, the 

microstructure and the mechanical behaviour of flax fabric reinforced epoxy laminates are 

studied. Wettability tests on single CNC and XG/CNC modified flax fibres extracted from fabrics 

are performed to study the effect of the surface treatments on the surface free energy and its polar 

and dispersive components as well as the work of adhesion with epoxy matrix. The thermo-

mechanical behaviour of the biocomposites is studied by uniaxial tensile tests in the transverse 

and longitudinal directions and dynamic mechanical thermal analysis. The results are related to 

the microstructure of the manufactured biocomposite laminates, which are analyzed in terms of 

volume fractions of the different components and with observations of yarns layout and 

dispersion within the matrix by scanning electron microscopy (SEM). Finally, the impact of the 

washing and drying steps applied to flax fabrics during XG/CNC treatments is discussed as 

regard the biocomposite microstructure and performances.  
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IV. 2. Materials and methods 

IV. 2. 1. Materials 

Unidirectional (UD) flax woven fabric 300 g/m² was manufactured by Eyraud (France) and 

supplied by Fibres Recherche Développement (FRD, France). Cellulose nanocrystals (CNC) were 

produced by acid hydrolysis of wood pulp and purchased from CelluForce in spray-dried powder 

(Quebec, Canada). The CNC surface charge density is 0.023 mmol/g; the crystalline fraction: 0.88; 

the CNC lateral dimensions: 2-5 nm; and the CNC length: 50-110 nm. Xyloglucan Glyloid 6 C was 

obtained from tamarind seed gum and purchased from DSP Gokyo Food & Chemical (Japan). Mw 

= 840,000 g.mol-1; Mw/Mn = 1.24, Rg 72 nm; monosaccharide composition: Glucose 50.7%; Xylose: 

31.7%; Galactose 16.0%; Arabinose 1.6%. Epoxy resin SR Infugreen 810 and hardener SD 4770 were 

provided by Sicomin (France); ratio 100/29 (g/g); Tg = 97°C; viscosity is 142 mPa.s at 20°C and a 

maximum bio-based carbon content of 29% for the mix resin/hardener. 

IV. 2. 2. Treatment of flax woven fabric with XG and CNC 

Cellulose nanocrystals (CNC) and xyloglucan (XG) were adsorbed on UD flax woven fabrics. A 

CNC suspension was prepared, i.e. 26 g of CNC in 1.8 L deionized water under stirring during 5 

hours, corresponding to a ratio CNC:flax of 1:6.6, followed by sonication (cycle 5; amplitude 50%; 

2 x 1min) to break residual CNC agglomerates. Then, 8 layers of 25 x 25 cm² flax fabrics were cut 

from a UD flax woven fabric roll, added in the CNC suspension and stored at 4°C during 16 hours 

(Figure IV-2). The CNC modified flax fabrics, named flax_CNC, were then washed carefully with 

deionized water to remove the non-adsorbed CNC and dried in a heat chamber at 60°C overnight.  
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Figure IV-2: Dipping step of flax fabrics in the CNC suspension during 16 hours at 4°C. 

 

Same procedure was followed for the modification of flax fabrics with both XG and CNC. In this 

case, XG was firstly adsorbed onto flax fabrics as follows: XG suspension was prepared, i.e. 34.8 

g of XG added gradually in 2.8 L deionized water with a vortex, at 50 – 60 °C during few hours, 

corresponding to a ratio XG:flax of 1:5. Then, 8 plies of flax fabrics were put in an adequate 

container containing the XG suspension and stored at 4°C during 24 hours. The XG modified flax 

fabrics were then washed carefully with deionized water to remove the non-adsorbed XG, and 

were then dipped in a suspension of CNC following the previous treatment protocol.  

In order to study the possible effect of the water washing/dipping steps on the structure of flax 

fabrics, a control material has been prepared, i.e. 8 plies of UD flax fabrics were dipped in 

deionized water (without XG/CNC), stored at 4°C during 24 hours and then dried in a heat 

chamber at 60°C overnight. Moreover, a different drying method was tested for CNC modified 

flax fabrics, i.e. 8 plies of CNC modified flax fabrics were dried by contact with hot cylinders 

(60°C), under strength, to analyse the effect of shrinkage and possible destructuration of the fabric 

during treatment (Figure IV-3). 
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Figure IV-3: Two different dring techniques of the flax fabrics at 60°C with free dring in a heat chamber and 

drying by contact under strength. 

 

The resulting untreated, control, CNC (free drying or under strength) and XG/CNC modified flax 

fabrics, named flax, flax_control, flax_CNC, flax_CNC_under strength and flax_XG/CNC respectively, 

were stored in a conditioning room at 23°C and 50% relative humidity before being used for 

composite manufacturing. 

IV. 2. 3. Morphology of flax fabrics and yarns 

SEM observations were done on flax yarns extracted from raw, CNC and XG/CNC treated UD 

flax fabrics before their impregnation with epoxy resin, with a Quanta 200 FEG (FEI Company) 

under high vacuum at acceleration voltage 12.5 keV and magnifications x70 and 2000x (WD = 9.5 

mm).  

Discs of 25 mm diameter were cut from UD flax fabrics (raw or treated) with a punching machine 

(CEAST) and placed in an IR-balance (Precisa XM66) to measure their areal density (g/m²) in the 

dried state at 105°C during 5 minutes (five samples per fabric).   

Free drying in heat chamber Drying by contact under strength
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IV. 2. 4. Single fibre tensiometry 

As flax yarns are dispersed into individualized flax fibres in the matrix during composite 

processing, elementary flax fibres extracted from yarns of UD fabrics modified with CNC and 

XG/CNC were used for these experiments. The tensiometer K100SF (Krüss, GmbH) was used to 

perform wettability tests in different reference liquids following the Wilhelmy method (Equation 

IV-1): 

𝐹 = 𝑚. 𝑔 = 𝛾𝐿 . 𝑝. cos 𝜃  (IV-1) 

With F the capillary force (mN) measured by the tensiometer when a single fibre is immersed in 

the test liquid, m (g) corresponding to the mass of the liquid meniscus formed around the 

immersed elementary fibre, 𝛾𝐿 (mJ/m²) the liquid surface tension, p (µm) the fibre wetted length 

or perimeter and θ (°) the static advancing contact angle between the fibre and the liquid [37]. The 

tensiometry experiments method of this study is based on the one presented in the Chapter III, 

section 2.3., with additional experiments consisting in the study of the wettability of flax fibres 

towards the epoxy resin non-mixed with the hardener. Measurements were done on eight to ten 

fibres and six were exploited for each.  

IV. 2. 5. Manufacturing of biocomposites  

The 8 layers of flax fabrics (flax, flax_control, flax_CNC, flax_CNC_under strength or flax_XG/CNC) 

were dried in a heat chamber overnight at 60°C in order to remove any residual water before 

composite manufacturing. The epoxy system was prepared with a 100 / 29 (g / g) ratio, i.e. 310 g 

of epoxy resin SR Infugreen 810 and 89.9 g of hardener SD 4770 containing amines, and mixed 

with a wooden spatula during 5 min to homogenize the mixture. Each flax layer was removed 

from the heat chamber and directly impregnated by the hand lay-up technique with a silicon 

basting brush following the longitudinal direction of the yarns (Figure IV-4). Between each layer, 

a spiked roller was used to remove entrapped air bubbles between stacked flax layers. Then, the 

8 impregnated and stacked plies were placed in a thermocompression press under various curing 

pressure and fixed curing temperature (60°C) and time (16 hours). The effect of curing pressure 
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has been studied to define optimal processing conditions. After processing, the composite 

laminates were cooled at ambient temperature during 2 hours, demoulded and stored in a 

conditioning room (23°C; HR = 50%) before subsequent analysis. 

 

Figure IV-4: Different steps of UD flax / epoxy laminates manufacturing, i.e. hand lay-up technique for the 

impregnation of epoxy resin on flax plies and thermocompression process. 

IV. 2. 6. Microstructural analysis of biocomposites 

The fibre (%𝑉𝑓), matrix (%𝑉𝑚) and pore (%𝑉𝑝) volume fractions were calculated using Equations 

IV-2, IV-3 and IV-4 [38]: 

%𝑉𝑓 = %𝑚𝑓 ×
𝜌𝑐

𝜌𝑓
 (IV-2) 

%𝑉𝑚 = %𝑚𝑚 ×
𝜌𝑐

𝜌𝑚
 (IV-3) 

%𝑉𝑝 = 100 − (%𝑉𝑓 + %𝑉𝑚) (IV-4) 

 

With %𝑚𝑓 and %𝑚𝑚 respectively the fibre and matrix mass fractions deduced from the areal 

densities of the composite plates and the 8 plies of UD flax woven fabric in the dried state (g/m²); 

𝜌𝑓, 𝜌𝑚 and 𝜌𝑐 the bulk densities of respectively flax fibre fabrics, epoxy resin and composite plates. 

Discs of 25 mm diameter were cut from UD flax / epoxy composite plates with a holesaw and 

Flax fabric impregnated by 

epoxy resin

Flax fabric

1 plate of biocomposite with 8 plies of UD flax
thickness ≈ 3 mm; L x l = 25x25cm²

1. HAND LAY-UP TECHNIQUE

2. THERMOCOMPRESSION PROCESS

(temperature, pressure and time)
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placed in an IR-balance (Precisa XM66) to measure their areal density (g/m²) in the dried state at 

105°C during 5 minutes (three samples per plate). Bulk densities (g/m²) were obtained in dried 

state (60°C during one night) using a Gas pycnometer (Micromeritics AccuPyc 1330) in helium 

atmosphere. Densities of flax woven fabrics and epoxy resin were respectively 1.54 and 1.17 g/cm3 

(two samples per material). 

In order to analyse the dispersion state and layout of flax yarns within the epoxy matrix in 

composite laminates, SEM observations were conducted on cross-sections cut in composite plates, 

perpendicular and parallel to the fibre direction, with a Quanta 200 FEG (FEI Company) under 

high vacuum at an acceleration voltage of 15 keV. These cross-sections were polished and sputter 

coated with carbon using a BALZERS CED 030 in order to ensure good surface conductivity and 

limit flax fibre degradation under the electron beam. For observations parallel to the fibre 

direction, cartographies of 3.5 mm x 12 mm consisting of 8 SEM images was built using the 

software Aztec® (Oxford Instruments). 

Moreover, the thickness of each composite plate has been measured with a caliper on three 

different locations. 

IV. 2. 7. Uniaxial tensile testing 

Tensile mechanical properties were investigated on biocomposite laminates in the longitudinal 

and transverse directions, i.e. parallel and perpendicular to fibre direction, respectively. Tensile 

tests were carried out using a MTS machine (Criterion C45.105) equipped with a force sensor of 

100 kN and a MTS laser extensometer (LX500). Two reflective stripes were stuck on samples for 

the determination of the Young’s modulus. According to NF EN 2747 standard, composite plates 

were cut to obtain specimens of 3 mm x 10 mm x 170 mm with a reference length between tensile 

jaws of 105 mm. The crosshead speed was fixed at 0.5 mm/min until a preload of 20 N and then 2 

mm/min until the rupture of the sample. Note that some specimens broke in the crosshead jaws, 

which could give an underestimation of composites’ tensile strength. The tests were performed at 

23°C and 50% relative humidity. Minimum of five samples were tested for each biocomposite 

laminate. 
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Tensile tests were also performed on the epoxy resin plate prepared with a 100 / 29 (g / g) ratio, 

i.e. epoxy resin SR Infugreen 810 and hardener SD 4770 containing amines), and mixed with a 

wooden spatula during 5 min to homogenise the mixture. The epoxy resin modulus Em = 3.35 GPa, 

measured following same procedure as flax / epoxy composites, has been used in mixture rules 

in this article. 

IV. 2. 8. Dynamic mechanical thermal analysis (DMTA) 

Dynamic mechanical thermal analysis was performed using a VA 815 Metravib RDS in the dual 

cantilever bending mode in transverse direction to UD composite laminates, i.e. perpendicular to 

fibre direction. Samples of 80 mm x 10 mm x 3 mm were cut from flax, flax_control, flax_CNC and 

flax_XG/CNC composites. In order to determine the linear viscoelastic domain of the material, 

displacement sweeps were tested on raw flax based biocomposite for constant frequency (5 Hz) 

and temperature (ambient temperature). The optimal displacement amplitude was found to be 

around 10 μm. Based on this result, samples were heated from 40°C to 120°C with a heating rate 

of 3°C/min at a frequency of 5 Hz and fixed displacement of 10 μm. The storage modulus (E’), loss 

modulus (E’’), the damping or loss factor (tan δ) and the temperature of the loss factor peak Tα, 

were recorded. Two samples were tested over two consecutive heating cycles (noted 1st cycle and 

2nd cycle) for each biocomposite laminate.  
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IV. 3. Results and discussions 

IV. 3. 1. Effect of treatments on the morphology of flax fabrics and yarns 

The dry areal density of the treated flax fabrics was determined (105°C; 5 minutes) and reported 

in Table IV-1. During the treatment with CNC and XG/CNC, UD flax fabrics undergo a dipping 

step in water and a subsequent drying step at 60°C that could affect their architecture. The sole 

effect of water dipping has been tested with a flax fabric submitted to same dipping and drying 

steps but without the functionalizing components (XG and CNC). Moreover, flax fabrics were 

treated by CNC and dried by contact under strength to analyze eventual shrinkage or 

destructuration of the fabrics that could occur with a free drying.  

Table IV-1: Dry areal density of flax fabrics and adsorbed amount of CNC and XG/CNC on fabrics. 

 

First, results highlight a great influence of the treatment steps, i.e. dipping and drying, with an 

areal density of 324 g/m² for the flax_control fabrics versus 298 g/m² for the raw flax fabrics, which 

is attributed to shrinkage of the fabrics upon drying. It is also possible to estimate the quantity of 

XG/CNC adsorbed onto flax fabrics when comparing the areal density of the treated fabrics with 

the flax_control fabric. Values of adsorbed CNC and XG/CNC vary from 3.1 to 6.0%. Those values 

are higher than the quantification made in the Chapter II on twisted yarns based on the UV 

spectroscopy method via the fluorescent labelling of XG and CNC [39] with an estimated amount 

of XG/CNC of around 2 %. Variations in the architecture of fabrics during treatments, especially 

local shrinkage, could explain an overestimation made with the direct gravimetric measurements 

based on the areal density of the fabrics. On the other hand, the more opened structure of yarns 

 Flax Flax_control Flax_CNC Flax_CNC_under strength Flax_XG/CNC 

Dry areal density of 

flax fabrics (g/m2) 

297.6 

± 7.3 

324.1 

 ± 9.3 

334.2  

± 16 

342.9 

 ± 3.8 

343.7  

± 5.5 

Quantity of adsorbed 

amount (%) 
- - 3.1 5.8 6.0 
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used in this study could have favoured higher adsorption of XG/CNC than for twisted yarns used 

in the Chapter II. 

SEM images of yarns treated with XG/CNC (Figure IV-5) show polymeric web- or net-like 

structures surrounding the fibres (white arrows).  

 

Figure IV-5: SEM images of yarns of raw, control, CNC and XG/CNC treated flax fabrics at magnification 

x2000. 

 

This was not seen for flax, flax_control and CNC treated flax fabrics, supporting that the presence 

of XG, possibly in higher amounts in some areas, is responsible for the formation of these 

polymeric structures. 

Flax

50 µm50 µm 50 µm

50 µm 50 µm

Flax_control Flax_CNC

Flax_XG/CNC
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IV. 3. 2. Surface free energy of flax fibres and work of adhesion 

The surface free energy 𝛾𝑠 of elementary flax fibres and its polar and dispersive components 𝛾𝑠
𝑝

 

and 𝛾𝑠
𝑑 (mJ/m²) were determined by the Owens, Wendt, Rabel and Kaelble (OWRK) approach [40] 

knowing the respective polar and dispersive surface tensions of the testing liquids 𝛾𝐿
𝑝

and 𝛾𝐿
𝑑 

(mJ/m²) (Equation IV-5). 

𝛾𝐿(1+cos θ)

2√γL
d

= √γS
p

× √
γL

p

γL
d + √γS

d (IV-5) 

Surface free energies and its dispersive and polar components have been determined by single-

fibre tensiometry and are reported in Table IV-2 for raw and treated flax fibres (flax_CNC and 

flax_XG/CNC). Known surface tensions values of testing liquids are also reported in Table IV-2 

[41]. For the epoxy resin, an overall surface tension of 46.0 mN/m was measured. The 

polar/dispersive ratio was arbitrarily chosen as such, 44.0 mN/m and 2.0 mN/m for dispersive and 

polar components, considering the proportions classically observed in the literature [37], [42]. 

Raw flax fibres have a surface free energy of 34.3 mJ/m² with polar and dispersive components of 

18.2 mJ/m² and 16.1 mJ/m², respectively. The treatment of flax fibre surfaces by cellulose 

nanocrystals (CNC) decreases their surface free energy by roughly 10%. This decrease could be 

related to the nanostructuration of flax fibre surfaces with the deposition of CNC inducing a 

possible change in their surface topography such as an increased roughness and an enhancement 

of their specific surface area [43]. This trend has already been reported for the deposition of carbon 

nanotubes on carbon fibre surfaces [44]. In contrast, the XG/CNC treatment did not change the 

surface free energy of flax fibres, which is similar to raw flax fibres. This is probably due to the 

presence of XG on flax surfaces, modifying their physico-chemistry and possibly smoothing the 

surfaces and so limiting nanostructuration effects. As discussed in the Chapter III, section 3.1, 

Khoshkava and Kamal reported concerning CNC a high surface free energy value of 68.9 mJ/m² 

with a predominant dispersive component, i.e. 𝛾𝐶𝑁𝐶
𝑑  = 40.9 mJ/m² and 𝛾𝐶𝑁𝐶

𝑝
 = 28.0 mJ/m² [45]. 
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Table IV-2: Surface tensions of testing liquids and surface free energies (with their polar and dispersive 

components) for raw and treated flax fibres at 20°C. 

 

Considering their high dispersive character, the adsorption of CNC on flax fibre surfaces appears 

to decrease strongly the polar character of raw flax fibres by 28%, while the dispersive component 

is slightly increased from 16.1 mJ/m² to 17.7 mJ/m². In the case of flax_XG/CNC treated fibres, the 

polar component is almost identical to raw flax fibres, suggesting that the presence of XG 

counterbalances the dispersive effect of CNC due to its pronounced polar character [46].  

The wettability of flax fibres towards epoxy resin was further analyzed by comparing the contact 

angles between raw and treated flax fibres and the epoxy resin liquid, and by calculating the work 

of adhesion WA in between. Values are reported in Table IV-2. The lower the contact angle and 

the highest the WA, the better would be the wettability and the quality of adhesion between flax 

fibres and epoxy matrix. Works of adhesion WA, WA‘ and WA‘’ (mJ/m²) between flax fibres and the 

epoxy resin were respectively calculated by three different ways: Young-Dupré equation [47]–[49] 

(Equation IV-6), Owens, Wendt, Rabel and Kaelble (OWRK) approach [40] based on the 

geometric mean of dispersive and polar components of the liquid surface tension and solid surface 

Surface tensions 𝛾𝐿
𝑝

 (mN/m) 𝛾𝐿
𝑑 (mN/m) 𝛾𝐿 (mN/m) 

Water 51.0 21.8 72.8 

n-hexane 0.0 18.4 18.4 

Diiodomethane 2.3 48.5 50.8 

Epoxy resin 2.0 44.0 46.0 

Surface free energies 𝛾𝑆
𝑝

 (mJ/m²) 𝛾𝑆
𝑑 (mJ/m²) 𝛾𝑠 (mJ/m²) 

Flax 18.2 ± 3.1 16.1 ± 0.2 34.3 ± 3.3 

Flax_CNC 13.1 ± 1.3 17.7 ± 0.1 30.8 ± 1.4 

Flax_ XG/CNC 17.8 ± 4.4 16.4 ± 0.5 34.2 ± 4.9 

Wettability 𝜃𝑒𝑝𝑜𝑥𝑦 (°) 𝑊𝐴 (mJ/m²) 𝑊𝐴′ (mJ/m²) 𝑊𝐴′′ (mJ/m²) 

Flax 65.2 ± 1.3 65.3 ± 1.1 65.3 ± 1.4 54.4 ± 0.6 

Flax_CNC 65.6 ± 1.2 65.0 ± 2.5 66.1 ± 0.7 57.4 ± 0.3 

Flax_ XG/CNC 66.9 ± 1.6 64.0 ± 2.5 65.7 ± 2.4 55.0 ± 1.3 
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free energy (Equation IV-7) and Wu approach [50] based on the harmonic mean of dispersive and 

polar components of the liquid surface tension and solid surface free energy (Equation IV-8):  

𝑊𝐴 = 𝛾𝐿(1 + cos 𝜃) (IV-6) 

𝑊𝐴′ = 2 × [√𝛾𝑆
𝑑 × 𝛾𝐿

𝑑 + √𝛾𝑆
𝑝 × 𝛾𝐿

𝑝] (IV-7) 

𝑊𝐴′′ = 4 ×  (
𝛾𝐿

𝑑. 𝛾𝑆
𝑑

𝛾𝐿
𝑑 + 𝛾𝑆

𝑑 +
𝛾𝐿

𝑝. 𝛾𝑆
𝑝

𝛾𝐿
𝑝 + 𝛾𝑆

𝑝) (IV-8) 

Where WA, WA‘ and WA‘’ refer to the work of adhesion between the epoxy resin and flax fibre 

surface, θ the contact angle in between, and 𝛾𝐿 the surface tension of the epoxy resin (46 mJ/m²). 

Note that the spreading pressure was neglected as the contact angle between flax surface and 

epoxy is higher than 10° [49]. In OWRK and Wu approaches, 𝛾𝑠
𝑝 and γs

d (mJ/m²) refer to polar and 

dispersive components of elementary flax fibres knowing the respective polar and dispersive 

surface tensions of the testing liquid γL
p
and γL

d (mJ/m²). 

Considering the calculated values of work of adhesion, it seems that the treatment of flax fibres 

with CNC does not change significantly their wettability towards the epoxy resin despite the 

pronounced dispersive character of CNC that could have favoured a better physico-chemical 

compatibility with epoxy. However, Wu approach shows a slight increase of the work of adhesion 

by 5.5 % with the adsorption of CNC on flax fibres with small standard deviations. These results 

are attributed to the decrease of the surface free energy of CNC treated flax fibres that does not 

allow a significant enhancement of the wettability, and hence a decrease of the contact angle with 

epoxy resin. In contrast, the XG/CNC treatment increases slightly the contact angle with the epoxy 

resin up to 67°, thus implying a slight reduced or unchanged wettability of flax_XG/CNC fibres 

towards the epoxy resin. 

To conclude, our results show that the surface treatment of flax fibres with CNC decreases the 

polar character of flax fibres but does not increase significantly their wettability and work of 

adhesion with the epoxy resin. However, the XG/CNC treatment appears to slightly reduce the 
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wettability towards epoxy resin with a higher contact angle, probably due to the pronounced 

polar character of adsorbed XG that is less compatible with apolar epoxy resin. 

IV. 3. 3. Optimization of thermocompression conditions 

An optimization of the thermocompression process was performed on the basis of the highest 

mechanical performances reached for the raw flax fibre reinforced biocomposite. Indeed, the 

processing parameters (temperature, pressure and processing time) influence strongly the 

microstructure of biocomposites, i.e. fibre and matrix volume fractions, pore volume and the 

arrangement of fibres within the polymeric matrix, but also the eventual degradation of the 

components [6], [51]. When studying the interfacial zone in (bio)composites, manufacturing 

should thus be controlled as best as possible to limit materials property variations related to 

processing conditions.  

In this regard, Cadu et al. (2018) investigated the manufacturing of flax / epoxy UD laminates (12 

or 20 plies) by thermocompression to highlight the key manufacturing parameters to obtain high-

grade biocomposites [6]. The most decisive parameters in terms of mechanical properties seem to 

be the fibre conditioning, the pressure, the cooling speed, the exit temperature and the post-curing 

duration.  

In our study, the curing temperature and time were fixed at 60°C and 16 h according to 

manufacturer’s datasheet. The effect of curing pressure (21, 42 and 70 bars) was studied and had 

a strong effect on fibre volume fraction and voids as well as on longitudinal tensile modulus and 

strength (Figure IV-6). In general, a higher curing pressure implies an easier extraction of trapped 

air out of the composite laminate and an efficient impregnation of the resin into flax yarns leading 

to higher fibre volume and limited voids.  

As shown in Figure IV-6, curing at 70 bars allowed reaching the highest fibre volume Vf of 55.6% 

and the highest tensile Young’s modulus and strength, 33.0 GPa and 295.5 MPa respectively. 
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Figure IV-6: Effect of curing pressure during thermocompression process on (a) the longitudinal tensile 

modulus, (b) the longitudinal tensile strength and (c) fibre and pore volume fractions. 

 

If we compare these results with data from literature for composites UD or quasi-UD flax / epoxy 

laminates, (Figure IV-7), the Young’s modulus is in the highest values and the tensile strength in 

the upper part. Green triangle symbols represented all values found in the work of Cadu et al., 

very comparable with our study thanks to the use of the thermocompression process [6]. 

However, it has to be mentioned that they decided to define two different moduli E1 and E2 

because of an under-estimation of the Young’s modulus due to the inflexion point of the tensile 

curve. E1 and E2 are moduli defined respectively before and after the inflexion point on the curve. 

They obtained E1 = 25 – 34 GPa (reported in the Figure IV-7) and E2 = 17 – 23 GPa. If we calculate 

E1 and E2 for the composite at 70 bars, we obtain values of 37 GPa and 24 GPa respectively, higher 

than those in the work of Cadu et al. Moreover, they found hier ultimate tensile strength values 
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ranged between 260 – 380 MPa, maybe due to the epoxy resin type and viscosity and / or flax 

fabric properties.  

 

Figure IV-7: Representation of tensile mechanical properties, especially Young’s modulus and strength, 

obtained in the literature for UD or quasi-UD flax / epoxy laminated composites [1]–[14]. 

 

Pore volume Vp (2.4 %) was relatively low for such biocomposite systems and not much influenced 

by the curing pressure with values from 2.2 % to 2.5 %. Compared to the literature, Cadu et al. 

obtained Vp from 2.4 to 3.1 % [6] and Fiore et al. manufactured UD flax / epoxy laminates by 

vacuum-assisted resin infusion technique with Vp from 2.8 % to 4.8 % [14]. Considering the 

volume fractions Vf (55.6 %), the literature reports a wide range going from 39 % to 65 % strongly 

depending on the manufacturing process. 

Based on these results, biocomposite laminates were thus manufactured at 70 bars, 60°C during 

16 h for the further experiments. 
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IV. 3. 4. Microstructure of biocomposites 

The effect of the different flax fabric treatments (XG, CNC, water dipping, drying under strength) 

on the microstructure of biocomposites was investigated through SEM observations in different 

localizations within the specimens as well as measurements of fibre and pore volume fractions. 

IV. 3. 4. 1 Dispersion state of flax yarns and fibres in epoxy resin 

Transverse cross-sections of raw and treated flax fabrics reinforced composites at low (100x) and 

high (2000x) magnifications are shown in Figure IV-8. At low magnification, we can observe 

distinct oval shaped yarns for the raw flax fabric reinforced epoxy biocomposite. For the CNC 

treated flax fabrics, the yarns are less distinguishable and fibres appear to be more dispersed and 

individualized into elementary fibres (also visible at high magnification) and nearly no bundles 

are observed. In contrast, the XG/CNC treatment induces a more packed structure of the yarns 

consisting in agglomerated elementary fibres forming bundles. As showed in Figure IV-5, SEM 

observations performed on XG/CNC treated flax fabrics before composite manufacturing 

revealed polymeric web-like structures between elementary fibres within the yarns that must 

have favoured the remaining of fibre bundles within the biocomposite microstructure, implying 

a worse dispersion state of yarns. Fibre bundles can be preferential sites of stress concentrations 

under mechanical solicitations inducing failures and cracks [52]. If we look at the flax_control 

composite, few voids are visible and there is a good dispersion of elementary flax fibres, 

suggesting that water dipping tends to favour the fibre individualization within the yarns. 

Considering the CNC treated flax fabrics laminates with the drying under strength, several fibre 

bundles are obvious at high magnification with the presence of cracks/voids along the fibre / 

matrix interphase zone, and also within the bundles. It seems that this drying process for CNC 

treated flax fabrics induces a worse dispersion of yarns in the epoxy matrix. The drying under 

strength could favour the formation of compact structures of elementary flax fibres – CNC within 

the yarns, preventing their further dispersion during manufacturing of the composite.  



Chapter IV 

198 

 

 

Figure IV-8: SEM images of cross-sections of flax, flax_CNC, flax_XG/CNC, flax_control and 

flax_CNC_under strength fabric / epoxy laminates composites at low (100x) and high (2000x) 

magnifications. Flax yarns composed of bundles and elementary fibres appear in light grey, epoxy matrix 

in dark grey, voids in black (white arrow) and failures in orange (dashes and orange arrow). 
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In summary, CNC, XG/CNC and treatment processes thus have a strong influence on the 

dispersion state of flax fibres and yarns within the manufactured biocomposites. The water 

dipping and free drying (control composite) induce more dispersed microstructures without 

much influence of adsorbed CNC. However, the adsorption of biopolymers as XG having strong 

interactions with cellulosic surfaces induces more packed structures with the formation of fibre 

bundles within the yarns and worse dispersion in epoxy matrix. Finally, the drying under strength 

seems also to induce a bad dispersion of elementary fibres in the yarns and the epoxy matrix, 

possibly due to the formation of packed CNC – elementary fibres structures. 

IV. 3. 4. 2 Fibre and porosity volume fractions  

Fibre 𝑉𝑓 and pore 𝑉𝑝 volume fractions are strongly related to the quality of impregnation of the 

fibres by the matrix, and are key microstructural parameters influencing considerably the 

mechanical performances of composites. Basically, high fibre volume fraction and low pore 

volume induce better stiffness, strength and toughness [1], [10], [53].  

The impregnation of flax fabrics with epoxy resin is a complex process as it involves different 

length-scale and multiple locations, i.e. around and within flax yarns, but also in between and 

within elementary fibres via the lumen cavity [54]. The quality of impregnation is driven by many 

parameters, i.e. (i) processing conditions, (ii) resin viscosity and its wetting capacity towards flax 

fibres and (iii) packing ability of flax fabrics [15], [54].  

The measured 𝑉𝑓 and 𝑉𝑝, determined according to Equations (IV-2 – IV-4), are presented in Figure 

IV-9 for the different biocomposites. The raw flax fabric reinforced epoxy biocomposite displays 

𝑉𝑓= 55.6 % and 𝑉𝑝 = 2.4 %. Using the same manufacturing conditions for the biocomposites, it 

appears that the washing and free drying steps have a positive impact with an increase of the fibre 

volume fraction up to 61.2% with similar pore volume (𝑉𝑝 = 2.3 %). The treatments of flax fabrics 

with CNC and XG/CNC also enhance the fibre volume fraction of composite plates, respectively 

up to 58.2% and 61.5%. However, they also induce increased voids for flax_CNC (𝑉𝑝 = 2.9%) and 

especially for flax_XG/CNC up to 3.8%. 
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Figure IV-9: (a) Fibre Vf and (b) pore Vp volume fractions of flax, flax_CNC, flax_CNC_dry, flax_XG/CNC 

and flax_control fabrics reinforced epoxy biocomposites. 

 

Considering that processing conditions and resin viscosity remained unchanged for all 

biocomposites, the quality of impregnation and resulting 𝑉𝑓 and 𝑉𝑝 were thus mainly influenced 

by variations in the wettability and permeability of raw and treated flax fabrics. This will be 

analysed at different length-scales, i.e. (i) the wettability of elementary fibres, (ii) the impregnation 

of flax yarns and (iii) the packing ability of flax fabrics. 

As supported by tensiometry experiments, the wettability of flax fibres with epoxy resin did not 

significantly change with the adsorption of CNC, while the presence of XG on flax fabrics 

appeared to increase slightly the contact angle and hence decrease the wettability with the epoxy 

matrix. This decreased wettability at the scale of elementary flax fibres by the XG/CNC treatment 

could explain partly the higher pore volume measured for the corresponding biocomposite plate. 

The presence of polymeric web-like structures (Figure IV-5) between elementary fibres and 

consecutive formation of fibre bundles within yarns (Figure IV-8) in the case of the XG/CNC 

treatment should affect the impregnation of yarns by the epoxy resin. Such packed structures are 

likely to prevent resin diffusion within the yarns and to generate so-called impregnation voids 

during biocomposites manufacturing [54], thus explaining the higher pore volume in the XG/CNC 

biocomposite. 
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Finally, Madsen et al. (2007) also pointed out that among other factors (lumen, interfacial 

compatibility, heterogeneous shape of natural fibres), the low packing ability of natural fibre 

fabrics [54] is responsible for the creation of voids. In particular, Madsen and Lilholt [15], [55] 

observed that when increasing fibre weight fractions above an optimum value around 52 wt% for 

composite polypropylene / flax, lowering of tensile Young’s modulus and strength was obtained. 

The authors assumed that beyond this optimum fibre weight fraction, the fibres/yarns reach their 

maximum packing ability. Indeed, they explain that the balance between the fibre fraction volume 

and the presence of (high) structural pore content induces a maximum in physical and mechanical 

properties. Concretely, at high fibre weight fractions and thus lower matrix weight fraction, there 

is not enough matrix to fill the open spaces between fibres in the maximally packed fibre 

arrangement [15]. This induces voids and hence lowers the mechanical properties of the 

biocomposite. The increased pore volume for CNC and XG/CNC treated biocomposites could 

thus originate from the higher fibre volume fractions in composite plates, being above the 

maximum packing ability of flax fabrics, as represented Figure IV-10.  

 

Figure IV-10: Fibre volume Vf (%) versus pore volume Vp (%) for all composite plates. 
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Interestingly, under the same manufacturing conditions (pressure and temperature), the resulting 

thickness of the plates (Table IV-3) for CNC and XG/CNC treatments are higher (from 6.0 to 9.8 

%) than those obtained for raw and flax fabrics, supporting that CNC and XG/CNC treatments 

decrease the packing ability of flax fabrics. The lower thickness obtained with the control fabric, 

suggesting higher packing ability, could explain why this composite plate has lower pore volume 

(𝑉𝑝 = 2.3 %) while having high fibre volume fraction (𝑉𝑓 = 61.2 %). The packing ability thus appears 

here as a key factor influencing fibre and pore volume fractions.  

Table IV-3: Final thickness of the different biocomposite plates after manufacturing. 

 

Concluding, CNC and XG/CNC treatments strongly influence the fibre and pore volume fractions 

of biocomposites even when manufactured in the same processing conditions. Higher fibre 

volume fractions up to 61.5% were reached but overall pore volume increased up to 3.8% for the 

XG/CNC treatment. Beyond some variations in wettability at the scale of elementary fibres, the 

formation of fibre bundles within yarns due to XG and the decreased packing ability of treated 

flax fabrics are responsible for worse impregnation and substantial increase in voids. This higher 

amount of voids is likely to be detrimental for the mechanical properties of composite plates, 

especially their strength, because it could favour the creation and propagation of micro-cracks. 

 

 

 

 

 

 Flax Flax_control Flax_CNC 
Flax_CNC_under 

strength 
Flax_XG/CNC 

Thickness of the 

composite plate 

(mm) 

2.85 ± 

0.01 
2.82 ± 0.07 3.09 ± 0.05 3.13 ± 0.06 3.02 ± 0.06 
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IV. 3. 4. 3 Layout of flax fabrics and yarns within biocomposites 

Mapping of composite laminates (polished surfaces in the longitudinal direction) were done by 

SEM (Figure IV-11). The observation of such cross-sections allows visualizing the stacking of the 

plies and the alignment of yarns within the laminates. Alignment of yarns is indeed crucial for the 

mechanical performances of structural composites. 

First, it is observed that the yarns are well aligned in the reference composite laminate. In contrast, 

the composite made of flax_control fabrics (flax_control_2) shows a more disordered 

microstructure with epoxy-rich zones and wavy flax yarns. The dipping in water and the drying 

of flax fabrics thus alter the layout of UD flax fabrics and alignment of flax yarns. This could be 

related to the shrinkage of flax fabrics after dipping in water and drying, as evidenced in Table 

IV-1. However, two images of the flax_control composite, i.e. flax_control_1 and flax_control_2, 

highlight the heterogeneity of such composites depending in the sample localization inside the 

plate. 

The treatments with CNC and XG/CNC appear to restrain this misalignment effect, suggesting 

that the adsorption of cellulose nanocrystals and xyloglucan allows to better preserve the original 

structure of flax fabrics during composite manufacturing.  
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Figure IV-11: SEM mapping of polished cross-sections in longitudinal direction of flax, flax_CNC (free 

drying of under strength, flax_XG/CNC and flax_control 8 plies reinforced epoxy composite plates. Note 

that flax_control_1 and flax_control_2 images were taken from the same composite plate. 
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IV. 3. 5. (Visco-)elastic behaviour 

In this part, the effects of treatments applied to flax fabrics are analysed firstly by studying the 

(visco-)elastic behaviour of the biocomposites by quasi-static longitudinal tensile tests and 

transverse dynamic thermal analysis; and secondly by studying their ultimate properties by 

quasi-static longitudinal and transverse tensile tests coupled with SEM observations of failure 

surfaces. 

IV. 3. 5. 1 Longitudinal tensile stiffness 

Median stress-strain curves of uniaxial tensile tests are represented in Figure IV-12 for the 

different biocomposites and the measured Young’s moduli for each biocomposite.  

 

Figure IV-12: Quasi-static longitudinal tensile behaviour of the different biocomposite laminates, (a) stress-

strain curves, (b) Young’s modulus. 

 

The CNC treatment does not improve the longitudinal stiffness of the biocomposite, with median 

Young’s modulus of 32.4 GPa, as compared to raw flax fabrics with E = 33.1 GPa (Figure IV-12 b). 

XG/CNC tends to decrease slightly the Young’s modulus with a median value of 31.9 GPa. 

Besides, it clearly appears that the dipping/free drying steps induce a pronounced decrease of 

roughly 8.5 % of the Young’s modulus (30.3 GPa for the flax_control fabrics) which has to be 

related to the shrinkage and destructuration of the flax fabrics and consecutive misalignment of 
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flax yarns observed for this biocomposite (Figure IV-11). This supports that the CNC and 

XG/CNC treatments can contribute to the dimensional and structural stability of flax fabrics when 

submitted to functionalizing treatments that involve dipping/free drying steps. Furthermore, it 

also contributes to maintain the stiffness of the biocomposites. Based on these results, a 

biocomposite laminate was prepared with flax fabrics treated by CNC and dried under strength 

to prevent the destructuration and shrinkage of the fabrics during drying step. Despite outlier 

observed for one specimen (e.g. 37.7 GPa), drying under strength does not improve the final 

Young’s modulus of the biocomposite. This could be explained by the lower packing, i.e. roughly 

9.8 % increase in the laminate thickness as compared to raw flax fabrics (Table IV-3) and worse 

fibre dispersion (Figure IV-8) obtained with this biocomposite. 

It has been shown that the packing has a strong influence on the fibre volume fraction and voids 

that are key parameters for the mechanical performances of the biocomposite. To take into account 

variations in packing and fibre volume fraction and their influence on the stiffness of the 

biocomposite, we used the mixture law (Equation IV-9) [1], so as to better evidence the effect of 

flax fabric treatments. This mixture law allows the back calculation of an equivalent Young’s 

modulus of flax fibres 𝑬𝒇 𝒆𝒒 that is related to (i) the median Young’s modulus of the fibres and its 

eventual variation due to fibre treatments, and (ii) microstructural effects related to alignment of 

the yarns. Both parameters, i.e. intrinsic properties of the fibres and fibre orientation effects, 

cannot be discriminated with this approach. Note that interfacial adhesion and porosity are not 

variables that are considered in the mixture law. Indeed, perfect bonding between fibres and 

matrix is assumed in this model and their potential contributions of interfacial adhesion and 

porosity are thus implicit in the calculation of the equivalent Young’s modulus of flax fibres. 

Besides, it should be pointed out that the latter parameters are usually assumed to have little 

influence when considering the longitudinal stiffness of a UD composite [19], [20]. 

𝐸𝑐 = 𝑬𝒇𝒆𝒒. 𝑉𝑓 + (1 − 𝑉𝑓). 𝐸𝑚 (IV-9) 

where 𝐸𝑐 and 𝐸𝑓𝑒𝑞 are respectively the measured Young’s modulus of the unidirectional 

composite laminates and the calculated equivalent longitudinal Young’s modulus of flax fibres, 
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𝑉𝑓 the measured fibre volume fraction and 𝐸𝑚 the measured Young’s modulus of neat epoxy resin 

(𝐸𝑚 = 3.35 GPa). 

The equivalent longitudinal Young’s moduli of flax fibres calculated for the different 

biocomposites are reported in Figure IV-13.  

 

Figure IV-13: Calculated equivalent longitudinal Young’s moduli of flax fibres for the different 

biocomposite laminates. 

 

The highest equivalent Young’s modulus is obtained with the raw flax fabric reinforced 

biocomposite with 56.8 GPa, which highlights the good tensile properties of the UD flax fabric 

used as well as the optimal orientation of the yarns achieved during the manufacturing of the 

laminates. As a comparison, Coroller et al. [1] measured the Young’s modulus of different variety 

of elementary flax fibres and found the highest Young’s modulus for the Marylin (57.1 ± 15.5 GPa), 

Hermes and Andrea having Young’s moduli of 48.9 ± 12.0 GPa and 48.3 ± 13.8 GPa, respectively. 

The CNC treated flax fabric reinforced composite gave similar equivalent Young’s modulus (55 

GPa) which points out that the adsorption of CNC on flax fabrics did not allow to improve the 
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stiffness of flax fibres neither those of biocomposite laminates and that good yarns alignment was 

also achieved for this composite. In contrast, a strong decrease of the equivalent Young’s modulus, 

with values equivalent to Hermes and Andrea Young’s modulus, is observed for the others 

laminates (flax_control, CNC_under strength and XG/CNC), which is primarily attributed to 

orientation defects of yarns for the flax_control composite as observed on the polished cross-

sections of the laminates (Figure IV-11). Besides, as significantly higher pore volume was 

measured for the XG/CNC treated flax fabric reinforced composite (i.e. 3.8 % versus 2.4 to 3.2% 

for the other biocomposites), its negative impact on the calculated equivalent Young’s modulus 

of flax fibres cannot be neglected. An analytical model based on thin Laminate Plate Theory (LPT) 

[56], that would also considered the effect of voids on the elastic properties of the epoxy matrix 

via Mori-Tanaka micromechanical model [57], would allow to better discriminate the effect of 

voids and refine the calculation of the equivalent Young’s modulus of the fibres. 

IV. 3. 5. 2 Transverse dynamic behaviour 

Samples were tested over two consecutive heating cycles (noted 1st cycle and 2nd cycle) in dual 

cantilever bending in transverse direction, so as to better detect the fibre / matrix interface 

behaviour. Indeed, fibres carry more load in dual cantilever bending, providing a more sensitive 

detection of the mechanical response in the interphase region [58], [59], especially when the 

composites is stressed in the transverse direction of the fibres. 

The damping factor (tan 𝛿 = 𝐸′′ 𝐸′⁄ ) is directly related to internal frictions, molecular motions, 

thermal transitions and relaxations in the material. In the case of composites, the interfacial 

bonding can be studied through the analysis of tan δ, which is strongly affected by the molecular 

motions of macromolecular chains within matrix but also at the fibre / matrix interface [59]–[61].  

• Effect of CNC and XG/CNC treatments on epoxy resin curing 

Figure IV-14 represents the storage modulus E’ and the damping factor tan δ as a function of the 

temperature for untreated, control, CNC and XG/CNC treated flax / epoxy composite plates. In 

overall, the α transition temperature Tα (related to the glass transition temperature Tg) ranges 

between 76.5°C and 76.7°C for the 1st heating cycle and 80.6°C and 82.9°C for the 2nd heating cycle 
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(Table IV-4). The flax_control sample presents the higher Tα at 82.9°C reached after the 2nd heating 

cycle. It should be point out that Tα was higher for the neat epoxy resin (i.e. 80.8°C and 88.3°C for 

the 1st and 2nd heating cycles, respectively), suggesting that the presence of flax fibres whatever 

their treatment tends to hamper the curing and crosslinking of epoxy. 

For all samples, we can observe a shift of Tα to higher temperatures for the 2nd cycle compared to 

the 1st cycle: + 7.5°C for epoxy resin (not represented in Figure IV-14), + 5.4°C for untreated flax / 

epoxy composite, + 6.4°C for flax_control, + 4.0°C for flax_CNC and flax_XG/CNC epoxy 

composites. This shift of Tα to higher temperatures can be explained by an incomplete curing of 

the epoxy resin during the manufacturing of the biocomposites. Then, the heating up to 120°C 

during 1st cycle allows a post-curing and enhanced cross-linking of the epoxy resin that result in 

reduced molecular motions of macromolecular chains in the material and hence higher Tα. The 

presence of CNC and XG/CNC seems to decrease this shift compared to the untreated and control 

samples, and hence limit this post-curing effect. It is possible that chemical reactions occur 

between the hydroxyl groups of cellulose nanocrystals adsorbed at the surface of flax fibres and 

so in contact with the reactive groups of the epoxy resin or the hardener containing amines, 

inducing a more limited post-curing effect. It should be interesting to study in details the 

interactions CNC – epoxy matrix during the curing process. 
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Figure IV-14: DMTA measurements in transverse direction with the damping factor tan δ and the storage 

modulus E’ as a function of the temperature ranging from 40°C to 120°C for raw, control, CNC and XG/CNC 

treated flax fabric / epoxy composites for (a)(b) the first heating cycle and (c)(d) the second heating cycle. 

 

When comparing all storage moduli at 40°C, the flax_control / epoxy composite plate displays the 

highest E’ with 18.5 GPa that has to be related to the good fibre dispersion for this sample, and 

hence higher quantity of fibre/matrix interface. However, the post-curing effect observed between 

the heating cycles does not have a significant impact on the storage modulus with increases 

comprised between 0.1% and 3 %.  
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• Influence of the CNC and XG/CNC treatments on the damping factor 

Considering the peak intensities of the damping factor at the α transition for all UD flax fabrics / 

epoxy biocomposites (Table IV-4), it is obvious that the presence of flax fibres within the epoxy 

matrix decreases strongly the damping intensity from 1.02 (neat epoxy resin) to 0.133 (untreated 

flax / epoxy), due to the dominant elastic response of flax fibres. 

Table IV-4: Main results obtained by DMTA (double cantilever transverse bending) on epoxy resin, 

untreated and control flax fibres, flax_CNC and flax_XG/CNC epoxy composites. 

 Cycle E’ @ 40°C (GPa) Tan δ Tα (°C) 

Epoxy 
1st 

2nd  

2.36 ± 0.4 

5.93 ± 0.3 

1.02 ± 0.010 

0.979 ± 0.034 

80.8 ± 1.1 

88.3 ± 0.0 

Flax 
1st  

2nd 

16.7 ± 0.2 

17.2 ± 0.2 

0.130 ± 0.004 

0.132 ± 0.005 

76.5 ± 0.1 

81.9 ± 0.5 

Flax_control 
1st  

2nd 

18.4 ± 0.2 

18.4 ± 0.2 

0.135 ± 0.003 

0.127 ± 0.003 

76.5 ± 0.3 

82.9 ± 0.2 

Flax_CNC 
1st  

2nd 

16.8 ± 0.3 

17.1 ± 0.1 

0.128 ± 0.004 

0.125 ± 0.004 

76.7 ± 0.4 

80.7 ± 0.6 

Flax_XG/CNC 
1st  

2nd 

17.1 ± 0.2 

17.2 ± 0.2 

0.137 ± 0.002 

0.137 ± 0.002 

76.6 ± 0.3 

80.6 ± 0.3 

 

Considering the 1st heating cycle, it seems that the treatment of flax fabrics by CNC decreases 

slightly the peak intensity of the damping factor compared to the untreated fibres (0.133 versus 

0.128 respectively). This result suggests a possible increase of the interfacial adhesion related to 

restricted molecular mobility at the interface due to the presence of CNC and their possible 

(physico-)chemical interactions with the epoxy network. In contrast, the treatment with XG/CNC 

tends to increase the damping factor of the composite material, possibly due to increased internal 

frictions and molecular motions at the interface with the presence of XG chains and the above-

mentioned extensible network formed by XG/CNC complex (see Chapter II). 
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Nielsen and Landel [62] proposed a mixture rule which could estimate the damping factor of 

composite materials tan δc, in the case of an ideal composite in which interfaces do not contribute 

to damping but play only their role of transferring loads (Equation IV-10): 

tan 𝛿𝑐 = (1 − 𝑉𝑓). tan 𝛿𝑚 (IV-10) 

where 𝑉𝑓 is the volume fraction of fibres and tan 𝛿𝑚 the damping factor (tan 𝛿𝑚 = 1.02 in 1st cycle 

and tan 𝛿𝑚 = 0.979 in 2nd cycle).  

Equation IV-10 does not consider the nature of the interactions occurring at the fibre / matrix 

interface in biocomposites. However, strong interactions contribute to decrease the damping 

factor thanks to the formation of an interphase zone with reduced molecular mobility and 

enhanced mechanical interlocking between fibres and matrix. In our case, the theoretical values 

of composites damping based on Equation IV-10 should be 0.452, 0.396, 0.426 and 0.393 for the 1st 

cycle for flax, flax_control, flax_CNC and flax_XG/CNC epoxy composites respectively, which has 

to be compared to those obtained experimentally, i.e. 0.133, 0.135, 0.128 and 0.137 respectively. 

This indicates that for all biocomposites, strong interactions occur at the interfaces and tend to 

reduce the damping due to interactions and specific surface area between the fibres and the 

matrix, resulting in the formation of an interphase with reduced molecular mobility.  

Ziegel and Romanov proposed a modified mixture rule to take into account the effect of this 

interphase region on damping [63], Equation IV-11: 

tan 𝛿𝑐 = (1 − 𝐵. 𝑉𝑓). tan 𝛿𝑚 (IV-11) 

where B is an adjusting parameter of the fibre volume fraction that considers the formation of a 

strong interphase between fibres and matrix. The stronger the interfacial interactions, the thicker 

the immobilized layer and the higher the value of parameter B (Table IV-5). The 2nd heating curing 

appears to not have influence on the parameter B. The flax fabrics treatment process, i.e. water 

dipping and drying, decreases the parameter B by around 9.0 % correlated to worse interfacial 

interactions between flax_control fibres and epoxy resin matrix. However, the presence of CNC 

of flax fibre surfaces enhances the parameter B by 5.3 % compared to the flax_control composite, 

inducing higher interactions at the interphase zone. The flax_XG/CNC composite display a 
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parameter B identical to the flax_control, which can be explained by the presence of the XG 

biopolymer at the interface. 

Table IV-5: Parameter B values of the different flax / epoxy laminates for 1st and 2nd heating cycles. 

IV. 3. 6. Ultimate mechanical properties 

IV. 3. 6. 1 Longitudinal tensile strength 

Figure IV-15 represents the longitudinal tensile strength and work of rupture measured for the 

different manufactured flax / epoxy biocomposite laminates.  

 

Figure IV-15: Quasi-static longitudinal tensile properties for the different biocomposite laminates (a) tensile 

strength, (b) work of rupture. 

 

All the biocomposites have similar median tensile strength ranging from 270 to 305 MPa (Figure 

IV-15 a). The CNC treatment improves slightly the tensile strength of the composites by around 

3.0 %. Note that XG/CNC treatment led to slightly lower tensile strength with around 6.0 % of 

decrease. 
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Based on the microstructural analysis, differences in terms of fibre and pore volume fractions have 

been evidenced that should influence the tensile strength of the composites. To take into account 

their influence and better evidence the effect of flax fabric treatments, we used the mixture law 

(Equation IV-12) [1].  

𝜎𝑐 = 𝑉𝑓 . 𝝈𝒇𝒆𝒒 + (1 − 𝑉𝑓). 𝜎𝑓𝑒𝑞 .
𝐸𝑚

𝑬𝒇𝒆𝒒
 (IV-12) 

where 𝜎𝑐 and 𝜎𝑓𝑒𝑞 are respectively the measured tensile strength of the unidirectional composite 

laminate and calculated equivalent tensile strength of flax fibres in the longitudinal direction, 𝐸𝑓 𝑒𝑞 

and 𝐸𝑚 are respectively the calculated equivalent longitudinal Young’s modulus of flax fibres 

(from Equation IV-9) and the measured Young’s modulus of the neat epoxy resin (𝐸𝑚 = 3.35 GPa); 

𝑉𝑓 the measured fibre volume fraction. 

This mixture law allows the back calculation of an equivalent tensile strength of flax fibres 𝝈𝒇,𝒆𝒒 

that is related to (i) the median tensile strength of the fibres and its eventual variation due to fibre 

treatments, and (ii) microstructural effects related to dispersion and alignment of the yarns. Both 

parameters, i.e. intrinsic properties of the fibres and microstructural effects, cannot be 

discriminated with this approach. Also note that interfacial adhesion and pore volume are not 

variables that are considered in the mixture law and their contributions are thus implicit in the 

calculation of the equivalent tensile strength of flax fibres. The resulting equivalent tensile 

strength of flax fibres is thus related to (i) intrinsic tensile strength of (non-)treated flax fibres, (ii) 

interfacial adhesion between the fibres and the epoxy matrix as well as (iii) microstructural 

parameters, i.e. yarns dispersion and alignment, and pore volume. Finally, Equation IV-12 allows 

to compare the effects of flax fabric treatment independently of the fibre volume fraction and by 

considering the real matrix strength at fibre breakage [1]. 

As shown in Figure IV-16, equivalent tensile strength of flax fibres are much lower (maximum of 

493 MPa reached for raw flax fabrics) than the expected tensile strength of elementary flax fibres 

ranging from 841 to 1134 MPa as measured by Coroller et al. [1] on elementary flax fibres from 

Hermes, Andrea and Marylin varieties. This suggests that the load transfer within the composites 

was not optimum to take full advantage of intrinsic tensile strength of flax fibres. In this regard, 
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Coroller et al. [1] also found that the load transfer was not optimum in for flax / epoxy composites 

with efficiency factors ranging from 0.54 to 0.72 depending on intrinsic properties of flax fibres 

and their dispersion state within the matrix. It should be pointed out that the discontinuity of the 

fibres within natural fabrics inherent to dimensional characteristics of plant fibre cells is 

responsible of lower strength of biocomposites when compared to synthetic fibre reinforced 

composites, such as glass/polymer composites. 

 

Figure IV-16: Calculated equivalent longitudinal tensile strength of flax fibres for the different biocomposite 

laminates. 

 

Interestingly, the CNC treatment allows maintaining the equivalent tensile strength obtained with 

raw flax fabrics, which supports that CNC treatment can improve the dimensional and structural 

stability of flax fabrics when submitted to functionalizing treatments that involve dipping/free 

drying steps. Indeed, the control flax fabric reinforced composite has lower equivalent tensile 

strength of the fibres as compared to the reference biocomposite prepared with raw flax fabric, 

highlighting the degrading effect of the treatment process. Note that the CNC treated flax fabric 

dried under strength did not allow any improvement of the equivalent tensile strength. This is 
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attributed to the worse dispersion of fibre bundles and the presence of porosities and failures in 

fibre bundles and in the interphase zone fibre / matrix observed for this composite (Figure IV-8). 

In contrast, XG/CNC treatment leads to much lower equivalent tensile strength which has to be 

related to the bad dispersion of fibres (Figure IV-8) with the above-mentioned formation of fibre 

bundles (see Figure IV-5), but also to the higher voids content obtained with this composite. As 

shown in Figure IV-17, the longitudinal tensile strength of the composites is strongly correlated 

with the void content measured in composite laminates. Indeed, the failure mechanisms and 

resulting tensile strength of composite materials are strongly determined by microstructural 

defects and induced stress concentrations occurring under mechanical solicitations. 

 

Figure IV-17: Longitudinal tensile strength as a function of the pore volume Vp for the different prepared 

flax fabrics reinforced epoxy composite plates. 

 

Finally, the work of rupture measured for the different biocomposites (Figure IV-15 b) reveals 

some interesting differences. The control treatment has considerably enhanced the work of 

rupture with an increase of 30% compared to the reference. The presence of adsorbed CNC on 

flax fibre surfaces appears also to increase the work of rupture by 14% (free drying) and 11% 
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(drying under strength) compared to the raw flax fabric. This is primarily due to the higher strain 

sustained by these composites, hence allowing dissipating more energy upon breakage. It thus 

appears that creating more interface (case of flax_control fabrics) and/or the nanostructuration at 

the interface (case of CNC treated fabrics) can modify failure mechanisms and improve the work 

of rupture even if interfacial adhesion is unchanged. 

Concluding, the CNC and XG/CNC treatments did not allow to improve significantly the 

longitudinal tensile strength of the composites but substantial improvement were found in terms 

of work of rupture. Interestingly, it was found that CNC treatment can improve the dimensional 

and structural stability of flax fabrics when submitted to functionalizing treatments that involve 

dipping/free drying steps. Furthermore, it also contributes to maintain the tensile strength of the 

biocomposites. Same conclusions were drawn when studying the effect of the treatments on the 

stiffness of the biocomposites (see paragraph 3.4.4.1). 

IV. 3. 6. 2 Transverse tensile strength and surface failures 

In the transverse direction of UD fabric reinforced composites, tensile strength is mostly 

determined by the matrix strength, the residual stresses, and the quality and quantity of fibre / 

matrix interfaces related to fibre content and distribution, and fibre / matrix interfacial adhesion 

[64], [65]. Static transverse tensile tests conducted on UD fabric reinforced composites can thus 

highlight the failure behavior in the interphase zone [66]. Results of the transverse tensile tests on 

the different prepared biocomposites are represented in Figure IV-18. 

The addition of CNC on flax fibres, whatever the drying process, decreases strongly the transverse 

tensile strength by 22 % (free drying) and 30 % (drying under strength). The presence of CNC 

onto flax fibres induces a more brittle behaviour with a strong decrease of the tensile strain, as 

shown Figure IV-18 a. The treatment XG/CNC on flax fibres seems to have less impact on the 

tensile strength with a decrease of 9.7 % compared to raw flax / epoxy composites, possibly due 

to the behavior of the extensible network formed by XG/CNC and their better interactions with 

cellulosic surfaces. In contrast, the flax_control / epoxy laminate displays higher transverse tensile 

strength with an increase of 11 % compared to the reference, which is attributed to higher 
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dispersion and hence larger fibre / matrix interfaces as observed in Figure IV-8. Values of 

transverse work of rupture follow the same trend as the transverse tensile strength with values of 

0.89 J (raw flax), 1.04 J (flax_control), 0.38 J (flax_CNC), 0.35 J (flax_XG/CNC) and 0.20 J 

(flax_CNC_under strength). 

 

Figure IV-18: Quasi-static transverse tensile properties for the different biocomposite laminates (a) stress-

strain curves, (b) tensile strength and (c) work of rupture. 

 

SEM images on fracture surfaces of transverse tensile flax / epoxy specimens are presented in 

Figure IV-19. First, a peeling phenomenon of one or more cell walls of flax fibres has been 

observed for all specimens (Figure IV-19 a, b & c). Many delaminated cell walls in the form of 

fibrillary ribbons were observed on failure surfaces, especially for the flax_control / epoxy 
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laminate. Le Duigou et al. (2014) studied the complex interphase zone between flax fibres and 

epoxy resin, and revealed a possible role of the resin penetration in the cell walls to the peeling 

phenomenon via microbond tests [21]. Moreover, they highlighted in another study an increase 

of flax fibres fibrillation with the immersion time in water [67]. Indeed, the dipping of flax fibres 

in water might induce a decrease of the intracellular cohesion within the cell wall structure of flax 

fibres. Finally, good interfacial adhesion between flax fibre surfaces and epoxy resin would also 

increase the peeling of fibres, if considering a weaker intracellular cohesion than fibre / matrix 

interfacial adhesion. 

 

Figure IV-19: SEM images of fracture surfaces (5000x) observed during quasi-static transverse tensile tests 

on raw, control and XG/CNC treated flax fabrics / epoxy laminates with (a – c) the peeling phenomenon 

and (d – f) interfaciale failures flax / epoxy (white arrows show epoxy matrix). 

 

Moreover, different interfacial failures have been observed between flax / epoxy laminates (Figure 

IV-19 d, e & f). Some residues of epoxy matrix are visible on untreated flax fibres (white arrow), 

representative of cohesive interfacial failures but the major part of the fibres seems to be clean, 

supporting that the main mechanism was adhesive interfacial failure. The fibres treated with 
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XG/CNC look globally clean with very few residues of matrix on their surface, which is consistent 

with an adhesive interfacial failure and the decrease of tensile strength observed for flax fibres 

coated XG/CNC. Finally, the flax_control / epoxy laminate shows more confused fracture surfaces 

with a mix of epoxy resin and “control” flax fibres, hence supporting a better fibre / matrix 

cohesion in accordance with the higher transverse tensile strength of the composite. It should be 

point out that the peeling phenomenon described above could be partly responsible for these 

improved transverse tensile properties. Indeed, the peeled cell walls ribbons allow to dissipate 

more energy during crack propagation and sustain more load and strain. The hierarchical 

structure of cell walls and its controlled destructuration can thus be an advantage in the failure 

mechanisms and strength of flax fibre reinforced composites. 
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IV. 4. Conclusions 

This Chapter IV deals with a multi-scale analysis of the impact of the CNC and XG/CNC 

treatments on UD flax / epoxy biocomposite laminates. This chapter highlighted the complexity 

of flax fabric treatments and biocomposite manufacturing process, and their role on the 

mechanical performances of biocomposites.  

At the scale of elementary flax fibre, it has been shown that the surface treatment with CNC 

decreases the polar character of flax fibres but does not change significantly their wettability and 

work of adhesion with the epoxy resin. In contrast, the XG/CNC treatment appears to decrease 

the wettability towards epoxy resin with a slightly higher contact angle. 

Considering composite microstructures, CNC and XG/CNC treatment have a strong influence on 

the dispersion state of fibres and yarns within the manufactured biocomposites. The adsorption 

of the XG biopolymer, having strong interactions with cellulosic surfaces, creates packed web-like 

structure between elementary fibres limiting yarns dispersion and the packing ability of fabrics 

during manufacturing. This is responsible for worse impregnation and substantial increase in 

porosity, which affects the ultimate mechanical properties of composite plates.  

However, the treatment process, i.e. dipping and drying steps, of such fabrics has to be well 

controlled to avoid any degradation, destructuration and shrinkage of treated fabrics, which could 

impact negatively final mechanical performances of the composite. In this regard, CNC treatment 

can contribute to the dimensional and structural stability of flax fabrics when submitted to 

functionalizing treatments that involve dipping/free drying steps. This allows maintaining the 

structural properties of the composites in terms of tensile stiffness and strength. Moreover, the 

CNC and XG/CNC treatments improved the longitudinal work of rupture due to the higher strain 

sustained by these composites, hence allowing dissipating more energy upon breakage.  

In conclusion, improving the mechanical performances of such flax fibres / epoxy biocomposite 

laminates through interfacial modifications appears as a great challenge with the following key 

parameters to be controlled for the design of an optimal flax reinforcement: 
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➢ Broadening fibres / matrix interfaces via a better dispersion of flax fibres within the matrix 

while maintaining fibres / yarns orientation and integrity of the fabrics. 

➢ Modifying fibres / matrix mechanical/chemical interactions via reactive molecules and 

nanostructuration while maintaining good fibre dispersion and good wettability towards 

the matrix. 

➢ Exploring the controlled destructuration of the hierarchically organized flax cell walls to 

promote energy dissipation during crack propagation while maintaining the above-

mentioned microstructural and wetting characteristics. 
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I. General conclusions of the PhD project 

This PhD project focused on a bio-inspired and innovative treatment surface of flax fibres based 

on the creation of hierarchical fibres via the adsorption of lignocellulosic biomass by-products, 

i.e. cellulose nanocrystals and xyloglucan. Moreover, the project went until the elaboration of 

hierarchical flax fibres based thermoplastic and thermoset composites comprising the CNC and 

XG/CNC treatments with the aim of increasing mechanical performance. More precisely, this 

PhD project zoomed in on the interphase zone with the desire to increase the loads transfer 

within the composites via the CNC and XG/CNC treatments.  

The Chapter I presents the general context of this study and highlights the advantages but also 

the complexity and limitations of such flax fibres, i.e. heterogeneous and multi-scaled fibres, for 

their use as reinforcement in composites. Moreover, the desire to increase the compatibility flax 

fibre / polymeric matrix has been widely studied in the literature but usually employed 

strategies seem not to enhance sufficiently mechanical performance of flax fibre based 

composites to target structural applications. A complete but non-exhaustive overview of a bio-

inspired strategy is down and highlights the strong potential of nano-objects for the 

development of hierarchical materials with high mechanical performance, i.e. toughness, 

strength and interfacial shear strength. 

First, the adsorption process of CNC and XG on the surface of flax fibres and interactions 

flax/XG/CNC have been investigated to better understand the role of each component for their 

use as treatment of flax fibres (Table 1).  
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Flax fibre + XG

CNC-tip

Table 1: Research questions and strategies / techniques used to study the adsorption process of XG and 

CNC on flax fabric.  

Adsorption of xyloglucan and cellulose nanocrystals on flax fibres for the 

creation of hierarchically structured fibres 

Research questions and answers Implemented strategies / techniques 

• Localization of XG and CNC on flax fabric? 

→ Homogeneously and randomly adsorbed 

at the surface of flax fibres. 

 

• Penetration of the components in the 

architecture of the fabric? 

→ Yes. Heterogeneity of XG and CNC 

adsorbed quantities within the bulk of yarns 

with their penetration in the yarn.  

→ Complexity to treat such industrial flax 

fabrics with swelling and destructuration 

effects. 

Coupling of Scanning electron microscopy (SEM) 

+ Confocal microscopy with the grafting of 

fluorescent labelling (rhodamine B and 

fluorescein) on XG and CNC 

 

• Quantification of adsorbed XG and/or CNC 

on flax fibres and adsorption kinetic? 

 

→ Around 20 mg/gfibres of XG and CNC were 

adsorbed on flax fabric. 

 

→ The presence of XG on fibre surfaces seems 

to increase the amount of adsorbed CNC at 

high concentrations. 

 

Use of labeled XG and CNC with fluorescent 

labelling rhodamine B and supernatant analysis 

with Spectroscopy UV method:  

                  → adsorption isotherms 

 

 

 

 

 

 

 

• Architecture and affinities between 

 flax/XG /CNC? 

 

→ High affinity between XG and cellulose 

confirmed. 

→ Creation of an extensible network 

XG/CNC on flax fibres with higher rupture 

distance CNC-tip / flax fibre+XG. 

 

Adhesion force measurements by Atomic force 

microscopy (AFM) 

→ AFM-tip functionalization with XG or CNC for 

adhesion measurements on flax fibres. 
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Developed CNC and XG/CNC modified hierarchical flax fibres were adapted at higher scale and 

for the type of reinforcing flax fibre to create hierarchical composites. 

Thermoplastic composites with short flax fibres incorporated in the PP matrix were 

manufactured by twin-screw extrusion (Table 2). The combination of two strategies of flax fibre 

/ matrix interface modification, i.e. nanostructuration with CNC and XG/CNC adsorption and 

fibre/matrix chemical coupling with maleic anhydride-grafted polypropylene (MAPP) was 

investigated in terms of microstructural and mechanical properties of composite. 

 

Table 2: Research questions and strategies / techniques used for the study of microstructural and 

mechanical properties of PP / short flax fibre thermoplastic composites. 

Hierarchical thermoplastic biocomposites reinforced with flax fibres 

modified by xyloglucan and cellulose nanocrystals 

Research questions and answers Implemented strategies / techniques 

• Effect of CNC and XG/CNC treatments on 

impregnation and interfacial adhesion 

fibre/matrix in the manufacturing conditions? 

 

→ The presence of CNC decreases the polar 

character of flax fibre surfaces and increases 

the work of adhesion with PP/MAPP matrix. 

 

→ The presence of XG seems to 

counterbalancing those effects, probably due to 

its strong hydrophilic character. 

 

 

→ Tensiometer K100SF: immersion of 

elementary flax fibre in testing liquids to obtain 

surface free energies (polar and dispersive 

components) of modified fibres.  

 

→ Work of adhesion calculations between PP 

or MAPP and modified flax fibres at the twin-

screw extrusion mixing temperature (190°C) 

thanks to OWRK and Wu approaches. 
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• Effect of the combination of 2 strategies of 

interfacial adhesion modification on 

microstructural and mechanical behaviour 

of composites? 

 

1) Creation of hierarchical / nanostructured flax 

fibres by the adsorption of CNC and XG/CNC  

2) Incorporation of the coupling agent maleic 

anhydride grafted polypropylene (MAPP) 

 

→ Micro-scale: Increase of the work of rupture 

by 12.5 % and 21.6 % for CNC and XG/CNC 

treatments, respectively. 

Observation of more progressive local failures. 

 

→ Macro-scale: Combine MAPP coupling 

agent and CNC increases the tensile strength of 

PP/flax composite, with many covalent bonds 

between CNC modified fibres and MAPP. 

 

→ Micro scale: in situ micro-mechanical tensile 

SEM tests (20 wt% fibres) 

- Work of rupture measurements 

- Observation of the crack propagation 

within the composite 

 

 

 

 

 

 

→ Macro scale: uniaxial tensile test  

(5, 20 and 30 wt% fibres) 

- Ultimate strength and stiffness, work of 

rupture measurements 

 

 

 

 

 

 

 

 

 

Finally, a multi-scale analysis of epoxy thermoset laminate composites composed of UD flax 

fabrics modified by CNC and XG/CNC was performed (Table 3). It highlights also limitations 

and impacts of flax fabrics treatment processes on mechanical performances in terms of 

microstructure and mechanical properties of the final composite. 
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XG/CNC modified

flax fibre

Epoxy resin

Table 3: Research questions and strategies / techniques used for the multi-scaled analysis of thermoset 

laminate composites composed of epoxy / UD flax fabrics. 

Multi-scale analysis of hierarchical flax fabric reinforced epoxy 

biocomposites 

Research questions and answers Implemented strategies / techniques 

 

• Effect of CNC and XG/CNC treatments on the 

morphological aspects of elementary fibres 

and yarns within the UD flax fabrics? 

 

→ Shrinkage of flax fabrics upon drying step 

during the treatment process. 

 

→ Adsorbed amount of CNC and XG/CNC 

around 3.1 and 6.0 % (depending on fabric 

architecture and shrinkage effect). 

 

→ XG/CNC forming polymeric web-like 

structures surrounding fibres within yarns. 

 

 

→ SEM observations of flax fibres and yarns 

from treated UD flax fabrics. 

 

 

 

 

 

 

 

 

→ Gravimetric/dimensional analysis of the 

fabric treatment process (dipping, drying) and 

the adsorption of CNC and XG/CNC on flax 

fabrics. 

 

 

• Wettability and impregnation of the epoxy 

resin on modified UD flax fabrics during 

manufacturing process? 

 

→ Adsorbed CNC on flax fibres do not change 

significantly the work of adhesion/wettability 

towards epoxy resin while XG/CNC increase 

slightly the contact angle. 

 

→ XG/CNC treatment induces a worst 

dispersion by creating fibre bundles caused by 

the web-like structures between elementary 

fibres in yarns. 

 

→ Both CNC and XG/CNC treatments appear 

to decrease the packing ability of fabrics 

(bad impregnation and increase of porosities). 

 

→ Tensiometer K100SF: contact angle 

measurement between modified elementary flax 

fibres and epoxy resin liquid and work of 

adhesion calculation (Young-Dupré, OWRK and 

Wu approaches) 

 

 

 

 

 

 

 

→ Microstructural analysis: 

    Dispersion state of flax fibres and yarns in 

epoxy resin biocomposites plates;  

 

 

 

 

 

 

Fibre and pore volumes Vf and Vp 

determination for all composite plates. 
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Free drying in heat chamber Drying by contact under strength

• Effect of fabric treatment process (water 

dipping, drying) on composite properties? 

 

→ Destructuration of the fabric and shrinkage. 

 

→ Better dispersion of elementary fibres and 

yarns provided by the water dipping. 

 

→ Drying by contact under strength induces 

more packed yarns with CNC and creates 

porosities and bad dispersion in composite. 

 

→ SEM observations of laminates polished 

surfaces to study the flax plies alignment with 

an analysis of a “control” composite. 

 

→ Use of 2 different fabric drying processes 

(free in an oven or by contact under strength) 

 

 

 

 

 

 

 

• Mechanical behavior of laminate composites 

and effect of flax fabric treatments CNC and 

XG/CNC? 

 

→ CNC treatment contributes to the 

dimensional and structural stability of flax 

fabrics (tensile stiffness and strength) 

submitted to dipping and drying steps for 

functionalizing treatments. 

 

→ The presence of CNC on fibres decreases 

slightly the damping factor in DMTA tests 

(0.133 versus 0.128), characteristic of a possible 

better interfacial adhesion with restricted 

molecular mobility at the interface. 

 

→ Improvements of the longitudinal tensile 

strength by 3.0 % and the work of rupture by 

14 % for CNC treatment (free drying), 

dissipating more energy upon breakage 

compared to the reference. 

 

→ More brittle behavior of composites with the 

addition of CNC on flax fibres: decrease of 

transverse tensile strength by 22 % and 30 % 

(free and under strength drying respectively). 
 

 → Peeling phenomenon of cell walls of flax 

fibres (delaminated cell walls forming fibrillary 

ribbons) especially for the control composite: 

participation to the energy dissipation during 

crack propagation? 

 

→ Use of mixture rules to analyze the effect of 

treatments on mechanical properties. 
 

→ (Visco-)elastic behavior: stiffness via 

longitudinal and transverse quasi-static uniaxial 

tensile tests, DMTA measurements in transverse 

specimens. 

 

 

 

 

 

 

 

 

→ Ultimate behavior:  

Strength via longitudinal and transverse quasi-

static uniaxial tensile tests,  

 

 

 

 

 

 

 

Fracture surfaces, SEM observations of failure 

fractures in transverse tensile test. 
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To globally conclude on this PhD project, the adsorption of XG, CNC and XG/CNC on an 

industrial flax woven fabric was investigated in terms of quantification and localization. This 

kind of treatment is easy to manage in water solvent and creates hierarchical / nanostructured 

fibres. However, such fabrics display complex architectures with twisted and entangled yarns 

which can complicate and influence the adsorption quantity and homogeneity with the 

penetration of XG and CNC within the yarns. Moreover, some phenomena like swelling and 

destructuration can occur in water and also modify the morphology and properties of treated 

fabrics.  

CNC and XG/CNC modified hierarchical flax fibres were used in thermoplastic and 

thermosetting composites. As the processes for manufacturing thermoplastic and thermoset 

materials are relatively different, this choice has made it possible to highlight certain advantages 

or limitations of this type of treatment. Indeed, the process of mixing by extrusion of short flax 

fibres in PP involves a controlled concentration of fibres and very low porosity volumes in the 

composite. It therefore facilitates the analysis of the interphase zone with few influential 

parameters resulting from the process. On the other hand, the thermocompression process 

involves variable fibre volume fractions and voids, influenced by the quality of the fibre/matrix 

impregnation, and can greatly modify the mechanical behaviour of the prepared laminated 

composites. However in both cases, improvements of tensile strength and work of rupture were 

measured in micro- and/or macroscale, which reveal the positive impact of the 

nanostructuration of flax fibre surfaces by cellulose nanocrystals.  

All this work has made it possible to study the processes to be implemented to develop 

hierarchical flax fibres and their incorporation into composite materials, and to evaluate the 

potential of these hierarchical plant reinforcements for the development of structural 

biocomposites. 
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II. Perspectives 

A main perspective of this work could be the incorporation of CNC in the bulk of the 

matrix. Kumar et al. (2020) studied the mechanical performance of glass fibre epoxy composites 

integrating CNC in the matrix [1]. They demonstrated the strong reinforcement of CNC with 

tensile Young’s modulus and strength increased by 14 % and 24 %, respectively for the addition 

of 2 wt% CNC. Moreover, they observed deposited CNC on glass fibres highlighting the 

presence of CNC at the interphase zone. Following this strategy, promising results have already 

been obtained in our project with the addition of CNC in epoxy at 1 wt% and 5 wt%, and 

measurements of higher transverse tensile strength for the highest amount (5 wt%) (Figure 1). 

 

Figure 1: Quasi-static transverse tensile tests of UD flax / epoxy laminate composites with incorporated  

1 wt% and 5 wt% CNC in the bulk of the matrix, (a) tensile strength and (b) force-displacement curves. 

 

Other perspectives could be the oxidation of XG using periodates or the 

functionalization of CNC depending on the matrix to increase the compatibility fibre / matrix, 

and hence induce higher mechanical performances of the composite. There are many different 

types of CNC functionalization which have to be choose according to the matrix [2], [3]. In the 

case of reactive matrices, adapted reactive groups have to be grafted on CNC to create chemical 

bonds between modified CNC and the matrix. Considering the epoxy resin matrix, the grafting 

of epoxy, amine or carboxyl groups can ensure a better compatibilization with the matrix. 
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Polyolefin matrices such as PE or PP imply the use of different CNC modification strategies:  

grafting of initiators for living radical polymerization, grafting of reactive groups on CNC which 

can react with coupling agents (MAPE, MAPP) etc. It has to be noticed that in all cases, the 

adsorption behaviour of CNC might be influenced by this change of their global surface 

chemistry. 

The use of cellulose nanofibrils (CNF) also called microfibrillated cellulose (MFC) 

depending on dimensions, should be investigated. Flexible structure, degree of fibrillation of 

CNF and higher aspect ratio (10 – 100) compared to CNC (5 – 30) [4], could be interesting 

properties to create higher mechanical interlocking with the matrix at the interphase zone. 

A strong influence of flax fabric treatment has been observed in the Chapter IV on 

mechanical performance of laminated composites. One kind of CNC deposition treatment has 

been performed, i.e. dipping of fabrics in water suspension, possibly responsible of fabric 

destructuration. Other fabric treatment processes should be tested such as spray-coating or 

padding avoiding the long-time dipping step.  

Finally, it seems that current manufactured industrial flax fabrics display very good 

mechanical properties that limit maybe the desire to obtain composites with very superior 

properties by doing modification treatments on theses final products. By keeping in mind the 

strategy of hierarchical interphases inspired by biological systems, we could maybe think to the 

creation of new fabrics with biobased compounds by modern technologies, such as the 3D 

impression… 

 

 

 

 

 



General conclusions and perspectives 

237 

 

References 

[1] S. Kumar, B. G. Falzon, J. Kun, E. Wilson, G. Graninger, et S. C. Hawkins, « High performance 

multiscale glass fibre epoxy composites integrated with cellulose nanocrystals for advanced 

structural applications », Composites Part A: Applied Science and Manufacturing, vol. 131, p. 

105801, avr. 2020, doi: 10.1016/j.compositesa.2020.105801. 

[2] A. Dufresne, « Nanocellulose: a new ageless bionanomaterial », Materials Today, vol. 16, no 6, p. 

220‑227, juin 2013, doi: 10.1016/j.mattod.2013.06.004. 

[3] B. L. Peng, N. Dhar, H. L. Liu, et K. C. Tam, « Chemistry and applications of nanocrystalline 

cellulose and its derivatives: A nanotechnology perspective », The Canadian Journal of Chemical 

Engineering, vol. 89, no 5, p. 1191‑1206, 2011, doi: 10.1002/cjce.20554. 

[4] E. J. Foster et al., « Current characterization methods for cellulose nanomaterials », Chemical 

Society Reviews, vol. 47, no 8, p. 2609‑2679, 2018, doi: 10.1039/C6CS00895J. 

 

 

 

 

 

 

 

 



General conclusions and perspectives 

238 

 

 

 

 

 



239 
 

Scientific contributions (2017-2021) 

Publications in scientific journals 

1. Doineau E., Bauer G., Ensenlaz L., Novales B., Sillard C., Bénézet J-C., Bras J., 

Cathala B., Le Moigne N. « Adsorption of xyloglucan and cellulose nanocrystals 

on natural fibres for the creation of hierarchically structured fibres », 

Carbohydrate Polymers, vol. 248, p. 116713, nov. 2020. 

doi.org/10.1016/j.carbpol.2020.116713 

2. Doineau E., Coqueugniot G., Pucci M. F., Caro A-S., Cathala B., Bénézet J-C., 

Bras J., Le Moigne N. « Hierarchical thermoplastic biocomposites reinforced 

with flax fibres modified by xyloglucan and cellulose nanocrystals », 

Carbohydrate Polymers, vol. 254, p. 117403, feb. 2021. 

doi.org/10.1016/j.carbpol.2020.117403 

3. Doineau E., Cathala B., Bénézet J-C., Bras J., Le Moigne N. « Development of 

bio-inspired hierarchical fibres to tailor the fibre/matrix interphase in 

(bio)composites », Polymers, 13(5), p. 804, mar. 2021. 

doi.org/10.3390/polym13050804 

Oral presentations in conferences 

International conferences: 

• Doineau E., Le Moigne N., Cathala B., Bénézet J-C., Bras J., “Development of 

hierarchical interphase in flax/epoxy biocomposites with cellulose nanocrystals: 

Effects on physical properties of flax fibres and biocomposites”, in EPNOE 6th – 

International Polysaccharides Conference. Aveiro (Portugal) – October 21-25th 2019. 

 

 

https://doi.org/10.1016/j.carbpol.2020.116713
https://doi.org/10.1016/j.carbpol.2020.117403
https://doi.org/10.3390/polym13050804


240 
 

 

• Doineau E., Le Moigne N., Bénézet J-C., Bras J., Cathala B., “Adsorption 

behaviour of xyloglucan and cellulose nanocrystals on flax fabrics and effects 

on the mechanical behaviour of flax/epoxy biocomposites”, in ICCS21 – 

International Conference on Composite Structures 21th. Bologna (Italy) – September 

4-7th 2018. 

National conferences: 

• Doineau E., Bénézet J-C., Cathala B., Bras J., Le Moigne N., « Fonctionnalisation 

d’un tissu de lin industriel par adsorption de polysaccharides : Effets sur les 

propriétés physiques des fibres de lin et des biocomposites lin/époxy », in GFP 

Méditerranée 2020, 16ème journée du Groupe Français des Polymères Section 

Méditerranée. IMT Mines Alès (France) – March 9-10th 2020. 

• Doineau E., Bras J., Le Moigne N., Cathala B., Bénézet J-C., “Adsorption 

behaviour of xyloglucan and cellulose nanocrystals on flax woven fabrics and 

effects on the mechanical behaviour of flax/epoxy biocomposites”, in GDR 

SYMBIOSE – Groupe de Recherche Synhtons et Matériaux Biosourcés. Ecole 

Nationale Supérieure de Chimie de Paris (France) – December 18th 2018. 

Poster presentation in scientific conferences 

• Doineau E., Le Moigne N., Cathala B., Bénézet J-C., Bras J., “Adsorption of 

xyloglucan and cellulose nanocrystals on flax woven fabrics: Effects on physical 

properties of flax fibres and flax/epoxy biocomposites”, in JJC Ecocomp - Journée 

Jeunes Chercheurs Eco-composites et composites biosourcée. IMT Mines Alès (France) 

- March 28-29th 2019. 

• Doineau E., Le Moigne N., Cathala B., Bénézet J-C., Bras J., “Adsorption of 

xyloglucan and cellulose nanocrystals on flax woven fabrics: Effects on physical 

properties of flax fibres and flax/epoxy biocomposites”, in GDR SYMBIOSE – 

FLOWER Conference. Nantes (France) – April 24-26th 2019. 



241 
 

Résumé en français 

Ce travail de thèse vise à développer un traitement de surface de fibres de lin pour l’amélioration des 

propriétés mécaniques de biocomposites à matrice polymère et renforts en lin. Cette modification de 

surface s’inspire des structures hiérarchiques présentes dans les systèmes biologiques (os, nacre ou 

bois), constitués de nano-objets permettant un meilleur transfert de charges dans ces matériaux. Cette 

présence d’objets de dimensions nanométriques permet notamment d’atteindre des valeurs de 

contrainte et ténacité élevées et de limiter la propagation de fissures. Dans ces travaux de recherche, des 

produits dérivés de la biomasse ligno-cellulosique, à savoir les nanocristaux de cellulose (CNC) et le 

xyloglucane (XG), ont été choisis pour leurs propriétés et leur affinité mutuelle afin de créer des fibres 

de lin hiérarchiques. Dans un premier temps, l’adsorption de XG et CNC sur les fibres de lin a pu être 

localisée et quantifiée grâce à des marqueurs fluorescents. De plus, des mesures de force d’adhésion en 

microscopie à force atomique ont révélé la création d’un réseau extensible XG/CNC sur la surface de la 

fibre. Par la suite, deux voies ont été proposées avec l’élaboration de biocomposites thermoplastiques 

(polypropylène/fibres de lin) et thermodurcissables (résine époxy/tissu de lin) utilisant ces fibres 

nanostructurées. Dans les deux cas, une augmentation du travail à la rupture a été mesurée en micro-

tractions et/ou tractions uniaxiales, permettant une plus grande dissipation de l’énergie lors de la 

rupture.  L’ensemble de ces travaux a permis d’évaluer le potentiel de différents renforts en lin 

hiérarchiques (tissu unidirectionnel ou fibres courtes) pour le développement de biocomposites 

structuraux avec un focus fait sur la zone d’interphase fibre / matrice. 

Mots-clés : fibre lin hiérarchique, nanocristaux de cellulose, xyloglucane, interphase, biocomposite. 

 

English Abstract 

This thesis project aims at developing flax fibres surface treatment for the improvement of the 

mechanical properties of biocomposites with polymeric matrix and flax reinforcements. This surface 

modification is inspired by the hierarchical structures present in biological systems (bone, nacre or 

wood), composed of nano-objects which allow a better transfer of loads in these materials. This presence 

of nano-sized objects makes it possible to reach impressive strength and toughness values and to limit 

cracks propagation. In this project, products derived from lingo-cellulosic biomass, namely cellulose 

nanocrystals (CNC) and xyloglucan (XG), were chosen for their interesting properties and mutual 

affinity to create hierarchical flax fibres. In a first step, the adsorption of XG and CNC on flax fibres was 

localized and quantified using fluorescent markers.  In addition, atomic force microscopy 

measurements of adhesive force revealed the creation of an extensible XG/CNC network on the fibre 

surface. Subsequently, two paths were proposed with the elaboration of thermoplastic 

(polypropylene/flax fibres) and thermoset (epoxy resin/flax fabric) biocomposites using these 

nanostructured fibres. In both cases, an increase of the work of rupture has been measured by micro- 

and/or uniaxial tensile tests, allowing dissipating more energy upon breakage. All this work has 

allowed evaluating the potential of different hierarchical natural reinforcements (unidirectional fabric 

or short flax fibers) for the development of structural biocomposites with a focus on the fiber/matrix 

interphase zone. 

Keywords : hierarchical flax fibre, cellulose nanocrystals, xyloglucan, interphase, biocomposite. 


