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Abstract: Biocomposite materials manufactured from natural fibres and polymer matrix represent a group of engineered
composite products with diverse applications. These materials continue to find increasing applications due to their design
flexibility, superior properties and aesthetic appeal. The applicability of these biocomposites, however, depends on the
interaction in the fibre-matrix interface. This paper reviews the state of the art research in fibre-matrix interfacial interaction
based on published literature. A brief background on biocomposite materials is presented. The focus of this review is the
modification of natural fibres and its effect on fibre-matrix interfacial adhesion and properties. In addition, the effect of
chemical treatment on fibre composition and fibre-matrix interfacial bonding mechanism are discussed.
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Introduction

Biocomposite materials that are durable and sustainable
have been the subject of various research efforts for many
decades. The demand for such products has been increasing
over time, with new and innovative products that meet
consumers’ acceptance gaining market opportunities.
Traditional biocomposite products utilizing different natural
fibres and binder systems have been developed to adapt to
various end-use applications. Natural fibres have been used
in composite products since the beginning of human
civilization, when straw was used to reinforce mud bricks in
building applications. The continued interest in natural
fibres is due to several advantages they offer when used as
reinforcement in composite materials, as well as the potential
environmental benefits. Some of these advantages include
widespread availability, high stiffness and tensile strength,
relatively low cost and well developed technology to extract
fibres from renewable sources [1,2]. Natural fibres contain
cellulose, hemicellulose, lignin, pectin, waxes and other
water-soluble extractives. However, their use in biocomposite
materials is faced with certain difficulties. The major
limitations to the use of natural fibres in biocomposites
include their sensitivity to moisture and variable fibre
properties, coupled with the inherent incompatibility between
the hydrophilic fibres and the hydrophobic matrix [3-5]. The
extent of this limitation depends on the type of fibre, nature
of the matrix and the fibre-matrix interaction. This
incompatibility results in high moisture absorption and weak
adhesion with the matrix. These limitations result in
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inadequate fibre distribution and subsequently poor stress
transfer from the matrix to the fibres [3,6].

In order to overcome these limitations, different treatment
strategies have been developed. One way is by surface
modification of the fibres by removing constituents, which
are not likely to affect the properties of the composites or
changing the fibre structural composition in order to improve
adhesion. Other ways include the use of compatibilizers or
coupling agents to improve stress transfer from matrix to
fibre. Several studies have been conducted regarding the
modification of natural fibres for composite development [5-
9] and different treatment methods have been applied in
these studies. Physical methods do not change the structural
composition of the fibres but modify the surface properties,
thereby enhancing fibre-matrix adhesion. Chemical methods
are the most widely developed and result in structural
changes to fibres, enabling fibre-matrix interfacial bonding.
Biological methods employ bacterial action on the fibre
surface, resulting in significant improvement in interfacial
adhesion with polymeric matrices.

This review discusses some chemical modification of
natural fibres as a precursor for fibre applications in
biocomposite productions. In addition, fibre-matrix interfacial
bonding and property are discussed, as these ultimately
characterise the resulting properties of the biocomposite
material.

Biocomposite Materials
Biocomposites are a diverse group of materials that are

increasingly utilized in many fields of interest including civil
and construction engineering. One principal advantage of
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biocomposites is their flexibility to be designed to suit
different industrial applications. Conventional wood-based
biocomposite products are made with a thermosetting resin
that binds lignocellulosic fibres together, with the exception
of wood plastics and fibre cement composites, which use
polymer resin and cement binder, respectively [10,11].
These groups of adhesives are chosen based upon their
suitability for the product under consideration. The choice of
adhesive to use for a particular biocomposite product depends
on the materials to be bonded together, moisture content at
time of bonding, mechanical property and durability
requirements of the resultant composite products, and the
cost of the resin [12]. The commonly used thermosetting
adhesives are formaldehyde-based and include phenol-
formaldehyde (PF) and urea-formaldehyde (UF). While PF
resin is used in the manufacture of biocomposite products
durable in external conditions, UF is only suitable for interior
applications [11]. The disadvantage with the use of these
adhesives is the high energy consumption in processing of the
adhesives and the health effect of formaldehyde emissions.
Thermoplastics are another group of binders used in the
production of wood plastic composites. Usually, thermoplastics
selected for use with natural fibres should melt at or below
the thermal degradation temperature of the lignocellulosic
material, which is normally 200-220°C [11,12]. These
thermoplastics include polypropylene (PP), polystyrene
(PS), polyvinylchloride (PVC), and polyethylene (PE) (low
and high density). PVC is substantially a harder material
than the other polymers and PVC based composites are used
as building materials. Inorganic binders have also been used
extensively in the production of inorganic bonded wood and
fibre composites. The most common inorganic binders
include gypsum, magnesia cement and Portland cement.
Gypsum and magnesia cement are moisture sensitive, and
their use in construction is generally restricted to interior
applications [10,13]. Composites bonded with Portland
cement are more durable and are suitable for both interior
and exterior applications. In recent years, there has been an
increased interest in developing a new class of inorganic
biocomposites using phosphate based binders [14]. High
early strength chemically bonded phosphate ceramic binders
have been used to manufacture wood and fibre products with
properties comparable to that of Portland cement [15,16].

Preparation of Biomaterials with Natural Fibres

Natural fibres have been extensively used in the
preparation of biocomposite materials for building and
constructions and other applications such as sports,
automotive and aircraft components [17-19]. The basic raw
material for particleboard production is mill residue, such as
sawdust, planer shavings and chips and a variety of
agricultural residues, including wheat straw, rice husks, jute
and cotton stalk. Low-density insulating or sound absorbing
particleboard can be made from kenaf core or jute sticks.
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Low, medium and high-density panels can be produced with
cereal straw and rice husks [10]. Materials for oriented
strand board (OSB), wafer board and fibre board are
obtained from wood flakes or chips. However, in the
production of fibre board, the chips are reduced to wood
fibres using refiners. Wood flour and wood fibre are the
primary raw materials used in the production of wood plastic
composites. Wood flour is used as filler in thermoplastic
composites, while wood fibres act more as reinforcement
and lead to superior composite properties. Usually, several
additives are used to enhance the performance of wood
thermoplastic composites. These materials are known as
compatibilizers and can improve bonding between the
thermoplastic and wood component [20,21]. Other additives
can be added to improve product performance, such as
impact modifiers, UV light stabilizers, or flame retardants
and process ability (lubricants) [12].

The raw materials for wood cement composites are
typically wood particles and fibres for high-density products,
while wood excelsior is used in the manufacture of low-
density wood cement composites. The use of pulp fibres
offers numerous advantages when compared to other fibre
reinforced cement composites [1]. Several researchers have
demonstrated the suitability of different non-wood fibres in
the production of fibre cement composites [22,23]. Gypsum
bonded composites have also been produced with different
wood based fibres including paper mill sludge, virgin pulp
and sawdust [24-26].

Generally, most natural fibres can be used to manufacture
different biocomposite products. The main consideration is
the composition of such fibres as this determines some
fundamental properties of the biocomposites. A knowledge
of the chemical composition of natural fibres and their
adhesive surface properties is important in order to develop
any biocomposite material [27].

Fibre Chemical Composition

The main constituents of natural fibres are cellulose,
hemicellulose and lignin. Natural fibres also contain pectin,
waxes and other water-soluble extractives. The holocellulose
(cellulose and hemicellulose), sugars and lignin contents are
of major importance in biocomposite development. The
chemical composition of some selected fibres is presented in
Table 1. Cellulose is made up of D-glucopyranose units
linked together by B-(1-4)-glucosidic bonds (Figure 1(a)).
Due to the large proportion of hydroxyl groups within the
cellulose structure, there is a high affinity for moisture,
which generally affects the dimensional stability of fibre-
matrix composites. However, cellulose has a positive
correlation with the strength, elastic properties and physical
characteristics of fibres [5]. Hemicellulose polymers are the
most hydrophilic wood constituents and are partly soluble in
water [28] (Figure 1(b)). They are fully amorphous and are
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Table 1. Chemical composition of some selected fibres
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Source Cellulose (%) Hemicelluloses (%) Ash (%) Lignin (%) References
Pine 40-49 26.9-28.5 0.3 27-27.7 [3,72,73]
Eucalyptus 45-62.6 15.7-19.2 0.3-0.36 21.6-33.9 [74,75]
Hemp 67-74.4 16-22.4 2.1-2.6 3.3-5.7 [6,76,77]
Kenaf 53-63.5 15-19 2.2-4.7 5.9-12.7 [78,79]
Bagasse 34.9-55.4 16-29 1.1-2.9 21.4-25.3 [3,80-82]
Triticale 38-49.1 26.1-30 4.5 15.9-20 [83,84]
Kraft paper sludge 41.4-57.1 8.1-11.23 49.1 20.3-27.4 [85,86]
Black wattle 63.9 12.7 0.47 17.9-21.2 [3,87,88]
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Figure 1. Chemical structure of the main components of natural fibres (a) cellulose, (b) hemicellulose, and (¢) lignin [94].

strongly bound to cellulose fibrils presumably by hydrogen
bonds [27]. Although, many treatments of natural fibres are
directed toward removing the hemicelluloses, it has been
found that hemicellulose removal negatively affects some
wood properties [5,29,30]. Lignin is a highly complex and
aromatic polymer of phenyl propane units (Figure 1(c)). It is
amorphous and binds the crystalline celluloses with the
hemicelluloses within the cell wall. Kliippel and Mai [31]
demonstrated that while hemicellulose improves wood
strength in dry conditions, lignin maintains wood strength in
wet conditions. However, lignin content was found to have a
negative correlation with fibre physical and mechanical
properties in some natural fibres [5].

With the knowledge of the chemical composition of
natural fibres, researchers are able to systematically select
fibres of interest to utilize in biocomposite production.
However, it may be possible to utilize different fibre
materials as long as there are methods to improve the fibre-
matrix compatibility of the biocomposite. In order to
optimize and maximize the interfacial bonding between fibre
and matrix, several fibre surface modification techniques have
been addressed.

Fibre Surface Modification

The production of biocomposite materials presents certain

difficulties due to the natural incompatibilities between
lignocellulosic fibres and matrix. The use of methods that
can alter the physical, chemical or morphological properties
of the fibres is imperative to make hydrophilic natural fibres
bond well to highly polar hydrophobic polymers. As already
stated, the major limitation to the use of natural fibres is that
they are unstable in the presence of moisture leading to weak
adhesion with the polymer. In addition, the presence of
waxes and pectin in the cell wall prevents the interlocking
with the matrix by covering the reactive functional groups of
the fibres. The combined effect of this inaccessibility is a
poor adhesion across the phase boundary and a resultant
weak dispersion of force and poor strength properties
[32,33]. Consequently, natural fibres have been treated to
reduce the hydrophilic sites and improve the adhesion to
matrix materials. Several treatment strategies have been
developed; this includes physical, chemical and biological
treatments.

Physical fibre modification does not change the structural
composition of the fibres, but modifies the surface properties.
This results in improved mechanical bonding with the
matrix, hence improved composite properties [34]. On the
contrary, Cruz and Fangueiro [9] reported that physical
treatment changes the structural and topological properties
of the fibre, thereby increasing the strength of the fibres.
Some physical treatments include stretching, calendaring,
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cold plasma treatment, electric discharge and thermo-
treatments. Plasma treatment has been successfully used to
modify the surface of various natural fibres. After plasma
treatment, mechanical properties of natural fibres were
found to improve significantly. Additionally, plasma treatment
can introduce various functional groups on the natural fibre
surface, which form strong covalent bonds with the matrix,
thereby resulting in strong fibre-matrix interface [35]. Similarly,
plasma treatment, which induces surface etching may
improve the surface roughness and result in a better interface
with the matrices through mechanical interlocking [9].

Biological methods for fibre modification have also great
potential to improve interfacial adhesion. The presence of
cellulose nanofibrils deposited on the surface of sisal and
hemp fibres, used as substrates during fermentation process
showed some bacterial activities. It was observed that the
deposition of about 5-6 % bacterial cellulose on the natural
fibre surface resulted in significant improvement in interfacial
adhesion with polymeric matrices such as polylactic acid
and cellulose acetate butyrate [9]. Chemical methods are the
most widely developed and result in structural changes of
the fibres, improving fibre-matrix interfacial bonding.
Natural fibres have been treated with various chemicals,
such as alkali, silane, acetic anhydride and peroxides [3,6,27].
These treatments have been reported to significantly
improve the mechanical properties of natural fibres by
modifying their crystalline structure, as well as removing
weak components, like hemicelluloses from the fibre surface
[27]. The overall effect of this modification is improved
interfacial adhesion between fibres and matrix. Some
chemical modification methods and their influence on
chemical composition, as well as fibre-matrix interfacial
adhesion are discussed further.

Chemical Treatments of Natural Fibres

Chemical treatment may activate functional hydroxyl
groups and/or introduce new moieties that can bridge the
fibre and the matrix. Typically, the introduction of coupling
agents, such as in wood-polymer composites bridge the
hydroxyl group of the fibres and the functional groups of the
matrix [27,36]. The result is the development of a highly
cross-linked interface region with an intermediate modulus
between that of substrate and polymer and the formation of
covalent bonds. Different chemical treatments have been
reported in literature. Hot water extraction is the cheapest
and oldest means of structurally modifying the composition
of natural fibres. Hot water extraction is a thermochemical
process for the fractionation of soluble sugars [37]. During
the hydrolysis, hemicelluloses are depolymerized into
monomers and oligomers. Cellulose may be partially
depolymerized, while lignin may be subjected to plasticization,
partial solubilisation, condensation or depolymerisation
[38]. The combined reactions change the composition and
properties of the resultant fibres. By removing the
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Wax & Oil
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Figure 2. Schematic representation of a natural fibre showing
(a) untreated and (b) alkaline treated [94].

hemicelluloses, the amount of available hydroxyl groups in
the fibres is reduced, leading to increased resistance to
moisture uptake, dimensional stability and durability of
composites [28].

The most common is the alkaline treatment using sodium
hydroxide, which alters the structural orientation of the
highly crystalline cellulose order and forms amorphous
regions by swelling the fibre cell wall [8,32]. The alkaline
treatment promotes the ionization of the hydroxyl group to
the alkoxide as shown;

Fibre — OH + NaOH — Fibre — O — Na + H,0 )

Alkaline sensitive hydrogen bonds break down resulting
in the formation of new hydrogen bonds between the
molecular cellulose chains. This treatment also removes a
certain amount of hemicellulose, lignin, wax and oil
covering the external surface of the fibre cell wall (Figure 2)
[3,27,34]. The factors affecting alkalization or alkaline
treatment are the type and concentration of alkali, treatment
time and temperature [6]. Different conditions have been
used by different authors, ranging from 0.5 % to 29 %
NaOH; 20 min to 8 h and from room temperature to 120 °C
[3,39,40]. The concentration of the alkali should not be higher
than the optimum condition; otherwise excess delignification
will result in weaker and damaged fibres [41].

Another widely adopted fibre treatment is acetylation with
acetic anhydride. This method introduces an acetyl
functional group (CH;COQ") into the fibres by substituting
the polymer hydroxyl groups of the cell wall, causing
plasticization of cellulose [27]. The reaction of acetic
anhydride with the fibre is shown as;

Fibre — OH + CH, — C (=0) — O —C (=0) — CH; —
Fibre — O — C (=0) — CH; + CH;C (=0) — OH )

Acetylation can be carried out with or without an acid
catalyst. Usually, acetic anhydride and acetic acid individually
do not react sufficiently with cellulosic fibres. As a result,
the fibres are initially soaked in acetic acid before being
treated with acetic anhydride between 1 to 3 h at slightly
elevated temperatures [32]. Other authors use ratios of 1:1 or
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1:1.5 of acetic anhydride to acetic acid [3,6]. This treatment
swells the fibre cell wall [42] resulting in decreased
hydrophilicity and improvement in dimensional stability of
the composites [6,43]. Acetylation provides a rough surface
topography with fewer voids in the fibre cell walls, resulting
in better mechanical interlocking with the matrix [3,27].
Figure 3 shows scanning electron microscopy (SEM) images
of natural fibres before and after different chemical
treatments [3].

Other chemical treatments to modify natural fibres have
been reported, such as salinization, which stabilizes
composite materials by incorporating silane-coupling agents
to modify the fibre surface. Silanols, formed in the presence
of moisture from hydrolysable alkoxyl groups react with
cellulose hydroxyl groups to form stable covalent bonds to
the cell wall [6,27].

Fibre— OH + R — Si(OH); — Fibre—O—Si(OH),-R  (3)

Benzoylation improves fibre matrix adhesion, resulting in
increased composite strength, improved thermal properties
and decreased moisture sensitivity. Benzoylation uses
benzoyl chloride, which includes benzoyl (C¢HsC=0).
Benzoyl is responsible for decreased hydrophilic nature of
treated fibres and improved interaction with the hydrophobic
matrix [27].

Fibre—O—Na+C¢Hs—COCI— Fibre—O—CO-C¢H;+NaCl
4)
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Acrylic acid and acrylonitrile can be used to modify fibres
by graft polymerization. Maleic anhydride can also be used
to modify natural fibre surfaces to achieve better interfacial
bonding and mechanical properties in composites. The
reaction scheme as presented by Zhou et al. [44] is shown
as;

0
Il .
" c/c< H,C—C—0——Fibre
2
| o + Fibre-OH ———» HC—C—OH

Hc""ﬁ. / "

Y (o]

~o

(5)

Other treatments of natural fibre surfaces involve the use
of potassium permanganate (KMnQO,) solution in acetone,
peroxides, isocyanate, stearic acid (CH;(CH,);;COOH) in
ethyl alcohol, sodium chlorite (NaClO,) and triazine
(C3H3N3) [27]. Tt was reported that the flexural strength of
treated fibres increased owing to the lower stiffness and
higher flexibility of fibres after delignification with sodium
chlorite [4]. Table 2 presents some chemical modification
methods for different natural fibres and their use in
biocomposite production.

Chemical Treatment and Its Effect on Fibre Composition
Amiandamhen er al. [3] showed the effects of mild

processes of alkalization, acetylation and hot water treatments

on the chemical composition of selected natural fibres used

Figure 3. SEM images showing surfaces of (a) untreated, (b) hot water treated, (c) acetylated, and (d) alkalised wood fibres [3].
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Table 2. Chemical treatment of natural fibres and its effect on interfacial property

Fibre source Treatment type Polymer type Remarks References
Softwood Acetylation PLA The interfacial stress transfer ability was improved in treated composites  [60]
Pineapple leaf Alkali + silane Polyamide 6 Alkali treatment was sufficient to improve the compatibility and proper- ~ [89]
ties of the composites at fibre loading of 30% wt.

Sisal Alkali + cold plasma  Starch Tensile and interfacial shear strengths were significantly improved [69]

+ starch nanocrystals

Sisal MAPE HDPE The interfacial and dynamic mechanical properties were improved after ~ [49]
modification

Bamboo Alkali Epoxy Interfacial shear strength increased after treatment at 4 % NaOH concen-  [68]
tration, but decreased after 7 % alkali treatment

Kenaf 4% HCI Polyurethane Tiny hollow spots were observed on fibre surfaces which caused stress [90]
concentrations during pull-out

Wood Coupling agents PLA The two compounds improved the interfacial properties of the biocom- [48]

(BMI, DBMI) posites; however, DBMI was found to be more effective than BMI as a

coupling agent.

Typha Alkali Epoxy Interfacial compatibility between fibre and matrix was improved [19]
following 5 % alkali treatment

Flax/cotton yarns  Alkali/peroxide Polyester/PLA  Alkalization improved the biocomposite interfacial strength while [71]
bleaching had no significant effect on the composites.

Jute Alkali + silane PLA The interfacial adhesion and shear strength were improved after treat- [66]
ment

Kenaf Alkali Epoxy The interfacial shear strength increased after 2 % NaOH treatment [91]
compared to untreated composites

Wood/rice husk ~~ MAPP Polypropylene  The treated composites showed improved interfacial adhesion, [92]
mechanical properties and thermal stability.

Bamboo Micro-fibrillated PLA Fracture toughness and interfacial adhesion were significantly improved ~ [93]

cellulose

even when 10 % wt. of MFC was added to the bamboo/PLA composite

MAPE: maleic anhydride polyethylene, HCI: hydrochloric acid, BMI: N,N-(1,3-phenylene dimaleimide), DBMI: 1,1-(methylenedi-4,1-phenyl-
ene) bismaleimide, MAPP: maleic anhydride polypropylene, PLA: poly(lactic acid), and HDPE: high density polyethylene.

in biocomposite production (Table 3). All treatments
reduced the lignin content in the fibres, but the effect was
less in hot water treated fibres. Hot water extraction also
reduced the total xylose and glucose in black wattle fibres.
The authors further confirmed their result with FTIR
analysis. Alkalization was observed to proportionally increase
the ash content of the fibres, probably due to the removal of
organic matter, which proportionally increases the percentage
of the inorganic materials. It was observed that there was a
proportional gain in the lignin content of bagasse fibres after
hot water treatment. This gain could be due to the tendency
of lignin to be depolymerized and condensed in a different
morphology during hemicelluloses hydrolysis [38,45]. The
glucose and xylose contents were proportionally increased
in pine fibres due to the pretreatments, which removed some
lignin from the fibres. Alkalization also proportionally
increased the xylose and glucose contents in bagasse fibres
due to the removal of lignin. Alkalization had the greatest
effect on the lignin content of bagasse fibres with a
percentage reduction of 42.26 %. HPLC test conducted for
other types of sugars did not return any result [3].

Other studies have been carried out on the effect of
chemical pretreatment on constituent extraction in biomass.
In one report, Carvalho er al. [46] used cold alkaline
extraction for bioethanol production from eucalyptus,
sugarcane bagasse and sugarcane straw. They found that the
pretreatment removed 46 %, 52 % and 61 % of the xylan
and 15 %, 37 % and 45 % of the lignin for eucalyptus,
bagasse and straw, respectively. Vena et al. [47] studied the
hemicelluloses extraction from giant bamboo (Bambusa
balcooa Roxburgh) prior to kraft or soda-AQ pulping and its
effect on pulp physical properties. They found that xylan
removal was 13.6 and 20.4 % for 1 and 2 M NaOH solution,
respectively. For dilute acid preextraction, about 11.3 %
xylan could be removed without affecting pulp quality [47].
These studies showed that it is possible to extract certain
components from natural fibres, thereby increasing the
utilization potential of the products. One benefit of fibre
chemical treatment is that the extracts could be used for
other fields of interest such as biofuels, while the treated
fibres could be desirable for many fibre-based applications
such as in biocomposites.
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Table 3. Chemical composition of untreated and treated fibres with their percentage losses (%) [3]

Fibres Treatment Lignin Glucose Xylose Lignin loss Glucose loss Xylose lose
Untreated 18.17+1.0 42.734+5.0 10.81£1.31
Wattle Hot water 17.42+3.63 40.14+0.48 10.09+0.15 4.12 6.06 6.66
Acetylation 17.71£2.50 41.84+1.17 9.96+0.53 2.53 2.08 7.86
Alkalization 16.07+4.32 42.95+0.40 9.79+0.23 11.56 0.5% 9.44
Untreated 27.32+1.40 36.29+0.92 12.07+0.29
Pine Hot water 26.31+1.25 38.36+2.46 12.47+0.87 3.70 5.70%* 3.31%*
Acetylation 25.02+0.97 41.54+0.05 13.75+0.30 8.42 14.47* 13.92*
Alkalization 25.27+0.94 44.08+1.08 14.07+0.49 7.50 21.47* 16.57*
Untreated 23.33+4.17 40.20+0.79 11.40+0.29
Bagasse Hot water 23.56+3.32 39.07+1.66 10.62+0.29 1.0* 2.81 6.84
Acetylation 21.66+0.93 37.414+2.44 10.45+0.58 7.16 6.94 8.33
Alkalization 13.47+£2.72 48.68+4.22 15.00+2.85 42.26 21.09* 31.6*
Values represent mean of three replicates and standard deviation. *: represents percentage proportional gain after pretreatment.
It was reported that natural fibre modifications resulted in F F
improved biocomposite properties, owing to better fibre- A A
matrix interfacial adhesion [19,48,49]. The adhesion
between fibre and matrix influences the interfacial property, d d
which ultimately influences the biocomposite properties. — o 2
fibre—> fibre—>
Fibre-matrix Interfacial Property l{
/

The fibre-matrix interface is the diffusion zone, in which
the fibre and the matrix phases are connected -either
chemically or mechanically [32]. The most significant
interfacial properties required to develop durable biocomposite
materials are the debond fracture surface energy (DFSE) G,
and the interfacial shear stress (IFSS) t. For a biocomposite
material to be non-brittle, G; must be less than the fibre
fracture surface energy (FFSE) G If t is too high, matrix
micro cracking level may approach ultimate tensile strength.
This shortens the fibre pull out lengths and the biocomposite
becomes brittle. If t is too low, the transfer of load from
matrix to fibre will also be low. The result is a low micro
cracking stress, low ultimate strength and less effort on fibre
pull out [50].

Several techniques have been used to study the interfacial
micromechanical properties of fibre and matrix. For any
technique to be successful in biocomposite development, it
must measure the IFSS t, DFSE G; and be applicable to a
large range of fibre and matrix types with minimal, non-
specialized specimen preparation [50]. A number of the
techniques rely on the tensile loading of a bar and measuring
different parameters [51,52]. Some techniques use small cut
samples from actual components while others involve the
pushing or pulling of individual fibres within the matrix and
measuring the applied load and fibre displacement [53-56].
In the single pull-out test (Figure 4), the fibre is pulled out of
the matrix with an increasing load and the displacement is

Figure 4. Schematic of single fibre pull-out test [44].

measured. Initially, the induced shear stresses along the fibre
orientation do not exceed the interfacial bond strength. As
soon as the pull-out load is determined, the IFSS can be
calculated [44].

The maximum load, F, measured before the fibre is
detached is related to the mean value of 1, and is given by the
equation;

F = tadl (6)

where 74 is the fibre circumstance and / is the embedded
fibre length [44].

Another technique using a stress contour of composite
matrix was reported by Budiman et al. [57]. The authors
used a developed single-fibre fragmentation test model to
simulate the stress contour and the interface was modelled as
a cohesive zone model. Koyanagi er al. [58] used bulk
composite test to obtain interfacial properties between fibre
and polymer matrix. The time and temperature dependence
of the interface strength and the interface failure envelope
under a combined stress state were evaluated. However,
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many of the techniques are applied in high performance
synthetic fibre-reinforced matrix composites, probably
owing to the low tensile modulus of some natural fibres in
such applications and the weak interfacial adhesion to the
matrix. A major limitation is the difficulty in characterizing
wood-matrix interfacial property using the pull-out tests.
This is most likely due to the small dimension of wood
fibres.

Kamke et al. [59] modelled the micromechanical
behaviour of the wood fibre-matrix interface, and integrated
the microstructure of the interface region studied with an
X-ray micro-computed tomography (XCT). The model
provided a 3D representation of equivalent strain and stress
of the adhesive bond under an applied load and was
validated using a lap-shear test [59]. The simulation results
compared favourably with measured surface displacements
with spatial resolution in the micron range. Measurement of
strain development validated the efficiency of the model as a
tool to analyse cellular structure and adhesive penetration.
Going forward, the model can be adequate to predict stress-
strain relationships inside the bond interface and to assess
adhesive penetration and polymer properties on the
performance of adhesive bonds [59]. Joffre er al. [60]
proposed another method using acetylated wood fibres
sticking out of the polylactic acid (PLA) matrix at the
fracture surface. The length distribution of the fibres was
approximated using XCT. This was then used to estimate the
interfacial adhesion between the fibres and the matrix [60].
The authors found that acetylation treatment of the fibres
improved their dimensional stability, and strength of the
composite samples soaked in water by more than 30 %. In
addition, the fibres did not lose their adhesion to the PLA
matrix, thereby enhancing better stress transfer [60]. As a
result, the fibre matrix interface could redistribute stresses
during crack propagation, which improved the fracture
toughness and the strength of the material.

Fibre-matrix Interfacial Bonding

Although the incorporation of natural fibres in polymer

S. O. Amiandamhen et al.

matrix results in enhanced biocomposite properties, poor
interfacial bonding between natural fibres and matrix can
affect composite properties, and hence composite durability
[13]. This region of connection influences the mechanical
properties of the composites, because the interfacial bonding
between fibres and matrix characterises many biocomposite
materials. Within a fibre-matrix system, it is possible to
tailor the interfacial bonding practically by developing
interfaces from matrix-fibre reaction during fabrication and
the coating of fibres before they are incorporated into the
matrix [50]. During stress transfer between matrix and
fibres, good interfacial bonding allows the composites to
carry load to a higher strain limit, although strong interface
enables crack propagation, which ultimately reduces toughness
and strength.

Studies on fibre-matrix interfacial bonding in paper
cement composites using the SEM showed that the matrix
covered the fibres adequately and can be pulled out together
with the fibres during tensile fracture (Figure 5). This
indicates that there is good adhesion between the fibres and
matrix. In another study using maleic anhydride grafted
polyethylene (MAPE), SEM was conducted on tensile
fractured untreated and treated sisal fibre reinforced high-
density polyethylene (HDPE) composites. A large number
of gaps resulting from fibre pull-outs were observed for the
untreated composites compared to the MAPE treated
composites (Figure 6). This was explained by poor interfacial
adhesion and inadequate wetting of the untreated fibres
within the HDPE matrix, owing to large differences in the
surface energies between the fibres and the matrix [49]. Chi
and Englund [61] investigated the interfacial bonding
properties between magnesium phosphate cement and sugar
maple (Acer saccharum). The authors used mixture design
analysis to evaluate the magnesium phosphate ceramic
(MPC)/maple interfacial shear properties with different
aggregate levels. Portland cement, wollastonite and vitrified
calcium alumina-silicate (VCAS) were used as aggregates
within the system. Binder level was the most influential
determinant of the interfacial property while cement
decreases the interfacial bond strength. However, wollastonite

ot S5V

VD Exp ] 50um
B3 1

Figure 5. SEM images showing (a) natural fibre-matrix interface and (b) fibre pull out at matrix interface.
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Figure 6. SEM micrographs of sisal fibre reinforced HDPE composites (a) untreated and (b) MAPE treated [49].

and VCAS mutually improved the interfacial properties.
Based on fracture surface analysis, MPC block split failure
and MPC/maple interfacial bond failure were identified and
were correlated with the binder level and interfacial strength
[61].

Interfacial Bonding Mechanism between
Fibre and Matrix

As already discussed, the micromechanical property of
composites is a function of the fibre, matrix and interface,
with the interface having the major influence on the
composite properties. The interface is a zone of compositional,
structural and property gradients, which varies from a single
atom layer to micrometres in width [44]. At the interfacial
zone, several interactions occurring on the atomic, microscopic
and macroscopic levels are closely related. Interfacial bonding
mechanism usually occurs by mechanical interlocking,
electrostatic bonding, chemical bonding and inter-diffusion
bonding [62]. Mechanical interlocking occurs when the fibre
surface is rough, and the matrix penetrates into the peaks,
valleys and crevices or other irregularities of the substrate,
and mechanically locks to it [44]. This increases the
interfacial shear strength, but has less influence on the
transverse tensile strength [33]. It happens on a millimetre
and micron length scale, and diffusion entanglement within the
cell wall pores of fibre occurs on a nanoscale [44]. The
influence of electrostatic bonding is only significant and
applicable in metallic interfaces. Electrostatic adhesion
creates opposite charges (anionic and cationic) on the
interfacial zone. Thus, a two-layer zone of opposite charges
is formed, which determines the interfacial adhesion.

Chemical bonding occurs when there are chemical groups
in the phase boundary that can react to form chemical bonds.
In this instance, the resultant interfacial strength depends on
the type and density of the bonds [33]. This type of bonding
can be achieved when a coupling agent is used as a bridge
between the fibre and matrix. Chemisorption occurs when
chemical bonds including atomic and ionic bonds are
created at the fibre matrix interface due to a chemical

reaction. Physical and chemical bonds depend on the surface
chemistry of the substrate and are sometimes described as
thermodynamic adhesion [44]. Lastly, inter-diffusion bonding
occurs when atoms and molecules of the fibre and matrix
interact at the interface due to Van der Waals forces or
hydrogen bonding. Adhesion and diffusion are the two
principal phases involved in inter-diffusion bonding
mechanism. In the adhesion phase, the fibres and matrix are
contacted to ensure adequate wetting. The adhesion is
achieved either by covalent, electrostatic and Van der Waals
bonding. Adequate wetting results in inter-diffusion of
molecules of fibre and matrix. However, the degree of inter-
diffusion depends on the compatibility between the fibre and
the matrix, as well as on the matrix penetration [44].
Adhesive penetration in biocomposites is an important
factor determining bond quality. Usually, adhesive flows
through the interconnected network of lumens and open
pores in the fibres, with flow primarily moving in the
direction of least resistance [44]. The distribution of
adhesive in composites and the micromechanical properties
of the fibre-matrix interface have been studied. Evans et al.
[63] used XCT to examine changes in the distribution of
melamine-urea-formaldehyde adhesive on wood flakes
before and after pressing. The authors reported that resin
accumulates in capillary channels within splintered ends of
wood flakes., thereby forming an anisotropic discontinuous
network by aligning in the same x-y direction as wood flakes
[63]. Adhesive penetrations may be nano when it occurs in
the cell walls; micro when it occurs in the cell lumen and pit;
and macro when it occurs through process-induced cracks.
Figure 7 shows the schematic of the different interfacial
bonding mechanisms that occur at different fibre-matrix
interfaces. However, it is possible for different types of
bonding to occur at the same interface at the same time [64].

Effect of Natural Fibre Modification on Fibre-
matrix Interfacial Adhesion and Properties

There has been much need to understand the mechanisms
behind the change in mechanical properties due to natural
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Figure 7. Fibre-matrix interfacial bonding mechanisms (a) molecular entanglement, (b) electrostatic adhesion, (c) chemical bonding, and

(d) mechanical interlocking [44].

fibre modifications, and quantification of the stress transfer
ability at the fibre-matrix interface resulting from these
modifications [60]. This quantification is difficult mainly
due to the small dimension of the fibres, making direct pull-
out tests extremely cumbersome. This makes SEM the most
widely used technique for investigating fibre-matrix
interactions at fracture surfaces and polymer distributions in
plant fibre composites [44]. Joffre et al. [60] used SEM to
observe the fractured surfaces of untreated and acetylated
wood fibres/PLA composites. The micrographs showed
more long fibres in the matrix for untreated pulp than for
treated pulp (Figure 8). The reduction in fibre length at the
fracture surface of acetylated samples was explained by an
increase in fibre breakage during the crack propagation,
which could be due to an increase in the amount of load
carried by the fibres [60]. The increased interfacial stress
transfer was attributed to better adhesion between the
fibre and the matrix. On the other hand, untreated fibres
undergo large deformations during moisture changes, which
could cause debonding and reduction in the stress transfer
ability of the fibre-matrix interface [60].

Several studies have reported on the enhancement of the
micromechanical performance of biocomposites following
fibre treatments (see Table 2). Lee ef al. [65] investigated the
effect of natural fibre surface treatments on the IFSS of
henequen/polypropylene biocomposites. The IFSS (1) was
obtained using a single henequen fibre embedded in the PP
microdroplet via a microbonding test. A dynamic ultrasonic
technique was used to treat the fibre surfaces with NaOH
and tap water, and compared with static soaking technique.
The t value of untreated henequen/PP biocomposite was
remarkably improved by both static and dynamic treatments.
The authors reported that the alkali-treated biocomposites
exhibited higher t values than those treated with water, while
the latter was more or less effective to increase the interfacial
adhesion between the henequen fibres and the PP matrix
[65]. Zafar et al. [66] also reported improved interfacial

Figure 8. SEM images of the fracture surface of composite soaked
in water from (a) untreated pulp fibre and (b) acetylated fibres
(100 %) [60].

adhesion in jute fibre/poly(lactic acid) biocomposites treated
with NaoH and silane coupling agent. It was found that
biocomposites treated with a combination of NaOH and
silane agent had the highest T value using the single fibre
pull-out test [66].

Wong et al. [67] investigated the interfacial adhesion in
NaOH treated bamboo polyester composites using the single
fibre pull-out test and supported their results with SEM
studies. Treated samples gave higher t values and better
bonding with the matrix during fibre pull-out. In addition,
the 1 value increased with increasing NaOH concentration.
However, as the alkali concentration increases, the percentage
improvement decreases [67]. This pattern was also observed
by Wang et al. [68]. The authors found that IFSS increased
in composite samples treated with 1, 4 and 7 % NaOH
compared to untreated samples (Figure 9). However, there
was a decrease in IFSS for samples treated with 7 %
compared to those treated with 4 % NaOH. This was probably
due to damage of the cellulose crystals and enhancement of
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Figure 9. Interfacial property of treated bamboo fibre epoxy com-
posites at different NaOH concentrations [68].

the polarity by the higher alkali concentration. It was
concluded that a large number of elementary fibres separated
by the treatment are embedded in the matrix, and are able to
uniformly transmit applied loads to the matrix, thereby
improving the stress transfer efficiency [68].

According to Wang et al. [68], the force increases linearly
with the displacement, while the elastic energy accumulates
continuously at the initial phase of the load-displacement
curve (Figure 9). At the critical value of the load, the
interface is no longer able to withstand the applied force on
the fibre, causing a debonding from the matrix. Consequently,
the stored elastic energy is released in the creation of an
interfacial crack, resulting in a sharp drop in load. A
dynamic frictional force sometimes occurs between the fibre
and the matrix, causing a fluctuation in the load, as observed
early in the loading curve of untreated composites (Figure
9). This could be due to the occurrence of interfacial slipping
between the fibre and matrix caused by poor wetting of the
fibres, which produces lower IFSS. Other studies also used
the pull-out test and SEM to investigate the interfacial
property and adhesion in natural fibre/polymer composites
[19,69-71]. It was concluded that natural fibre treatment
significantly improved the adhesion between fibre and
matrix, with a higher IFSS of treated composites during
fibre-matrix debonding. This conclusion is based on changes
in fibre-matrix interfacial adhesion and improvement in the
interfacial property after fibre modification.

Conclusions and Future Prospects

Biocomposites are a group of engineered products
manufactured from natural fibres and polymer matrix. They
are increasingly been used in many applications due to their
design flexibility, superior properties and aesthetic appeal.
As discussed, the major problem between hydrophilic
natural fibres and hydrophobic polymers is the presence of
hydroxyl groups on the fibre surface, which results in poor

Fibers and Polymers 2020, Vol.21,No.4 687

interfacial bonding between fibres and matrix, and hence
weak micromechanical properties at the matrix interface.
The developments of suitable technologies to overcome this
limitation are the critical areas to be considered for future
development of biocomposites, Currently, natural fibres can
be pretreated or even protected by using completely
hydrophobic matrix. The goal is to develop methods that are
cost-effective, environmentally friendly and technologically
feasible. Prior knowledge of the chemical composition of
fibres will give an indication on the suitability of such fibres
for biocomposite production. The method chosen for
treatment will depend on end-use application and resulting
effect on the fibres. Fibre coating with a less hydrophobic
matrix may lead to better stress transfer but the micro-
mechanical properties will depend on the fibre moisture
affinity. With improved interfacial adhesion and shear
strength, the biocomposite materials will become durable
and possess high flexibility in design and applications.
Going forward, understanding the interfacial properties and
bonding mechanisms of the biocomposites is the key issue
that requires significant research efforts in order to maximise
biocomposite applications. More effort should be made on
the interfacial characterization of the composites to
understand the stress transfer, interaction or adhesion at
nanoscale.
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