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Foreword

The society expectations drive towards developing sustainable, biodegradable light
materials. In this context, renewable (sustainability) organic (both in terms of
biodegradability and the low density to compare with other families, i.e. inorganic
and metals) materials are excellent candidates. One of the biggest limitation of
organic materials is their low mechanical strength and their low resistance to
temperature. The first drawback is generally overcome by the preparation of
biphasic composites in which the combination of reinforcing phase and a contin-
uous polymeric matrix gives high performant materials. In composite materials, the
quality of the fibre–matrix interface is crucial. In fact, under mechanical constraints,
the matrix will tend to transfer the stress to the reinforcing phase, therefore, this
load transfer should be efficient in order to allow the material to stand up the
external solicitation.

In this context, the exploitation of lignocellulosic fibres is increasing, as they
possess several potential advantages in addition to the fact that they meet perfectly
the society expectations. These elements are ubiquitously available, inexpensive;
they could be supplied in a variety of forms, they possess modest abrasivity and
finally, they are easy to recycle in the energy recovery stream of the materials made
thereof. The last advantage should be opposed to glass-fibre-based composites. In
fact, natural fibre based composites do not leave any solid residue after their
combustion at the end of their life cycle, which is not the case when using glass
fibre, as reinforcing agent.

Unfortunately, natural fibres also have some drawbacks because they possess a
strong polar character, which gives rise to two major limitations when used as
reinforcing elements in composite materials. The first one is associated with their
strong sensitivity to water and even moisture, which induces a loss of the
mechanical properties of the composite under ageing conditions, and (ii) their poor
compatibility with the hydrophobic macromolecular matrices generally used, which
causes weak interfacial adhesion. The challenge is then to protect them from water
uptake and release (or at least to slow down their sensitivity to water) without
affecting their integrity.
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In this context, cellulosic fibres are generally submitted to various surface
modifications aiming at minimizing the interfacial energy between the fibres and the
non-polar polymer matrix, which yields a better adhesion between the two phases
and therefore gives rise to a performant composite. A lot of work was already done
in the contexts of using superficial modifications of the fibres and of that related to
the investigation of the interfacial quality, but a lot of work is still needed to
ascertain better these materials. Several areas should be developed in parallel,
namely: (i) looking for greener ways of modifying cellulose fibres and particularly
water-based or solvent-less procedure; (ii) investigating new systems with
improving the kinetics of the modification reactions and (iii) developing innovative
techniques of characterization of the fibres and the composites.

New laboratories have started working in this area, which is an excellent sign to
progress in understanding the complexity of such an area of research. Even though,
I believe that in the near future more people will shift to the area of natural
fibres-based composites. This tendency has also induced an increase of the number
of publications, conferences, book chapters and books. This book illustrates very
well the necessity of the required efforts and has the merit of summarizing the most
recent advances in the fields of (i) natural fibre morphology at different levels;
(ii) interfacial phenomena in natural fibre reinforced composites; (iii) modification
of these interfaces; (iv) characterization of the fibre modifications and (v) charac-
terization of the interface/interphase in these composites. I believe that researchers
working in this area will find here an updated state of the art of the hottest ten-
dencies and I am sure about the success of this book.

Grenoble, France
September 2017

Prof. Mohamed Naceur Belgacem
CNRS, Grenoble INP, LGP2
Université Grenoble Alpes
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Introduction: Aim and Scope

Natural fibres are fascinating hierarchical bio-assemblies that are perfectly designed to
fulfil a specific role in Nature (plants structures, sheep wool, spider web…) and able to
adapt in an evolutive environment. Thought being used since several thousand years for
human needs (single-storey houses, textile…), natural fibres, especially plant fibres,
show a growing interest for their use in technical and high performance applications as
in automotive, building or sports and leisure. Indeed, natural fibre reinforced composites
are considered as a promising alternative to synthetic fibre reinforced composites due to
their advantageous specific mechanical properties as well as their interesting viscoelastic
damping and acoustic and thermal insulation properties. In order to enhance their per-
formances and better implement this new class of biocomposites at an industrial scale,
various strategies are currently conducted regarding the selection and processing of the
raw materials and the improvement of the fibre/matrix interface quality.

The interfacial adhesion is primarily governed by the chemical coupling and
mechanical interlocking between the polymer matrix and the fibres. In this regard,
various enzymatic, chemical and physical treatments have been developed to (i)
better disperse the fibres and enhance the specific interfacial area, and to (ii) favour
the wettability and the (physico-)chemical interactions at the fibre/matrix interface.
Besides, fibre and interface modifications are also an opportunity to introduce new
functionalities in natural fibre based composites, such as enhanced hydrophobicity,
flame retardancy or controlled barrier properties.

This book is addressed to Master and Ph.D. students as well as researchers from
academia and industry. It aims to provide the key definitions to understand the
issues related to interface modifications in natural fibre based composites consid-
ering the particular supramolecular and micro-structures encountered in plant fibres.
A particular emphasis is given to the modification and functionalization strategies
of natural fibres and their impact on biocomposites behaviour and properties.
Commonly used and newly developed treatment processes are described in view of
scaling-up natural fibre treatments for their implementation in industry. Finally, a
detailed and comprehensive description of the tools and methodologies developed
to investigate and characterize surfaces and interfaces in natural fibre based com-
posites is reviewed and discussed.

xv



Chapter 1
Introduction on Natural Fibre Structure:
From the Molecular
to the Macrostructural Level

Natural fibres are complex hierarchical bio-assemblies built-up of several
biopolymers. In this chapter, the main features related to biopolymers organization
within natural fibres are described. Then, the specific surface properties and porous
structure of natural fibres that are key parameters as regard to fibre and interface
modifications are detailed.

1.1 Main Biopolymers in Natural Fibres

Natural fibres used in composite materials often refer to plant fibres extracted from
lignocellulosic biomass such as wood fibres and other plant fibres from stem, leaf,
fruit and seed. Their biochemical composition can vary within the different tissues
of the plant, from one plant to another and according to soil, climate, extraction
conditions and maturity of plant cells. When considering the dry matter, the pre-
dominant chemical components are carbohydrates, i.e. sugar-based biopolymers
including cellulose, hemicelluloses and pectins. These biopolymers are associated
with a complex polymer of aromatic alcohols named lignin, and in lower amounts
with proteins, extractives (e.g. fatty acids, fatty alcohols, free sterols, ferulic acid
esters, waxes, sterol, and other aromatic compounds), and inorganic components
that are comprised in the ash content and include minerals and metals (e.g. silica,
calcium, potassium, zinc, iron, lead…) (Akin 2010; Bismarck et al. 2002; Brosse
et al. 2012; Gutierrez et al. 2008; Misra et al. 1993; Yan et al. 2014). Biochemical
compositions of some selected natural fibres from various origins are given in
Table 1.1.

© The Author(s) 2018
N. Le Moigne et al., Surfaces and Interfaces in Natural Fibre Reinforced
Composites: Fundamentals, Modifications and Characterization,
Biobased Polymers, https://doi.org/10.1007/978-3-319-71410-3_1
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1.1.1 Cellulose Microfibrils as Reinforcing Elements

Cellulose is the most abundant biopolymer on the planet, representing more than half of
the Earth’s biomass. It is indeed estimated that nature produces 1010 to 1011 tons of
cellulose annually, which constitutes at least 50% of the total plant biomass (Hon 1994).
Cellulose is a linear homopolymer of glucan with chemical formula C6H10O5. It is syn-
thesizedbyCelluloseSynthaseComplexes (CSCs)presentwithin theplasmamembraneof
plant cells (Saxena and Brown 2005). Cellulose chains are composed of anhydroglucose
units (AGU) each bearing three hydroxyl reactive groups at C-2, C-3 and C-6 positions,
and linked together by b-(1,4)-glycosidic bonds. Degree of polymerization (DP) of native
cellulose from various origins varies from 1,000 to 30,000with a large polydispersity, and
from200 to3,000 after cellulose extraction (Heinze et al. 2012;Klemmet al. 1998;Krässig
1993).When synthetized and extruded by CSCs, cellulose chains have a high tendency to
align and aggregate in larger entities through intra and inter-molecular hydrogen bonds
(thanks tohydroxyl groups), hencegiving crystalline cellulosemicrofibrils consistingof18
to 90 glucan chains in higher plants and some green algae. These microfibrils have a
diameter of 3 to 18 nm in the case of plant fibres (Klemm et al. 2005; Saxena and Brown
2005) and aggregates into cellulose macrofibrils of several hundred nm in diameter.
Lignocellulosic substrates may contain more than 70% of highly ordered crystalline
regions (Atchison 1983; Klemm et al. 2005; O’Sullivan 1997), whose main lattice forms
are either type I for native cellulose (case of plant fibres, bacterial and algal cellulose) or
type II for regenerated cellulose (case of viscose, Lyocell fibres). However, several
imperfections occur in this structure as the less ordered regions within the microfibrils, the
interstice between the microfibrils and the larger voids between the microfibrils and the
macrofibrils (Krässig 1993). Thanks to this regular, well-aligned and crystallized structure,
cellulose is the biopolymer that provides stiffness, strength and structural stability to natural
fibres. Wide variations in cellulose content and crystallinity index Ic are reported in liter-
ature according to lignocellulosic substrates, extractionmethods and analytical techniques
used (see values for various natural fibres in Table 1.1).

1.1.2 Non-cellulosic Components as Matrix and Encrusting
Elements

Hemicelluloses and pectins are synthesized in the Golgi, and delivered in the inner
surface of cell walls to then coat cellulose microfibrils (Lerouxel et al. 2006). The hemi-
cellulose fraction in natural fibres consists in branched heteropolysaccharides, mainly
xylan, glucomannan and xyloglucan, composed of 5 (C5H10O5) and 6 (C6H12O6) carbon
sugars: D-glucose, D-Xylose, D-Galactose, L-Fucose, D-Glucuronic acid, L-Arabinose
and D-mannose (Beaugrand et al. 2017). Hemicelluloses, in their native state, are low
molecular weight branched polymers that are non-crystallisable but still contribute to the
structural organization of the cell walls as a matrix component. Pectins are complex
high-molecular-weight acidic polysaccharides whose chain backbone is rich in galactur-
onic acid with different degree of methyl esterification. The most common pectic
polysaccharides present in naturalfibres are linear homogalacturonans (HG) and branched
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rhamnogalacturonans (RG type I, RG type II). As hemicelluloses, they are present in the
cell walls as matrix components but they also act as adhesives in the middle lamellae
between plant cells (Beaugrand et al. 2017; Jarvis 1984; Morvan et al. 2003). Non-wood
fibres (e.g. bast fibres) have significant amount of pectins in their structure (see Table 1.1).

Lignin is a three-dimensional phenylpropanoid heterogeneous, amorphous and
highly cross-linked macromolecule that represents the second most abundant natural
polymeric material in plants. Despite extensive investigations, the complex and
heterogeneous structure of lignin is not completely understood (Argyropoulos and
Menachem 1998; El Hage et al. 2010a; b; Fengel andWegener 1989). Lignin structure
varies within different plant species and is usually composed of three basic building
blocks of guaiacyl, syringyl, and p–hydroxyphenyl units, although other aromatic
compounds such as coumaric and ferulic acids also occur in higher plants (Akin 2010;
Sjöström 1981). Lignin synthesis occurs in the presence of the already synthesized
cellulose microfibrils and hemicellulose/pectin matrix. It is located in both middle
lamella and cell walls, and acts as an encrusting component around cellulose
microfibrils and thematrix constituents, i.e. hemicelluloses, pectins and proteins. These
biopolymers are intimately associated within the cell walls through covalent and
non-covalent interactions (Akin 2010; Beaugrand et al. 2017; Morvan et al. 2003).

Proteins (hydroxylamine-rich HRPG, proline-rich PRP, glycine-rich GRP) are
present in smaller amounts in plant cells but play a key role in the building of the cell
walls (Beaugrand et al. 2017; Boudet 2002; Prat et al. 2004). In particular, they are
able to interact and modify the other cell walls components during cell growth. At the
end of the elongation stage of plant cells, structural proteins could form a secondary
network by covalent bonding (extensin) and hydrogen interactions that blocks the
plasticity of the primary wall. In addition, proteins are supposed to form covalent
bonds with pectins, and also phenolic acids by forming protein-phenolic-protein
cross-links (Morvan et al. 2003; Ozdal et al. 2013; Qi et al. 1995).

Concluding, although major and minor components of plant cell walls are now
well identified and their chemical structure described, it should be pointed out that
the nature of the interactions between the different cell walls components and the
possible evolution of these interactions during cell walls building are still a subject
of intense debate within the scientific community (CELL division 2017).

1.2 Cell Walls Microstructure and Plant Cells Organization

1.2.1 Building of Cell Walls

The building of plant cell walls is engineered by numerous Cellulose Synthase
Complexes (CSCs) present in the plasma membrane which produce and deposit
cellulose microfibrils on the cell outer surface (Lerouxel et al. 2006). To achieve
this, the CSCs are thought to be intimately linked and guided by microtubules (Gu
2017), and to move along the plasma membrane while they deposit the cellulose
microfibrils (Fig. 1.1). A meaningful evidence of this movement was demonstrated
by Paredez et al. (2006). In fact, the authors were able to obtain an in vivo
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visualization of the kinetics of cellulose deposition and movement of CSCs by
fluorescently labelling the CESA proteins, subunits constituting the CSCs.

Cellulose microfibrils and macrofibrils are the basic fibrillar elements of the cell wall
building. During growth and elongation, plant cells possess only a very thin cell wall,
named primary (P) wall, which surrounds the plasma membrane and the cytoplasm.
After completion of their growth, the thickness of cell walls increases significantly by
the successive deposition of concentric inner layers of cellulose microfibrils, constituting
the secondary (S) wall (Fig. 1.1). At the end of the biosynthesis, the plant cell dies and
the resulting central channel, named lumen, is more or less narrowed depending of the
maturity of the cell. The resulting fibre cells, so-called elementary fibres, undergo wide
variations in length and diameter according to fibre type (see Table 1.1).

1.2.2 Cell Walls Morphology and Composition

As shown schematically in Fig. 1.2, the cell walls morphology of elementary fibres
consists in several layers of cellulose microfibrils having different thickness and
microfibrillar angle (MFA). Microfibrils are embedded in a matrix of hemicelluloses,
pectins, proteins which are associated with a lignin network, thereby forming a complex,
tri-dimensional bio-assembly (Beaugrand et al. 2017; Klemm et al. 1998, 2005; Krässig
1993). In this structure, the outer layer, the primary (P) wall is 0.1–0.5 µm thick with a
random microfibrillar orientation, and it is rich in non-cellulosic components, i.e.
hemicelluloses, pectins and proteins, that contribute in particular to its plasticity during
cell growth. At the end of cell growth, lignin can be also found in the primary wall and

Fig. 1.1 Building of the cell walls. The CSCs localized in the plasma membrane synthesize and
depose the cellulose microfibrils along the cell wall. Several distinct cell wall layers in terms of
composition and orientation are produced by this mechanism

6 1 Introduction on Natural Fibre Structure …



contributes to the stiffness and hydrophobicity of cell walls. The concentric inner layers
constituting the secondary (S1) and (S2) walls are 0.1–0.3 µm and 1–20 µm thick,
respectively. In S1 wall, microfibrils are parallel and densely packed in a flat S-helix
with variable angles function of natural fibre type (50 to 70° for wood fibres and 20 to
30° for cotton fibres). The S2 wall constitutes the main body of natural fibres and its
overall microfibrillar angle varies significantly according to fibre type and their role in
plants. The microfibrils in cotton are well aligned with periodical reversal in a so-called
S-Z fashion and oriented around 35–45° to the fibre axis. For other natural fibre sources
such as wood, flax, hemp… the microfibrils are positioned in an extended helix with a
low MFA (see values in Table 1.1). Basically, low MFA will result in higher strength
and stiffness in the fibre direction. The amount of non-cellulosic components decreases
gradually within the S walls which are mainly composed of cellulose and hemicellu-
loses. In the case of cotton fibres, the S walls contain almost only cellulose, around 99%.
The last layer deposited closest to the fibre lumen, i.e. the S3 wall, is not always present
and very thin (<0.1 µm). Its microfibrils are aligned in a flat helix with a high MFA, e.g.
60 to 90° for wood fibres (Klemm et al. 1998; Krässig 1993; Warwicker et al. 1966).

1.2.3 Plant Cells Organization

Elementary fibres are separated by the middle lamella, rich in pectins and lignin,
which act as adhesives and gathered them into fibre bundles in wood and within the
stem, fruit or leaf of annual plants (Fig. 1.3). In the case of bast fibres (flax, hemp,
jute, kenaf…), fibre bundles used in biocomposite materials are mostly extracted
from the external ring of the stem localized between the epidermis (Ep) and the
xylem (X) (i.e. core tissues) (Fig. 1.3a and b). Elementary fibres can also be already

Fig. 1.2 a General cell wall structure of natural fibres, with: middle lamella (ML), primary P wall,
secondary S1 wall, secondary S2 wall (main body), secondary S3 wall, lumen. For each wall,
indications about their thickness and overall microfibrillar angle (MFA) are given according to
(Klemm et al. 1998; Krässig 1993; Warwicker et al. 1966; Müssig et al. 2010); b wood fibre cells
showing detail of middle lamellae, cell walls and lumen
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individualized as for cotton fibres (Fig. 1.3d). A combined method using optical
microscopy associated with a 3-D mid-infrared transmission was used by Morvan
et al. (2003) to analyse the distribution of the different cellulosic and non-cellulosic
components across flax stem sections. The authors showed that stem surface
(epidermal region) is composed mainly of pectins and waxes. Underneath the
epidermis, the internal zone rich in bast fibres, where cellulose is predominant,
showed substantial amounts of pectins and acetylated non-cellulosic polysaccha-
rides accumulated in the primary wall and middle lamella that act as adhesives in
the cohesion of flax fibre bundles. Aromatic components (e.g. lignins) and
non-cellulosic polysaccharides appeared to be more concentrated in the core tissues
of flax stems. Other methods based on selective staining are also classically used in
plant biology to study the distribution of cellulosic and non-cellulosic components
across the stem section of plants. For example, Kaack et al. (2003) showed that in
miscanthus, the concentration of lignin and cellulose are high in the outer ring
underneath the epidermis, and then their concentration decreases exponentially
towards the internal part of the stem. The cells around the vascular bundles were
also shown to be rich in lignin and cellulose. These observations thus show that
natural fibres extracted from plants can undergo wide variations in biochemical

Fig. 1.3 SEM pictures of plant cells from various origins. a flax (stem); b wheat straw (stem);
c sisal (leaf); d cotton (seed). Ep : epidermis; Fibres; X : xylem; Va : vascular bundles. SEM
pictures reprinted from Akin et al. (2007), Fig. 1a; Yu et al. (2008), Fig. 1 Fidelis et al. (2013),
Fig. 1 with permission from Elsevier
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composition according to plant tissues considered and their location within the
different parts of higher plants.

1.3 Surface Properties and Porous Structure of Natural
Fibres

As described in the preceding paragraphs, natural fibres are complex hierarchical
bio-assemblies built-up of several biopolymers with their own intrinsic physico-chemical
characteristics. When incorporating natural fibres in a polymer matrix, their surface
physico-chemistry and topography play a key role in the mechanisms of adhesion and
wetting, especially at the first contact between the matrix and the fibres during com-
posites processing. Surface chemistry of natural fibres is also of great importance since
reactive functional groups present at their surface are likely to interact with the matrix to
form hydrogen or covalent bonds that could significantly enhance the fibre/matrix
adherence within the consolidated composite. Other interfacial phenomena such as
mechanical interlocking related to roughness, transcrystallization of thermoplastics,
variation in degree of cross-linking in thermosets could also be influenced by the surface
properties of natural fibres. Besides, additives, matrix reagents and oligomers or func-
tionalizing molecules can also migrate within the bulk of natural fibres through their
accessible porous structure. In this regard, advanced knowledge on the surface char-
acteristics and porous structure of natural fibres is therefore required to better understand
and control interfacial properties in natural fibre reinforced composite materials.

1.3.1 Surface Physico-Chemistry

Many studies investigated the surface physico-chemistry of natural fibres through
contact angle (CA) or Inverse Gas Chromatography (IGC) measurements with
various polar and non-polar liquid and gas. Based on these techniques, it is possible
to determine the surface free energy cSV of natural fibres and its dispersive cdSV ,
polar cpSV , Lifshitz-van der Walls cLWSV , and acid-base cABSV , c

þ
SV , c

�
SV components.

These values can be further used to determine the interfacial tension cSL and the
theoretical strength of the physico-chemical interactions between fibres and matrix
defined as the work of adhesion WA (see Sects. 4.1 and 4.2 in Chap. 4 for details
about experimental techniques and theoretical approaches). Table 1.2 reports values
of surface free energy measured on various lignocellulosic substrates and pure cell
wall components.

Considering the additive character of the surface free energy, it could be possible to
calculate the theoretical surface free energy of natural fibres based on the sum of the
surface energy components of each of the cell walls biopolymers (i.e. cellulose, hemi-
celluloses, lignin, pectins…) and their respective amounts within the fibre. However, the
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complex and heterogeneous surface and structure of natural fibre substrates do not allow
such simple approach (Baley et al. 2006; de Meijer et al. 2000).

First of all, natural fibres can be highly porous, especially in the case of fibre bundles
with large lumen. This causes a significant absorption of the solvents used for CA
measurements due to capillary penetration into natural fibres structure, and hence a
continuous decrease in contact angle (de Meijer et al. 2000). Capillary effects can also
occur between the fibres. Moreover, surface roughness could also greatly influence the
contact angle. In particular, a regular and micro- or nano-scaled texturation of the
substrate can considerably increase the contact angle with a liquid, and hence decrease
the calculated surface free energy if not corrected. This phenomenon is at the basis of the
superhydrophobicity of surfaces, and was earlier described and modelled by Wenzel
(1936) and Cassie—Baxter (1944). For all these reasons, the determination of the
surface free energy of natural fibres is thus influenced by the conditioning of the
samples, and characteristics of surfaces exposed to the solvents. Indeed, the sessile drop
method implies the conditioning of natural fibres in the form of compacted tablets.
Washburn method is based on the monitoring of the capillary rise in a bed or yarn of
fibres, whereas Wilhelmy and Drop-on-fibre techniques used single elementary fibres or
fibres bundles. Obviously, capillary and roughness effects will be more or less pro-
nounced depending of the conditioning and technique used.

Another critical factor of variation in surface free energy of lignocellulosic substrates
is the heterogeneous distribution of the cell walls components within the fibre structure
(Baley et al. 2006; de Meijer et al. 2000). As previously described, cellulose is mostly
present in the bulk of the fibres, while non-cellulosic components can be present in large
amount at the fibre surface. As can be seen in Table 1.2, natural fibres can be
hydrophobic with low polarity and low surface free energy. In particular, the presence of
lipophilic components at the fibre surface can greatly reduce the hydrophilicity of natural
fibres. The content and nature of these lipophilic surface components vary according to
natural fibre type. Marques et al. (2010) analysed by gas chromatography—mass
spectrometry the lipophilic extractives of four different natural fibres, i.e. flax, hemp,
sisal and abaca. Several lipophilic components were identified: fatty alcohols, fatty acids,
alkanes, aldehydes, steroids, free and conjugated sterols, triterpenoids and ester waxes.
Molecular weights of these components can be relatively high: for example, ester waxes
containing up to 50 carbon atoms were identified for flax fibres. Great differences were
also observed between the different fibre types. Hence, the concentration of fatty acids
content was 552 mg per 100 g for flax versus 9 mg per 100 g for sisal or abaca. Total
content of extractives was also significantly higher for flax. Van Hazendonka et al.
(1993) showed that surface free energy and polar component of flax fibres were sig-
nificantly increased after extraction of fatty acids present at their surface, i.e. from 28.5–
34.2 mJ/m2 to 40.3–43.1 mJ/m2 and from 0.7–2.9 mJ/m2 to 2.7–5.5 mJ/m2, respec-
tively. Subsequent removal of pectins, hemicelluloses and lignin resulted in a gradual
increase of the surface tension to reach the one of pure cellulose. Baltazar-y-Jimenez and
Bismarck (2007) also showed that surface and bulk properties of natural fibres vary
according to the cell walls components and functional groups present at their surface. By
means of zeta (n)-potential and wetting measurements on various lignocellulosic sub-
strates, the authors found that their critical surface tension was nearly a linear function of
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the cellulose content. Variations in zeta (n)-potential over time were also greatly cor-
related with moisture adsorption measurements, flax being an exception due to the
potential presence of proteins at their surface.

Beyond experimental and morphological aspects, physico-chemical surface
properties of natural fibres are thus greatly influenced by the distribution of cel-
lulosic and non-cellulosic components across their section and at their surface.
Separation and treatment processes (as decortication, retting or chemicals, see
details in Chap. 3) used to improve fibre quality can affect significantly their bio-
chemical composition, and hence their resulting surface free energy and polarity.

1.3.2 Surface Chemistry

While the surface chemistry of glass fibres or pure cellulosic substrates is primarily
determined by their reactive hydroxyls groups, the above described structural
organization of biopolymers within natural fibres results in the potential presence of
a wide variety of functional groups at their surface.

When considering the overall biochemical composition of natural fibres (e.g. of
flax in Fig. 1.4), one can expect the presence at their surface of hydroxyls groups –
OH from cellulose but also from non-cellulosic components. These hydroxyl
groups can have different reactivity if being bound to saturated carbons, i.e. primary
and secondary alcohols of cellulose, hemicelluloses, pectins, and lipophilic com-
ponents (fatty alcohols and free sterols), or bound to unsaturated carbons, i.e.
phenols of lignin and other aromatic compounds such as coumaric and ferulic acids.
Belgacem and Gandini (2005) reported that organosilanes better react with lignin
substrates because of the much more pronounced acidic character of their phenolic
hydroxyl groups as compared to hydroxyl groups of cellulose (Castellano et al.
2004). Dorez et al. (2014) also showed that octade-cylphosphonic acid (ODPA)
was strongly reactive towards phenolic hydroxyl groups of lignin, whereas no
reaction with hydroxyl groups of cellulose and hemicelluloses was evidenced.

Carboxyl groups –COOH can also be found at the surface of natural fibres and
are primarily bear by pectins, hemicelluloses (galacturonic acid and glucuronic acid
units) and fatty acids, but also by some proteins (e.g. acidic amino acids in
glycine-rich proteins of flax) (Beaugrand et al. 2017; Marques et al. 2010; Morvan
et al. 2003). Finally, natural fibres surface can also present low amounts of alde-
hydes –COH and esters –COOR that are bear by some lipophilic components
(aldehydes, sterol esters and ester waxes) (Marques et al. 2010).

Fig. 1.4 Overall biochemical composition of flax fibres and possible reactive functional groups at
their surface
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Nevertheless, some of the non-cellulosic components present at the fibre surface
are weakly bonded to cell walls and are likely to be easily removed by chemical or
mechanical treatments. Ethanol or toluene treatments can remove efficiently and
selectively lipophilic components (Acera Fernández et al. 2016; Bismarck et al.
2002). Acera Fernández et al. (2016) removed up to 77% of lipophilic components
from flax tow by a hot (75°C) toluene/ethanol treatment. Acidic and
(ethylene-diamine-tetra-acetic acid (EDTA) treatments are used to extract pectins
from middle lamellae and cell walls, whereas alkaline treatments are known to
remove substantial amounts of lignin, pectins and hemicelluloses (Acera Fernández
et al. 2016; Lefeuvre et al. 2015). Even hot water can remove substantial amounts
of weakly bonded non-cellulosic components, such as oligosaccharides originating
from the cortical tissues and pectins from the middle lamella (Acera Fernández et al.
2016; Bourmaud et al. 2010; Le Duigou et al. 2012; Lefeuvre et al. 2015). Besides,
mechanical shearing and friction occurring during natural fibre processing for their
extraction, separation and conditioning in semi-products (short fibres, roving,
woven fabrics) are likely to remove weakly bonded non-cellulosic components,
especially those present in the middle lamella. These processes are indeed intended
to alter the cell junctions and to promote the separation of fibre bundles into
elementary fibres.

Concluding, the surface chemistry of natural fibres and the potential reactions
occurring at their surface should be interpreted with caution. Beyond the classical
reaction schemes reported in literature that only involve hydroxyl groups of cel-
lulose, many side reactions with other reactive functional groups of non-cellulosic
components, i.e. phenols, carboxylic acid, aldehydes and esters, are likely to occur
(see for example reaction schemes proposed by Le Moigne et al. 2014 for
organo-silane treated flax fibres in PLA matrix). As discussed above, better reac-
tivity towards functionalizing molecules can be achieved in some cases with these
functional groups (Castellano et al. 2004; Dorez et al. 2014). Baltazar-y-Jimenez
and Bismarck (2007) also pointed out that fibre extraction, separation and treatment
processes (as decortication, retting or chemicals, see details in Chap. 3) used to
improve fibre quality can affect significantly the surface physico-chemistry and
chemistry of natural fibres. In this regard, the use of well-chosen fibre separation
and treatment processes is a critical issue to control the surface properties of natural
fibres and their interactions with coupling agents and polymer matrices in view of
their implementation in composites applications (Bismarck et al. 2002).
A breakthrough could be made by a better analysis and knowledge of the functional
groups present at the surface of natural fibres after a defined separation and treat-
ment protocol.

1.3.3 Porous Structure, Specific Surface Area
and Roughness

The complex structure of natural fibres is also characterized by a system of pores,
capillaries, voids, and interstices. There is a wide distribution of pores in terms of
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size, shape and accessibility (Klemm et al. 1998; Krässig 1993). Therefore, a total
pore volume and an average pore size could not be sufficient to give a complete and
precise description of the porous system in lignocellulosic substrates. Besides, pore
size and volume analysis are highly dependent of the technique used. Small angle
X-ray scattering (SAXS) gives information on the pore structure in the range 2–
80 nm, while mercury porosimetry gives data on accessible open-pores in the range
of 15 nm to 420 µm (Klemm et al. 1998; Choi et al. 2009). Nitrogen adsorption
measurements determines pore size distribution in the range 1.6 to 300 nm (Han
and Choi 2010; Choi et al. 2009). Other techniques such as size-exclusion chro-
matography or calculation from apparent density measurements are also used. Data
on porous structure of various lignocellulosic and cellulosic substrates are given in
Table 1.3. As can be seen, there are wide variation in terms of porosity and total
pore volume for the different cellulosic and lignocellulosic substrates. This can be
explained by variation in their structure density that implies significant differences
in their micro- and macro-porous structure. Besides, cells lumen can be more or less
pronounced according to fibre type and maturity, and the choice of the measure-
ment technique will determine whether these large pores are included in the pore
size distribution. Typically, the pore size distribution will be greatly enlarged for
natural fibres having large lumen when using mercury porosimetry. Crossing dif-
ferent techniques thus appears as a reliable approach to obtain comprehensive and
consistent results on the porous structure of a defined lignocellulosic substrate.

Due to this porous system, the total volume and surface area of lignocellulosic fibres
available for functionalization treatments exceed by far the geometrical outer surface of
the fibres. Depending of their molecular weigth and reactivity, functionalizing molecules
are likely to migrate in the bulk of the fibres within their porous structure (see Chap. 4,
Sect. 3.4). The total pore volume and specific surface area have therefore to be con-
sidered as key parameters with regard to accessibility, reactivity and functionalization of
lignocellulosic fibres. It should be pointed out that wide variations occur in the deter-
mination of the specific surface area of cellulosic and lignocellulosic substrates, values
ranging from 0.3 to 1000 m2/g (Table 1.3). Again, the origin of the substrate and the
analysing technique are determinant. Indeed, the size of accessible interstices but also
interactions between substrates and sorbates (e.g. swelling of substrates in the presence
of water vapour) could significantly differ according to the technique used (Klemm et al.
1998). Most of the data available in literature are based on sorption measurements with
nitrogen or water vapour as sorbates. SAXS, size-exclusion technique or model cal-
culation from pore volume measurements assuming a defined shape of the pores are also
used (Klemm et al. 1998). In literature, typical values of specific surface area measured
by N2 adsorption for lignocellulosic fibres range between 0.2 and 5 m2/g, while specific
surface area can reach several hundred m2/g when using water vapour sorption.

The porous and irregular structure of natural fibres also results in a non-negligible
surface roughness which plays a key role in the wettability and interfacial adhesion
mechanisms in composites. As described above (Sect. 3.1), micro- or nano-scaled textu-
ration of natural fibre surfaces can significantly decrease their wettability with respect to
polymer matrix during processing. On the other hand, it can considerably enhance the
interfacialmechanical interlocking in the consolidated composite (see Sects. 2.1 and 2.2 in
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Chap. 5). Studies conducted by Atomic Force Microscopy (AFM) report root-
mean-square (rms) roughness ranging from 10 to more than 100 nm depending of the
lignocellulosic and the size of the analysis area (Table 1.3). In comparison, a glass fibre is
much smoother and homogeneous. A roughness between 2.4 and 3.3 nm was measured
for a de-sized E-glass fibre over an area of 1 lm2 (Le Duigou et al. 2012). Similar values
were measured by Zhuang et al. (2010).

Finally, the porous structure and resulting specific surface area and roughness of natural
fibres are highly sensitive to pre-treatments. Mercerization of pure cellulose powder leads
to a decrease in pore diameter and an enhancement of surface micropores, while enzyme
treatments could enlarge the existing pores (Fink et al. 1992).Acid hydrolysis increases the
pore system by removing amorphous cellulose from the surface and revealing the
macrofibrillar structure of cellulose fibres (Zhao et al. 2007). The removal of
non-cellulosic components from natural fibres with solvents or alkaline or acidic aqueous
solutions could result in an increase of pore volume. Physical treatments such as e-beamor
gamma (c) irradiation also inducemodifications in the porous structure. At low irradiation

Table 1.3 Porosity, specific surface area and roughness of various lignocellulosic and cellulosic
substrates

Substrates Porosity
%

Total pore
volume
mm3/g

Pore
size nm

Specific
Surface
area m2/g

Roughness
(rms) nm

References

Flax 10.7 34–52 0.31–1.4 10.8–35 Bismarck et al. (2002),
Le Duigou et al. (2012),
Legras et al. (2015),
Müssig et al. (2010)

Hemp 52 0.75 *50 Bismarck et al. (2002),
George et al. (2014)

Jute 14–15 41 Kafi et al. (2011), Müssig
et al. (2010)

Ramie 7.5 Müssig et al. (2010)

Sisal 17 Müssig et al. (2010)

Kenaf 0.5 26.1–119.5 Legras et al. (2015), Lee
et al. (2010)

Henequen 1050 17165 0.230–
0.245

58.6 Han and Choi (2010),
Choi et al. (2009)

Abacá 17–21 Müssig et al. (2010)

Banana 35–53 Müssig et al. (2010)

Cotton/Cotton
linters

1.7–6.6 45–87 11.6–
13.1

0.6–135 Klemm et al. (1998)

Wood sulfite
pulp

0.7–17.3 72 10.1–
25.4

0.35–1000 Klemm et al. (1998)

Wood sulfate
pulp

1.2 13.1 3.7 Klemm et al. (1998)

Viscose fibre 6.6 18–73 0.3–292 Klemm et al. (1998)

Cellulose
powders

1.4–2.5 4.4–15.9 5.2–15.8 Klemm et al. (1998)

Microcrystalline
Cellulose

135–274 Klemm et al. (1998),
Driscoll et al. (2009)

Cellulose (from
cotton)

50 0.45 Bismarck et al. (2002)
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dose (<30 kGy), the removal of surface components from thefibres, i.e.waxes, impurities,
pectins and primary wall, is accompanied by a significant increase of the specific surface
area and roughness. Amaximum specific surface area of 18.9 m2/gmeasured bymercury
porosimetry was reached at 30 kGy (Choi et al. 2009). This was correlated with an
increase in root-mean-square (rms) roughness up to 268 rms at 30 kGy as measured by
AFM due to the presence of small pores, and the exposure at the fibre surface of well
texturedmicrofibrillar structures from the secondary Swalls (Han andChoi 2010).At high
irradiation doses (200 to 500 kGy), striations and cracks as well as the appearance of large
pores are observed (Choi et al. 2009; Han et al. 2006b; Han and Choi 2010; Takács et al.
1999, 2000). Besides, drying-wetting cycles result in an irreversible reduction of the pore
volume due to the closing of the smallest pores, a well-known mechanism for lignocel-
lulosic substrates called hornification (Park et al. 2006b).
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Chapter 2
Interfaces in Natural Fibre Reinforced
Composites: Definitions and Roles

Natural fibres are a real opportunity to replace conventional synthetic fibres in com-
posite applications. However, even if they have several advantages in comparison to
synthetic fibres (lightness, carbon balance, price…), their moisture sensitivity, their
poor compatibility with polymer matrices and their low thermal stability and
flammability makes their modification by chemical or physical treatments essential.
The final performances of any (nano)composite system strongly depend on the filler
content and intrinsic properties (stiffness, strength, aspect ratio, morphology…) but also
on the filler/matrix interface region. Studying and controlling the interfacial properties
and their impact on macroscopic properties thus constitutes a key issue to understand
and model the structure/functional properties relationships in biocomposites and
improve their performances. In this chapter, the multiple and multi-scale interfaces in
natural fibre based composites is described. The importance and role of the fibre/matrix
interface on mechanical performances and durability, and main strategies to enhance
the interfacial adhesion is discussed. Finally, an opening towards new functionalities
that could be achieved by fibre and interface modifications is addressed.

2.1 Multiple and Multi-scale Interfaces Systems

As described in Chap. 1, natural fibres are complex and hierarchical composite
systems with different inter- and intra-cellular interfaces. Indeed, elementary fibres
are gathered in fibre bundles and glued by the middle lamella rich in non-cellulosic
components, especially pectins and lignin. Also, plant cell walls are made of several
concentric layers varying in biochemical composition and structure, in particular
microfibrillar orientation. At the supramolecular level, the network of cellulose
microfibrils is embedded in a biopolymer matrix made of hemicelluloses, pectins,
proteins and lignin. These inter- and intra-cellular interfaces are considered as weak
zones, and are partly responsible for the complex breakage and dispersion mech-
anisms of natural fibres when incorporated in polymer composites. As will be
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discussed, this results in specific composites microstructure with multiple and
multi-scale interfaces.

Le Moigne et al. (2011) studied the fibre size and shape distributions of flax, sisal
and wheat straw fibres after compounding in a polypropylene (PP) matrix. As
observed in Fig. 2.1, a large variation in the size and shape of the fibres was
observed and three main entities can be defined: the elementary fibres consisting of
individualized and slender plant cells, the fibre bundles consisting of parallel ele-
mentary fibres still glued together by the middle lamella and the particles having
low aspect ratio comprised between 1 and 2. Based on rheo-optical experiments,
Castellani et al. 2016 were able to distinguish several mechanisms of fibre breakage
when exposed to shearing in a polymer matrix: (i) fragile (case of flax and sisal),
(ii) fatigue, i.e. cumulated strain (case of hemp), or (iii) peeling (case of miscant-
hus). These mechanisms are thought to be intimately related to the biochemical
composition and structure of natural fibres. In particular, the strength of cohesion
between the elementary fibres ensured by the middle lamella should play a key role
in the dispersion processes. It has been found that flax fibres easily separate in
elementary fibres when incorporated by melt compounding in a polypropylene
matrix, possibly due to their low lignin content (Le Moigne et al. 2011; Oksman
et al. 2009). Even if a direct correlation between biochemical composition and
structural properties of natural fibres and their dispersion mechanisms under pro-
cessing is still hard to define, Castellani et al. (2016) assumed that higher lignin
content is related to higher inter-cellular cohesion, and hence lower amount of
individualized elementary fibres in the melt.

On the other hand, Acera Fernández et al. (2016) studied the dispersion state offlax
yarns in flax tow fabrics reinforced epoxy composites prepared by
thermo-compression. The authors showed that the extraction of non-cellulosic com-
ponents contributing to inter-cellular cohesion within the fibre bundles results in a
considerably enhanced dispersion of flax yarns within the matrix, related to an indi-
vidualization offibre bundles into elementary fibres (Fig. 2.2). These results show that
even for composites processes involving low shearing as thermo-compression, the
dispersion of fibre bundles can occur if the inter-cellular cohesion is altered.

Fig. 2.1 Optical microscopy images obtained in light transmission mode between crossed
polarizers of composites diluted with Decalin®: a PP/4% MAPP/40% flax; b PP/4% MAPP/40%
sisal and c PP/4% MAPP/40% wheat straw. Three entities are found: elementary fibres, bundles
and particles. Reprinted from Le Moigne et al. (2011), Fig. 2 with permission from Elsevier
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The dispersion state of natural fibres is thus greatly influenced by the compo-
sition and structural organization of natural fibres, their extraction/conditioning, and
subsequent processing steps used to manufacture composites. This results in wide
variations in terms of fibres/matrix and fibre/fibre interactions, and hence the type
and quantity of interfaces developed.

When considering the functionalization of natural fibres for improving the interfacial
adhesion in composites, the dispersion state of the fibres is critical. Indeed natural fibres
are usually treated with functionalizing molecules as received, i.e. in the form of fibre
bundles, and are then dispersed in the polymer matrix during composites processing.
Good dispersion will result in an enhanced specific surface area of natural fibres, and a
considerably enhanced interfacial coupling with the matrix. However, as pointed out by
Le Moigne et al. (2014), only a limited surface of the fibres exposed to the matrix will
be effectively functionalized. As illustrated in Fig. 2.3, due to dispersion, the amount of
treated fibres surface exposed to the matrix after processing would be greatly decreased
(initial perimeter of the treated fibre bundle to the final perimeter of the dispersed
elementary fibres), thereby reduces the efficiency of the functionalization treatment.
Typically, for a treated fibre bundle of 240 ± 150 µm in diameter, its dispersion during
processing will lead to a final amount of exposed treated surfaces of roughly 11 ± 7%
(considering a bundle with a simple square section and an average elementary fibre
diameter of 20 µm). Therefore, the larger are the fibre bundles before treatment and

Flaxyarns

1 mmporosity

epoxy

(b)(a) (c)

1 mm 1 mm

Fig. 2.2 SEM micrographs of transverse cross section of flax tow fabrics reinforced epoxy
composites for different extraction treatments: a untreated, b ethanol, cNaOH 1%

Fig. 2.3 Illustration of treated fibre surfaces (dashed zones) before processing and the ones
exposed to the matrix after processing. Reprinted from Le Moigne et al. (2014), Fig. 6 with
permission from Elsevier
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processing, the least efficient would be the treatment as concerned the resulting quantity
of functionalized fibre surfaces exposed to the matrix. This underlines the necessity to
individualize fibre bundles into elementary fibres as much as possible during the
extraction phases prior any subsequent functionalization and processing to manufacture
composite materials.

Another interesting phenomenon that highlights the role of the intra-cellular
cohesion is the occurrence of decohesion between the cell wall layers that are often
observed on failure surface of broken composites (Fig. 2.4a). This phenomenon
was also observed by Le Duigou et al. (2012) when performing microdroplet
debonding test on elementary fibres (Fig. 2.4b). This phenomeon indicates that the
physico-chemical interactions occurring at the fibre/matrix interface can be in some
cases stronger than the strength of the interactions between the cell wall layers. This
can originate from functionalization treatments that were able to create covalent
bonds between the matrix and the fibre surface. Besides, the pre-treatments and the
solvents used for functionalization treatments may also be responsible for the
weakening of the fibre structure, and the decohesion of the cell wall layers due to
the removal of matrix components, i.e. pectins, hemicelluloses and lignin.

Concluding, when natural fibres are incorporated in a polymer matrix, several
types of interfaces should thus be considered (Acera Fernández et al. 2016; Bismarck
et al. 2002): (i) the interface between the polymer matrix and the individualized
elementary fibres and/or the fibres bundles, (ii) the interface in between the ele-
mentary fibres within the fibre bundles, and (iii) the interface between the layers
within the cell walls. Each of these interfacial zones has its own characteristics in
terms of physico-chemical interactions and strength of cohesion. Besides, interfaces
should not be considered as defined geometrical limits. It is known that interfacial
zones are transition phases, called interphases, which develop over a certain thickness
between bulk matrix and bulk fibre. These three-dimensional zones include the
two-dimensional zone of contact between the reinforcement and the matrix (inter-
face), but also a zone offinite thickness extending on both sides of the interface within
the reinforcement and especially within the matrix (Herrera-Franco and Drzal 1992).

(a) (b)

Fig. 2.4 Evidence of cell wall decohesion after a tensile and b debonding tests. Reprinted from a Le
Moigne et al. (2014), Fig. 13 and b Le Duigou et al. (2012), Fig. 6 with permission from Elsevier
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According to literature, the interphase thickness in composite materials varies from
several hundred nanometers to a few microns (Cech et al. 2013; Heman 2008; Kim
et al. 2001; Le Moigne et al. 2014), but the matrix can be affected to much greater
thicknesses (on the order of a hundred micrometers) for some thermosets composites
(Heman 2008; Ikuta et al. 1993; Bergeret and Krawczak 2006). The complexity of the
interphase is illustrated schematically in Fig. 2.5. The interphase incorporates
chemisorption and physisorption effects, chemical interactions, cross-linking density
gradients or crystal texture modifications (transcrystallization), as well as defects
(interfacial porosities and other local anomalies). (Bergeret and Krawczak 2006;
Herrera-Franco and Drzal 1992)

2.2 Importance and Role of the Fibre/Matrix Interface

The growing interest in the understanding of the fibre/matrix interface (or inter-
phase) of composites is fully justified because of the crucial role played by this zone
in the material properties. Particular mention should be made of its essential con-
tribution to the transmission of mechanical forces, as well as its protective role with
regard to the ageing of composites, especially in a moist environment (Fig. 2.6).

A fundamental requirement for obtaining high-performance composites is the effi-
ciency of the stress transfer which takes place at the fibre/matrix interface. Fibres
support the applied mechanical load while the matrix transfers and redistributes it from
one fibre to the other through the interface, provided that the fibre/matrix adherence is
good enough. Indeed, one of the most common modes of damage in composites is the
rupture at the interface. Adhesive interfacial failure occurs for weak fibre/matrix

Fig. 2.5 Fibre/matrix interphase in a composite material. Adapted from Bergeret and Krawczak
(2006)
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adherence and is characterized by crack propagation between the fibres and the matrix.
On the contrary, cohesive interfacial failure occurs for strong fibre/matrix adherence
and results in a rupture within the matrix, a part of the matrix remaining bonded onto
the fibres. Thus, 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. However, it is worth noting that improving
interfacial adhesion is not a sine qua non to optimize the mechanical performances of
composites. Indeed, strong interfacial interactions do produce composites with high
stiffness and high strength, but also contribute to their brittleness, low toughness, and
sensitivity to impact. Conversely, a weak fibre/matrix adherence or a flexible interphase
can greatly enhance the energy absorption upon impact. The choice of an appropriate
fibre/matrix coupling strategy can thus lead to a relevant compromise between these
two antagonistic aspects. The interface is therefore one of the key elements of
weighting of composites properties. In this regard, the characterization of the interface/
interphase zone and the interfacial adhesion is critical to properly understand the
behaviour of the composites and to tailor certain of their properties.

Moreover, the interface quality also greatly influences the ageing behaviour of
composites. This zone of contact between fibres and matrix has long been considered to
be the most sensitive region to the aggression of moisture and fluids in general. As a
proof, glass/polymer composites made from non-sized fibres exhibit a drastic decrease
of their mechanical properties when they are exposed to water, especially at high
temperatures. Considering the moisture sensitivity of most natural fibres, controlling
interfacial properties in order to improve the durability of biocomposites has become a
critical issue for their development in composites applications. Indeed, moisture
absorption of natural fibre polymer composites is a major concern in their outdoor
applications. Regazzi et al. (2016) studied the changes in physical and mechanical
properties of biocomposites during hydrothermal ageing. The authors demonstrated that
the strong sensitivity of PLA/flax composites to temperature and water was responsible
for the drastic loss of their mechanical properties. They assumed that in case of a weak
fibre/matrix interface, the substantial swelling of lignocellulosic fibres in the transverse
direction induces hoop stresses in the matrix leading to plastic strain and micro-cracks

Fig. 2.6 Damage mechanisms likely to occur in lignocellulosic fibres reinforced composites
during hydrothermal ageing: a Water diffusion into the composite, b Swelling of fibres leading to
microcracks within the matrix, c diffusion of water and possible leaching of water-soluble
substances from fibres and matrix, d Decohesion of fibre/matrix interface during drying. Reprinted
from (Regazzi et al. 2016) with permission from Elsevier
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(Fig. 2.6b). The diffusion kinetics of water molecules is then accelerated through the
bulk matrix as well as along the fibre/matrix interface (Fig. 2.6c). After drying, the
shrinkage of fibres results in larger interstices and voids between fibres and matrix
(Fig. 2.6d). Besides, an extensive swelling of the matrix can lead to shear stresses
within the fibres and at the interfaces, due to the almost nonexistent swelling offibres in
their longitudinal direction. Finally, the resulting interfacial shearing is likely to con-
tribute to fibre/matrix decohesion, and hence to the weakening of the interface and of
the mechanical properties of the composite.

One of the solutions to overcome these harmful effects is to prevent the fluid
from reaching the interface or the fibre by selecting suitable coupling agents or
coating treatments in order to enhance the interfacial adhesion and create an
effective barrier to moisture and fluids. The achievement of a stronger and suitable
interface between matrix and fibres could reduce the hygroscopicity of lignocel-
lulosic based materials and allow their widespride in outdoor applications.

2.3 Strategies to Control Interfacial Adhesion in Natural
Fibre Reinforced Composites

Interfacial adhesion in natural fibres based composites is mainly governed by the
quantity of fibre/matrix interface developed and the nature and strength of the
interactions between the polymer matrix and the fibres. When studying the quality
of the interfacial adhesion in natural fibres based composites, it appears important to
differentiate the adhesion and adherence phenomena. On the one hand, the adhesion
is a purely physico-chemical phenomenon that is governed by the surface free
energy and roughness of fibres and surface tension of polymer matrix. It charac-
terizes the wettability of natural fibres towards a molten or liquid polymer matrix
during their first contact upon composites processing. On the other hand, the ad-
herence characterizes the interfacial strength between the fibres and the matrix
within the consolidated composite when submitted to mechanical stresses. Thereby,
other parameters such as fibre/matrix chemical interactions and mechanical inter-
locking, transcrystallinity (Ning et al. 2012, Wang et al. 2011) of thermoplastic
matrices or variations in degree of cross-linking of thermosets at the fibre/matrix
interface, or the strength of intra and inter-cellular cohesion within elementary and
fibre bundles (Fuentes et al. 2015, Le Duigou et al. 2012, Le Moigne et al. 2014)
should also greatly influence the adherence and the resulting interfacial adhesion.

On this basis, several strategies can be developed to control interfacial adhesion
in composite materials (Fig. 2.7). Modifying the surface free energy of the fibres
and its polar and dispersive components can significantly improve the work of
adhesion with the matrix, and hence favour their wetting and impregnation during
processing. Functionalizing natural fibres is used to enhance their reactivity towards
the matrix and achieve a better chemical and/or physico-chemical coupling.
It should be pointed out that coupling agents can also be incorporated within the
matrix to further react with the fibres during processing. Improved mechanical

2.2 Importance and Role of the Fibre/Matrix Interface 29



interlocking could be achieved by controlling the surface texturation and roughness
of the fibres. Finally, controlling the dispersion state of natural fibres within the
matrix should greatly enhance the specific surface area of the fibres, and hence the
quantity of interfacial interactions with the matrix.

As concerned the functionalization and compatibilization of the fibres with the
polymer matrix (Fig. 2.8), coupling agents, i.e. functional (polymerizable) molecules
are added on the fibres or incorporated into the matrix during processing so as to react
with both fibre and matrix and create covalent bonds (ester, urethane…) (a). Long chain
grafted polymers are also used to favour physical entanglements within the matrix (b).
Considering the polar character of natural fibres, long-distance interactions such as
hydrogen bonding (c) can be searched with the use of polar coupling agents or polar
matrices, bearing for example hydroxyl or amine groups. Obviously, these approaches
can be combined leading to the following different fibre/matrix coupling possibilities:
(i) covalent/covalent, (ii) covalent/entanglement, (iii) hydrogen bond/entanglement,
(iv) hydrogen bond/covalent, (v) hydrogen bond/hydrogen bond. Finally, it should be
mentionned that interactions can naturally occur between natural fibres and some
polymer matrices bearing polar groups, possibly through Van der Walls and hydrogen
bonding (Raj et al. 2011; Le Moigne et al. 2014). The nature of the fibre/matrix
interactions thus created will determine the interfacial bonding strength, and the
resulting stress transfer and protective efficiency of the interface.

Concluding, natural fibre reinforced composites are multiple and multi-scale
interfaces systems originating from the inter- and intra-cellular cohesion in plant
cells and the dispersion state of natural fibres in the polymer matrix. Improving the
quantity and the quality of fibre/matrix interface could be achieved by developing
specific treatments and processes that would promote fibre dispersion while offering
an optimum exposure of reactive and/or functionalized fibre surfaces to the matrix
without weakening fibres structure. This constitutes one of the main challenges for
the industrial implementation of natural fibre reinforced composites with advanced
structural properties. Chapter 3 provides a comprehensive overview of the
pre-treatments and functionalization treatments that are used to control the inter-
facial adhesion in natural fibre reinforced composites.

Fig. 2.7 Strategies to control interfacial adhesion in natural fibres based composites
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Fig. 2.8 Functionalization strategies to control the physico-chemical coupling between natural
fibres and polymer matrices

2.4 Modifying Natural Fibres and Interfaces
in Composites: Opportunities for New Functionalities?

The modification of the interface and the effect of interfacial adhesion on the
mechanical properties of natural fibre reinforced composites are already well
studied by using either experimental analytical or numerical approaches. Indeed,
lignocellulosic fibres are primarily used as reinforcing agents intended to be used
for automotive, building, sports and leisure or aeronautic applications, thus
explaining the numerous studies on the mechanical properties of such materials.
However, fibre and interface modifications are also an opportunity to introduce new
functionalities in natural fibre based composites.

One original approach is the surface modification of natural fibres to enhance
their electrical conductivity. Razak et al. (2012) modified kenaf fibres by conducting
polyaniline via an in situ polymerization approach. The obtained coated fibres
achieved new electrical properties, without sacrificing their mechanical properties
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and natural fibre characteristics. Using another strategy, Trihotri et al. (2013)
reported the modification of sisal fibres for the control of electrical properties in
epoxy composites. The authors used a silver conducting paint to coat sisal fibres
and showed that incorporation of the modified natural fibres in epoxy based
composites can significantly enhance their dielectric properties.

The high intrinsic porosity of natural fibres (see Table 3, Sect. 3.3, Chap. 1) can also
be exploited for bulk modifications and the incorporation of active chemicals for the
control of fibres and composites properties. Indeed, natural fibres could be used for the
encapsulation of functional or reactive molecules as it is already carried out with some
natural mineral fillers like halloysite. This tubular clay is indeed used in different
applications for the loading and the release of antioxidants, anticorrosion agents,
flame-retardant agents, drugs or proteins (Lvov et al. 2016). Hu et al. (2010) obtained
highly conductive cotton textiles using a simple “dipping and drying” process with
single-walled carbon nanotube ink. The authors proposed the use of the resulting
porous conductive textiles for wearable electronics or energy storage applications. Xia
et al. (2016) loaded kenaf fibres with boron nitride for the control of their thermal
conductivity. The authors showed a significant increase of the thermal conductivity of
epoxy composites when these modified fibres were incorporated. Sonnier et al. (2015)
modified the fire behavior of flax fibres by the grafting of phosphonated molecules
using an irradiation process. The authors showed that the penetration of the grafting
agent into the bulk of elementary fibres allowed achieving high levels of grafting which
significantly modified the fire behavior of flax fibres but also of a polyester composite
filled with these phosphonated fibres.

As concerns the mass transfer properties, it is worth noting that lignocellulosic fibres
were rarely used in membrane or food packaging applications to modulate mass
transfers of composites. Till now, only a few laboratories are closely interested in the
understanding and modelling of the structure/mass transfer properties relationships in
composite materials, with the majority of the studies devoted to layered silicate
nanocomposites, polymers from fossil resources and/or separating membrane applica-
tions. It clearly emerges from this context a need for fundamental researches turned
towards the analysis of mass transfers in biocomposites and the development of mod-
elling approaches that consider an increasing complexity of microstructures involving in
particular the interfaces. Existing models currently used to predict mass transfers in
(nano)composites primarily aim at predicting permeability or diffusivity of the (nano)-
composite material from the permeability or diffusivity of each single component
(matrix and particle), the particle content and its in situ aspect ratio and orientation
within the composites structure. These models usually consider two compartments, i.e.
the matrix and the filler, and the three following hypotheses: (i) impermeable
(tortuosity-based models) or permeable particles (models for mix of polymers for
instance), (ii) perfect adhesion between the filler and the matrix, and (iii) no modification
of the mass transfer properties of the matrix induced by the presence of fillers. But in
most cases, the third assumption is incompatible with the second one, since the estab-
lishment of a strong filler/matrix interphase inevitably induces structural changes of the
polymer matrix (cross-linking degree for thermosets, crystallinity degree for
semi-crystalline thermoplastics, molecular weight, free volume, etc.). For all afore-
mentioned models, when a deviation between experimental values and values predicted
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by “two-phase”models is noted, it is generally attributed to the existence of a third phase
at the filler/matrix interface, called interphase or interfacial zone, that generally displays
different mass transfer properties than the ones of the fillers and the matrix (Wolf et al.
2016). The deviation between experimental and predicted values could also be attributed
to changes in mass transfer properties of each individual constituent. Finally, in the case
of biocomposites, tortuosity models based on the hypothesis that fillers are impermeable
obstacles increasing the diffusion pathway cannot be validated anymore since ligno-
cellulosic particles could be permeable to gases or solutes (and even more than the
matrix). As an example, it was shown for PHBV/wheat straw composites that changes
in interfacial adhesion induced by the torrefaction of fibres allowed to modulate the
water vapour permeability (WVP) of materials. Higher WVP was observed in the case
of untreated fibres as compared to torrefied fibres (Berthet et al. 2016a). This was
ascribed to the more hydrophobic character of torrefied fibres concomitantly to a tor-
tuosity effect favoured by a better dispersion of fibres and an improved interfacial
adhesion with the PHBV. A good knowledge of the fibre/matrix interface is thus
fundamental to choose the most appropriate strategy able to modulate the compatibility
between the two constituents and the resulting mass transfer properties of the composite
material depending on the targeted application. In the field of food packaging, a strong
filler/matrix adhesion is not necessary targeted. For example, an increase in gas and
water vapour permeability could be preferred in the case of respiring food products such
as fresh fruits and vegetable while a barrier material would be required in the case of
sandwiches (Berthet et al. 2016b).

Concluding, these few examples emphasize that original approaches are cur-
rently developed to modify natural fibres in the bulk and to tailor and model
interfacial properties in biocomposites. This constitutes a real opportunity for the
development of innovative biocomposite materials with novel functional properties,
and will certainly be one of the key for implementation of natural fibre reinforced
composites in industrial applications.
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Chapter 3
Modification of the Interface/Interphase
in Natural Fibre Reinforced Composites:
Treatments and Processes

The modification of surface properties of synthetic reinforcement fibres to modify
composite interphase performance is mostly achieved by chemical functionalization
techniques in aqueous media, and in some cases in organic media. In particular,
surface treatments of glass fibres are carried out by the use of complex aqueous
chemical systems, known as sizings, including one or more organofunctional silane
coupling agents, a film former and other additives, i.e. cationic or non-ionic lubricants,
anti-static agents, surfactants, wetting agents, chopping aids, and antioxydants).
Recent developments on sizing of glass and carbon fibres also include the use of
physical methods, such as plasma, for the deposition of a sizing layer on fibre surface,
and the addition of nanoparticles in sizings, such as carbon nanotubes (Bergeret and
Krawczak 2006; Thomason 2013).

Natural fibres does not yet benefit from such a technological and scientific
background. Thereby, many strategies of bulk and surface modifications are cur-
rently developed to implement natural fibres in composite materials applications
(Belgacem and Gandini 2005; Bledzki and Gassan 1999; Faruk et al. 2012, 2014;
George et al. 2001; John and Anandjiwala 2008; Kalia et al. 2009; Zafeiropoulos
2011). Natural fibre treatments can be classified in two distinct categories:

• The first category of treatments, often called “pre-treatments” in literature, is
mostly intended to enhance the wetting and the mechanical interlocking between
the fibres and the matrix. These pre-treatments can be enzymatic, chemical or
thermal. They primarily modify the topography (roughness) and the surface
physico-chemistry (surface free energy, polarity, chemical functionality) of fibres by
the extraction of some non-cellulosic compounds from the middle lamellae and
plant cell walls. Thereby, they can also affect the inter-cellular cohesion within the
fibre bundles, and hence promote the dispersion of the fibres within the polymer
matrix, resulting in an enhanced specific interfacial area. Pre-treatments are also
used to prepare natural fibres for a subsequent functionalization treatment that is
applied to improve their compatibility with a polymer matrix.
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• The second category of treatments consists in the functionalization of natural
fibres. Functionalization is carried out by chemical or physical treatments, and
can be applied either directly to raw fibres or after a pre-treatment. It aims at
achieving a chemical and/or physico-chemical coupling between the fibres and
the matrix by means of reactive (polymerizable) molecules and/or grafted
polymers that are intended to react directly with the fibres before composites
processing or incorporated into the matrix during the processing.

In this chapter, the different pre-treatments and functionalization treatments and
related processes developed to modify natural fibres and interfacial properties in
biocomposites will be exposed.

3.1 Pre-treatments of Natural Fibres

The pre-treatments developed to prepare natural fibres for their use in composite
applications are mainly based on retting, chemical and thermal processes. Most of
these treatments originate from the textile and wood industries, and were developed
since many years to improve the quality of biomass derived products.

3.1.1 Retting Treatments

Several retting techniques are reported in literature, named as (i) dew retting, (ii) water
retting, (iii) enzymatic retting, (iv) chemical retting and (v) mechanical retting (Paridah
et al. 2011). These retting processes are commonly used to ease the extraction of bast
fibres from flax, hemp, jute and kenaf stems. It should be noticed that mechanical retting,
better known as decortication,1 takes place after harvesting, and consists of successive
mechanical processes (rippling, drafting, breaking and threshing) intended to separate
bast fibres, and usually carried out after a prior dew retting (Reux and Verpoest 2012).

Retting treatments act by degrading non-cellulosic biopolymers constituting the cell
walls and the middle lamella which cements adjacent plant cells. This leads to the
splitting of fibre bundles from the surrounding cortical tissues (Akin et al. 1996; Brown
et al. 1986). The quality of the extracted fibrous material in terms of biochemical
composition, fineness, cleanness and mechanical strength is greatly influenced by the
type and conditions of retting as reviewed by Paridah et al. (2011).

During dew retting, indigenous soil fungi colonize the stems and secrete
hydrolytic enzymes (polygalacturonase, pectin-lyase, xylanase) which metabolize
the intercellular compounds from the middle lamellae and those present in the cell
walls (pectins and hemicelluloses, especially xylan in the case of flax) (Brown et al.
1986). The efficiency of this retting technique is however highly dependent on

1Commonly referred to as “defibring” in the case of hemp and “scutching” in the case of flax.
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duration and pedoclimatic conditions (temperature, humidity). Hence, the resulting
extracted fibres are of variable quality and fineness. Furthermore, the presence of
highly cellulolytic fungi may cause the degradation of cellulose resulting in the
production of poor quality fibres (Brown et al. 1986). Martin et al. (2013) studied
the influence of the degree of dew retting of flax fibres on the mechanical properties
of polypropylene PP/20% w/w flax composites. The mechanical characterization of
the composites showed an increase of about 20% in Young’s modulus accompanied
by a 30% increase in tensile strength at the highest degree of retting (6 weeks of
dew retting). This improvement in mechanical properties was primarily attributed to
a more efficient separation of the retted fibre bundles during extrusion and injection
that increased their aspect ratio (from 11 ± 8 to 14 ± 7 after 6 weeks of retting)
and hence improved the load transfer efficiency from the matrix to the fibres. An
increase in tensile modulus and strength of the retted fibres was also reported
although its origin was not clearly identified.

Water retting is carried out in an aqueous environment and occurs under anaerobic
conditions. Pectic enzymes produced by bacteria are responsible for the decomposition
of pectin substances from the middle lamella (Sharma 1987). Since retting conditions
are more easily controllable, this leads to better fibre quality than dew retting. Good
quality hemp fibres were also obtained by seawater retting due to the presence of
specific strains Stenotrophomnas maltophilia and Ochrobactrum anthropi able of
producing pectinases and degrading the middle lamella (Zhang et al. 2008). However,
water retting is a polluting process due to the substances released in water by the
anaerobic degradation of plants. For this reason, dew retting has superseded water
retting in several countries. Meijer et al. (1995) studied the effect of dew and water
retting on the properties of flax fibres. The authors highlighted the possibility of
monitoring retting by a biochemical analysis method consisting in measuring the
decrease in the amount of pectins over time. Nevertheless, the authors noted that there
is no clear relationship between the evolution of the pectin content and the resulting
fineness of extracted fibres. As reported in Martin et al. (2013), other techniques based
on sugar analysis or indirect correlation based on thermogravimetric, near infrared
spectroscopy (NIR) or Shirley analysis were developed to quantify the degree of retting
of flax fibres. However, there is currently no standardized method.

Chemical retting consists in treating natural fibres in aqueous solutions of
sodium hydroxide, sodium benzoate or hydrogen peroxide at low concentration
(Paridah et al. 2011). In this regard, it is very similar to chemical pre-treatments (see
Sect. 3.1.2). This retting technique is highly effective in removing components from
the middle lamella, and allows obtaining well separated fibres. However, a
reduction in the tensile strength and modulus of fibres is often reported even for low
concentrations of chemicals due to degradation of cell walls components (Paridah
and Khalina 2009; Paridah et al. 2011). In addition, processing costs are higher than
water and dew retting techniques that do not require chemical inputs.

Enzymatic retting is based on the use of specific bacterial strains and/or fungi, and
the controlled action of enzymes on the fibres. Indeed, even if indigenous microor-
ganisms are present in large amounts on natural fibres, their action can be better
controlled with a prior sterilization followed by inoculation of selected strains or
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enzymes by direct spraying or immersion in aqueous media. Although enzymes
secreted by microorganisms isolated from retted straw should be more effective in
retting, the use of exogenous enzymatic cocktails is preferred due to high costs inherent
to the screening of efficient indigenous microorganisms and production of specific
enzymes. It should also be noted that enzymatic retting is a batch process that involves
reprocessing of waste water and effluents (Van Sumere 1992). Li (2009) have treated
hemp fibres by natural retting with indigenous microorganisms in sealed plastic bag
and compared it with various enzymatic retting treatments, including inoculation of
different white rot fungi (Li et al. 2009), Phanerochaete sordida (D2B), Pycnoporus
species (Pyc), Schizophyllum commune (S.com), and immersion in enzymatic solutions
(Li and Pickering 2008) containing pectinase and laccase and chelators (sodium salt
promoting solubilization of pectins). The authors studied the effect of these retting
treatments on the mechanical properties of PP/maleic anhydride-grafted polypropylene
(MAPP)/hemp fibres 57/3/40% w/w composites prepared by extrusion. The results
demonstrated that these treatments significantly altered fibre roughness and eased the
splitting of fibre bundles due to the partial removal of intercellular non-cellulosic
components from the middle lamella. The highest increase in tensile strength was
observed for composites reinforced with fibres retted with the lignivore fungus S.com.
However, the authors showed that this enzymatic treatment reduced the tensile strength
of the fibres by 38%, suggesting that the increase in the mechanical performances of the
composites was mainly due to an improvement in the interfacial adhesion. This was
confirmed on the one hand by the observation of fracture surfaces of the composites,
which showed limited debonding of treated fibres from the matrix (Li and Pickering
2008) and, on the other hand, by the great increase in interfacial shear strength (IFSS)
as measured by a pull-out test (Li 2009).

The use of retting treatments therefore appears to be beneficial to the quality and
performances of natural fibres and their biocomposites. The main challenge lies in
the determination of an optimal balance leading to an efficient separation of fibres
bundles and enhanced fibre shape factors within the composite without impairing
the intrinsic mechanical properties of the fibres. This requires an advanced control
of the action of microorganisms and enzymatic degradation processes that should
be targeted towards non-cellulosic components from the middle lamellae so as to
preserve as much as possible the biopolymers constituting the cell walls.

3.1.2 Chemical Treatments

Considering the complex structure of natural fibres which is made of various
biopolymers and oligomers of varying polarity, they are likely to be sensitive to
aqueous and organic solvents. Indeed, changes in the biochemical composition and
physico-chemical properties of natural fibres can be observed when they are treated
with solvents due the solubilization and partial or total extraction of various intra
and inter-cellular components. Even water treatments can induce significant
chemical modifications in natural fibres. Bourmaud et al. (2010) studied the
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influence of water pre-treatments at different temperatures onto flax fibres. The
authors showed the extraction of several polysaccharides from the middle lamella
even at ambient temperature for long treatment times (72 h). They also found that
when the fibres are treated with water at high temperature (105 °C), pectins undergo
partial hydrolysis. Based on these results, Le Duigou et al. (2012) showed that a
water treatment at ambient temperature (72 h at 23 °C) results in small decrease of
fibre properties but a significant improvement in interfacial shear strength (IFSS)
with poly(acide L-lactique), due to the removal of weaky bonded components from
the fibre surface. Truss et al. (2016) studied the impact of water washing on the
evolution of biochemical composition of hemp fibres. The authors found a modi-
fication of the surface chemistry of the fibres due to the elimination of cuticle
components loosely attached to the surface. Water washing also removed inorganic
material and large amounts of nitrogen containing polymers, probably proteins. The
analysis of the recovered washing water suggested that the water treatment also
removed products from the bulk of the fibres that were not originally on the surface.

Lefeuvre et al. (2015) conducted a comprehensive study on the selective removal of
non-cellulosic components from the middle lamella and matrix components from the
cell walls. Scutched flax fibres were subjected to a successive sequence of extractions
in boiling water, EDTA, HCl and NaOH aqueous solutions. Results highlight the
important role of non-cellulosic components on the mechanical behaviour of the fibres.
Tensile strength and stiffness of the fibres gradually decrease along the extraction
treatments. Furthermore, the authors assumed that pectins extracted by weak acid, were
more involved in the load transfer whereas hemicelluloses and pectins extracted by
alkali, ensure the cohesion between cellulose microfibrils and contribute to the stiffness
of the fibre. Acera et al. (2016) also described the influence of different chemical
extraction treatments on the biochemical composition and physical chemical properties
of flax tow fabrics and their composites. The pre-treatments by various aqueous and
organic solvents with increasing solvation capacity resulted in a gradual extraction of
cell walls components from the fibres. The authors observed a strong influence of these
pre-treatments on the microstructure and mechanical properties of epoxy composites
reinforced with the treated flax fabrics. This study demonstrates that the removal of
non-cellulosic inter- and intra-cellular components can improve the fibre dispersion and
promote their impregnation within the matrix. However, it may also result in a drastic
decrease of the mechanical properties of the fibres and composites, hence highlighting
the key role of non-cellulosic components in the stress transfer mechanisms from fibre
to fibre and fibre to matrix.

Among all the chemical pre-treatments, the alkali pre-treatment, also called
mercerization, is widely used in the textile industry and consists in treating natural
fibres and man-made cellulosic fibres with basic aqueous solutions, generally NaOH.
The study of the effect of alkali pre-treatments on natural fibres for polymer composite
applications has been widely studied (Chandrasekar et al. 2017). Alkali pre-treatments
modify the biochemical composition of natural fibres by the extraction of the different
non-cellulosic components from the fibres, such as lignin, pectins or hemicelluloses.
The extraction of these components can induce a separation of fibre bundles into
elementary fibres or even promote the defibrillation of the latter into cellulose
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microfibrils. The alkali treatment is also likely to modify the cellulose crystalline
structure in natural fibres, depending on the alkali concentration but also on the duration
of the treatment and the nature of the alkali reagent used. If the NaOH concentration is
high enough (>15–20%w/w in water), the crystalline structure of native cellulose
recombines from cellulose I to a more stable crystalline form, called cellulose II, in
which the cellulose chains are organized anti-parallel involving changes in the inter-
and intra-molecular hydrogen bonding network. This is accompagnied by a significant
swelling of the fibres due the diffusion of water molecules into their crystalline
structure. Altough being less pronounced as with ethanol or toluene (Acera Fernandez
et al. 2016), the removal of some hydrophobic components (waxes, oils…) by alkali
pre-treatments can also increase the hydrophylic character of the fibres. It should be
pointed out that at very high alkali concentrations (*30%w/w in water), a decrease of
the cellulose crystallinity and polymerization degrees for jute and flax fibres were
observed (Gassan and Bledzki 2001).

The removal of non-cellulosic components from the fibres by alkali treatments is
also likely to modify their surface morphology. In some cases, cellulose microfibrils are
visible on the surface of the fibres after the treatment, with an increase of the surface
roughness (Baley et al. 2006). For the production of composite materials, these mor-
phological modifications are an opportunity for the creation of new available interfaces
between reinforcements and polymer matrix. In this regard, Yan et al. (2012) observed
the fracture surface of flax/epoxy composites and concluded that mercerization of flax
fibres can improve the mechanical interlocking of the matrix onto the fibres by the
increase in surface roughness. The authors also assumed that the removal of waxes
from the fibres surface promotes the formation of hydrogen bonds with the matrix, and
concluded that the interfacial adhesion in such composites was improved by the
combination of mechanical and physico-chemical interactions. Van de Weyenberg
et al. (2003, 2006) also reported an increase in mechanical properties due to an
improvement of the fibre/matrix interface for flax fabrics/epoxy composites. Besides,
alkali treatments can enhance the accessibility and reactivity of fibres towards grafting
agents due to the increase in available hydroxyl groups and the removal of hydrophobic
compounds. For this reason, alkaline treatments have been also used as pre-treatments
for the surface functionalization of natural fibres and their further use in composite
materials (Javadi et al. 2010, Le Moigne et al. 2014).

Beyond these morphological and physico-chemical changes, a softening phe-
nomenon consecutive to the alkali pre-treatment has been reported and ascribed to
the possible decrease in cellulose crystallinity or to the recombination of cellulose I
into cellulose II. These structural evolutions tend to decrease the Young’s modulus
of cellulose (140 GPa for cellulose I and 90 GPa for cellulose II), and hence of
natural fibres. Nevertherless, this softening cannot be generalized to all treatment
conditions and with all natural fibres. Furthermore, this softening effect is not
necessarily detrimental for the composite performances. Indeed, less fragile fibres
can be particularly advantageous for better impact resistance of composites or for
limiting fibre breakage during extrusion of thermoplastic composites.

Concluding, the alkali treatment is one of the most used chemical pre-treatments of
natural fibres when used to reinforce thermoplastics and thermosets composites. This
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pre-treatment has generally a positive effect on the final properties of composites
(Chandrasekar et al. 2017), which is primarily attributed to an increase in surface
roughness and specific surface area due to the cleaning and separation of natural fibre
bundles into elementary fibres. These modifications result in a better interfacial adhe-
sion by an enhanced mechanical interlocking. Furthermore, the partial removal of the
non-cellulosic components (lignin, hemicelluloses, pectins, waxes, fats…) increases the
concentration of cellulose hydroxyl groups at the fibres surface which can react with
functionalizing molecules or interact with the matrix. However, as observed for all
chemical pre-treatments, too concentrated alkali treatments can result in the removal of
essential non-cellulosic matrix constituents that contribute to the structural properties of
natural fibres, as well as the partial depolymerisation of cellulose. This can greatly
weaken the fibres structure and lead to a drastic loss of their mechanical properties,
hence reducing the properties of the composites.

3.1.3 Thermal Treatments

Heat treatments of lignocellulosic biomass, also called torrefaction or retification, were
mainly developed for the wood industry. They basically consist in a series of heating
cycles at high temperature to produce heat-treated wood with improved durability.
Indeed, heat treatments significantly reduce water uptake and swelling of wood, and
make it more resistance to fungal attack and decay. Moreover, from an environmental
point of view, heat treatments are an interesting alternative to commonly used biocidal
treatments. Several heat-treatment processes for wood have been patented, especially in
Europe: retification® (New Option Wood, France), ThermoWood® (VTT, Finland),
Plato® (Plato International BV, the Netherlands), OHT (Oil Heat treatment, Menz Holz
GmbH, Germany), etc. These processes primarily differ by their operating conditions,
i.e. heating temperature (from 180 to 280 °C) and heating rate, residence time, atmo-
sphere (relative humidity, oxidizing or inert), and optional use of oils (Hill 2006;
Nguila-Inari 2008).

Heat treatments induce a chemical modification of the biopolymers constituting
wood cell walls. In particular, hemicelluloses, which are amorphous and of low
molecular weights, undergo a severe hydrolytic depolymerization (Yildiz and
Gümüskaya 2007). Furthermore, this process can be catalysed by the degradation
products formed (acetic acid or heterocyclic aldehydes as furfural). At higher
temperatures (around 220 °C), lignins are also modified with the release of various
molecules (vanillin, eugenol, guaiacol…) (Hakkou et al. 2005a, b, c; Yildiz 2002).
This can be associated with crosslinking phenomena with aldehydes (furfural)
formed during the degradation of hemicelluloses (Hakkou et al. 2005b). To a lesser
extent, an increase in the degree of crystallinity of cellulose can be observed due to
a more rapid degradation of the amorphous zones, crystalline cellulose degrading
above 300 °C (Sivonen et al. 2002). All these chemical and structural modifications
give the wood fibres greater dimensional stability in humid atmosphere, as a con-
sequence of the degradation of hemicelluloses that are highly hygroscopic.
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Studies have also been carried out on the potential of controlled heat-treatments of
naturalfibres for their use in compositematerials. By analogywith heat-treatedwood, this
could effectively eliminate low molecular weight compounds, most hygroscopic ones
and those weakly bounded to the cell walls, and thus modify surface physico-chemistry
of natural fibres by making them more hydrophobic. Such modifications are likely to
improve thefibre/matrix interfacial adhesion and limit water uptake and swelling offibres
within the composite. Finally, it should be noted that heat treatments have the advantage
of not requiring the use of solvents, and therefore constitute an interesting alternative to
chemical treatments. In this regard, Ayrilmis et al. (2011a) have shown that thermal
cycles applied toEucalyptus camaldulensisfibres atmoderate temperatures (120 to 180 °
C) during 20 to 40 min can significantly reduce water uptake, and hence improve the
dimensional stability of polypropylene based composite panels (50/50% w/w) prepared
by dry-blending and thermocompression. Berthet et al. (2016) studied the effect of
heat-treatments (torrefaction) on milled fractions of wheat straw in an inert atmosphere
(N2) at temperatures ranging from 180 to 280 °C and cycle times from 15 min to 90 min
for their further incorporation in biopolyester matrix, i.e. poly(hydroxybutyrate-
co-valerate) (PHBV). The authors showed in particular that the heating temperature
has a significant impact on the biochemical composition, the colour, the morphology and
the hydrophobicity of the wheat straw fractions. Heat-treatments conducted at 180 and
230 °C degrade some of the hemicelluloses, lignins and other non-cellulosic compounds
such as proteins, waxes and fatty acids. The authors assumed that a combustion of the
finest particles could occur, thereby explaining the larger median size and shape factor
obtained with the treated wheat straw fractions. Moreover, the results show a significant
increase in the hydrophobicity of heat-treatedwheat straw, characterized bywater contact
angles of about 115° and a significant decrease in the polar component of their surface
energy. The physico-chemical andmorphologicalmodifications of the heat-treatedwheat
straw fractions led to an improved interfacial adhesion with the PHBV matrix and a
reduction by about 30%ofwater vapor permeability for PHBV/wheat straw 80/20%w/w
composites. However, the presence of microscopic defects, i.e. porosities, within the
microstructure of the composites did not allow an improvement of the mechanical
properties as compared to the neat matrix.

Nevertheless, it should be pointed out that excessive thermal cycles can irre-
versibly damage the microstructure of natural fibres and reduce their mechanical
properties. Gourier et al. (2014) have shown that heat-treatment of flax fibres at
moderate temperatures between 140 and 190 °C during a short cycle (8 min)
representative of an extrusion and injection process does not affect their tensile
strength and even increases their Young’s modulus by about 10%. In contrast, when
exposing flax fibres to temperatures above 250 °C, a drop of more than 30% of their
modulus and nearly 70% of their strength was observed. Van de Velde and Baetens
(2001) also reported significant degradation of the tensile properties of flax fibres
above 180 °C. Gassan and Bledzki (2001) and Placet (2009) found a significant
decrease in the tensile properties of jute, flax and hemp fibres (Cannabis sativa L.)
for heating temperatures above 150–170 °C. In all these studies, the loss in
mechanical properties following heat-treatments was explained by structural
modifications occurring within natural fibres, especially in the secondary cell wall
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S2. The authors assumed a degradation of cellulose and non-cellulosic components
(hemicelluloses, pectins, lignins) of the cell walls, as well as a rearrangement of
cellulose microfibrils and modification of the behaviour under mechanical stress.

Concluding, heat-treatments can have positive effects on the physico-chemical
and morphological properties of natural fibres, and the final performances of
composites. However, tailoring the heating conditions (temperature, time, and
atmosphere) according to natural fibres characteristics, i.e. their biochemical
composition, the structure of their cell walls, is critical to control the thermal
degradation of biopolymers and limit the resulting loss in mechanical properties.

3.2 Functionalization of Natural Fibres

Functionalization treatments are primarily achieved through chemical reactions
intended to compatibilize natural fibres with polymer matrices and improve per-
formances of the final composite materials. Functionalization of natural fibres
consists in modifying their surface chemistry by grafting molecules bearing func-
tional groups having a particular affinity or being able to react with the macro-
molecules of the matrix. These functionalizing molecules that are polymerizable
molecules or low molecular weight polymers, are therefore selected according to
their chemical structure and reactivity towards the matrix. Physical treatments or
physical-activated chemical functionalization are also considered for the modifi-
cation of fibre surface properties and compatibilization with the matrix. Conversely,
it is also possible to modify the reactivity of the matrix through chemical modifi-
cations or incorporation of additives that can react with the fibres during composite
processing. These different approaches will be detailed in the next paragraphs.

3.2.1 Chemical Functionalization

Grafting of coupling agents on the surface of lignocellulosic fibres is commonly used to
develop a less polar and/or reactive surface that would favour the compatibility and
chemical coupling with the matrix. Such a process is often called surface finishing or
sizing, and has been initially developed for modifying synthetic fibres as carbon and
glass. Coupling agents are molecules possessing two functions. The first is to react with
hydroxyl groups (or others functional groups) of natural fibres while the second is
intended to react with functional groups of the matrix, thus forming a bridge of
chemical bonds between the fibre and the matrix (George et al. 2001). So far, over 40
coupling agents have been tested and used in research and production (Lu et al. 2000).
These agents are classified as organic, inorganic, and organic-inorganic groups, among
which organic agents are better than inorganic agents because of stronger interfacial
adhesion. The most popular coupling agents currently being used include anhydrides,
fatty acids, isocyanates, organosilanes and all kinds of short-chains chemicals.
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Esterification with anhydrides. Anhydrides can be classified into two major
groups: non-cyclic anhydrides (i.e. acetic) and cyclic anhydrides (i.e. maleic). Of the
non-cyclic anhydrides, acetylation with acetic anhydride (Fig. 3.1), which consists in
substituting hydroxyl groups with acetyl moieties, is the most widely reported to reduce
the hydrophilic character of lignocellulosic fibres (Hil et al. 1998; Baiardo et al. 2002),
thus resulting in a surface free energy and polarity similar to the one of low-polar
polymer matrices (Zafeiropoulos et al. 2002a, b). The reaction involves the formation
of ester bond by esterification of carboxylic groups of the anhydride with the free
hydroxyl groups of lignocellulosic fibres. Such treatment requires several steps, and the
use of strong bases or catalysts to ease the reaction. Because the substitution of
hydroxyl groups with acetyl moieties occurs primarily on lignin and hemicelluloses,
fibres that contain greater amounts of these components generally show greater degrees
of esterification. Acetylation is also known to result in smoother surfaces, due to the
removal of waxy substances. Surface acetylation was found to promote the adhesion
between flax fibres and P(3HB-co-3HH) (Zini et al. 2007) or Bionolle (Baiardo et al.
2004; Zini et al. 2004), but not so much with PLA (Zini et al. 2004) or PHB (Lee and
Wang 2006) (Table 3.1). Significant improvement of mechanical properties was
mainly due to transcrystallization phenomena (Zini et al. 2004, 2007). The limitation of
this kind of treatment is that the acetylation reaction can lead to a decrease of fibre
intrinsic strength and tenacity, as observed for flax fibres (Zini et al. 2004, 2007). This
implies a lower reinforcing capacity which is likely to counterbalance the improvement
in mechanical properties related to the enhanced interfacial adhesion. The use of acetic
anhydride treatment on natural fibres proved to be not as effective compared with other
techniques (Tserki et al. 2006).

Baiardo et al. (2004) studied the impact of two types of fibre modification (either
acetylated or valerylated fibres) on the mechanical properties of Bionolle®/flax
fibres composites. In spite of achievement of similar surface tension values for the
two kinds of modified fibres, the reinforcing effect of the two considered modified
fibres was different. These results highlight that similar surface tensions for matrix
and fibres is not a sufficient condition to obtain a strength improvement. Another
important parameter is the fibre tenacity that is likely to change depending on the
reaction conditions used to modify the fibre surface. A decrease in fibre tenacity
would be detrimental to reinforcement of the composites.

Reactions of lignocellulosic fibres with cyclic anhydrides such as maleic anhydride
have also been performed. The fundamental difference with other chemical treatments
is that maleic anhydride is not only used to modify fibre surface but also to func-
tionalize polymer chains of matrix, as largely exploited to achieve better interfacial
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Fig. 3.1 Esterification reaction of lignocellulosic fibres with anhydride
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bonding in natural fibre based polyolefins (Mohanty et al. 2004). In this case, maleic
anhydride grafted polypropylene or polyethylene are directly incorporated during
composite processing by reactive extrusion (see Sect. 3.3.2).

Esterification with saturated and insaturated fatty acids. Numerous studies
are focusing on the grafting of fatty acids in order to decrease the hydrophilicity of
lignocellulosic fibres and thus increase their resistance towards water (Zafeiropoulos
et al. 2002a). As an example, it was shown that the grafting of stearic acid (stearation)
on flax fibres allows increasing the theoretical work of adhesion with PP (Zafeiropoulos
et al. 2002b). However, it is worth noting that this treatment was less efficient than
acetylation (Zafeiropoulos et al. 2002b). Similar effect was observed for PE/sisal fibres
composites, with an increase of the interfacial shear strength qualitatively confirmed
with observations from SEM fractographs (Torres and Cubillas 2005). Stearation has
been tested for various types of lignocellulosic biomass, including flax (Zafeiropoulos
et al. 2002b), jute (Dogan et al. 2016) or sisal (Torres and Cubillas 2005).

Some works are also devoted to the use of fatty acid amide, the amide being a
reactive site able to form hydrogen bonding with hydroxyl groups of natural fibres.
This coupling agent can be potentially derivated from waste oil fatty acids (Chun et al.
2016). Fatty acyl chlorides (acylation) are also often used, requiring the presence of a
catalyst such as pyridine (Freire et al. 2006, 2008). The influence of the fatty acid chain
length (from hexonoic to docosanoic acids) on the esterification efficiency of bleached
kraft pulp fibers obtained from Eucalyptus globulus has been studied by Freire et al.
(2006). It was shown that for a same reaction time, degree of substitution (DS) of
cellulose hydroxyl groups decreased significantly when increasing the fatty acid chain
length. The increase in the DS of cellulose esters promoted the extensive decrystal-
lization of cellulose, but did not enhance any further the hydrophobic character offibres
surface. Besides, these acylation reactions reduced somewhat the thermal stability of
the fibres (Freire et al. 2006). Improved interfacial adhesion with LDPE was achieved
with treated cellulose fibres, resulting in enhanced mechanical properties (Table 3.1), as
well as better water resistance (Freire et al. 2008). The results obtained clearly
demonstrate the importance of a strict DS control in order to achieve better composite
performances (Freire et al. 2008).

Treatment with isocyanates. Isocyanates have a functional group –N=C=O,
which is highly reactive towards hydroxyl groups of cellulose and phenolic groups of
lignin, and can form a stable urethane bond (Fig. 3.2). In the case of diisocyanates, the
remaining moiety is able to react with the polymer matrix during composite processing
to provide a covalent linkage between the matrix and the fillers (Ohkita and Lee 2004;
Ly et al. 2008; Petinakis et al. 2009). When using stiff and small bifunctional mono-
mers such as methylene-bis-diphenyl diisocyanate (MDI) or 1,4-phenylene diiso-
cyanate (PPDI), the bridging of two fibres or the reaction of both functions at the
surface of the same fibre are excluded (Ly et al. 2008). The main interest of treatment
with isocyanates is the absence of reaction by-products such as water that could
damage the composite. Grafting reactions can be conducted in solution, by immersion
of lignocellulosic particles in the presence of a catalyst and during quite long reaction
durations (around 72 h) (Rozman et al. 2001; Ly et al. 2008), or directly during the
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processing of composite materials (Lee et Wang 2006; Petinakis et al. 2009; Sahoo
et al. 2011, 2014).

As an example, Lee and Wang (2006) reported the use of isocyanates as a coupling
agent in PLA or poly(butylene succinate) (PBS)/bamboo fibres systems, leading to a
slight improvement of tensile properties (Table 3.1) and water resistance. The slight
positive effect of grafting with diisocyanate on the interfacial fibre/matrix adhesion was
also evidenced by Petinakis et al. (2009) on PLA/wood flour micro-composites, with an
increase of the tensile strength from 60.24 to 65.68 MPa for a filler content of 40 wt%.
In the case of PBS/(25 wt% of lignin and 25% of switchgrass fibres) hybrid com-
posites, the 28% improve in tensile strength induced by the incorporation of 1% PDMI
was ascribed to the better mechanical interlocking between the polymer and the fillers
(Sahoo et al. 2013). The same tendencies were observed for PP/wood fibres com-
posites, with an increase in the tensile strength up to 30% but also in the tensile
modulus (Table 3.1) (Gironès et al. 2008). Authors highlighted the importance of
polyreactivity for the coupling agents’ efficiency. However, ecotoxicity is an important
factor to consider when developing polymer composites from renewable resources,
especially for food packaging applications. Isocyanates may not be regarded as viable
treatment compounds for natural fibres since the decomposition of certain isocyanates
in water can result in the formation of heterocyclic diamines that are suspected to be
carcinogenic substances.

Treatment with organosilanes. Organosilanes are widely used for the coupling of
glass fibres with polymers. They have also been adopted for improving the interface in
lignocellulosic fibres/polymer systems (Pickering et al. 2003; Xie et al. 2010). The
general chemical formula of silane is X3Si–R (Fig. 3.3), where R is a functional group
able to react with the polymer matrix, and X is an alkoxy group (usually methoxy or
ethoxy) that can hydrolyse in aqueous solution to form silanols. Silanols can be
adsorbed on fibre surface and condense with hydroxyl groups of the fibre to a mea-
surable extent after an appropriate heat treatment. Besides, silanols can themselves
condense into stable siloxane linkages –Si–O–Si–, thereby forming a polysiloxane
network on the fibre surface that gives molecular continuity across the composite
interphase (Belgacem and Gandini 2005; Xie et al. 2010). FTIR and wettability
measurements are two complementary methods that can be successfully used to
characterize the efficiency of the treatment on natural fibres (Le Moigne et al. 2014).

Silanization has been successfully applied to different types of lignocellulosic fibres,
including pure cellulose (Reulier et al. 2016), ramie (Yu et al. 2010), sisal (Li et al.
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Fig. 3.2 Chemical reaction of isocyanates with hydroxyl groups of natural fibres
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2008), coir (Javadi et al. 2010), spent kraft (González et al. 2012), sisal (González et al.
2012), cotton (Calabia et al. 2013), bamboo cellulose (Lu et al. 2014) or flax fibres (Le
Moigne et al. 2014), oak wood (Scrubar et al. 2012) and olive husk (Hassaini et al.
2017) flours, to improve the interfacial adhesion in polymer-based composites. The
type of organosilane should be appropriately chosen according to the targeted polymer
matrix. For example, in the case of HDPE/sisal fibres composites, it was shown that
Van der Waals forces can be set up between c-methacryloxypropyl trimethoxy silane
(MPS) treated sisal fibers and the HDPE matrix, inducing a great improvement of the
interfacial shear strength (IFSS). On the other hand, c-aminopropyl triethoxy silane
(APS) can only react with the sisal fibres but does not interact with HDPE, resulting in
a similar IFSS to that obtained with the untreated fibres (Li et al. 2008). When
organosilanes are properly adapted to the fibres/matrix system, the resulting mechanical
properties of composites can be significantly improved (Table 3.1), especially their
tensile strength (González et al. 2012; Le Moigne et al. 2014). It is worth noting that an
alkaline pre-treatment can be done prior to the organosilane treatment, to take benefits
of the two treatments (Javadi et al. 2010, Le Moigne et al. 2014), even if the effects are
not always really significant (Javadi et al. 2010) (Table 3.1).

Short-chains chemical grafting. Such reactions also involve the substitution of
hydroxyl groups of lignocellulosic fibres with less polar groups such as acetate,
valerate or short poly(ethylene glycol) (Zini et al. 2004). As compared to acylation,
the PEG grafting procedure does not significantly alter the tensile strength of flax
fibres, thus leading to an even more improvement of PLA-based material
mechanical properties (Zini et al. 2004) (Table 3.1).

Finally, other approaches include the use of bio-based coupling agents such as
lysine-diisocyanate in bamboo fibres/PLA (Lee and Wang 2006), dopamine in
hemp fibres/PLA (Bourmaud et al. 2009) or ramie fibres/PBS (Zhou et al. 2014),
eucalyptus lignin in Lyocell cellulose fibres/(PLA, PP, MAPP) (Graupner et al.
2014), or the use of xyloglucan as an initiator for the synthesis of polymers from
cellulose surfaces (Zhou et al. 2005). Attempts to produce hybrid biocomposite
systems reinforced with natural fibres and nanoparticules such as organoclays
(Majeed et al. 2013; Saba et al. 2014) were also conducted. However, the local-
ization of these nanoparticles at the fibre/matrix interface was not well controlled.
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3.2.2 Physical Treatments and Physical–Activated Chemical
Functionalization

Physical treatments are used to modify the topography and/or the surface
physico-chemistry of natural fibres, or even to graft functionalizing molecules at
their surface. These treatments do not require the use of solvents and are therefore
considered for the development of eco-friendly processes. Another advantage is the
high reactivity and fast reaction that can be achieved thanks to physical activation.
Plasma and irradiation are currently the most studied physical treatment approaches
to modify natural fibres.

Plasma treatment consists in creating in a chamber an ionized gaseous medium
able to react with natural fibres. Thereby, plasma can modify the physico-chemistry and
the surface topography of the fibres (Faruk et al. 2012). This process offers numerous
possibilities for revealing or grafting functional groups (amine, carboxylic acid…)
according to the carrier gas (nitrogen, helium, argon, air, fluorinated gas…) and the
operating conditions. It can make a surface more hydrophobic (case of fluorinated
gases) but also more hydrophilic by oxydation (case of air). The energy supplied by the
plasma also makes it possible to cleave chemical bonds (C–C and C–H) and to create
free radicals thus increasing the surface reactivity of the substrate. When coupled to a
chemical treatment, the use of plasma can therefore efficiently activate the grafting of
functionalizing molecules carrying C=C unsaturations or able to form free radicals
under ionization (Kuzuya et al. 1993, 1997, 1998). In this regard, Gaiolas et al. (2012)
and Popescu et al. (2011) have used cold plasma to graft acrylic monomers onto
cellulose filters and fatty acids onto softwood kraft pulps. Gaiolas et al. (2012) obtained
a pronounced hydrophobization of cellulosic substrates but no composite materials
were prepared in these studies. It is worth mentioning that most of the studies dealing
with the use of plasma to modify natural fibres for composite applications are more
focused on surface activation of fibres than their functionalization under plasma.

Gassan and Gutowski (2000) studied the possibility to increase the polarity of jute
fibres by corona treatment (sometimes referred to as air plasma), so as to improve the
interfacial adhesion with epoxy matrices. The authors showed that a balance must be
found between the increased polarity and the inherent degradation of the fibres under
corona discharge. Indeed, corona proved to considerably improve the polar component
of the surface tension of jute fibres, but a gradual decrease of their toughness was
measured according to the duration and the power corona discharge. Kafi et al. (2011)
also showed that an optimal treatment time can be determined for jute fibres treated by
atmospheric plasma under helium and mixtures of helium/nitrogen and helium/
acetylene. Indeed, the authors showed that the removal of waxes and pectins at the fibre
surface by plasma treatment can increase their hydrophilicity and kinetics of water
absorption up to 10 s of exposure, longer exposure times having no more effect due to
the total removal of waxes. Flexural strength and modulus as well as interfacial laminar
shear strength (ILSS) of polyester/jute composite laminates were also significantly
improved due to changes in the surface chemistry and roughness of the fibres.
According to Pizzi et al. (2009), the mechanical properties of lignin-based matrices
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reinforced by non-woven flax and hemp fabrics can be significantly enhanced if
exposing the fabrics to corona treatments during 5 to 15 min. This was explained by
the increased roughness of the fibres, and so enhanced mechanical interlocking with the
matrix. However, longer treatment times led to a severe degradation of the fibres and a
reduction in tensile strength of the composites. Bozaci et al. (2013) modified flax
fabrics by plasma treatments under air and argon. The authors also observed changes in
surface physico-chemistry as well as an increased fibre surface roughness after treat-
ment. Despite a gradual decrease of fabric strength related to an etching effect with
increasing plasma power, the interfacial adhesion with high density polyethylene
(HDPE) and an unsaturated polyester resin was improved as demonstrated by
micromechanical pull-out tests. An increase in IFSS of 26 and 40% with HDPE and 47
and 30% with unsaturated polyester was obtained for plasma treatments under air and
argon, respectively. This highlights the critical role of processing gases that should be
tailored according to the matrix. In this study, the modification of O/C ratio resulting
from the oxydation of the fibres under air plasma was found as being a key factor in the
case of unsaturated polyester, while the greater surface roughness obtained with argon
plasma was more beneficial in the case of HDPE due to enhanced mechanical inter-
locking. A study on ramie/polypropylene composites showed that fibre roughness can
be increased with the time of exposure to atmospheric helium plasma, thus significantly
improving their specific surface area and mechanical interlocking with the matrix (Li
et al. 2013). Similarly, Ragoubi et al. (2010) also assumed that the increase in
mechanical properties (13% on Young’s modulus and 32% on maximum strength)
observed for PP/20% hemp fibres treated with corona was related to an enhanced fibre
roughness and improvement in mechanical interlocking. In another study, comparing
PLA/miscanthus and PP/miscanthus composites, the authors showed that this increase
in roughness observed by Scanning Electron Microscopy (SEM) was accompanied by
a surface oxidation of the fibres. Indeed, X-ray Photoelectron Spectroscopy (XPS)
analyzes showed an increase in the concentration of functional groups, i.e. carbonyl,
hydroxyl, carboxyl, at the fibre surface, likely to favour the physico-chemical inter-
actions with the PLA matrix (Ragoubi et al. 2012). The work of Li et al. (2013)
suggested that the pre-treatment of ramie fibres with ethanol could act in synergy with
an atmospheric helium plasma treatment by grafting CH3 groups at fibre surface, and
results in a reduced hydrophilicity of the fibres. Better compatibility with polypropylene
matrix and improved tensile properties of the composites were achieved due to
improved mechanical and physico-chemical interactions between the fibres and the
matrix. Other works were conducted on the effect of atmospheric pressure plasma in
cellulose–acetate–butyrate reinforced with lignocellulosic fibres (abaca, flax, hemp and
sisal) and led to the same conclusions (Baltazar-y-Jimenez et al. 2008a, b).

Plasma treatments therefore appear as versatile and fast processes offering numerous
possibilities for topographic and physico-chemical modifications and possibly surface
functionalization of natural fibres. In this regard, they can contribute to improve the
interfacial adhesion between the fibres and the matrix both in terms of mechanical
interlocking and physico-chemical interactions. Nevertheless, the operating conditions
must be very well controlled since long exposures drastically degrade the
microstructure of natural fibres, and hence their intrinsic mechanical properties.
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Gamma c or e-beam irradiation can also be used to modify natural fibres for
composites applications. The main advantage as compared to plasma treatments is
that irradiation is more penetrating and can act in the bulk of the treated substrate.
The effect of irradiation on lignocellulosic substrates has been mostly studied in
order to improve their accessibility to chemical reagents and/or enzymes, and
thereby enhance their dissolving capacity in textile processes (Viscose, Lyocell);
and to increase yields of enzymatic hydrolysis for the production of ethanol and 2nd
generation biofuels (Arthur 1971; Driscoll et al. 2009; Klemm et al. 1998; Loow
et al. 2016). However, the operating conditions of these treatments must be care-
fully controlled because high radiation energies can rapidly and drastically degrade
the biopolymers and the microstructure of natural fibres, primarily by chain scission
processes but also oxidation phenomena if irradiation is carried out in air. Besides,
it is mainly the effects of irradiation on the degradation of cellulose that have been
studied (Arthur 1971; Belgacem and Gandini 2005; Bouchard et al. 2006;
Ponomarev and Ershov 2014; Takács et al. 1999). These degradation processes
strongly modify the physical properties of natural fibres and can lead to a significant
decrease in their mechanical properties and an increase in their hydrophilicity.
However, it is important to note that at relatively low irradiation doses (<30 kGy),
degradation of natural fibres is limited, while significant changes in their surface
physico-chemistry and topography are observed (Arthur 1971; Choi et al. 2009).
Controlled irradiation conditions could thus make it possible to modify the surface
properties of natural fibres and their interactions with the polymer matrices. In this
regard, the works of Choi et al. (2009) and Han et al. (2006a, b, 2007) investigated
the effect of pre-irradiation of kenaf and agave fibres on the properties of bio-
composite materials based on unsaturated polyester, poly(butylene succinate)
(PBS) and PP matrices. These studies showed that low irradiation doses (<30 kGy)
can partially remove non-cellulosic components present at the fibre surface and
within the primary wall (waxes, fatty acids, impurities, pectins, low molecular
weight hemicelluloses…), which significantly modifies their surface roughness and
tends to improve the mechanical interlocking with the matrix. Moreover, the
modification of the fibre surface chemistry by oxidation and the creation of car-
bonyl and carboxyl groups (in particular by irradiation carried out in air) could
favour in some cases their surface reactivity and their interactions towards polymer
matrices.

As reviewed by Le Moigne et al. (2017), several studies have shown the pos-
sibility to graft and polymerize molecules carrying C=C bonds or heterocycle onto
lignocellulosic substrates by free radical reactions activated by irradiation. In this
regard, several monomers such as methacrylate (Khan 2005; Sharif et al. 2013;
Kodama et al. 2014; Takács et al. 2005) and phosphorous (Sonnier et al. 2015)
compounds were grafted onto cellulose and lignocellulosic substrates. The lifetime
of free radicals formed on the surface and in the bulk of the substrates by irradiation
being limited (Arthur 1971; Iller et al. 2002), the preferred route of functionalization
is a pre-impregnation of the fibres by the functionalizing molecule followed by
irradiation at low doses not exceeding 20 kGy. Effective grafting was observed with
yields reaching up to 10–50%.
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Irradiation treatments can thus be an effective strategy to modify or even
functionalize natural fibres in view of their incorporation in composite materials,
provided that the irradiation conditions (doses, atmosphere) are properly controlled
to avoid degrading the physical properties of natural fibres (Le Moigne et al. 2017).

3.2.3 Incorporation of Amphoteric Compatibilizers

Amphoteric surfactants, which have one or more polar groups and a long aliphatic
tail, could be used to improve the interactions between the fibres and the polymer
matrix. One of the crucial questions of non-reactive treatment is the amount of
surfactant to use. It depends on the type of interactions, the surface area occupied by
the coating molecule, its alignment onto the surface and on some other factors
(Moczo and Pukanszky 2008). Insufficient amount of surfactant does not achieve
the desired effect, while excessive quantities lead to processing problems as well as
to deterioration of the mechanical properties and appearance of the product.

As an example, Graupner (2008) proposed to use lignin as natural adhesion
promoter in cotton fibre-reinforced PLA composites. The results of composites
characterization showed that the interfacial adhesion between fibre and matrix could
be improved by the addition of lignin. Tensile characteristics like tensile strength
and Young’s modulus could be improved clearly (increase of 9% and 19%,
respectively), while the impact properties were decreased, probably because of the
embrittlement of the composites induced by the presence of lignin.

One main drawback of such a strategy as regards the food packaging application
would be the possible migration of compatibilizers towards the food. Attention
should thus be paid to avoid the use of substances with low molecular weights more
prone to migrate, with a preference to the use of molecules displaying a molecular
weight higher than 1000 g.mol−1, as mentioned in the European regulation 10/2011
(article 6).

3.3 Treatment Processes

One of the major challenges in the treatment of natural fibres for composite
applications is the development of efficient and reliable treatment processes taking
into account industrial feasibility. Several issues must thus be considered as the
scale-up of the process, the development of discontinuous or continuous processes,
compatibility with REACH policy, the use of bio-based resources, investments,
running costs…. The search for clean, solvent-free processes that use minimal
energy and water is also a critical issue. These treatment processes must allow the
fast and homogeneous functionalization of natural fibres so as to control their
surface morphological and physico-chemical properties, and thus to decrease the
variability in physical properties often blamed to biocomposites while improving
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their performances. Widely explored and optimized for technical glass fibres,
various wet and dry processes have been developed on an industrial scale. In the
remainder of this chapter, attention will be devoted to the various wet (liquid and
vapour phase, supercritical fluids) and dry (reactive extrusion, dry-blending and
powder impregnation) treatment processes that have been studied at lab-scale or
even at pilot-scale in the case of natural fibres. It is worth noted that these treatment
processes use for applying functionalizing molecules on natural fibres could be
combined with physical treatments such as plasma or irradiation in order to promote
an efficient and fast grafting of molecules.

3.3.1 Wet Treatment Processes

Wet treatments in the liquid phase are currently the most studied processes and
those primarily used in literature dealing with natural fibre treatments. It consists
mostly in treating natural fibres by immersion in a bath containing a solvent or a
mixture of aqueous or organic solvents (water, ethanol, toluene, etc.), and the
molecules considered for the modification (acids, bases, etc.) or the functionaliza-
tion of the fibres. This method requires little equipment and can be easily imple-
mented for lab-scale experiments on short natural fibres. Most of the literature
dealing with natural fibres treatment is based on this protocol. Nevertheless, it
should be pointed out that the immersion of large volumes of fibres is highly solvent
consuming. Moreover, depending on the type of treatment developed, the reactivity
of the functionalizing molecules could be favoured by increasing the temperature.
This requires therefore the heating of the fibres on the one hand, but also the heating
of large volumes of solvents, a very energy-intensive process.

The treatment of long fibres conditioned in the form of yarns, rovings or fabrics
can be carried out continuously in a single bath containing the functionalizing
molecules in sufficient concentration, hence requiring smaller volumes of solvents.
This type of technology widely used in the textile industry (fabrics padding) and
sizing of glass fibre rovings has also been developed for natural fibres, in particular
for flax fibres which offer a wide variety of conditioning ranging from yarn to
fabric. Van de Weyenberg et al. (2006) used a continuous process to treat flax
rovings in alkaline solutions of sodium hydroxide (NaOH). Their process also
integrated in-line rinsing and drying modules and an impregnation section of flax
rovings by an epoxy resin (Fig. 3.4). Despite the efficiency of the process, the
authors report the importance of rinsing which must be optimized to allow the
complete elimination of caustic soda. In fact, the presence of residual caustic soda
in flax rovings at the end of the treatment process led to a significant decrease in the
performances of the epoxy based biocomposites. Moreover, continuous processes
often involve shorter treatment cycles, and therefore require very good reactivity
and diffusion of the molecules used for pre-treatment or functionalization due to the
short contact time with the fibres. Indeed, too long treatment cycles can result in
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significant mechanical degradation of the fibres due to friction, which can cause
their early breakage during the treatment process.

Other technologies of wet treatments in the liquid phase derived from the paper,
textile or agri-food industries can be adapted for the treatment of natural fibres.
Spraying has been used by Rachini et al. (2012) at lab-scale to functionalize short hemp
fibres with 3-(triethoxysilyl)propylsuccinic anhydride silane (SiAn) for their further
reaction with vinyl trimethoxy silane (VTMO) by a reactive compounding approach. In
addition to the small volumes of solvents required, spraying has the advantage to allow
a direct application of the functionalizing molecules onto the fibres. Therefore, the
kinetics of diffusion of the molecules from the treatment bath to the fibres is not a
limiting factor. A spraying device adapted on a conveyor as used in the papermaking or
the manufacturing of medium-density fibreboard (MDF) would make it possible to
implement a continuous treatment process, the greatest difficulty being then the
homogenization of the treatment on the bed of short fibres or the fabrics. In this regard,
a carding method has been developed at pilot-scale by (Lee et al. 2009) for the
preparation of a mat of poly(lactic acid) PLA fibres and kenaf fibres (Fig. 3.5) which
was then treated with a c-glycidoxypropyl trimethoxy silane (GPS). It should be noted
that the treatment step was not carried out continuously but by dipping the kenaf/PLA
fibres mat into the GPS silane solution. The resulting treated fibre mats were then
stacked and processed by thermo-compression for the consolidation and manufacture of
the composite material. The study showed that the silane treatment was highly bene-
ficial to composite performances in terms of flexural strength and modulus, heat
deflection temperature and dimensional stability, even at low concentration of func-
tionalizing molecules (1 pph). Moreover, the low scattering of the mechanical prop-
erties indicated a good homogeneity of the composite laminates obtained. Such a
carding process for the production of thermoplastic fibre/natural fibre mats coupled
with a continuous treatment device open up very interesting prospects for the serial
production by thermo-compression of natural fibres based composite panels. This
technology could also be easily transposed to already existing commingled
thermoplastic/natural fibres products developed and commercialized on an industrial
scale by several companies worlwide.

Fig. 3.4 Sketch of the treatment section and the successive drying section in the fully continuous
production set-up. Reprinted from Van de Weyenberg et al. (2006), Fig. 5 with permission from Elsevier
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Wet treatments in the vapour phase, mostly developed for pulp and paper-
making, are alternative methods that limit the volumes of solvent used. They consist
in heating and vaporizing the functionalizing molecule, and then condensing it on
the substrate to be treated. Nevertheless, the molecules used must be thermally
stable in order to avoid any degradation during the vaporization phase.

Zhang et al. (2007) studied the possibility to hydrophobize cellulose fibres by
vapour deposition of alkenyl succinic acid anhydrides (ASA) and alkyl ketene dimers
(AKD), chemicals commonly used in the papermaking industry (Cunha and Gandini
2010). Generally added in the form of emulsions into the pulp slurry or sprayed on the
paper surface, these molecules are used to limit ink absorption, and thus avoid the
blotting effect. Nevertheless, they have a low reactivity towards cellulose substrates and
their distribution over the fibre surface is not perfectly homogeneous. Vaporization of
these molecules in view of their condensation on cellulose substrate was studied.
Indeed, vapour transport of sizing chemicals is likely to promote a fast and good
distribution, since vapour diffusion would occur in three dimensional within the sub-
strate. By analysing the chemical composition of the ASA and AKD vapours using
FTIR spectroscopy, the authors showed that compositions of ASA in the vapour or the
liquid state were similar, whereas AKD vapours were rich in fatty acids due to their
thermal hydrolysis. Zhang et al. (2007) concluded that vapour deposition could be a
relevant process for paper sizing with ASA. Studying AKD vapour deposition on
cellulose substrate, Hutton and Shen (2005) also concluded that AKD vapour depo-
sition contributes only minimally to the overall AKD sizing mechanism.

Cunha et al. (2010) developed a vapour deposition process assisted by a carrier gas
for the hydrophobization and lipophobization of cellulose fibres. This method consists
in the diffusion of the functionalizing molecule under pressure through the substrate
allowing a homogeneous treatment at the surface but also in the bulk of the material.
Nitrogen gas was propelled through a solution of trichloromethylsilane (TCMS) and
the N2/TCMS mixture was streamed through the cellulose paper filter to allow TCMS
condensation. The reaction of TCMS and cellulose fibres produced hydrochloric acid

Fig. 3.5 Carding process for the manufacturing of PLA/Kenaf bio-composite panels. Reprinted
from Lee et al. (2009), Fig. 1 with permission from Elsevier
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that was removed by bubbling the gaseous waste in a NaOH aqueous solution
(Fig. 3.6). The results demonstrated that this process was a fast and efficient approach
to functionalize cellulose fibres. Strong hydrophobization and lipophobization was
achieved as proved by the drastic increase of the contact angles with both polar and
apolar liquids, e.g. from 36° to more than 130° with water.

Another process of cellulose functionalization conducted in the vapour phase, called
chromatogenic chemistry, was investigated and described by Stinga (2008), Berlioz
et al. (2008) and Schmid et al. (2012). Chromatogenic chemistry can be used for the
grafting of long-chain fatty acid chloride reagents on the surface of cellulosic substrates.
This treatment process does not require the use of solvents, and also allows the con-
tinuous removal of by-products coming from the esterification reaction of fatty acids
with cellulose hydroxyl groups through the hot gas stream used for the transport of the
functionalizing molecules. The molecules, i.e. fatty acid chlorides, are first finely dis-
persed on the surface of cellulosic substrates. A hot, inert gas stream is then applied in
order to reach the vapour pressure of the molecule. The resulting liquid/vapour equi-
librium allows the diffusion of the molecules. Indeed, the gas stream carries the gaseous
molecules within the substrate, hence gradually displacing the liquid/vapour equilib-
rium front. This mechanism allows the progressive diffusion of the functionalizing
molecules in the bulk of the substrate, which is of great interest to achieve a homo-
geneous treatment in a bed of fibres. Upon diffusion, grafting of the molecules on
cellulose by esterification occurs and by-products of the reaction are evacuated from the
substrate by the gas flow, thus avoiding any degradation of cellulose fibres. The
diffusion and the grafting of the functionalizing molecules is determined by the nature
and composition of the cellulosic substrate, the concentration and chain length of fatty
acid chlorides, and the temperature of the gas stream. In their study, the authors
obtained interesting hydrophobic properties with cellulosic substrates treated by this
process, but no grease or gas barrier properties.

These vapour phase processes are therefore of great interest because they require
little or no solvents and could allow a fast, effective and possibly homogeneous
treatment of natural fibres. Nevertheless, they require the use of easily vaporizable
and thermally stable molecules and therefore do not apply to all the functionalizing
molecules used for natural fibres treatment. Moreover, their implementation in the
context of natural fibre based composite materials still need to be investigated.

Supercritical fluid assisted processes are commonly used in the food and
pharmaceutical industry for the extraction and production of flavourings, colour-
ings, essential oils and purification of compounds. In particular, supercritical carbon
dioxide (Sc-CO2) is often used because it is nontoxic, non-flammable, chemically
inert, and its supercritical conditions are easily reached (P � 7.29 MPa and
T � 31 °C). Under these supercritical conditions, sc-CO2 exhibits intermediate
physico-chemical properties between those of a gas and a liquid. Its high diffusivity
coefficient, low viscosity, non-polar character and low surface tension give it good
transfer and diffusion properties even in poorly porous materials, as well as high
solvating capacity (Hijazi 2014; Fages 2003).

Hutton and Parker (2009) investigated the possibility to use of sc-CO2 to treat
cellulose fibres with AKD. The treatment of cellulose substrates was conductedwith a
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modified supercritical fluid extractor. Sc-CO2 was send through a circu-lating loop
containing a AKD/heptane solution. After mixing, the high pressure mixture was sent
through the vessel containing the cellulose substrate, where im-pregnation occurred.
After depressurization, carbon dioxide reverted back to gase-ous state and is readily
eliminated, leaving the cellulose substrate suitably impregnated with the AKD/
heptane solution. The results showed that the AKD was uniformly distributed at the
surface and in the bulk of the substrate at five times greater than the concentration
obtained using conventional impregnation techniques. Furthermore, the water con-
tact angles obtained after treatment (>90 °) were comparable to those obtained with
other techniques. The authors therefore assumed that this process could be beneficial
to decrease the overall quantity of AKD while reaching the same level of sizing.

It should be noted that the use of sc-CO2 has also developed in the last few years
in the field of textile colouring, in particular for natural fibres (cotton, wool, silk…)
(Arputharaj et al. 2016).

Sc-CO2 assisted processes are thus efficient and solvent-free methods that are very
promising for the treatment of natural fibres. Besides, they are already widely used in the
agri-food industry and could therefore be implemented on an industrial scale.
Nevertheless, functionalizing molecules and/or their solvents must have a good affinity
with sc-CO2 in order to ensure their efficient transfer and diffusion through the substrate.

3.3.2 Dry Treatment Processes

Dry treatment processes consist in functionalizing and compatibilizing natural
fibres with the matrix during the composites preparation, either by means of
reactive processes, in particular reactive extrusion used for the compounding of

Fig. 3.6 Schematic
representation of the vapour
deposition process assisted by
nitrogen gas used to treat
cellulose substrate with
TCMS. Reprinted from
Cunha et al. (2010), Fig. 2
with permission from Elsevier
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short natural fibres based composites, or by the pre-impregnation of natural fibres
with the polymer matrix and the coupling agent using dry-blending or powder
impregnation processes.

Reactive extrusion involves the direct incorporation of coupling agents during
composites compounding, and therefore does not require the use of solvents. Many
works use this process to functionalize natural fibres and modify the fibre/matrix
interface, in particular in the case of polyolefin matrices for which maleated or
silanized polymers, i.e. MAPP, MAPE, VTS grafted PP or PE, are most often used
as coupling agents (Kazayawoko et al. 1999; Nachtigall et al. 2007; Xie et al.
2010). Organosilane and isocyanate molecules can also be incorporated by reactive
extrusion (Lee and Wang 2006; Petinakis et al. 2009; Rachini et al. 2012; Sahoo
et al. 2011). Coupling agents that do not cause the release of by-products during the
grafting reaction with the fibres or the polymer matrix are generally preferred.

Although being essential to understand and confirm the efficiency of this approach,
only few studies compared the effects of a prior functionalization of the fibres before
compounding and a compatiblization carried out by reactive extrusion. Arbelaiz et al.
(2005) compared the properties of PP/flax composites prepared from flax fibres treated
with 5% w/w of MAPP dissolved in xylene (Mn = 3900 g/mol and Mw = 9100 g/
mol), maleic anhydride (MA), and vinyl trimethoxy silane (VTMO) prior to com-
pounding; with the properties of PP/flax composites compatibilized with these same
molecules during compounding (5% w/w for MAPP and 4.5% w/w for MA and
VTMO with the addition of a dicumyl peroxide peroxide DCP initiator). The authors
showed that the direct incorporation of MAPP into the PP matrix during compounding
did not lead to significant differences as compared to the treatment of flax fibres with
MAPP prior compounding. The flexural and tensile moduli and strength of the com-
posites were indeed similar for the two compatibilization methods. These results
demonstrate that with the materials and processing conditions used, MAPP polymer
chains were able to efficiently migrate to the fibre/matrix interface during compound-
ing, thus having the same effect on the interfacial adhesion and composites rein-
forcement than a direct grafting of MAPP onto the fibres surface. It should be noted
that the molar mass of MAPP (relatively low in Arbelaiz et al. 2005) should play an
important role on the diffusion capacity of the chains during compounding, and hence
on their effective migration at the interface. In the case of the MA and VTMO
molecules, the authors observed a much greater efficiency of the treatments when
carried out by reactive compounding. However, it should be noted that DCP was used
for reactive compounding, whereas in the case of prior treatment offlax fibres with MA
and VTMO molecules, the authors did not mention the use of DCP during composite
preparation. This could have limited the reaction between the PP matrix and the MA
and VTMO molecules grafted onto the fibres. Indeed, DCP allow to initiate the free
radical grafting between the coupling agents bearing C=C double bonds and poly-
olefine matrices. Besides, the use of DCP during compounding may result in a partial
crosslinking of the PP matrix which could be responsible for the better tensile and
flexural mechanical performances of the composites produced by reactive
compounding.
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Mohanty et al. (2006) studied the rheological behaviour in the molten state of
PP/jute fibres composites compatibilized through the direct functionalization of the
fibres with MAPP (Mw = 47,000 g/mol) dissolved in xylene. For composites PP/
jute fibres 30% w/w, the authors clearly observed an increase in viscosity with the
treated fibres, that was related to the enhanced fibre/matrix interactions brougth by
the presence of MAPP at the interface. The studies of Twite-Kabamba et al. (2009)
and Le Moigne et al. (2013) on the melt rheological behaviour of PP/hemp fibres
and PP/flax fibres composites compatibilized with MAPP (Mn = 12,000 g/mol and
Mn = 24,800 g/mol, respectively) by reactive compounding clearly showed that
part of the MAPP chains may not migrate to the fibre/matrix interface. Indeed, for
composites with low fibre contents (up to 20% w/w), the presence of 2% MAPP in
the composite was able to counterbalance the increase in viscosity due to incor-
poration of natural fibres. The viscosity of the composite was thus greatly reduced
and comparable to that of neat PP matrix. These results show that a significant
amount of free unbounded MAPP molecules can remain in the matrix without
migrating at the fibre/matrix interface, and thus not participate to reinforcement of
the composite. In this regard, Snijder and Bos (2000) studied the compatibilization
effect of MAPP in PP/flax fibres composites according to quantity, grafting rate,
molar mass distribution and macromolecular structure (homo- or copolymers) of the
MAPP molecules, and showed that optimum conditions could be determined as a
function of fibre content to enhance the mechanical properties of the composites.

The compatibilization of natural fibre reinforced polymer composites by means
of reactive processes appears as an easy and eco-friendly approach, and is already
implemented at an industrial scale. However, it should be considered that the
addition of coupling agents during compounding gives rise to two antagonistic
effects: (i) a reinforcing effect due to the improvement of fibre/matrix interactions if
the migration of the coupling agent at the interface is effective (Fig. 3.7 a), (ii) a
plasticization of the matrix if the coupling agent does not migrate correctly and stay
as free unbounded molecules within the matrix (Figs. 3.7b and c). The processing
conditions (temperature, mixing time, shearing…) as well as the chemical structure
and physico-chemical characteristics of the coupling agent play a key role in the
diffusion of the latter, and hence on the improvement of the interfacial adhesion
through reactive extrusion.

Dry-blending consists in the preparation of pre-mixes of natural fibres, polymer
matrix and additives in powder form. One simple method is to use a high-speed
mixer at controlled temperature to prepare a pre-compound of polymer-coated
fibres in view of its subsequent processing. This technique is often used for the
production of PVC/wood fibres mixtures (Sombatsompop et al. 2003; Matuana
et al. 2001), before they are melt-blended in an extruder. Besides the incorporation
of several additives during dry-blending (stabilizers, lubricants, CaCO3, TiO2),
Matuana et al. (2001) reported the possibility to add an aminosilane coupling agent
(APS) in the formulation so as to improve interfacial adhesion between PVC matrix
and wood fibres. Ayrilmis et al. (2011b) have also used this process to prepare
pre-compounds of PP/coconut fibres compatibilized with different amounts of
MAPP powders, and manufacture mats that were thermocompressed to obtain
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composite panels for automotive interior applications. The authors emphasized the
industrial benefit to combine dry-blending and thermocompression in terms of costs
and productivity compared to conventional extrusion and injection processes.
Ayrilmis et al. (2011b) and Mohanty et al. (2002) also argued that dry-blending is
less degrading for natural fibres structure, since they do not undergo high shearing
during processing as in extrusion and injection moulding.

Dry powder impregnation is used for the preparation of thermoplastic prepregs
of natural fibres. A thermoplastic polymer powder is spread on the fabrics, then
heated to be melted and stuck on the fibres (Reux and Verpoest 2012). This method
has been used by Dehondt group to prepare the TwinFlax P-Preg products which
are flax fabrics impregnated with polyamide 11 (PA11) or polypropylene (PP) (Flax
Technic® 2017). These products were developed to manufacture composite lami-
nates by thermo-compression. It should be noted that the producer does not mention
if a coupling agent was incorporated during the impregnation process.

Another innovative technique of dry powder impregnation was developed and
patented in 2003 by the French company Fibroline (Marduel 2003). This technique
relies on the use of an alternating electric field for the dry impregnation of powders
within fibrous, filamentary and/or porous networks. The fibrous substrate is continu-
ously conveyed and covered with powder, then to be treated between two electrodes
under high tension electric field (from 10 to 50 kV). The gas located between the
electrodes is ionized, and the charged powder particles repel each other, which allow
impregnating homogeneously the fibrous substrate (Bouzouita 2011). Bouzouita et al.
(2010) used the Fibroline process to prepare polypropylene (PP)/hemp fibres com-
posites manufactured by thermocompression. The authors showed that this process
altered the hemp fibre surface, causing surface oxidation and possible removal of
lipophilic components as revealed by XPS, and an increase in roughness as observed
by SEM. A drop in the Young’s modulus and elongation at break of the Fibroline-
treated fibres was observed. Nevertheless, the fibre surface modifications were able to

Fig. 3.7 Possible localization of the coupling agent molecules within the composite microstruc-
ture after reactive compounding. a All the molecules diffuse at the interface and are grafted on the
fibres; b all the molecules stay free in the matrix; c only a part of the molecules diffuse at the
interface and are grafted on the fibres
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improve mechanical interlocking between the fibres and the PP matrix, and hence the
stress transfer at the interface as revealed by IFSS measurements and improvement in
mechanical properties of the composites. This was explained by an enhanced roughness
and residual stresses induced by the formation of a transcrystalline zone at the interface
for the Fibroline-treated fibres (Bouzouita 2011).

3.4 Concluding Remarks

Improving mechanical properties of natural fibres based composites, especially their
strength, implies the developement of functionalization and compatibilization
strategies. The creation of an interphase with better interfacial adhesion between
natural fibres and polymer matrices should be achieved to ensure an optimum stress
transfer and provide protection against ageing.

Fibre pre-treatments such as retting, chemical or thermal treatments can be
beneficial to the quality and performances of biocomposites by promoting the
individualisation of fibre bundles into elementary fibres with higher aspect ratio and
specific surface area. Besides, they can be used to remove weakly bonded
inter-cellular components and enhance fibre surface roughness. This substantially
improves the mechanical performances of biocomposites by increasing interfacial
adhesion due to better mechanical interlocking with the matrix. Pre-treatments are
also used to increase the surface reactivity of the fibres prior to their functional-
ization. Nevertheless, all these treatments are likely to decrease the intrinsic
properties of the fibres due to the degradation of the biopolymers constituting the
cell walls, and must therefore be carried out with caution.

Functionalization treatments of natural fibres can improve significantly the
interfacial adhesion within the composites by the formation of an interphase
between fibres and matrix. Whether physical or chemical, functionalization treat-
ments allow topographical and physico-chemical surface modifications that pro-
mote the wetting of the fibres by the polymer matrix during processing, and hence
mechanical interlocking. The most significant improvements in mechanical prop-
erties of biocomposites are obtained when physical, i.e. entanglements or hydrogen
bonds, or chemical, i.e. covalent bonds, can be established between the fibres and
the matrix, in particular through the use of multi-functional coupling agents (such as
organosilanes and isocyanates), radical chemistry or grafted polymers (Fig. 2.8 in
Chap. 2). The effectiveness of these treatments is generally enhanced by the prior
use of a fibre pre-treatment. As seen in Fig. 3.8, the increase in mechanical per-
formances that can be expected from interface modifications with pre-treatments or
functionalization is in the range of 40% for both modulus and strength, although
increases up to 70% were achieved. The main limitations are related to the intrinsic
intra- and inter-cellular cohesion in natural fibres and the potential modification of
the intrinsic properties of fibres cause by the use of solvents upon functionalization
procedures that can degrade biopolymers from the cell walls. Properties of polymer
matrices can also be altered by the diffusion of functionalizing agents or reaction
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by-products. There is thus a need for the development of specific treatments and
processes that would promote fibre dispersion while offering an optimum exposure
of reactive and/or functionalized fibre surfaces to the matrix without weakening the
fibre structure or altering the polymer matrix.

Finally, a critical issue lies in the possibility to implement functionalization treat-
ments into economically competitive production processes. In this regard, the elabo-
ration of short fibres biocomposites by reactive extrusion with in situ formation of the
interphase is to date the strategy that was the most studied and developed on an
industrial scale. Nevertheless, current research is increasingly oriented towards the
development of upstream functionalization processes of natural fibres, particularly
adapted for the production of structural biocomposites reinforced with long fibres
(woven fabrics), whether by using liquid, vapor, supercritical CO2 or dry processes.
The resulting functionalized reinforcements can be then processed with polymer
matrices by conventional composite manufacturing methods (e.g. infusion, thermo-
compression…) during which the adsorbed or grafted coupling agent will react with the
matrix to form a high performance interphase.

Fig. 3.8 Ashby plot—variation in modulus versus variation in strength of natural fibre reinforced
composites consecutive to pre-treatments and/or functionalization of natural fibres.
Non-exhaustive set of data taken from literature for polyolefins and biopolyesters/short fibre
composites (tensile properties) and epoxy and unsaturated polyester (UPR) resins/long fibre
composites (flexural or tensile properties)
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Chapter 4
Characterization of the Fibre
Modifications and Localization
of the Functionalization Molecules

As pointed out by George et al. (2001), a clear understanding of the complex nature of
surfaces in lignocellulosic substrates is needed to optimize modification procedures and
thus to increase the usefulness of lignocellulosic biomass as a constituent of composite
materials in technical applications. Surface chemistry and topographical features of the
fibres are key parameters that influence chemical bonding and mechanical interlocking
with polymer matrices, and hence govern the wetting and adhesion/adherence pro-
cesses in natural fibre reinforced composites. As discussed in Chap. 1, natural fibres
have heterogeneous core and surface structures. The pre-treatments and functionalizing
treatments detailed in Chap. 3 also result in heterogeneous properties in terms of
roughness and surface chemistry depending of their reactivity, efficiency and processes
used for application. For these reasons, there is an important need for reliable and
accurate experimental techniques to conduct a detailed analysis of fibre surface prop-
erties, account for the effect of fibres treatment and localize functionalizing molecules
within the fibre structure. This chapter proposes a comprehensive description of the
different approaches used to characterize natural fibres modifications.

4.1 Surface Energy Analysis

4.1.1 Contact Angle Measurements and Work of Adhesion

The contact angle measurement techniques are among the most established methods
for investigating the surface physico-chemical properties of polymers. It consists in
measuring the contact angle h formed at the intersection of the liquid, gas and solid
phases thus providing a direct evaluation of the surface wettability of a solid
substrate with a defined liquid. The principle of this measurement is based on the
fact that when a liquid having a surface tension cLV is placed on a solid surface
displaying a surface free energy cSV , the liquid will spontaneously form a droplet
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(Fig. 4.1) or spread on the surface (case of complete wetting). When a droplet is
formed, a relationship between the solid surface free energy and the liquid surface
tension can be established at equilibrium considering that the surface tensions of
each phase are vectors acting at the edge of the drop. The interfacial tension
between liquid and solid is named cSL. The thermodynamic equilibrium can be
described by Young’s equation (4.1):

cSV ¼ cSL þ cLV cosh ð4:1Þ

where h is the angle formed by the liquid drop on the solid surface. It should be
noted that this relation is valid for ideal, i.e. smooth and chemically homogeneous,
solid surfaces and pure liquids. It is the basis of all models developed for deter-
mining the surface free energy of solids by means of contact angle measurements.

Depending on the h value measured, the liquid is termed as wetting (h\90�) or
non-wetting (h [ 90�). Using different standard liquids of suitable polarity, the
dispersive (London interactions) and non-dispersive (polar, hydrogen, induction
and acid-base interactions) components of the surface free energy of a solid can be
determined by the Fowkes (1964), Owens, Wendt, Rabel and Kaelble (OWRK)
(1969), Wu (1971) and Good and van Oss (1992) approaches. Finally, the work of
adhesion adhesion WA which is a measure of the strength of the physico-chemical
interactions between two phases (e.g. fibres and polymer matrix in the liquid state
during composite processing) can be deduced from the values of the dispersive
cdSV=LV , polar c

p
SV=LV , Lifshitz-van der Walls cLWSV=LV and acid-base cABSV=LV , c

þ
SV=LV ,
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cþSVc
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p

) components of their surface

free energy (solid) or surface tension (liquid). The highest the WA value, the better
would be the quality of adhesion between the fibres and the polymer matrix. WA can
be calculated from Eq. 4.2 derived from the OWRK approach based on the geo-
metric mean of dispersive and polar components of the liquid surface tension and
solid surface free energy:

WA ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi

cdSVc
d
LV

q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
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or from Eq. 4.3 derived from the Wu approach based on the harmonic mean of disperse
and polar components of the liquid surface tension and solid surface free energy:

Fibre

LV

θ
SV SL

Matrix

Fig. 4.1 Schematic representation of the contact angle h, the surface free energy cSV of the solid,
the surface tension cLV of the reference liquid and the interfacial tension cSL between solid and
liquid on a sessile drop
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or from Eq. 4.4 derived from the Good and van Oss approach based on the geo-
metric mean of the Lifshitz-van der Walls and the acid-base components of the
liquid surface tension and solid surface free energy:
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Following the same theoretical approaches, the interfacial tension cSL between
two phases, e.g. fibres and a polymer matrix, can be deduced from
Dupré’s equation (4.5):

WA ¼ cSV þ cLV � cSL ð4:5Þ

The lowest the interfacial tension value, the better would be the quality of adhesion
between the fibres and the polymer matrix. Finally, combining Young’s (4.1) and
Dupré’s (4.5) equations, the work of adhesion can be expressed as follows:

WA ¼ cLV ð1þ cos hÞ ð4:6Þ

Based on the Young-Dupré equation (4.6), the direct measurement of the contact
angle angle h of a liquid or molten polymer matrix, having a surface tension cLV , on
a fibre substrate allows determining the work of adhesion between the matrix and
the fibres. Obviously, too viscous polymer matrices may lead to experimental
difficulties and non-reliable contact angles.

One of the major limits of the contact angle measurement methods is the condi-
tioning of the solid substrate. In the case of the sessile drop technique (deposition of a
liquid drop on a flattened solid surface as shown in Fig. 4.1), fibre fabrics or either
compacted tablets offibres are used, leading to difficulties in interpreting the data due to
possible competitive phenomena. As discussed in Chap. 1, considering that natural
fibres are far from being ideal material surfaces, the measured contact angles and
resulting surface free energy can be greatly influenced by the chemical heterogeneity of
the natural fibre substrate and its texturation (roughness, porosity, density of yarns)
when conditioned in tablets or fabrics. This also involves capillarity phenomena that
should influence the measurement of contact angle. A high surface roughness and a
high porosity are both known to result in underestimated values of equilibrium contact
angles (Blancher et al. 2005). On the other hand, a regular and micro- or nano-scaled
texturation of the substrate can considerably increase the contact angle with a liquid,
and hence decrease the calculated surface free energy if not corrected. Texturation is
also critical when comparing natural fibre fabrics having significant variations in linear
and insertion density of yarns (Acera Fernández et al. 2016). The choice of the model
approach used to determine the surface free energy of the fibres can also influence the
results and leads to unrealistic values, particularly those obtained by the Good and van
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Oss approach (Della Volpe and Siboni 1997; Shen et al. 1999). Acidic component cþSV
can indeed be very small while base component c�SV can be too high, due to the
arbitrary choice of Van Oss et al. (1979) of equal values for the acid-base com-
ponents for water, cþSV ¼ c�SV ¼ 25:5mJ=m2 (Baley et al. 2006; Della Volpe and
Siboni 1997; de Meijer et al. 2000). It should also be emphasized that the capacity
of natural fibres to absorb and swell with solvents make the surface measurements
delicate independent of the technique used. The solvents used for contact angle
measurements may partially dissolve some of the non-cellulosic components pre-
sent at the fibre surface. The contact angle measurements must thus be taken in the
first few seconds of contact between the solvent and the fibre substrates to limit
absorption, swelling and dissolving effects.

Having taken these precautions, contact angle measurement techniques can be
considered as very useful to compare surface energies of samples prepared in same
conditions. As an example, Le Digabel et al. (2004) have compared the compatibility of
wheat straw fibres with two polymer matrices (a copolymer of PE and PP, and PBAT)
with fibres. They showed that PBAT matrix have better physico-chemical interactions
with wheat straw fibres than the polyolefin blend as attested by its higher work of
adhesion with fibres due to its higher polar character. Such an approach was also used
to explain the effect of decreasing wheat straw fibres size on their affinity with either a
wheat gluten-based matrix (Montaño-Leyva et al. 2013) or a PHBV matrix (Berthet
et al. 2015). The authors found that successive grinding induces an increased
hydrophobicity of wheat straw fibres, possibly due to a preferential location of lignin at
the surface of the grinded wheat straw fibres. This results in higher work of adhesion
and lower interfacial tension for grinded wheat straw fibres/wheat gluten composites
(Montaño-Leyva et al. 2013).

Besides, other techniques which imply different substrate conditioning were also
used to characterize the surface free energy of natural fibres. The Washburn method
which is based on the monitoring of capillary rise in a bed of fibres or powder has
been used by Le Moigne et al. (2014) to characterize the effect of organosilane
treatments on the wettability and hydrophobicity of flax fibres. This method allows
testing a large number of fibres in a single experiment thus giving a good statistical
determination of the fibre wettability.

The use of techniques implying contact angle measurements on single fibre or
fibre bundle is also reported in literature. Zhou et al. (2012) used the drop-on-fibre
technique on single ramie fibres to characterize the effect of plasma treatment on
their surface hydrophobization and interfacial strength with PP matrix. Results
showed that the increase in hydrophobicity consecutive to plasma treatments were
related to an increase in interfacial adhesion (IFSS) measured by single fibre
pull-out tests. Baley et al. (2006) also used the drop-on-fibre technique to determine
the work of adhesion between flax fibres and epoxy and polyester matrices. In this
work, no clear correlation was found between the work of adhesion and IFSS
measured by debonding tests. The authors suggested that the complex structure of
natural fibres must be taken into account when studying interfacial adhesion
mechanisms in natural fibre reinforced composites. Mechanical interlocking and
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chemical interactions between the matrix and the fibres should indeed greatly
influence the interfacial adhesion.

The Wilhelmy method is based on the measurement of the force acting on a solid
substrate (i.e. a single fibre or fibre bundle) when vertically immersed in a solvent.
Cantero et al. (2003) determined the surface energy of maleic anhydride (MA),
maleic anhydride grafted polypropylene (MAPP) and silane treated flax fibres by
this technique and found a significant decrease of the polar component for silane
and MAPP treatments reaching the same value as PP for both polar and dispersive
components. This was accompanied by a moderate improvement of flexural and
tensile strength for MAPP treated flax/PP composites. Tran et al. (2013) also used
the Wilhelmy method to determine the work of adhesion between coir fibres and
various thermoplastic matrices (PP, MAPP, Polyvinylidene fluoride PVDF). The
results were correlated with local interfacial adhesion (IFSS) measured by single
fibre pull-out tests and interfacial strength of composite measured by transverse
three-point bending tests (see also mechanical tests in Chap. 5.2). The authors
found good agreement between the wetting analysis and the characterization of the
interfacial adhesion obtained by (micro-) mechanical tests. It is worth noting that
this approach could allow to better discriminate physico-chemical interaction effects
characterized by the work of adhesion, and chemical interaction effects (brought by
a functionalizing molecule) that can result in higher interfacial adhesion without
necessarily changing the work of adhesion. Indeed, Tran et al. (2013) showed that
PP and MAPP have similar work of adhesion with coir fibres but interfacial
adhesion and IFSS was greatly enhanced in the case of MAPP (Fig. 4.2) due to
chemical bonding between maleic anhydride functional groups of PP and hydroxyl
functional groups present at the fibres surface.

4.1.2 Inverse Gas Chromatography (IGC)

Inverse gas chromatography (IGC) is a commonly used technique to characterize the
physico-chemical surface properties of either nano- or micro-particles (powders or
fibres) (Belgacem and Gandini 1999) and to predict the acid-base interactions with
polymer matrices, as shown for example for cellulose and lignocellulosic fibres (Heng
et al. 2007; Pogue et al. 1998; Tze et al. 2006; Gamelas 2013). IGC enables to predict
the fibre-matrix compatibility through the determination of the surface free energy of
both phases. This approach is preferred to other methods such as contact angle mea-
surement when materials are of micro- or nanoscopic dimensions. The technique is
based on the change in the time required for a probe gas (infinitely diluted in an inert
carrier gas) to go through a packed column in which the material of interest has been
introduced. The use of thermodynamic laws enables characterizing the solid phase in
terms of surface property (Gibbs specific free energy, acid-base surface character and
heat of adsorption) from the retention volume of the probe gas by the stationary phase.
The use of polar (such as tetrahydrofurane THF, ethyl acetate, ethanol, acetonitrile) and
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non-polar (n-alkanes) probes enable the determination of both disperse and acid-base
components, respectively.

IGC can be used to infer fibre-matrix interactions and predict practical adhesion
between components, and potentially select either an appropriate coupling agent
(Belgacem and Gandini 1999) or a modification strategy for natural fibres as done for
silane treatments (Pogue et al. 1998) or MAPP grafting (Coupas et al. 1998). The
surface properties of cellulose have been thoroughly studied by IGC. Regarding the
dispersive component of the surface energy cdSV the majority of the reported values are
in the range 40–50 mJ.m−2 (Gamelas 2013). As regards lignocellulosic particles,
Cordeiro et al. (2011a, b, 2012) characterized several lignocellulosic fibres from
different botanic origins (eucalyptus, spruce, bagasse, piassava, jute, sorghum,
ramie, pita Mexicana, curaua, sisal, flax, hemp, kenaf, agave, pineapple, wheat
straw). They have evidenced differences in disperse energy values cdSV ranging from
37 to 51 mJ.m−2 at 25 °C. These differences could be attributed to changes in the
fibre chemical composition (Mills et al. 2008; Cordeiro et al. 2011a, b). More
precisely, the increase in cdSV could be related to an increase in lignin and a decrease
in cellulose contents. Other authors (Belgacem et al. 1995; Papirer et al. 2000) have
reported that these differences could be due to variations in other parameters such as
cellulose crystallinity, arrangement and orientation of chemical groups at the fibre
surface. The use of IGC at finite concentration conditions of probe gas gives also
access to information on the surface heterogeneity of fibres (Cordeiro et al. 2012).

Nonetheless, IGC data should be interpreted with caution. It has been reported that
care must be taken when interpreting the data, in particular the acid-base constants,
which strongly depend on the employed type of physical probes and calculation
approach (Gamelas 2013). It has also been stressed that only the highest-energy sites of
the surface are measured. Thus, IGC results should be corroborated by the concomitant

Fig. 4.2 a The correlation between local IFSS from the single fibre pull-out test and transverse
strength from the three point bending test of unidirectional composite for different fibre–matrix
composites, and b the transverse strength of unidirectional composites as function of the work of
adhesion (Wa) calculated following the Good and van Oss approach. (U) untreated
(T) alkali-treated. Reprinted from Tran et al. (2013), Fig. 5 with permission from Elsevier
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use of surface sensitive methods such as X-ray photoelectron spectroscopy (XPS),
Time-of-flight secondary ion mass spectrometry (ToF-SIMS).

4.1.3 Concluding Remarks: Adhesion and Adherence
Phenomena

Several studies demonstrated evidence of correlation between wettability analysis
and resulting (micro-)mechanical interfacial properties. However, when studying
the interfacial adhesion in natural fibres based composites, it appears important to
differentiate the adhesion and adherence phenomena.

On the one hand, the adhesion is a purely physico-chemical phenomenon that is
governed by the surface free energy and roughness of fibres and surface tension of
polymer matrix. It characterizes the wettability of natural fibres towards a molten or
liquid polymer matrix during their first contact upon composites processing. Here, it
should be pointed out that most of the studies do not take into account the variation
in surface free energy components of polymer matrices when being in the molten or
liquid state. The calculation of the work of adhesion is usually conducted with
surface free energy of the matrix that was measured in the solid state. This is likely
to bias in some extent the calculated work of adhesion, if wide variations of matrix
surface energy occur upon liquid/solid transitions.

On the other hand, the adherence characterizes interfacial strength between the
fibres and the matrix within the consolidated composite when submitted to
mechanical stresses. Hence, other parameters such as fibre/matrix chemical inter-
actions and mechanical interlocking, transcrystallinity (Ning et al. 2012, Wang
et al. 2011) of thermoplastic matrices or variations in degree of cross-linking of
thermosets at the fibre/matrix interface, or the strength of intra and intercellular
cohesion within elementary and fibre bundles (Acera Fernández et al. 2016, Fuentes
et al. 2015, Le Duigou et al. 2012, Le Moigne et al. 2014) should also greatly
influence the adherence and the resulting interfacial adhesion.

4.2 Microscopic Analysis

Scanning electron microscopy (SEM) and Atomic force microscopy (AFM) are
often used to characterize the effect of pre-treatments or fonctionalization treatments
of natural fibres on their surface topography. While SEM can only provide a
qualitative analysis, AFM provides detailed information on the topographical
characteristics of the fibres, in particular their roughness which can be greatly
influenced by treatments. These data are of primary importance when considering
the interfacial adhesion with polymer matrices and the contribution of the me-
chanical interlocking.
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Microscopic analysis nevertheless requires several precautions in the preparation of
the samples. Indeed, most of lignocellulosic substrates are highly sensitive to electron
beam which usually involves the use of gold or carbon sputter coating to enhance
surface conductivity. This allows better imaging while protecting fibres surfaces from
local degradation and related misleading interpretations on the surface topography.
Environmental scanning electron microscopy (ESEM) can be used to limit desiccation
of natural fibres that can also lead to local variations in their surface topography.
Another well known critical issue when performing SEM or AFM experiments is the
choice of areas of interest and their representativeness as regard to the overall mor-
phological characterictics of fibre substrates. For this reason, interpretations on the
effect of a specific treatment on fibre surfaces should always be taken with caution
unless a systematic and statistical analysis has been conducted. Carefull observations
combining both SEM and AFM imaging at different length scales appear as a rec-
ommended practice. However, it is worth mentioning that there is yet no standart
methodology proposed in literature to conduct a reliable and accurate image analysing
on topographical variations of natural fibres surface.

As reviewed by John and Anandjiwala (2008), many studies reported the effect
of chemical pre-treatments (e.g. NaOH or acidic aqueous solutions) on the surface
topography of natural fibres as observed by SEM for coir fibres (Calado et al.
2000), hemp fibres (Aziz and Ansell 2004), kenaf fibres (Edeerozey et al. 2007),
jute fibres (Doan et al. 2012), flax fibres (Le Moigne et al. 2014), jute yarns (Ray
et al. 2006). Most of the time, a removal of the non-cellulosic components from the
cuticle and middle lamellae, i.e. waxes, fats, pectins and lignin, is reported. This can
be accompagnied by the exposure of the secondary cell walls and a flakey or
grooved surface with an apparent increase of the surface roughness. In contrast, Le
Moigne et al. (2014) and Doan et al. (2012) reported that the functionalization of
natural fibres with organo-silanes (GPS: c-glycidylpropyl trimethoxy silane and
APS: c-aminopropyl triethoxy silane, respectively) has a tendency to smoothen the
fibres surface due to the formation of a polysiloxane film that partially fill in the
pores, interstices and grooves. As observed by Doan et al. (2012), the presence of
surfactants in the functionalizing solution can homogeneize the thickness of the
sizing film over the fibre surface.

In combination with SEM observations, AFM is a usefull technique to quantify the
evolution of the fibre surface roughness consecutive to treatments. Besides, it is a
non-destructive method that provides high resolution 3D images at small length scale,
i.e. sub-micron level (George et al. 2001). Lee et al. (2010) studied the topography of
bacterial retted kenaf fibres by AFM at two scan scales (2.5 and 1 µm2 scan). The
authors found variations in the surface roughness of the studied fibre bundles according
to their location within the stem, possibly related to variations in biochemical compo-
sition along the stem and resulting decohesion and fracture mechanisms during fibre
extraction. Kafi et al. (2011) analysed the fibre roughness of untreated and plasma
treated jute fibres in different atmospheres. Even if variations were observed according
to treatment conditions, the authors assumed that the large statistical deviation related to
inhomogeneous nature of jute fibres does not allow to conclude on topographical
modifications related to plasma treatment. In contrast, irradiation treatments at increasing
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doses on henequen fibres showed much more pronounced variations in surface
topography (Han and Choi 2010). Low irradiation doses (>30 kGy) led to the removal
of surface impurities from the middle lamella and the primary wall and revealed the S2
wall fibrillar structure resulting in higher surface roughness (from 58.6 to 268 nm). At
high irradiation doses (200–500 kGy), striations and cracks as well as the appearance of
large pores resulted in a decreased roughness. Doan et al. (2012) observed large
topographical variations after chemical treatment of jute fibres by NaOH. Long over-
lapping super-structures (Fig. 4.3, top) were broken into 100 nm globular sub-structures
with small pores (Fig. 4.3, middle). NaOH/silane (APS) treated surfaces were smoother
(Fig. 4.3, bottom) due to the filling of pores and interstices by the sizing.

Studying the effect of chemical and enzymatic treatments on hemp fibres, Pietak
et al. (2007) showed that under atmospheric conditions the adhesion force between
the AFM tip and the fibre surface can be correlated with the water contact angle and
the surface wettability of the fibre. As an exemple, the adhesion force on steam/
alkaline and enzyme-treated fibres was dramatically increased. This was explained
by the more hydrophilic character of these fibres (i.e. more polar with higher surface
free energy and lower water contact angle) due to the increased cellulose content at
their surface. In contrast, acetylation of hemp fibres resulted in decreased adhesion
force due to their increased hydrophobicity (i.e. less polar, lower surface free
energy and higher water contact angle). This approach is interesting since it can
relate surface wettability measurements to local surface microstructures of natural
fibres which are oftently morphologically and chemically heterogeneous.

Continuous progress on AFM apparatus offer the possibility to perform fast
surface scanning at high resolution. Chemical modifications of the tip could also
allow to cartography the distribution of functionalization treatments over the fibre
surface through specific physico-chemical interactions between the modified tip and
the functionalizing molecules. Finally, quantitative mechanical measurements can
also be carried out, and could possibly highlight variations in surface viscoelastic
behaviour consecutive to treatments, especially in the case of thick sizing layer.

4.3 Elementary Analysis

4.3.1 Elemental Analysis (EA)

Elemental analysis can be used to determine the percentage of the most prevalent
elements of a functionalizing treament, like carbon, hydrogen, sulfur, oxygen,
nitrogen, phosphorus, silicon or fluorine. To characterize the rate of these elements,
procedures based on combustion analyses (CHNS elemental analyses) or
Inductively Coupled Plasma Atoms Emission Spectroscopy (ICP AES) can be used.
CHNS method consists in combusting a sample in an excess of oxygen at high
temperature and to separate and to analyze the combustion products. Their mass
percentages can be used to calculate the composition of the sample. The same
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Fig. 4.3 AFM topography (left) and phase images (right) of (top) untreated jute, (middle) NaOH
and (bottom) NaOH/(APS + epoxy dispersion) treated jute surfaces. Reproduced from Doan et al.
2012, Fig. 2 with permission from Elsevier
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method in pyrolysis conditions can be used for oxygen rate determination. For
phosphorus, silicon and fluorine, ICP AES is used which require a mineralization
step before the analysis. It is worth mentioning that these technics are destructive
since the samples should be milled prior to experiments.

The evolution of the concentration of the different elements present in the
untreated fibres or the appearance of new elements can be related to a chemical
modification due to a pretreatment or a grafting procedure. Indeed, George et al.
(2015) used CHNS elemental analyses to characterize the treatment of hemp fibres
by different sulfonic acid derivatives. They showed an evolution of the concen-
tration of these elements after treatment which was related to the nature of the acid
used. Dong et al. (2016) used the CHNS elemental analysis to evaluate the
laccase-mediated grafting of octadecylamine on lignin moieties of jute. They
showed an increase of the nitrogen concentration after grafting of the octadecy-
lamine. Goel et al. (2011) used the same method to quantify the grafting of qua-
ternary ammonium salt containing polymers on cotton fibres.

Dorez et al. (2014a) and Sonnier et al. (2015) analysed the phosphorus con-
centration investigated by ICP AES to validate their grafting procedures and cal-
culate the grafting rate of phosphorus compounds onto flax fibres.

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

ToF-SIMS can be a very informative method to characterize the surface modifica-
tion of natural fibres. This technique allows the chemical analysis of the uppermost
2 nm of the sample surface. The analysis is based in a first step on the sputtering of
the sample using a focused primary ion beam. In a second step the ejected sec-
ondary ions are collected and analyzed with a mass spectrometer to determine the
surface chemistry of the sample. This technique is generally considered to be a
qualitative technique but the use of standard samples can allow also a quantitative
analysis. The characterization by ToF-SIMS of natural fibres surface modification
basically consists in detecting changes in the raw and treated fibres spectra. This
technique is very sensitive to alterations and heterogeneity in chemical structure.

Baiardo et al. (2002) described the use of ToF-SIMS to characterize the ester-
ification and etherification of flax fibres. Indeed, they observed for modified fibres
the presence on the negative and positive spectra of typical ions obtained by
fragmentation of the grafted groups. Grafting flax fibres by acetate, butyrate and
valerate groups involve the appearance of C2H3O2

− (m/z 59), C4H7O2
− (m/z 87)

and C5H9O2
− (m/z 101) peaks, respectively, on the ToF-SIMS spectra.

Zafeiropoulos et al. (2003) also proved the acetylation and stearic treatment of flax
fibres by ToF-SIMS analyses. Furthermore, they showed for acetylation that the
fibre surface is heterogeneously grafted with rich and poor-acetyl groups areas.
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Yang et al. (2009) characterized the efficiency of functionalization of cotton fabrics
by polystyrene-co-butylacrylate-co-N-hydroxymethyl acrylamide-co-hydroxyethyl
methacrylate-co-vinylbenzyltrimethylammonium chloride copolymer nanoparticles
with Tof-SIMS analyses. The authors showed the presence on the spectra of peaks
corresponding to each different monomer units of the copolymer. C2H5O

+ (m/z 45),
C4H9

+ (m/z 57) and C7H7
+ (m/z 91) were attributed respectively to hydroxylethyl

methacrylate, butyl acrylate and styrene domains. C=ON+ (m/z 42) peak was related to
the presence of N-hydroxymethyl acrylamide and vinylbenzyltrimethylammonium
chloride units.

Moreover, Mou et al. (2016) recently reviewed the application of ToF-SIMS
analyzes for the characterization of surface chemistry of lignocellulosic biomass. In
this review, studies concerning various chemical modifications of natural fibres are
described.

4.3.3 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a non-destructive method which allows the
study of the chemical structure of solids surface. In the course of an XPS experiment,
the sample is placed in an ultrahigh-vacuum chamber and irradiated with X-rays. The
absorption of the X-rays by atoms constituting the sample leads to the ejection of core
and valence electrons. These electrons named photoelectrons have energies that are
characteristic of each element and sensitive to their chemical state. The amount of
electrons released from the sample surface without energy loss is measured. The
intensities of these electrons are proportional to the concentration of the atoms from
which they are ejected. The data are represented as intensity versus electron energy
graphics. However, it should be noted that X-rays penetrate the sample surface up to
several micrometers, but only a small part of the electrons have sufficient energy to
escape into the vacuum system. These electrons which can be analyzed are generally
ejected from elements located close to the surface (0–10 nm).

XPS was used to characterize the chemical modification of various natural fibres:
flax (Acero et al. 2014; Kodal et al. 2015; Rasch et al. 2014; Zafeiropoulos et al.
2003), jute (Dong et al. 2016; Plackett et al. 2005), Spanish broom (Totolin et al.
2008), miscanthus (Ragoubi et al. 2012), coconut (Acero et al. 2014), ramie (Zhou
et al. 2014) and hemp (George et al. 2015; Truss et al. 2016). Generally, spectra of
treated fibres were compared to those of untreated fibres to evaluate the difference
of chemical composition. Indeed, the chemical modification (pretreatment or
functionalization) can change the configurations or concentration of basic elements
(C, O, H) found in natural fibres or introduce new elements at fibres surface.

Different pretreatments were characterized by XPS analyses based on the identifi-
cation of changes in C/O/N ratios: water washing (Truss et al. 2016), alkaline (Rasch
et al. 2014; Kodal et al. 2015; Truss et al. 2016), retting (Zafeiropoulos et al. 2003),
corona discharge (Ragoubi et al. 2012), irradiation (Han et al. 2006).
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Functionalization procedures were also characterized by XPS: chemical esteri-
fication (Zafeiropoulos et al. 2003; Rasch et al. 2014; George et al. 2015),
silanization (Kodal et al. 2015), polymer grafting-from (Plackett et al. 2005), cold
plasma (Totolin et al. 2008; Ragoubi et al. 2012) and enzymatic procedures (Acero
et al. 2014; Dong et al. 2016).

4.3.4 Energy-Dispersive X-Ray Spectroscopy (EDX)

Chemical composition of natural fibres surface can be determined by energy dis-
persive analysis of X-rays (EDX). Usually, the EDX analyzer is coupled with SEM.
A beam of accelerated electrons is focused on the surface to analyze, producing
characteristic X-rays within a small volume (typically 1 to 9 µm3) of the specimen.
So the thickness of the surface layer investigated by EDX is significantly higher
than XPS (5–10 nm thin surface layer). The emitted X-rays are characteristics of the
elements present in the material and their energies and intensities allow determining
the nature and relative concentration of these elements.

EDX was used to characterize the pretreatment or the functionalization of several
natural fibres: cotton (Chen and Chiang 2008; Csiszár and Fekete 2011; El-Nahhal
et al. 2012; Monier et al. 2014; Mucalo et al. 1995; Selvam and Sundrarajan 2012),
flax (Csiszár and Fekete 2011; Dorez et al. 2014b; Paladini et al. 2015; Sonnier
et al. 2015), hemp (Truss et al. 2016), miscanthus (Gea Rodi et al. 2016), kenaf (Xu
et al. 2009), wheat (Jiang et al. 2009) or rice straw (Yu et al. 2009). Generally, this
method is used to determine the evolution in chemical composition of natural fibres
before and after a defined treatment. A variation in concentration of original ele-
ments can be observed or new elements can be detected after the treatments. So, this
method allows evaluating the efficiency of pretreatment or functionalization pro-
cedures by determining the evolution in chemical composition of natural fibres.

EDX was also used to validate a multistep functionalization procedure. Indeed,
El-Nahhal et al. (2012) used EDX analyses to prove the coating of cotton fibres by
CuO and then its modification to obtain CuS. Selvam and Sundrarajan (2012) used
this analysis to characterize the functionalization of cotton fibres by poly-N-
vinyl-2-pyrrolidone in a first step and the introduction of ZnO nanoparticles in a
second step. Using EDX, Monier et al. (2014) proved the modification of cotton
fibres by polyacrylonitrile and then the insertion of phenyl thiosemicarbazide
moieties to finally produce chelating fibres.

EDX analyses can also be used to evidence regioselective distribution of
chemical treatments, based on differences of elementals concentration between
surface and bulk of fibres. Indeed, Jiang et al. (2009) show a difference of efficiency
for lipase treatment of wheat straw between inner and outer surface. They showed
that contrary to the inner surface, silica of the wheat straw outer surface was
considerably removed during the lipase treatment.

Some authors used EDX to carry out elemental imaging on fibres and characterize
the localization of the functionalizing molecules within the fibre. Indeed, Dorez et al.
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(2014b) and Sonnier et al. (2015) cartographied the phosphorus element to prove the
efficiency of grafting of phosphonated agents within flax fibres. Moreover, the authors
used this method to determine the specific localization of the functionalizing agent over
the fibre cross-section. As shown in Fig. 4.4, dimethyl(methacryloyloxy)methyl
phosphonate (MAPC1) was able to penetrate in the bulk of the fibres, whereas
dimethylvinyl phosphonate (MVP) stayed located at the fibres surface.

4.3.5 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a common technique used for the study of crystalline
structures and atomic spacing. XRD is based on constructive interference of
monochromatic X-rays and a crystalline sample. The characteristic diffractogram
obtained in a classic analysis provides a fingerprint for the crystal structure presents
in the sample. The comparison of this fingerprint with standard reference patterns
and measurements allows identification of the crystalline form. So the technique
allows the identification of crystalline material, the distinction between amorphous
and crystalline material and the quantification of the percent of crystallinity for a
partially crystalline sample.

XRD is frequently used to evaluate the crystalline index of natural fibres because
of its availability and ease of use. This technique allows the characterization of
chemical modifications of the natural fibres by proving the evolution of crys-
tallinity. Indeed usually in the literature authors show with XRD the modification of
natural fibres by the characterization of an evolution of the crystallinity degree. This
parameter is evaluated as the ratio between the area under the crystalline peaks and
that under the amorphous halo, appearing as a broad hump in the XRD pattern.
Indeed, chemical treatment procedures applied to natural fibres can involve an
evolution in the degree of crystallinity of cellulose.

Several fibres were characterized after chemical modification by XRD: flax (Kodal
et al. 2015; Le Moigne et al. 2014; Marques et al. 2015; Moawia et al. 2016; Ouajai
et al. 2004), hemp (Aruan Efendy and Pickering 2014; Ouajai et al. 2004), sisal (Bharti
et al. 2013), jute (Moawia et al. 2016), coconut (Thakur et al. 2015; Thakur et al. 2016),
spanish broom (Totolin et al. 2008), cannabis indica (Singha 2011), harakeke (Aruan
Efendy and Pickering 2014), curauá (Marques et al. 2015) or abaca (Cai et al. 2015).

XRD was often used to characterize the effect of alkali treatments on natural fibres.
For low NaOH concentrations, an increase of the crystallinity degree has been reported
(Aruan Efendy and Pickering 2014; Bharti et al. 2013; Cai et al. 2015; Marques et al.
2015; Ouajai et al. 2004). This was attributed to the removal of amorphous materials
(e.g. lignin, hemicellulose and wax) from the fibre. Increase of fibre crystallinity with
alkali treatment has also been suggested to occur due to better packing and stress
relaxation of cellulose chains. However, a decrease of the crystallinity can be also
observed for high alkali concentration (Kodal et al. 2015; Ouajai et al. 2004).
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Furthermore, alkali treatments at high concentrations can lead to allomorphic changes
in the crystalline structure of natural fibres, i.e. conversion of cellulose I in cellulose II
(Cai et al. 2015; Kodal et al. 2015).

XRD was also used to characterize the grafting of organic molecules (Kodal et al.
2015; Thakur et al. 2015, 2016; Totolin et al. 2008) and macromolecules (Bharti et al.
2013; Moawia et al. 2016; Ouajai et al. 2004; Singha 2011) onto natural fibres. The
grafting is generally associated to a decrease of the crystallinity index which could be
explained on the basis that grafting causes disturbance in the crystalline regions of the
fibre leading to the creation of amorphous regions. Thus, as the degree of grafting
increases, the amorphous regions become more and more predominant.

Fig. 4.4 SEM observations of flax fibres grafted by a dimethyl(methacryloyloxy)methyl
phosphonate (MAPC1) and c dimethylvinyl phosphonate (MVP). Phosphorus imaging using
EDX analysis of flax fibres grafted by b MAPC1 and d MVP. Reproduced from Sonnier et al.
(2015) with permission from Elsevier
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4.3.6 Solid State Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance in the solid state (solid state NMR) is a powerful
technique to characterize the modification of natural fibres. Indeed, this method
which allows obtaining information about the detailed chemical structure of
molecules and macromolecules and their quantification, can be used to prove the
chemical modification of natural fibres. The modifications of several natural fibres
were studied by this method: flax (Dorez et al. 2014b), cotton (Mucalo et al. 1995;
Yang et al. 2012), ramie (Yamanaka et al. 2005, 2006), hemp (Branda et al. 2016),
jute (Manna et al. 2013; Roy et al. 2013), sisal (Martins et al. 2006), palm tree
(Rout et al. 2016), pineapple (Shih et al. 2014), bamboo (Kim et al. 2016) and alfa
stem (Borchani et al. 2015).

The modification of the fibres chemical composition due to chemical treatment
can be easily studied by 13C cross-polarization magic angle spinning (CP-MAS)
NMR study. Indeed, several authors proved the partial or total removal of lignin or
hemicellulose due to alkali treatments by the evolution of signals characteristic of
aromatic carbons of lignin or carboxyl groups of hemicellulose (Borchani et al.
2015; Manna et al. 2013; Martins et al. 2006; Rout et al. 2016; Roy et al. 2013).
Kim et al. (2016) also studied the evolution of these signals by 13C NMR for
bamboo fibres after exposition to natural ageing during one year.

13C NMR can also shows the appearance of new signals attributed to the
introduction of new chemical groups after modification of natural fibres. Indeed
Roy et al. (2013) proved the modification of jute fibres by polyphenolic tannin with
the appearance of signals of aromatic carbons characteristic of the functionalizing
agent. Manna et al. (2013) proved by 13C NMR the grafting of fatty acids onto jute
fibres using a bio-catalyzed esterification. After treatment, they were able to show
the appearance of signals of the carbons associated to fatty acid chains and ester
functions.

The evolution of the crystallinity and microfibillar angle of natural fibres with
the chemical modification can also be studied using 13C CP-MAS NMR and XRD.
Yamanaka et al. studied these structural evolutions after modification of ramie
fibres by formaldehyde (Yamanaka et al. 2005) and gamma c-irradiation
(Yamanaka et al. 2006).

Solid-state NMR analyses are most often based on 13C nuclei but other nuclei
can be used like: 1H (Yang et al. 2012), 29Si (Branda et al. 2016; Shih et al. 2014) or
31P (Dorez et al. 2014b; Mucalo et al. 1995).

4.4 Infrared and Raman Spectroscopy Analysis

Infrared (IR) spectroscopy and Raman spectroscopy are among the most widely
used techniques for the determination of molecular structure. These methods exploit
changes in vibrational energy state of molecules when subjected to excitation
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radiation in selected regions. IR and Raman spectroscopies differ in the means by
which photon energy is transferred to molecules but they are complementary more
than competing techniques. The molecular vibrational frequencies are nearly the
same, only the vibrational band intensities differ.

In IR spectroscopy, the vibrational excitation is achieved by radiating the sample
with a broad-band source radiation in the infrared region. The molecule is excited at
a higher vibrational state by directly absorbing the infrared radiation.

The origin of Raman spectroscopy is an elastic and inelastic scattering effect.
The excitation radiation source is monochromatic and is much more energetic than
infrared radiation. In elastic scattering (Rayleigh scattering), the molecule is excited
in a virtual state, and then relaxes to the original vibrational state by re-emitting a
photon at the same frequency as the incident radiation light. In this case, the
molecule absorbs no energy from the incident radiation. In inelastic scattering
(Raman scattering), the excited molecule relaxes at a different vibrational level.
When the final vibrational state is lower in energy than the original one, Raman
bands are called anti-Stockes lines. When it is higher, they are called Stockes lines.

For both spectroscopies, a plot of absorbance versus wavenumber is obtained.
The wavenumber, m in cm−1, is the number of waves per cm. It is equal to the
reciprocal of the wavelength k in µm, and to the frequency m divided by the light
velocity.

Numerous papers considered IR and Raman spectroscopy as relevant techniques
to determine (i) the primary plant cell wall composition (as hemicelluloses, cellu-
lose, galacturonic acid) (Abidi et al. 2014; Himmelsbach and Akin 1998;
Szymanska-Chargot et al. 2015) and interactions between components (Stevanic
and Salmén 2008), (ii) but also the water sorption in natural fibres (Celino et al.
2014), (iii) or the grafting efficiency of molecules onto the natural fibre surface
(Mosiewicki et al. 2011). This section is focused on the last aspect, i.e. the influence
of natural fibres surface modifications (pre-treatments and functionalization treat-
ments) on IR and Raman absorption spectrum.

Effect of natural fibres pre-treatments. As retting pre-treatments act by
degrading non-cellulosic components of natural fibres, the main change in IR
spectra described in literature (Li and Pickering 2008; Zhang et al. 2008) is an
intensity reduction versus the retting time for peaks located at 1736 and 1268 cm−1,
assigned to C=O stretching of carboxylic ester in pectin and waxes and to COO
stretching in lignin respectively, whatever the retting techniques used.

Dehydration, dihydroxylation and decarboxylation reactions are the most com-
mon reactions occurring during a thermal pre-treatment such as torrefaction that
involves a heating of biomass in an inert environment at temperatures between 180
and 280 °C. For Mei et al. (2016) dihydroxylation reaction of hemicellulose from
corn stalk induced a decrease of the peak intensity of O-H groups (3400–
3200 cm−1) with the increase in torrefaction temperature. On the opposite the C-H
breakages yielding CH4, C2H4 and C2H6 in gaseous products did not induce
noticeable changes on IR spectra. The main modification concerns C-O-C
(1160 cm−1) and C=O (1735 cm−1) peaks representing the generation of CO and
CO2 and of ketones and aldehydes respectively.

4.4 Infrared and Raman Spectroscopy Analysis 87



The major changes in IR spectra of natural fibres owing to an alkaline pre-
treatment (mercerization) of natural fibres were addressed by several authors,
among them Elenga et al. (2013), Gwon et al. (2010), Kabir et al. (2013) and
Krishnaiah et al. (2017). Cellulose related functional groups with characteristic
peaks at 900 and 1430 cm−1 (designated as C-H bending of amorphous and
crystalline cellulose) and at 1373 cm−1 (assigned to C-OH stretching of crystalline
cellulose) remain unchanged for alkalized fibres. The main effect is the reduction of
the peak located at 1730–1740 cm−1 attributed to C=O stretching as a consequence
of the extraction of hemicellulose and lignin and/or the formation of ionic car-
boxylates in the incompletely extracted samples, in which the corresponding peak
appears at lower frequencies (1590 cm−1). Hemicellulose degradation can be also
revealed by the shift of C-H bending and C-O stretching peaks of hemicellulose to
higher wavelengths (1348–1354 cm−1). The increase by 12 cm−1 of aromatic C-H
in plane deformation and C-O stretching in primary alcohol (guaiacyl) of lignin
(located at 1024 cm−1) indicates also that lignin is removed because of the alkaline
treatment. Raman spectroscopy can be also very attractive as water does not
interfere with the sample signal contrary to IR spectroscopy. Polymorphic trans-
formation of cellulose I into cellulose II as a function of alkali concentration can be
detected by analysing the Raman spectra below 1500 cm−1 (Dinan et al. 2002; Jahn
et al. 2002).

A complete study was carried out by De Rosa et al. (2011) on bleaching pre-
treatments of okra (Abelmoschus esculentus) fibres in presence of sodium chloride.
Limited differences with the raw fibres were shown. The main spectra changes are
an increase in the 898 cm−1 band attributed to the symmetric in-phase
ring-stretching mode, a decrease of the 1430 cm−1 band attributed to CH2 bend-
ing and a disappearance of the carbonyl peak due to the removal of a substantial
portion of uric acid. Bleached then acetylated fibres are similar to the barely
bleached fibres except the presence of an additional vibration peak near 1235 cm−1

due to C-O stretching of acetyl groups. The analysis of bleached then alkalinized
fibres gave clear evidence of the removal of hemicellulose and lignin with the
disappearance of both C=O and C-O stretching bands of acetyl groups (1730 cm−1

and 1240 cm−1, respectively). The effect of potassium permanganate solutions is
considered as similar to bleaching. Nevertheless, IR studies (De Rosa et al. 2011)
showed that it led to a more extensive delignification. As a result, the band located
at 1050 cm−1 assigned to O-H bending vibration of cellulose increases whereas the
absorption in the range of 1450–1600 cm−1 related to skeleton vibrations of the
aromatic ring decreases. The decrease in the splitting of CH bonds of methyl and
methylene groups (stretching vibrations in the range 2850–2920 cm−1) also sug-
gests removal of lignin-like structures.

Changes in IR spectra due to physical pre-treatments such as plasma treatment
are also noticeable, especially in the range 800–1100 cm−1 as shown by Bonazi
et al. (2013), Scalici et al. (2016) and Sinha (2009). A change from shoulder to peak
is particularly observed near 1100 cm−1 (C-O-C symmetric glycosidic stretching or
ring-stretching mode) as well as a new peak at 1060–1050 cm−1 (C-OH secondary
alcohol stretching vibration of the cellulose backbone) and is assigned to a
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modification in the polysaccharide structure, primarily cellulose. An increase in the
intensity of the peak located at 896 cm−1 attributed to b-glycosidic linkages
between monosaccharides (sugar units of hemicelluloses) was also observed and
may be due to cleaning effect of plasma treatment on the fibre surface. Finally,
Morshed et al. (2010) reported that C-O-C asymmetric stretching vibration of
cellulose and hemicelluloses observed at 1235 cm−1 is more prominent after air
plasma compared to argon plasma due to cellulose oxidation.

No impact on IR spectra was obtained for other physical treatments such as
ultrasound treatment. Nevertheless the combination of alkali and ultrasound
treatments successfully confirm the removal of hemicellulose, lignin and pectin
(disappearance of the peak corresponding to the C-O stretching of acetyl groups of
lignin at 1261 cm−1, shift to higher wavelengths of the peak assigned to C-O
stretching of lignin at 1053 cm−1) (Krishnaiah et al. 2017).

Effect of functionalization treatments. The efficiency of acetylation that is
considered as a rather attractive method regarding its effect on natural fibre
hydrophobic character was also revealed by IR experiments (Adebajo et al. 2006;
Bertoti et al. 2009; Datta and Kopczynska 2015; De Rosa et al. 2011; Khalil et al.
2001; Zafeiropoulos et al. 2003). Acetic anhydride is commonly used for acety-
lation reaction with cellulose to form cellulose acetate. The reaction between
hydroxyl groups at the fibre surface and acidic groups results in ester bond for-
mation (C=O stretching at 1725 cm−1 and C-O stretching in the range 1225–
1235 cm−1). If acetyl groups are in free form (beared by acetic acid) then the C=O
stretching should be at a position below 1725 cm−1. Furthermore, if acetyl groups
are beared by acetic anhydride two peaks should appear for C=O stretching, one at
around 1780–1830 cm−1 and another at around 1780–1800 cm−1 attesting for the
presence of two ketonic carbons. Moreover it is interesting to note that
Zafeiropoulos et al. (2003) compared different spectroscopy methods for analysing
the acetylation efficiency performed on flax fibres and concluded to a lower sen-
sitivity of the IR method compared to XPS and ToF-SIMS methods in this case.

Several authors (Abdelmouleh et al. 2002, 2004, 2007; Asumani et al. 2012;
Belgacem and Gandini 2005; Bledzki and Gassan 1999; Kushwaha and Kumar
2010; Le Moigne et al. 2014; Rong et al. 2001; Valadez-Gonzalez et al. 1999; Xie
et al. 2010; Yu et al. 2010) used IR spectroscopy to show that hydrolysed
organosilanes, i.e. silanols Si-OH, can be adsorbed on fibre surface while
self-condensing in polysiloxanes, and then can be grafted on it depending on the
experimental conditions. The condensation and grafting reaction produces Si-O-C
and Si-O-Si bonds (asymmetric stretching in the range 1200–1140 cm−1, sym-
metric stretching at 1370 and 965 cm−1 and 700 and 1040 cm−1 respectively). The
presence of non-grafted Si-OH groups (large band around 1015 cm−1) and of
residual unhydrolyzed Si-OCH3 groups (peaks in the range 1100–1080 cm−1)
means that full hydrolysis, self-condensation and grafting were not achieved. The
previously cited authors studied, through IR analysis, the influence of the silane
concentration (from 0.45 to 10 wt%), of the soaking time (from 5 min to 24 h), of
the bath temperature BT (from 20 to 70 °C), of the curing temperature CT (from 45
to 120 °C) and of an alkaline pre-treatment on the efficient grafting of silanes.
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Figure 4.5 is an example of a complete IR study carried on by Le Moigne et al.
(2014) in the case of the grafting of a commercially used organosilane (c-glyci-
dyloxypropyl trimethoxy silane GPS) onto flax fibres. Based on this study, it was
shown that optimized soaking and curing conditions can be found to graft
organosilanes onto natural fibres.

Many studies were focused on the reaction of cellulose with isocyanates.
Modifications can be distinctively observed in the IR spectra with the presence of
an additional peak at 1705 cm−1 corresponding to alkylic urethane stretching
vibration, and more precisely to new carbamate linkage. In some studies residual
unreacted isocyanate were detected (2270 cm−1) (Girones et al. 2007; Ly et al.
2008).

Concluding, IR and Raman spectroscopies are largely considered as quick and
relevant tools for detecting changes in chemical structure at the natural fibre due to
surface modifications such as pre-treatments or functionalization treatments.
Nevertheless they are less sensitive compared to other spectroscopy methods such
as XPS or ToF-SIMS techniques. Besides, IR spectroscopy is more widely used
than Raman spectroscopy despite the fact that water does often interfere with the IR
signals contrary to Raman signals.

Fig. 4.5 IR spectra of untreated and treated flax fibre bundles. Influence of a GPS concentration
(soaking time = 1 h; BT = 20 °C; CT = 105 °C; no alkaline pre-treatment), b soaking time (5%
GPS; BT = 20 °C; CT = 105 °C; no alkaline pre-treatment), c bath and curing temperatures (5%
GPS; soaking time = 1 h; no alkaline pre-treatment), d an alkaline pre-treatment (5% GPS;
soaking time = 1 h; BT = 20 °C; CT = 105 °C). Adapted from Le Moigne et al. (2014)
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4.5 Thermal Analysis

Thermal analyses were often used to characterize the natural fibres before and after
chemical modifications. Because of its accessibility thermogravimetric analysis
(TGA) is the most popular method of analysis but some authors also used Pyrolysis
coupled with Gas Chromatography and Mass Spectrometry (Py-GC/MS) and
Pyrolysis Combustion Flow Calorimetry (PCFC) apparatus to characterize the
modification of natural fibres.

4.5.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is commonly used to determine the amount of
weight change of a material, either as a function of increasing temperature, or
isothermally as a function of time, in an inert or air atmosphere. These mass losses
or gains are due to phenomena of decomposition, oxidation, or volatiles molecules
desorption. TGA allows quantitative analysis and measurements are used primarily
to determine the composition of materials and to study their thermal stability.

The chemical modification of natural fibres involves generally modification of
their thermal degradation profile. In the literature TGA was used by authors to
characterize a wide range of chemical treatments for various natural fibres
(Table 4.1).

The first change which can be observed by authors on TGA thermograms is the
evolution of the moisture content which can increase or decrease in function of the
modification. The grafting of hydrophilic groups or the removal of hydrophobic
products increases the temperature and the weight loss rate due to water release
(Goel et al. 2011; Jiang et al. 2009). In contrast, the grafting of hydrophobic groups
onto the natural fibre decrease the moisture content and hence the weight loss rate
(Totolin et al. 2008). Borchani et al. (2015) suggested that the alkali treatment of
alfa stem fibres decreases their moisture content due to an increase of their crys-
tallinity degree.

When the difference in thermal stability of natural fibres and functionalizing
agent is large enough, the presence of the grafted molecules can be easily proved by
the presence on the TGA thermogram of its characteristic weight loss at defined
temperature (Goel et al. 2011; Luna-Straffon et al. 2014; Plackett et al. 2005).
Besides, authors describe after the modification of natural fibres an evolution of the
thermal stability with an increase or decrease of the degradation temperatures and a
change in the residue rate. For functionalization procedures, these evolutions are
directly related to the thermal stability of the grafting agent. Indeed, Goel et al.
(2011) show for cotton an increase thermal stability when fibres were modified with
poly(2-hydroxyethyl methacrylate) chains and a decrease thermal stability with
poly([2-(acryloyloxyethyl)]trimethylammonium chloride).
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4.5.2 Pyrolysis–Gas Chromatography–Mass Spectrometry
(Py-GC/MS)

Pyrolysis on-line coupled to gas chromatography with mass spectrometric detection
(Py-GC/MS) is based on the instantly pyrolysis of the sample until its decompo-
sition and then on the introduction of the formed pyrolyzates into a capillary
column for separation and detection using mass spectrometry. The pyrolysis
method does not necessary require special preparation of the sample and analysis
can be directly conducted on natural fibres.

Generally, this method is used to characterize the modification of the pyrolyzates
nature or concentration after fibre treatment. The acid treatment of wheat or rice
straw (Reeves and Galletti 1993; Yu et al. 2009) and the alkali treatment of corn
fibres (Mészáros et al. 2009) showed modification of the composition of these fibres

Table 4.1 Natural fibres characterized by TGA after chemical modifications

Fibre Functionalization treatment

Flax ∙ Esterification (acetyl, butyryl, or valeryl) and etherification (ethyl or
isopropyl) (Baiardo et al. 2002)
∙ Acetylation (Bledzki et al. 2008)
∙ Alkali (Marques et al. 2015)
∙ Grafting of phosphonated polymers and copolymers (Dorez et al. 2014c)
∙ Grafting of octadecylphosphonic acid (Dorez et al. 2014b)

Cotton ∙ Grafting of epichlorohydrin (Xue et al. 2009)
∙ Grafting of polyacrylamide (Hong et al. 2009)
∙ Grafting of acrylate polymers bearing quaternary salt groups (Goel et al.
2011)
∙ Grafting of cyclodextrin derivatives (Cabrales et al. 2012; Hiriart-Ramírez
et al. 2012; Salah et al. 2015)
∙ Grafting of polyacrylate bearing amino groups (Luna-Straffon et al. 2014)

Jute ∙ Grafting of polystyrene (Plackett et al. 2005)
∙ Alkali (Marques et al. 2015)
∙ Grafting of octadecylamine (Dong et al. 2016)

Hemp ∙ Sulfonic acid derivatives (George et al. 2015)
∙ Silica coating (Branda et al. 2016)

Coconut ∙ Grafting of syringaldehyde (Thakur et al. 2015)
∙ Grafting of ferulic acid (Thakur et al. 2016)

Miscanthus ∙ Grafting of poly(mercaptopropyl)methylsiloxane (Gea Rodi et al. 2016)

Sisal ∙ Alkali, peroxide and polyacrylates grafting (Bharti et al. 2013)

Spanish broom ∙ Fatty acids grafting (Totolin et al. 2008)

Cannabis
indica

∙ Grafting of polyacrylic acid (Singha 2011)

Weat straw ∙ Lipase treatment (Jiang et al. 2009)

Curaua ∙ Alkali (Marques et al. 2015)

Alfa stem ∙ Alkali (Borchani et al. 2015)
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with removal of some compounds like hemicellulose or lignin and an increase in the
cellulose fraction. The same evolution was found by Chang et al. (2012) for bagasse
using a torrefaction treatment. The Py-GC/MS analysis clearly shows the evolution
of fibres composition after the thermal treatment.

Some authors used also this technic to prove the presence of functionalizing
molecules by the appearance of new products after pyrolysis when natural fibres
were modified. Indeed, Plackett et al. (2005) grafted polystyrene chains onto jute
fibres using Atom Transfer Radical Polymerization (ATRP) and showed by
Py-GC-MS analyses the presence of styrene in large quantity for modified fibres.
Dorez et al. (2014b) proved the grafting of octadecylphosphonic acid (ODPA) on
flax fibres by the presence of a series of peaks that are assigned to the decompo-
sition products of the alkyl chain of the ODPA molecule (Fig. 4.6).

Fig. 4.6 EIC at m/z 56 of pyrograms of a flax treated with ethanol, b flax grafted by ODPA, c flax
grafted by ODPA and treated by soxhlet extraction (Tfl/ODPAsox) and d ODPA. Reprinted from
Dorez et al. (2014b) with permission from Elsevier
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4.5.3 Pyrolysis Combustion Flow Calorimetry (PCFC)

Pyrolysis Combustion Flow Calorimetry (PCFC) was developed to allow the
investigation of fire behaviour of samples at microscopic scale. PCFC measures the
energy released by the combustion of volatile products obtained by the pyrolysis of
a sample heated from ambient to high temperature. Sample weights of around 2–
5 mg are pyrolyzed at 1 °C.s−1 and the degradation products are routed in a
combustor at 900 °C where they are completely oxidized. The oxygen consumption
is used to measure the value of heat released by combustion of these pyrolysis
products. The curve representing the value of heat release rate (HRR) as a function
of temperature gives information about flammability of the studied material.

Dorez et al. (2014b) characterized the modification of flax fibres by octade-
cylphosphonic acid (ODPA) using PCFC. The difference of stability between flax
and ODPA allowed proving the grafting of ODPA by the presence of the degra-
dation peak attributed to ODPA. The grafting rate was also calculated using PCFC
analysis. The authors found that PCFC was more sensitive to the presence of the
surface modifier than TGA. In another study, the same authors proved the grafting
of phosphonated copolymers by PCFC (Dorez et al. 2014c). In this work, no new
peak was observed due to the grafting molecule but a change of fibre flammability
with a decrease of the degradation temperature and total of heat released rate
(HRR). Sonnier et al. (2015) showed the same modifications of flammability for
flax fabrics after the grafting of phosphonated polymers using an electron beam
irradiation procedure.
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Chapter 5
Characterization of the Interface/
Interphase in Natural Fibre Based
Composites

There are currently no standardized methods to assess the quality of the interface/
interphase in natural fibre reinforced composites. Nevertheless different approaches
have been developed and are widely used by the scientific and industrial commu-
nities. These include microscopic and physico-chemical analyzes as well as
micromechanical tests on model microcomposites and macroscopic mechanical
tests on composite specimens. This last chapter proposes a review of the experi-
mental techniques modelling approaches used to investigate the interface/interphase
in natural fibres composites and quantify the interfacial adhesion.

5.1 Microstructural Analysis of the Interphase

5.1.1 Microscopic Analysis

Scanning Electron Microscopy (SEM) has proved to be a key tool for investigating
the microstructure of composites made of lignocellulosic fibres and polymer matrix.
SEM analyses provide direct visualization of the morphology at the filler/matrix
interface. The qualitative criteria are mainly the occurrence of failure surfaces, fibre
pull-outs, interfacial gaps around the fibres and debonding, or wetting of fibres by the
polymer (Fig. 5.1). As observed for example for wood fibre-reinforced polyurethane
composites (Rials et al. 2001), strong interfacial adhesion between the two phases was
deduced from the observation of failure surfaces with a distinct fibre fracture without
pull-out which is characteristic of a cohesive interfacial failure. In contrast, mostly fibre
pull-out would be observed in the case of an adhesive interfacial failure. SEM
observations are generally performed on manually cryo-fractured surfaces, which can
induce bias in the observation of the morphology of surface failures. Indeed, the
material is violently cooled, which might generate gaps between fibres and matrix, due
to differences of thermal shrinkage between both components (Berthet et al. 2015). As
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performed by Bledzki and Jaszkiewick (2010), it sounds reasonable to only use SEM as
a qualitative mean to compare the fibre/matrix interfacial adhesion in different for-
mulations and to discriminate different failure surface morphologies. As compared to
“classical” SEM analysis, the advantage of environmental scanning electron micro-
scopy (ESEM) is the possibility to characterize wet, oily or electrically non-conductive
samples without preliminary preparation and operating at relatively high pressures
(George et al. 2001; Wright and Mathias 1993; Singh et al. 2013).

In situ observations of crack propagation by ESEM (equipped with an in situ tensile
apparatus) could be useful to monitor failure mechanisms at the interface of biocom-
posites (see also Chap. 5, Sect. 2.1) and thus, provide qualitative information on the
quality of the fibre/matrix interface. As showed for polylactic acid (PLA)/flax fibres
composites (Le Moigne et al. 2014), this technique allows discriminating adhesive
interfacial failure (due to the decohesion of the fibres and characterized by a clean break
of the matrix) from cohesive interfacial failure (characterized by the tearing of the
matrix and the breaking of the fibres). When ESEM is combined with X-ray energy
analysis, the elemental composition of the surface can be determined using energy
dispersive analysis of X-rays (EDX). The principle of ESEM-EDX consists in bom-
barding a specimen with an electron beam of sufficient energy with the emission of
X-rays characteristics of each element present. Based on its specific energy and
intensity, the atomic number and relative concentration of a particular element can then
be determined. For example, Wright and Mathias (1993) used EDX to evidence that
poly(EHMA) (homopolymer of ethyl alpha-hydroxymethylacrylate) and wood fibres
were strongly bonded, through the presence of poly (EHMA) and its copolymers within
the wood cell walls.

Fig. 5.1 SEM picture of cryo-fractured surface of PHBV/wheat straw fibres (20wt%) composites
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Polarized Optical Microscopy (POM) and transcrystallization. In the case of
semi-crystalline polymers, POM observations of the crystallization phenomenon from
the melt can be used to highlight the occurrence (or not) of interfacial transcrystal-
lization and/or particle nucleating effect, both indicators of filler/matrix interactions
(Wurm et al. 2010). Transcrystallization may reduce the final crystallinity degree of the
matrix due to the reduced mobility of polymer chains as a consequence of the fast
formation of high density nuclei on the filler surface (Luduena et al. 2012). As reported
by Luduena et al. (2012), several parameters affect this process: the nature of the fibre,
their surface roughness and surface treatment, the thermal conductivity of the fibre, and
the processing conditions of composites.

As showed by Wang et al. (2011) for sisal/PLA systems, sisal fibres un-treated
or treated with alkali or aminosilane (APS) have a nucleating ability and induce
transcrystallinity in PLA matrix. When placed under isothermal crystallization
conditions between 123 and 130 °C, first nuclei appeared preferentially at the fibres
surface. Based on the theory of heterogeneous nucleation, the authors found that
interfacial free energy difference functions of PLA for untreated and treated fibres
were similar, suggesting that fibre surface modifications by using alkali or APS
silane has no significant influence on the nucleation ability of sisal fibres in PLA
matrix. Based on these results, the authors assumed that, although being influenced
by fibre treatments, the surface energy of the fibre is not a critical factor for the
development of transcrystallinity. They also pointed out that surface topography
rather than surface chemistry might induce the nucleation process. Indeed, treated
and untreated sisal fibres all had rough surfaces, providing abundant nucleation
sites to induce transcrystallinity in PLA.

Joseph et al. (2003) also found that the surfaces of sisal fibre act as nucleating
sites for the crystallisation of PP, promoting the growth of spherulites perpendicular
to the fibres surface and forming a transcrystalline region around the fibre.
Depending on the crystallization conditions (temperature, time and stress), the
thickness of the transcrystalline layer varied from about 5 µm to more than 11 µm.
The authors found that longer crystallization time and higher crystallization tem-
perature, as well as stress induced crystallisation favour the formation of a thicker
transcrystalline layer. As observed by Wang et al. (2011), fibre surface treatment
with toluene-2, 4-diisocyanate (TDI)/polypropylene glycol (PPG) had limited effect
on the nucleating ability of sisal fibres and transcrystallization of PP.

It is worth noting that POM samples are generally prepared between two glass
slides, which constraints the material to crystallize with a limited mobility, possi-
bility favouring the occurrence of cracks at the fibre/matrix interface and in the
polymer phase during the crystallization process (Berthet et al. 2015).

Atomic force microscopy (AFM). Non-destructive methods such as AFM in
tapping or force modulation modes could be used to characterize the physical properties
(i.e. mainly the stiffness and visco-elastic behaviour) of composite interphases
depending on the interaction forces between a sharp tip suspended on a very soft spring
called cantilever and the sample surface, allowing to deduce interphase thickness (Mai
et al. 1998). The lateral resolution of the AFM (related to the curvature radius of the
probe) is typically of the order of 10 to 30 nm even if it is still possible to identify and

5.1 Microstructural Analysis of the Interphase 103



localize objects with dimensions down to the nanometre (e.g. carbon nanotubes). The
depth resolution is of the order of the ångström. The sizes of analysed zones can vary
from 1 lm � 1 lm to 100 lm � 100 lm. The development of scanning thermal
microscopy (SThM), combined to AFM, allowed researchers to evaluate the thermal
properties of materials (such as the glass transition temperature) at the microscopic
scale (Tillman et al. 2000). AFM is also able to provide 3D images of topography,
various interaction forces with molecular resolution within a thin layer of material and
therefore gives an indication of the interfacial adhesive forces, as shown on
wood-plastic composites (Effah et al. 2015). This is based on the knowledge of the
depth of analysis, which is system dependent. AFM is not limited to topographic
images; it can also be used to identify and discriminate surfaces that differ from their
chemical properties by using modified AFM probes. In that case, called chemical force
microscopy (CFM), the instrument detects the chemical interactions between the
functionalized tip and the material surface. Among the constraints that have to be taken
into account in the case of lignocellulosic fibre based composites, the surface roughness
must be in the order of 100 nm or lower than the imaged zones, which imposes an
adequate method of cutting and/or polishing of samples. The size of analysed particles
must be compatible with the lateral resolution of the AFM (related to the radius of the
probe), typically of the order of 10 nm. Finally, the respective hardness of the matrix
and the particles will determine the maximal depth of analysis.

X-ray computed tomography. A visual analysis of the 3D structure, including the
3D porosity and distributed voids, can be done by X-ray computed tomography, as
already done for glass fibre/polypropylene (Kastner et al. 2012) or carbon fibre/epoxy
composites (Nikishkov et al. 2013; Yang and Elhajjar 2014). X-ray computed
tomography is a non-destructive, powerful technique that provides a volumetric map of
a specimen in three dimensions, generated from a series of X-ray projections of the
samples recorded at different angles. It allows to quantitatively analyze the filler dis-
persion on macroscopic length scales. Continuous improvements in the quality and
performance of X-ray tubes, detectors and devices have led to cone beam X-ray
computed tomography systems, which can now achieve spatial resolutions down to
1 lm and even below, i.e. 50 nm in the case of nano-tomographs. Applications of
high-resolution X-ray computed tomography are possible even when the density dif-
ferences between the constituents are rather low, as recently reported for carbon fiber
reinforced polymers (Kastner et al. 2012). By applying various 3D-filters, authors
succeeded in extracting from the X-ray computed tomography data the following
quantitative information and values: filler percentage, 3D-geometry of the fillers (di-
ameter, surface, volume), fibre length distribution, filler orientation, 3D filler distri-
bution, filler interconnectivity, porosity. In the case of biocomposite materials, the main
limit will be the difference of density between the lignocellulosic fibres and the polymer
matrix that may be too low to obtain exploitable images.

Alemdar et al. (2008) were among the first authors to use X-ray micro-tomography
to study the effect of fibre separation techniques (enzyme treated and carded hemp
fibres) and coupling agent (MAPP) on the microstructure and fibre size distribution in
wood and hemp fibre reinforced PP composites. It was shown that the use of MAPP
coupling agent in wood/PP composites resulted in a significant decrease of fibre

104 5 Characterization of the Interface…



breakage during processing, and hence higher fibre length and width, possibly due to
the lubricant effect of low molecular MAPP contributing to the shear stress reduction
during processing. Smaller width distribution, higher aspect ratio and more uniform
fibre distribution were observed for carded and enzyme treated hemp fibres/PP com-
posites, highlighting the interest of these fibre separation techniques for composites
applications. Some other interesting results were found by Martin et al. (2013) on PP/
flax fibres biocomposites. X-ray micro-tomography observations of injection molded
samples revealed greater fibre bundle splitting for higher retting degree of flax fibres.
The authors also found a relatively low porosity content which decreases with the
degree of retting, voids being mostly located in the core of samples in a plane parallel to
the flow direction. Di Giuseppe et al. (2016) compared X-ray micro-tomography to 2D
scanner and an automated fibre analyzer for determining natural fibre length and
diameter distributions in PP/miscanthus and PP/hemp biocomposites. The authors
concluded that the analysis of lignocellulosic fibers’ dimensions in composite materials
is complex and that the three techniques used do not allow an unbiased estimation of
fibre sizes. Besides, their study highlighted the complementarity of these techniques in
terms of length scale.

5.1.2 Nano-mechanical Analysis

Nano-mechanical analysis, which is largely used in polymer tribology,1 could be useful
to characterize the filler/matrix interphase region and evaluate its thickness. Nano-
mechanical analysis includes nano-indentation, nano-scratch tests or nano-mechanical
imaging techniques, possibly coupled with AFM. All these techniques require the
polishing of materials to reduce surface roughness as much as possible.

Nano-indentation tests are able to produce indents of few nanometers in order to
measure differences in nano-hardness and Young modulus in the cross-section of
composite materials, and thus to highlight the fiber/matrix interphase region. This
technique consists in indenting a rigid tip of known geometry, perpendicularly to
the material surface and measuring the depth of penetration as a function of the
applied load (Downing et al. 2000). Berkvich indenters, i.e. a three-sided
triangular-based pyramidal diamond, are commonly used for measurements of
mechanical properties at the nanometric scale. This technique has already been
applied to wood-reinforced polypropylene composites (Jakes et al. 2007). Authors
did not discriminate changes in mechanical properties in the interphase, probably
due to the fact that there was no difference. However, they concluded on the need of
improving the surface preparation technique. Lee et al. (2007) investigated the
hardness and elastic modulus in interphase region of PP/cellulose fibres using

1Tribology is the science and engineering of interacting surfaces in relative motion, including the
study and application of the principles of friction, lubrication and wear—to characterize the surface
properties of polymer films or coatings.
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different indentation depths and spacings. The authors showed that nano-indents
need to be as small as possible to reduce the zone of analysis and limit the influence
of neighbouring material properties.

For nano-scratch tests, the indenter tip is replaced by a scratch tip that scratches the
surface in a straight line, crossing matrix and fillers areas. Nano-scratch technique
involves moving a sample while it is in contact with a diamond tip. The depth of the
indenter is also recorded, thus indicating the hardness of the surface being scratched.
The coefficient of friction is determined from the fraction of the lateral and the normal
force (this latter being maintained constant). Therefore, the coefficient of friction
indicates the resistance of the materials to the tip penetration in the tangential direction.
Nano-indentation and nano-scratch techniques can be successfully used if the interface
thickness is higher than the penetrating width of the tip, as demonstrated for polymer/
glass fibres composites (Hodzic et al. 2000a, b). In the case of nanometric interphases,
their thickness can be quantitatively evaluated by mapping the dynamic mechanical
property around the interphase region through the use of nano-mechanical imaging
techniques. The experimental results show that this method can determine the width
and topography of the interphase with nanoscale lateral resolution, as it is for example
the case for carbon fibre reinforced polymer composites for which an interface thick-
ness of about 120 nm was evaluated, based on the storage modulus profile on the cross
section of the composite (Gu et al. 2010). For the moment, it has only been applied to
the characterization of interfaces in polymer micro-composites reinforced with either
glass (Kim et al. 2001) or carbon fibres (Gu et al. 2010). Thus, the characterization of
polymer/lignocellulosic fibres still remains a challenge.

Finally, abrasion (or scratching) experiments using AFM in contact mode coupled
with a simple tribological model could also be a promising way to evaluate differences
in nano-mechanical properties between the different phases and at the interface in
composite materials (Ahimou et al. 2007, Chichti et al. 2013). This method consists in
progressively abrading the surface of the material and simultaneously measuring the
shear force. The volume of the material removed by the tip is estimated from the
analysis of successive topographic images of the surface, and the shear force is mea-
sured by keeping a constant normal force. As previously mentioned, AFM is also a
highly useful tool for probing the interphase, because it involves much lower inter-
action forces between the probe and the sample than nano-indentation (Downing et al.
2000). Thereby, AFM imaging and nano-mechanical measurements are commonly
combined (Gao and Mäder 2002; Lee et al. 2007; Young et al. 2013; Cech et al. 2013).

5.2 Mechanical Characterization of the Interphase

5.2.1 Micromechanical Analysis

Among the experimental techniques used for assessing the fibre/matrix interfacial
adhesion in composites, micromechanical analyses rely on the study of the
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mechanical behaviour of a model microcomposite composed of a single fibre (or a
bundle of fibres) embedded in a small volume of the matrix. These analyses allow
understanding the interfacial failure mechanisms that occur at the local scale when a
fibre undergoes mechanical loads. They are thus relevant to provide quantitative
information about the interfacial strength.

Pull-out test is a micromechanical analysis technique that has been widely used
for glass fibre reinforced composites and is being adapted to natural fibres. It
consists in pulling a fibre out of the matrix which can be a block, a small cylinder or
a micro-droplet (case of microbond test) of polymer held by a microvise or blades
(Fig. 5.2). The pulling force, which is applied axially by a mechanical testing
machine, induces mainly tensile stresses in the fibre and shear stresses at the fibre/
matrix interface. The force is monitored while the displacement at the end of the
fibre is increased at a constant speed until either pull-out occurs or the fibre breaks.
The typical force–displacement curve (Fig. 5.2) exhibits an increase of the force up
to a maximum (Fmax) which corresponds to the total debonding of the fibre, fol-
lowed by the force drop associated to the release of the adherence and the frictional
sliding of the fibre (Miller et al. 1987).

Figure 5.3 shows a typical SEM image of a flax fibre/polyester matrix mi-
crobond specimen after debonding. The polyester droplet of 50 µL was deposited
on the fibre with a calibrated micro-syringe (Baley et al. 2006).

Based on the measurements of the pull-out force Fmax and the area A of the
embedded length L of fibre within the matrix, the apparent interfacial shear strength
sapp (IFSS) is calculated from the Eq. 5.1:

sapp ¼ Fmax

A
ð5:1Þ

Fig. 5.2 The microbond arrangement (left) and a typical force-displacement record (right).
Reprinted from (Miller et al. 1991), Fig. 2. with permission from Elsevier
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For a straight fibre with a uniform cross-section, A is the product of the
embedded length L by the cross-sectional perimeter. Thus, for a cylindrical fibre
with a diameter D, Eq. 5.1 leads to the following expression of the IFSS:

sapp ¼ Fmax

pDL
ð5:2Þ

Because the cross-section of natural fibres can differ a lot from a regular circular
shape (Fig. 5.4), the assessment of the cross-sectional perimeter deduced from the
side optical measurement of the fibre can be a major source of error in the IFSS
measurement. For IFSS evaluations of flax fibres/unsaturated polyester, (Zhang
et al. 2014) demonstrated that the error could reach a factor of three. The authors
were able to improve the reliability of the IFSS values thanks to direct measure-
ments of the perimeter from images of the fibre cross-section.

Since the fibre undergoes tensile stress during pull-out, the IFSS measurement
requires that the fibre does not break before debonding occurs, thus limiting the
embedded length below a specific value. For a cylindrical fibre with a given tensile
strength r, the theoretical limit of the embedded length is given by:

L\
Dr
4s

ð5:3Þ

The definition of apparent interfacial shear strength relies on the assumption that
the shear stress distribution is uniform along the embedded length. Several authors
proposed advanced models able to account for a realistic stress distribution in the
case of regular fibres like glass and carbon fibres (Zhandarov and Mäder 2005;
Bergeret and Krawczak 2012). However, their application to fibres with variable
shape and roughness along their length like natural fibres is not straightforward.
Moreover, studies on natural fibres/polymer matrix systems highlighted the

Fig. 5.3 Example of a
microdrop of polyester on flax
fibre after debonding (fibre
diameter: 16 µm). Reprinted
from (Baley et al. 2006),
Fig. 5. with permission from
Elsevier
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relevance of the post-debonding friction regime in the analysis of the interfacial
adhesion (Le Duigou et al. 2013; Yang and Thomason 2010, 2012). It is stated that
the corresponding friction strength sfriction can be related to the residual stresses
induced by processing conditions.

A comparison between flax/PLLA and glass/PLLA microbond measurements
proposed by (Le Duigou et al. 2012) showed that both systems exhibit similar
pull-out force-displacement curves and that the apparent shear strength of the flax/
PLLA interface is around twice as high as those of de-sized glass/PLLA (Fig. 5.5
left). It was demonstrated that this discrepancy is the concomitant result of the
physico-chemical interactions between the flax surface and PLLA on the one hand
and the lower roughness of the de-sized glass fibres (as measured by AFM) on the
other hand. In addition, debonding tests performed on single flax fibres treated with
release agent in order to weaken the interfacial adhesion confirmed that in that case
the only resistance is due to friction (Fig. 5.5 right). This study draws an illustration
of the relationship between typical pull-out responses and the behaviour of systems
with tailored interfacial adhesion.

The many studies using the pull-out and microbond techniques for natural fibres/
polymer matrix systems provide quantitative information relative to the interfacial
adhesion and trends about the strategies to enhance it. Thereafter are summarized a
few representative examples.

The study of short hemp fibres/PP-MAPP composites highlighted the beneficial
effect of a white rot fungi treatment on the IFSS assessed from pull-out measurements
(Li et al. 2009). This enzymatic fibre treatment led to an 80% increase of the IFSS,
which was clearly visible from the force-displacement curves. It is worth noting that,
despite a 28% reduction of the fibres tensile strength and almost no variation of their
stiffness, the improvement of the interfacial bonding allowed increasing up to 28% the
strength and 62% the stiffness of corresponding tensile composite specimens. The
authors correlated the better IFSS to the removal of non-cellulosic compounds (wax,
pectin, and lignin) as well as the increased roughness of the fibre surface.

Micromechanical analyses have also been carried out for the interfacial strength
of jute and hemp fibres with various polymer matrix composites (Park et al. 2006).
The authors proved that the IFSS of the natural fibres/PP significantly increases

Fig. 5.4 Cross section dimensions of three flax fibres. Reprinted from (Zhang et al. 2014), Fig. 7.
with permission from Elsevier
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with increasing the content of MAPP coupling agent within the matrix as well as
after treating fibres with alkaline solution and silane coupling agent (Fig. 5.6).

As a comparison, Table 5.1 presents values of the apparent shear stress from
debonding tests on single fibre for different natural fibre/polymer matrix systems.
Several supplementary results about the IFSS of biocomposites can be found in the
literature. For thermoplastic or thermoset matrices associated to different short or
long natural fibres: flax (Baley et al. 2006; Le Duigou et al. 2012, 2013; Fuentes
et al. 2016), hemp (Li et al. 2009), jute (Park et al. 2008), coir (Tran et al. 2013),
bamboo (Fuentes et al. 2015). As discussed in Chap. 4, IFSS is often related to the
work of adhesion determined from the surface energies of fibres and matrix. As the
interfacial strength can be greatly enhanced by fibre roughness, chemical bonding
between the matrix and the fibres, IFSS is not necessarily correlated to the work of
adhesion (see Fig. 4.2). Furthermore, Le Duigou et al. (2017) proposed a multiscale
analysis of the influence of hygroscopic radial expansion of natural fibres on IFSS
in the case of PP/flax biocomposites. They demonstrated that a variation of water
content in the composite and thus in flax fibres can be much more influent on the
interfacial shear strength than residual stresses induced by the thermomechanical
history related to the manufacturing process. Therefore, the processing and design
of natural fibre/polymer systems should better take into account their moisture
sensitivity that should not only be considered as a drawback, and could play a
positive role on interfacial properties if radial stresses are controlled.

Fragmentation test is a technique dedicated to the evaluation of the fibre-matrix
adherence inside a composite. It involves the application of increasing axial load to
a specimen that contains a single fibre (or bundle or yarn) embedded in the polymer
matrix. Load is transferred through the matrix to the fibre by means of the shear
stress at the interface. The fibre breakage occurs when this transferred stress reaches
locally the tensile strength of the fibre. Kelly and Tyson (1965) reported that when
the composite is strained, brittle regular fibres embedded in polymers tend to
fracture at the locations of the defects along their length. As the load increases, the
fibre continues to fracture into shorter length fragments (Fig. 5.7). The interfacial
shear stresses is unable to induce failure stresses in fragments having a length lower

Fig. 5.5 Typical microdroplet test plots for flax/PLLA and de-sized E-glass/PLLA (left);
Influence of release agent on microdroplet test for flax/PLLA (right). Reprinted from (Le Duigou
et al. 2012) with permission from Elsevier
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Fig. 5.6 IFSS of jute and hemp fibres/PP with various contents of MAPP coupling agent (left)
and fibre treatments (right). Reprinted from (Park et al. 2006) with permission from Elsevier

Table 5.1 Apparent shear stresses (IFSS) determined from debonding tests. Adapted from review
tables in (Le Duigou et al. 2012) and (Graupner et al. 2014b)

Fibre type Matrix IFSS (MPa) References

Glass PP 3.3 Le Duigou et al. (2012)

Epoxy 29.3

Ananas PHBV 8.2 Graupner et al. (2014b)

Flax PLLA (Natureworks) 16.4 Le Duigou et al. (2012)

PLLA (Biomer) 15.3

Epoxy 22.7−23

Unsatured polyester 14.2

PP 3.4 Graupner et al. (2014b)

PLA 9−22.2

Mater-Bi (Novamont) 4.2

PHB 8.8

Hemp PP 4.7−9 Le Duigou et al. (2012)

PP 5.1 Graupner et al. (2014b)

PLA 11.3

Mater-Bi (Novamont) 3

Henequen MAPP 4.1

Jute PLA 4.6−5.5

Kenaf PLA 5.4−10.7

Lyocell LDPE 6

PP 4.2−5.3

Ramie LDPE 10

PP 4.9−6

Sisal PP 4.6

PLA 14.3

Mater-Bi (Novamont) 3.2
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than a specific value Lc, referred as the critical length and considered as an indicator
of the interfacial strength. Thus, a decrease of Lc reflects an improvement of the
interfacial adhesion and hence the IFSS.

In order to experimentally interpret the failure modes during a fragmentation
test, the lengths of the fibre fragments are usually measured using an optical
microscope, requiring that the matrix is transparent (Herrera-Franco and Drzal
1992). Theoretically, fragments longer than Lc have been broken into two, yielding
a random distribution of fragment lengths between Lc/2 and Lc at the end of the
fragmentation process. Thereby, the critical length Lc can be deduced from the
evaluation of the average L of the experimental fragments lengths distribution:

Lc ¼ 4
3
L ð5:4Þ

Then, according to Kelly and Tyson (1965), the interfacial shear strength s
(IFSS) is calculated from the Eq. 5.5:

s ¼ r
2
D
Lc

ð5:5Þ

where r is the fibre tensile strength, D its diameter and Lc the critical length.
To complete the understanding of the complex mechanisms occurring during the

fragmentation process, experimental fragmentation testing can be coupled with
numerical predictions (Guillebaud-Bonnafous et al. 2012). In that study, a finite
element model was developed to simulate the fragmentation process of single hemp

Fig. 5.7 Schematic
representation of the single
fibre fragmentation test.
Reprinted from
(Herrera-Franco and Drzal
1992), Fig. 12 with
permission from Elsevier
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yarn composite specimens. These simulations, which allowed assessing the sensi-
tivity to the frictional contact coefficient µ (at the fibre/matrix interface), led to
results close to the experimental fragmentation patterns and to a comprehensive
analysis of the fragmentation test results (Fig. 5.8).

Several studies have provided results about the interfacial properties of natural
fibre reinforced thermoplastics. The interfacial shear strength of PE-sisal compos-
ites was measured using the single fibre fragmentation test (Torres and Cubillas
2005). Fibre treatment with stearic acid increased the interfacial shear strength by
23% with respect to untreated fibres, which was consistent with SEM observations
of failure surfaces. However, the authors discussed the difficulties in obtaining
accurate measurements due to the opacity of the matrix and the irregular shape of
the natural fibres.

In another study, the interfacial shear strength of a hemp fibre/PP-MAPP
composite was evaluated by means of fragmentation testing (Beckermann and
Pickering 2009). Based on a mathematical modeling, it was demonstrated that the
reinforcing fibres need to be axially aligned in the composite and equal to or longer
than 4 Lc in order to achieve the maximum theoretical composite strength.

The mechanical behavior of HDPE reinforced with henequen fibres was studied
(Herrera-Franco and Valadez-González 2004). Based on the IFSS measurements of
the fragmentation test, the authors showed that fibre-matrix adhesion was improved
by the use of a silane coupling agent. It was found that the resulting strength and
stiffness of the composite depended on the amount of silane deposited on the fibres.
Good correlation was found between the IFSS and the composite tensile strength
and an optimal silane concentration was found (Fig. 5.9). From the failure surfaces,
it was additionally observed that with increasing fibre-matrix interactions the failure
mode changed from adhesive interfacial failure to cohesive interfacial failure
occurring in the matrix.

Fig. 5.8 Finite element
analysis of the yarn
fragmentation locations for
different values of the friction
coefficient µ and comparison
with experimental results.
Reprinted from
(Guillebaud-Bonnafous et al.
2012) with permission from
Elsevier
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For different thermoplastic matrices (PLA, PP, MAPP) reinforced with Lyocell
cellulose fibres, Graupner et al. (2014a) investigated the influence of eucalyptus
lignin as a bio-based coupling agent. Lyocell fibres were treated with a
lignin-ethanol solution. Fibre/matrix adhesion was assessed using single fibre
pull-out and single fibre fragmentation tests. Both testing procedures evidenced the
increase of the interfacial shear strength for the lignin-treated fibres (compared with
untreated fibres) for all investigated matrices (Fig. 5.10). This improvement was
attributed to better chemical interactions between the fibre and matrix and a rougher
and larger fibre surface with lignin particles which was revealed by AFM
investigations.

In situ tensile test by SEM is a micromechanical characterization technique of
composite materials which consists in submitting a coupon to a tensile mechanical
loading while observing it by SEM. There have been many studies that deal with
the mechanical testing of biocomposites at the macro scale, but very few have
reported testing on composites at a micro scale.

The damage mechanisms under stress of flax/PP composite have been studied by
in situ SEM observations (Bourmaud et al. 2013). The authors highlighted the
influence of the fibre bundles during a tensile experiment. Figure 5.11 shows the
occurrence of micro cracks through the transversely oriented fibre bundles, which
induce a dislocation between the elementary fibres. This observation evidences that
the weakness of natural fibres composites was mainly located at the bundles middle
lamellas rather than at the fibre/matrix interface. As a result, the authors postulated
that a decrease of the amount of bundles in favour of well dispersed and individ-
ualized fibres leads to better mechanical properties of the composite, which can be
achieved thanks to an efficient retting of the flax stems.

Fig. 5.9 Effect of the
concentration of the silane
coupling agent solution on the
tensile strength and IFSS of
henequen–fibre composites.
Reprinted from
(Herrera-Franco and
Valadez-González 2004) with
permission from Elsevier
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In a study of the interface in flax/PLA composites modified by organosilane
treatments, Le Moigne et al. (2014) conducted SEM observations of crack propa-
gation during tensile test while force-elongation responses were recorded. In order
to pick out a region of interest, the coupon was notched on one edge, which induces
stress concentrations during the force increments and thus localizes the occurrence
of a macrocrack. The SEM observation of the crack tip and margins during its
propagation gave access to the analysis of the fibres behaviour under stress within
the matrix (Fig. 5.12). Due to the notched, the breakage of the samples occurs by
tearing and is not brittle. This experiment could be assimilated to a pull-out test at a
larger scale, i.e. several fibres are progressively extracted from the matrix during the
crack propagation. Results expressed clearly that the alkaline/GPS silane-treated
biocomposites showed a cohesive interfacial failure at much higher loads, as
confirmed by the force-elongation curves (Fig. 5.13), which brings out the higher

Fig. 5.10 IFSS of untreated, ethanol-treated and ethanol/lignin-treated Lyocell fibres in different
matrices measured with the fragmentation (a) and pull-out (b) tests. Reprinted from Graupner et al.
(2014a) with permission from Elsevier

Fig. 5.11 SEM micrograph
in the core of PP/flax sample
under loading, Reprinted from
(Bourmaud et al. 2013) with
permission from Elsevier
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Fig. 5.12 SEM observations during crack propagation in notched specimens for PLA/20% flax
a non-treated b alkaline/GPS silane-treated. Reprinted from Le Moigne et al. (2014) with
permission from Elsevier

Fig. 5.13 Tensile force-elongation curves recorded during in situ tensile test by SEM for PLA/
20% flax non-treated and alkaline/silane-treated (three tests per biocomposites). Reprinted from Le
Moigne et al. (2014) with permission from Elsevier
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load transfer from the PLA to the treated flax fibres, and hence the greater inter-
facial adhesion.

5.2.2 Static Mechanical Analysis

Static mechanical testing of coupons at the macroscopic scale is the most common
technique used for assessing the mechanical performances of composite materials.
The shape and dimensions of the coupons are usually imposed by the loading
conditions and the eventual corresponding standards. However, the sensitivity of
the static mechanical properties to the interfacial adhesion is highly variable
between the different possible loading conditions, the nature of the induced stresses
and the microstructure of the composite.

In a review of the properties of unidirectional fibre composites, Agarwal et al.
(2006) established a qualitative summary of the typical influence of fibres, matrix
and interface on the properties of these composites. The results, which are compiled
in Table 5.2, are applicable provided that the Young’s modulus of the fibres is at
least ten times higher than that of the matrix. This summary highlights that the
mechanical properties which prove to be actually sensitive to the interfacial
adhesion are the tensile transverse strength, the in-plane shear strength and the
interlaminar shear strength (Fig. 5.14). The influence of the interface on the other
mechanical properties is found to be weak or negligible. Thus, the choice of
mechanical tests that are likely to evidence these interface-influenced properties
should be prefered in order to assess the interfacial adhesion in unidirectional
polymer composites.

As mentioned by Marrot et al. (2014) in a study of the interfacial adhesion
between flax fibres and biobased thermoset matrices, several macroscopic

Table 5.2 Summary of the
typical influence of
constituents on properties of
unidirectional polymer
composites. S = strong
influence, W = weak
influence, N = negligible
influence. Adapted from
(Agarwal et al. 2006)

Composite property Fibres Matrix Interface

Tensile properties

Longitudinal modulus S W N

Longitudinal strength S W N

Transverse modulus W S N

Transverse strength W S S
Compression properties

Longitudinal modulus S W N

Longitudinal strength S S N

Transverse modulus W S N

Transverse strength W S N

Shear properties

In-plane shear modulus W S N

In-plane shear strength W S S
Interlaminar shear strength N S S
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mechanical tests are sensitive to the interfacial properties: transverse tensile,
in-plane ±45 tension, Iosipescu and short-beam shear tests (Fig. 5.14), which are
still not widely used for biocomposites. In that study, the interlaminar shear strength
(ILSS) was assessed using in-plane tension shear test on ±45 flax laminates
manufactured with the different petrochemical and biobased matrices, and the ILSS
results were compared to IFSS measurements determined via the debonding test.
A strong positive correlation between the ILSS and the IFSS was highlighted
(Fig. 5.15). In parallel, tensile mechanical properties of unidirectional (UD) flax
fibres composites based on the same matrices were measured. As expected, the
Young’s modulus of the UD composites was primarily determined by the fibres and
matrices stiffness and the fibre volume fraction according to the mixing rule,
showing virtually no relationship with the interlaminar shear strength.

Among the possible methods that allow evaluating the ILSS of composites, the
short-beam shear test is performed with a three-points bending specimen
(Fig. 5.14) with a low span-to-thickness ratio, typically in the range 4 to 5, in order
to induce interlaminar failure due to shear stresses. The interlaminar shear strength s
of the specimen is calculated from the Eq. 5.6:

Fig. 5.14 Schematic representation of several shear tests: ±45 tension, Iosipescu and short beam
shear (from left to right), Reprinted from (Herrera-Franco and Drzal 1992) with permission from
Elsevier

Fig. 5.15 Shear strength
(ILSS) of the ±45 laminates
versus microscopic IFSS
given by the microbond test.
Reprinted from Marrot et al.
(2014) with permission from
Elsevier
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s ¼ 3
4
Fmax

A
ð5:6Þ

where Fmax is the load at failure and A the transverse cross-sectional area.
The main advantage of the short-beam test is its simplicity comparatively to

other current ILSS test methods, which involve complex setups or special sample
machining.

In a study about jute/polyester composites, Sever et al. (2012) proposed several
fabrics surface treatments in order to enhance the interfacial adhesion. Jute fabrics
were modified by alkali, micro-emulsion silicon and fluorocarbon based agents.
ILSS were evaluated by short-beam shear tests and IFSS from pull-out tests. All
surface treatments improved both the IFSS and ILSS of the composites, the max-
imum improvement being obtained with the fluorocarbon based agents. Tensile
measurements evidenced that the proposed treatments improved the modulus and
strength of the composites, accordingly.

Acoustic emission (AE) is a non-destructive method based on the statistical
analysis of the elastic waves produced by the different failures in a coupon during a
tensile test and measured at its surface by high sensitivity piezoelectric (PZT) sensors.
AE allows monitoring the types of fracture sources and their progress during the test by
analyzing parameters such as energy, amplitude, and frequency emitted from fibre
failures, matrix cracking, and fibres debonding. Moreover, the combination of several
PZT sensors enables the localization of the different events inside the coupon. Acoustic
emission real-time monitoring has been successfully used on traditional polymer
composites reinforced with carbon or glass fibres. However, experimental difficulties
may arise in the case of natural fibres composites, mainly because of the scattering in
fibres properties and the less pronounced acoustic emission activity than in traditional
composites.

As reviewed by Romhány et al. (2003) and De Rosa et al. (2009) and other authors,
acoustic emission was used to monitor the failure modes in flax bundles during a single
fibre fracture test, showing that an AE range of amplitudes can be assigned to the main
failure mechanisms (Fig. 5.16). The authors also showed that AE can be used to
identify the failure mode sequence of flax fibre reinforced thermoplastic composites
during a tensile test, and that the AE amplitudes of the different failure events follows
the subsequent ranking: (i) fibre/matrix debonding, as well as the axial split of the
pectin boundary layer between the elementary flax fibres (ii) fibre pull-out, as well as
formation of microcracks within the elementary flax fibres (iii) fibre breakage.

Assarar et al. (2011) used the acoustic emission technique to study the influence
of water ageing on tensile mechanical properties and damage events in flax–fibre/
epoxy composites (compared with glass–fibre/epoxy composites). In this study, the
AE signals analysis was based on several parameters: the amplitude, the energy, the
duration, the rise time and the events counts. These collected parameters were used
as input descriptors in a specific classification method which allows identifying
each damage mechanisms and to follow their progress until the final global failure
of the tensile sample. For the aged flax composite samples, it was shown that the
AE activities start from the beginning of the tensile test (Fig. 5.17), which was not
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noticed for unaged samples or for the glass–fibres reinforced composite. Combined
with the absence of fibre-matrix debonding signals after ageing, this led the authors
to the conclusion that fibre/matrix interface weakening was the main damage
mechanism induced by water ageing for flax composites.

5.2.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) also called dynamic mechanical thermal
analysis (DMTA), is a technique dedicated to the assessment of the viscoelastic
behaviour of materials, mainly polymers and composites. A specimen is submitted
to sinusoidal stress in tension, bending, shearing or torsion and the resulting strain is
measured, allowing determining the stress/strain ratio as a complex modulus. The
temperature of the specimen or the loading frequency is swept in order to inves-
tigate the resulting variations of the complex modulus. The real part E’ of the
complex modulus, known as the storage modulus, is a measure of the elastic
character of the material, while the imaginary part E”, known as the loss modulus,
is a measure of its viscous character. The ratio of the loss and storage moduli,
defined as the damping factor (or loss factor) tan d ¼ E00=E0, is related to internal
frictions and is sensitive to different kinds of molecular motions, relaxation pro-
cesses, thermal transitions and structural heterogeneities. A typical DMA graph of
the evolution of storage modulus, loss modulus and tan d versus temperature is
shown in Fig. 5.18. The maximum values of the damping factor are located at

Fig. 5.16 Schematic lay-up of the failure sequence along flax bundle with the related AE
amplitude ranges (from left to right): (I) axial splitting of elementary fibres (AE
amplitude <35 dB), (II) transverse microcracking of elementary fibres (AE amplitude 35–
60 dB), (III) multiple fracture of flax bundle (AE amplitude >60 dB). Adapted from De Rosa et al.
(2009) with permission from Elsevier
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specific temperatures associated to polymer chains relaxations such as the glass
transition Tg. In the vinicity of the Tg, the a transition is usually characterized by a
prominent peak, being more pronounced with increasing amorphous polymer
fraction. Other transitions associated to smaller molecular motions are visible at
lower temperatures, i.e. b and c transitions.

Energy dissipation in composites, which is expressed by the damping factor
measured by DMA, depends on the intrinsic viscoelastic properties of the indi-
vidual components, their volume fractions and arrangement in the composite and
also the interfacial adhesion between the fibre and the matrix. A poorly bonded
interface potentially leads to local sliding-friction mechanisms and thus to addi-
tional global dissipation which tends to increase the damping factor while a strong
interface cohesion tends to decrease it. Thus, the variations of the damping factor
can be used as an indication of the interfacial adhesion in composites.

Fig. 5.17 AE signals versus tensile tests time for flax–fibre reinforced composites, unaged (a) and
after 20 days of immersion into a water bath at room temperature (e). A signals: matrix cracking, B
signals: fibre–matrix debonding and C signals: fibre failure. Adapted from Assarar et al. (2011)
with permission from Elsevier

Fig. 5.18 Typical DMA
graph of the evolution of
storage modulus, loss
modulus and tan d versus
temperature. Reprinted from
Saba et al. (2016), with
permission from Elsevier
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In a study about PLA/ramie composites, Yu et al. (2010) conducted dynamic
mechanical analyses which highlight the effect of fibre surface treatments on the vis-
coelastic properties of the composites. Figure 5.19 displays the comparison of the
temperature dependence of the storage modulus and the damping factor for neat PLA
and PLA-based composites (with untreated fibres and with fibres treated by alkali and
silanes). The increase of the storage modulus at ambient temperature with the presence
of the ramie fibres confirms their reinforcement capability which is additionally
improved by the tested fibre treatments, especially the alkali one. The storage modulus
of all samples drops at around 60 °C. The damping factor exhibits a maximum for this
temperature, which can be associated to the glass transition temperature of the system.
The amplitude of the damping peak of the treated composites decreases in comparison
to neat PLA and untreated composites, which indicates that the treatments decreased
the molecular mobility of macromolecular chains at the fibre/matrix interface due to an
improved compatibility between PLA matrix and ramie fibres. The strength of the same
materials, which was measured by flexural tests, resulted in the same ranking, con-
firming the efficiency of the alkali and silane treatments to enhance interfacial adhesion
and hence the composites’ performances.

Many other studies about natural fibre reinforced polymeric matrix composites
confirmed that the presence of fibres tends to directly influence the intensity of the
damping factor in the vicinity of the main relaxation transition of the polymer
matrix (Abdelmouleh et al. 2007; Idicula et al. 2005; Le Moigne et al. 2014;
Mohanty et al. 2006; Pothan et al. 2003; Romanzini et al. 2013). A reason of the
intensity reduction, is that there is less matrix by volume to dissipate the vibration
energy, assuming that the damping factor of the matrix is higher than that of the
fibres at the considered temperature. Moreover, fibres and favourable fibre/matrix
interactions can reduce the mobility of polymer chains, leading to lower degrees of
molecular motion and hence lower damping factors.

Fig. 5.19 Temperature dependence of storage modulus (A) and damping factor (B) of PLA and
PLA-based composites: neat PLA (a), composite with untreated fibres (b), composite with alkali
treated fibres (c), composite with APS silane treated fibres (d), composite with GPS silane treated
fibres (e). Reprinted from Yu et al. (2010), Fig. 5 with permission from Elsevier
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A possible quantification of the dissipation associated to the interface relies to
the definition of an interfacial damping factor tan din calculated from the difference
between the actual measured damping factor tan d of a composite and the theo-
retical damping factor tan dc of the corresponding fibre-matrix system:

tan din ¼ tan d� tan dc ð5:7Þ

There exist several models for estimating the theoretical damping factor tan dc of
the composite (Dong and Gauvin 1993). A simple model relies on the rule of
mixture applied to the intrinsic damping ratios of the components:

tan dc ¼ Vf tan df þ 1� Vf
� �

tan dm ð5:8Þ

where Vf , Vm ¼ 1� Vf
� �

and tan df , tan dm are the volume fraction and the damping
ratio of the fibre and the matrix, respectively.

When the damping factor of the matrix becomes much higher than the damping
factor of the fibre, which usually occurs for a polymer in the vicinity of its main
relaxation temperature, Eq. 5.8 simplifies in:

tan dc ¼ 1� Vf
� �

tan dm ð5:9Þ

In order to account for the variable level of the interactions between polymer and
fibres, Ziegel and Romanov (1973) proposed an interfacial adhesion factor B and a
rewriting of Eq. 5.9 as follows:

tan dc ¼ 1� BVf
� �

tan dm ð5:10Þ

B is a correction parameter that can be related to the effective thickness of the
fibre/matrix interphase around the fibres. The stronger the interfacial interactions,
the thicker the immobilized layer of polymer chains and the higher the value of
parameter B (Dong and Gauvin 1993).

In a study about the interface in flax/PLA composites, Le Moigne et al. (2014)
evaluated the influence of organosilane treatments on the viscoelastic behavior of
the biocomposites submitted to a temperature ramp. The authors focused their
discussion on the damping factor measurements in the vicinity of the main relax-
ation temperature. Incorporating non-treated flax fibres in the matrix led to a strong
decrease of the damping, which was amplified by the treatments. The authors
completed their analysis of the interface by calculating from Eq. 5.10 the value of
parameter B for the different biocomposites. Based on the results of parameter B
and considering an elementary fibre of 20 µm in diameter, it was possible to
calculate an equivalent thickness of interphase (Fig. 5.20). The resulting values of
interphase thickness were in agreement with those reported in literature for other
composites systems based on glass fibres. The corresponding improvements of the
interfacial adhesion were also consistent with the increased stiffness and strength
measured for the treated biocomposites.

5.2 Mechanical Characterization of the Interphase 123



5.3 Thermal Analysis of the Interphase

Thermal analysis is defined by the IUPAC (International Union of Pure and Applied
Chemistry) recommendations (Lever et al. 2014) and ICTA (International
Confederation for Thermal Analysis) publications (Lombardi 1980) as including all
techniques in which a sample property is measured versus temperature. It includes
thermogravimetry analysis (TGA) and differential scanning calorimetry (DSC) that
will be detailed below, but also dielectric thermal analysis (DEA), dynamic
mechanical analysis (DMA detailed in the previous section), thermoluminescence
(TL), thermomechanical analysis (TMA), thermodilatometry (TD) and so on.

Thermogravimetry analysis (TGA) is commonly used to determine selected char-
acteristics of materials that exhibit mass loss due to decomposition, oxidation, or loss of
volatiles such as moisture. Differential scanning calorimetry (DSC) measures differences
in heat flow inputs into a sample and a reference when they are subjected to a controlled
temperature program. Practically, all physical and chemical processes involve changes in
enthalpy or specific heat. For example, as a solid sample melts, higher heat flow will be
required to maintain the sample temperature at the temperature of the reference. Melting
is thus an endothermic phase transition. Likewise, as the sample undergoes exothermic
processes, such as crystallization, less heat is required to maintain sample temperature at
the reference temperature. These phase transitions are first-order transitions. The glass
transition characterized by a sudden increase of molecular mobility manifests itself in
DSC by a second-order transition, i.e. an endothermic jump in the heating curve.

Fig. 5.20 Values of parameter B from Eq. (5.10) and equivalent interphase thickness for the different
PLA/flax biocomposites. Reprinted from Le Moigne et al. (2014), with permission from Elsevier
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5.3.1 Thermogravimetry Analysis

The thermal stability of untreated natural fibres has been widely studied.
A three-step process is commonly suggested. The first mass-loss occurring between
25 and 150 °C is generally associated to dehydration of chemically bound moisture
(up to 10%). Hemicelluloses decomposition may also occur in this range up to 180
°C. Lignin begins to decompose at 160 °C and continues up to 400 °C. Cellulose
decomposition is the third step that occurs between 200 and 300 °C with a rapid
mass loss between 300 and 360 °C. As already exposed in Chap. 4 Sect. 4.5.1, the
presence of grafted molecules onto natural fibres modifies their thermal stability. In
the case of alkaline and acetylated treatments, hemicellulose and lignin extraction
induces an improvement of the thermal stability of natural fibres in the temperature
range 250–350 °C. Moreover TGA curves exhibited higher temperature peaks for
alkali pre-treated acetylated fibres (Kabir et al. 2013). As concerns natural fibres
treated by enzymes, George et al. (2014) concluded that enzymes can be used to
address the limited thermal stability of natural fibres by selectively removing the
least thermally stable pectic and hemicellulosic components. Physical treatments
such as plasma treatments did not really influence the thermal stability of natural
fibres as shown by Sinha (2009) and more recently by Scalici et al. (2016). Finally
the effects of silane treatments were also investigated by Kabir et al. (2013). No
change was observed as concerned hemicellulose decomposition in comparison to
untreated fibres, indicating that silane treatments did not remove hemicellulose and
that silane grafting protected the fibre from thermal decomposition at higher tem-
peratures. In the case of alkali pre-treated silanised fibres, an enhancement of the
thermal resistance at 250–300 °C was observed.

Only few papers studied the effect of natural fibres surface treatments on the
thermal stability of biocomposites themselves. Pracella et al. (2010) showed a lower
thermal stability of PP/hemp fibres biocomposites when a maleic anhydride mod-
ified PP is introduced or when maleic anhydride grafted hemp fibres are used. On
the contrary, Sisti et al. (2016) give evidence of a greater thermal stability of PBS
biocomposites containing retted hemp fibres compared to PBS/unretted hemp
biocomposites, in agreement with TGA results carried on fibres alone. But major
papers are generally focused on the development of specific flame retardants grafted
onto natural fibres (Shumao et al. 2010; Chen et al. 2011; Suardana et al. 2011;
Dorez et al. 2014a). Dorez et al. (2014a) showed a loss of thermal stability of
polybutylene succinate (PBS)/flax fibres biocomposites when fibres are grafted with
different phosphorus compounds. Phosphorylation of flax fibres that occurs at low
temperatures seemed to favour their dehydration inducing both an enhancement of
the residue formation and PBS degradation. An increase of the residue with the
grafting rate was observed and the action was stronger with phosphorus-based
molecules (such as dihydrogen ammonium phosphate DAP) compared to phos-
phonated polymers (poly-dimethyl(methacryloxy)methyl phosphonate homopoly-
mer or corresponding copolymer with methylmethacrylate). It was assumed that
only a part of phosphonic acid functions of each polymer chain was covalently
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bonded onto the fibre surface contrary to DAP. Moreover the advantage provided
by the grafting strategy of phosphonated molecules onto the natural fibres and their
localization at the interface was pointed out compared to additive strategy of the
same molecules in PBS (Dorez et al. 2014b). Recently Fan and Naughton (2016)
suggested a mechanism describing the decomposition steps close to the fibre/matrix
interface in the case of hemp fibre reinforced polyester composites. These authors
observed that an increase in temperature leads successively (i) to primary cell wall
decomposition and interfacial separation due to fibre shrinkage, (ii) then to sec-
ondary cell wall decomposition (which are lignin poor) within the char region, and
(iii) finally to lignin rich primary cell walls decomposition leading to a deeply
blackened but still intact region. When ignition occurred, fibres are completely
decomposed leaving a residue of charred material and voids (Fig. 5.21).

Concluding, TGA is considered to highlight the improvement of the thermal
stability of natural fibres after surface modification. But up to only few studies were
focused on the understanding of the thermal degradation mechanisms within bio-
composites in relation to the fibre/matrix interface and its modification.

5.3.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) can be used to study the effect of fibres surface
treatments on the crystallization of polymer matrices. Surface and resulting interface
modifications can influence two main factors as regard to the polymer crystallization in
composites: (i) the nucleating effect of fibres that influences the crystallization kinetics,
and (ii) the steric hindrance induced by fibre/matrix interactions that alters the growth of
the polymeric crystals and could inhibit crystallization.

Generally, an increase in the crystallinity ratio is obtained and is associated to the
appearance of a transcrystalline region at the fibre/matrix interface. This increase can
reach up to 9% as shown by Joseph et al. (2003) studying the influence of hemp fibres
surface modifications (isocyanate-based treatment, oxidative treatment by KMnO4) and
by Pracella et al. (2010) analysing the effect of the addition of maleic anhydride
modified PP, both in the case of PP/hemp biocomposites. Similar tendencies were also
observed for poly(hydroxybutyrate-co-valerate) (PHBV) reinforced by torrefied wheat
straw fibres (Berthet et al. 2016) and for poly (lactic acid) (PLA) reinforced by
acetylated cellulose fibres (Spiridon et al. 2016). Wang et al. (2011) found that alkali or
aminosilanes (APS) had little or no influence on the nucleation ability of sisal fibres in
sisal/PLA biocomposites. In contrast, Sisti et al. (2016) give evidence of a decreased
PBS crystallinity when retted hemp fibres are used compared to unretted ones, probably
due to propounced steric hindrance thanks to stronger chemical interactions between the
matrix and the fibres. Similar conclusions were proposed by Le Moigne et al. (2014) for
silanised or alkali pre-treated silanised flax fibres incorporated in PLA and by
Bourmaud and Baley (2007) with addition of maleic anhydride grafted PP in PP/hemp
biocomposites. The authors attributed the decreased nucleating effect of the treated
fibres to enhanced interactions between the matrix and the fibres that immobilize
polymer chains at the fibres surface.
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Furthermore, variations in the glass transition temperature Tg related to changes
in molecular mobility in the interphase zone can also be detected. As an example,
Le Moigne et al. (2014) measured a positive shift of the glass transition temperature
Tg of about 2 °C in silane treated flax fibres/PLA composites which was attributed

Fig. 5.21 (from A to E) Progressive steps of the decomposition of a hemp fibres reinforced
polyester biocomposite located at the fibre/matrix interface; (F) Illustration of degradation of
interfacial bond. Reproduced from Fan and Naughton (2013) with permission from Elsevier
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to reduced molecular mobility of PLA chains in the interphase zone due to
enhanced fibre/matrix interactions. In this regard, Lipatov (1977) and later
Théocaris (1987) proposed relations allowing to evaluate the interphase thickness in
filled polymer systems based on the measurement of the variation of thermal
capacity of the composite at the glass transition temperature Tg. For fibre reinforced
composites, Eq. 5.11 was proposed:

Dri þ rf
rf

� �2

�1 ¼ kvf
1� vf

ð5:11Þ

with rf the radius of the fibres, Dri the interphase thickness, vf the fibre volume
fraction, k an interaction parameter related to the fraction of macromolecular chains
whose mobility is reduced in the interphase zone and k = 1 � DCp

c/DCp
m, with DCp

c

the variation of thermal capacity of the composite at Tg, and DCp
m the variation of

thermal capacity of the matrix at Tg. Correlation between the interphase thickness
evaluated by Eq. 5.11 and the tensile strength of sized glass fibre composites/PP
has been found (Karian 1996). Nevertheless, this model has not been applied yet to
natural fibre reinforced composites.

Concluding, changes in the polymer crystallization and glass transition in bio-
composites related to surface treatments and fibre/matrix interactions are considered
as relevant phenomena when studying the interfacial properties in natural fibre
based composites. Opposite trends are observed depending on the nature of surface
modifications of natural fibres. New developments on high performing microscopic
techniques, such as atomic force microscopy AFM, coupled with thermal analysis
should allow to progress in the understanding of macromolecular organization and
interactions at the interphase in natural fibre reinforced composites.

5.4 Concluding Remarks

Although numerous studies investigated the development of natural fibres treatments
intended to improve the interfacial adhesion with polymer matrices, no standardized
methods for quantifying the quality of the interphase within natural fibre reinforced
composites emerge, and various approaches are currently developed. They benefit
from the recent development of new means of observation and characterization
techniques as Atomic Force Microscopy (AFM) or X-ray computed tomography
which make it possible to study the interphase region at the nanometric scale. It
should be pointed out that the study of the interphase in such material cannot be
based on a single “universal” technique and generally requires a set of experimental
techniques and eventually modelling approaches which each provides information
on the interphase. When evaluating the efficiency of a specific natural fibre
treatment and its effect on the interfacial properties of a composite material, a
multi-technique approach should thus be conducted:
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• Microscopic observations (optical, SEM, X-ray tomography…) would provide
(i) qualitative information on the microstructure of the matrix/reinforcement
interphase zone (cohesion, trancrystallinity) and the interfacial breakage mech-
anisms (failure surface by SEM), and (ii) quantitative informations can be
obtained by image analysing with measurements of microstructural parameters
such as distribution and orientation of reinforcements, or (iii) local mechanical
measurements in the interphase region (AFM, nano-indentation…);

• Physico-chemical characterizations of natural fibres and their composites are
likely to provide information in terms of (i) chemistry: elemental composition,
chemical structure of the functionalizing molecules and nature of the chemical
bonds with matrix or the fibres (AES, ToF-SIMS, XPS, EDX, NMR, IR, Raman,
GPC…), (ii) physico-chemistry and topography: surface energy, polarity (contact
angle, IGC) and roughness (AFM) of the fibres (iii) physics: crystallisation and
relaxation phenomena related to the mobility of macromolecular chains of the
polymer matrix and/or coupling agent in the interphase zone (DSC);

• Micromechanical analyzes (pull-out, fragmentation, in situ tensile test by
SEM) allow to assess (i) the mechanical behaviour and failure mechanisms at the
interface and (ii) the interfacial shear strength (IFSS) between the reinforcement
and the matrix for a single fibre model composite, being far from a real com-
posite material;

• Dynamic mechanical analysis (DMA/DMTA) gives specific information on
(i) the viscoelastic behaviour of the composites and (ii) relaxation phenomena
related to the mobility of macromolecular chains of the polymer matrix and/or
coupling agent in the interphase zone and can be coupled with DSC analysis;

• Static mechanical analysis (tensile, shear) would provide information on (i) the
macroscopic mechanical behaviour of the composites at small strain (stiffness,
visco-elasticity), (ii) their mechanisms of damage at large strain (ductility, ul-
timate strength, ILSS), thus indirectly characterizing the consequences of the
quality of the interfacial adhesion.
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