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Abstract Nowadays, the utilization of natural fiber-reinforced polymeric compos-
ites has increased due to its eco-friendly nature. Among all the natural fiber rein-
forced polymer composites, bamboo fibers have caught attention as reinforcement
in the polymeric matrix due to its superior mechanical properties, sustainability,
and recyclability. The bonding mechanism of the polymeric matrix, bamboo fiber
reinforcement, and their interface plays a critical part in governing the properties
and performance of the formed composite materials. Factors like moisture content
and lignin tend to reduce the interfacial adhesion between matrix and reinforce-
ment phases resulting in the formation of defects and loss of strength that degrades
the quality of the composite materials. That is why the enhancement of interfa-
cial bonding/adhesion is required to ensure optimal properties of bamboo reinforced
composite materials. This article summarizes the chemical treatments and the interfa-
cial agents such as mercerization, use of compatibilizers, and silane treatment that are
employed to enhance the interfacial adhesion which eventually leads to an improve-
ment of strength in tension, stiffness, flexural strength, interfacial shear strength and
so forth.
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1 Introduction

With the advent of nanotechnology, the nanoparticle-reinforced composites (called
nanocomposites) have been developed as advanced materials [1-6]. Likewise,
natural fibers have shown great potentials nowadays in producing eco-friendly
green composites for wider areas of applications [7—11]. They are known for their
biodegradability and enhanced properties. Among the natural plants, bamboo is quite
advantageous because of its’ high growth rate, ability to fix carbon-di-oxide emis-
sion to the environment, lightweight, and high specific strength [12]. Bamboo fibers
caught special attention owing to their longevity, mechanical characteristics, recycla-
bility as well as their utilization as reinforcement in composite materials [13]. Earlier
work on bamboo protective coatings with phenolic, epoxy, and styrenated coatings
showed perfect adhesion between bamboo fiber and coating materials. However,
work reported on the bamboo fiber-reinforced composite is very limited and a thor-
ough study is required [ 14]. It has been suggested that some of the issues pose obstacle
to the widespread use of bamboo fibers as reinforcement of composite matrix such as
low moisture resistance, inadequate mechanical and chemical characteristics, current
extraction procedure of bamboo fiber from bamboo culm is not suitable for manufac-
turing business [13]. The study found that the poor interfacial bond amid the matrix
and bamboo fiber leads to the de-bonding of the composite on aging which results in
poor mechanical and chemical properties. Hence, arises the concern for improving
the interface of the bamboo fiber — composite matrix to meet the required property
requirements [14].

2 Bamboo Structure

Bamboo culms are hollow, and several diaphragms divide each culm from inside,
which are observed like rings from outside. The portion between rings is known as
“Internode” where branches grow [12]. The bamboo culm contains vascular bundles
that are attached in parenchyma tissue. The vascular bundles are kept in the longitu-
dinal direction by the parenchyma tissue. It is observed that a high amount of vascular
bundles is present near the outside culm of the bamboo whereas their percentage
reduces on the inner side culm [13]. The fiber strand comprises of various funda-
mental fibers (mostly hexagonal and pentagonal shape) where nano-fibrils are aligned
and attached with hemicellulose and lignin. Vascular bundles delimit culm strength.
Hence, a suitable method is required to isolate the parenchyma tissue from the fiber
strands and vascular bundles without any detrimental impact on the fibers which are
extracted [13]. Figure 1 exhibits the components of a bamboo culm.
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Fig. 1 a Culm of a bamboo, b Bamboo culm cross-sectional view, ¢ Vascular bundle, d Fiber
strand, e Elementary fibers, f Model of polylamellae structure of bamboo [15]

2.1 Bamboo Fibers (BF)

Bamboo has the combined characteristics of grass and wood. They are quite robust
(specifically longitudinally) because a resilient fiber bundle infiltrates their body
from the base to the topmost part albeit bamboo pulp being shorter than ~2 mm.
So, the ordinary length of bamboo fiber is around 2 mm plus the regular diameter
is 10-20 wm [16]. Hemicellulose, lignin, and cellulose consist of bamboo. Around
half of the total chemical constituents are cellulose and hemicellulose. They are
present as holo-cellulose. Lignin is also present in abundance. It provides the role
of a binder and performs as the matrix for the cellulose fibers. Lignin participates in
load-bearing actions as a fundamental part of the composite [17]. Other than these
two constituents, bamboo contains starch, de-oxidized saccharide, fat, and protein
[18]. Bamboo fibers also referred to as ‘natural glass fiber’ are getting more and more
consideration from the researchers [19].

3 Bamboo Fiber Reinforced Polymer Composites

In general, BF is used as reinforcement for polymer composites. Inherently, BF is
hydrophilic, while polymers are hydrophobic. Owing to the incompatibility in terms
of their polarity structures, it is quite difficult to formulate a feasible composite
having superior interfacial bonding [16]. Various approaches i.e. physical treatment
(solvent extraction, heat treatment), physio-chemical treatment (laser, ultra-violet
bombardment), and chemical modification have been endeavored to make lingo-
cellulosic molecules of fiber and hydrocarbon-based polymers compatible to each
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other [20, 21]. It is well established that bamboo fiber can be used as a reinforce-
ment for thermosetting composites, thermoplastic composites, rubber/elastomeric
composites, and biocomposites.

3.1 Bamboo Fiber Reinforced Thermosetting Composites

These composites are composed of BF fibers which are large in size. Post-curing
under a particular load is required for the preparation of the thermosetting compos-
ites. Phenolic resin, epoxy, and unsaturated polyester are the most commonly used
thermoset polymer matrices for this type of composite [22].

3.2 Bamboo Fiber Reinforced Thermoplastic Composites

Unlike thermoset composites, short BF fibers are used for thermoplastic compos-
ites. Polymers (petroleum-based) that are chosen to be used as matrix material are
polypropylene (PP), polyethylene (PE), nylon, and polyvinyl chloride (PVC). The
short fibers are dispersed in the matrix in a random orientation. As a result, they
exhibit isotropy [22].

3.3 Bamboo Fiber Reinforced Rubber/Elastomeric
Composites

Rubber/elastomeric composite reinforced with short BF has several advantages
including design flexibility, stiffness, damping, process economy [23].

3.4 Bamboo Fiber Filled Bio Composites

The use of BF in biocomposites is arecent practice. Biomass-derived biopolymers are
utilized as matrix material. The most commonly used biopolymer matrices are poly-
lactic acid (PLA), polybutylene succinate (PBS), protein, polycaprolactone (PCL),
and starch [24].
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4 BF-Polymer Matrix Interfacial Bonding Mechanism

The property and performance of any plant fiber (including bamboo fiber) composite
rely on the bonding mechanism at the interface. The interface area of the matrix and
the reinforcement has a prime role to play in controlling the performance of the mate-
rial. The composite interface is created by the coupling of the fiber and matrix, which
is, in essence, a region of structural, compositional, and property gradients, usually
ranging in breadth from one atomic layer to many micrometers. Processes occurring
at the different levels of the interface (macroscopic, atomic, and microscopic) are
closely related. To accurately comprehend the interfacial phenomena, it is extremely
important to understand the order of incidents happening at mentioned levels. Stress
transfer between matrix and bamboo fiber is controlled by the interfacial region [25].
The molecular synergy at the interface as well as the thickness and strength of the
interfacial region regulate the effectiveness of load transference [26].

Inter-diffusion, electrostatic adhesion, chemical reactions, and mechanical inter-
locking are the most common interfacial bonding mechanisms. All of these mecha-
nisms are mutually responsible for adherence and typically one of them prevails [25].
Due to Van der Waals forces or hydrogen bonding, intimate intermolecular interac-
tion occurs between fiber molecules and the polymer that causes inter-diffusion [22].
Adsorption and diffusion are two sub-stages of the adhesion mechanism. The first
stage is governed by spreading and penetrating while the second stage indicates good
wetting leading to inter-diffusion of fiber and matrix. The fiber-matrix compatibility
controls the magnitude of the diffusion process [27]. For electrostatic adhesion, two
opposite charges are formed at the interfacial region. Those are responsible for the
adhesion of fiber and matrix. The chemisorption reactions form chemical bonds
(ionic bond and atomic bond) between matrix and fiber (Fig. 2).

The mechanical interlocking phenomenon occurs when the holes, crevices, or
other irregularities of the fiber are infiltrated by the matrix and the fibers get locked to
the matrix mechanically [25]. It is seen that increasing surface roughness, increases
the contact area for adhesion thus favoring mechanical interlocking [27]. More-
over, increasing mechanical interlocking displays potential improvement of bonding
mechanism [25].

5 Controlling Factors of Interfacial Characteristics of BF
Composites

5.1 Moisture Absorption

Under natural humidity situations, BF soaks a substantial quantity of moisture and
thus it is known as a hydrophilic material. Moisture sorption hysteresis of BF is
comparable to other natural fibers for instance hemp and flax [28]. The mechanical
performance of the bamboo is affected by the absorption capability of BE. Moreover,
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Fig. 2 Types of bonding mechanisms in the interfacial region

poor adhesion between BF and water-repelling polymers (matrix) is observed due
to moisture absorption [16]. Moisture has a detrimental effect on the polymeric
matrix and the fibers. Moreover, the matrix-fiber interface can also be impaired due
to the presence of moisture. Ultimately, poor stress transference from the matrix to
reinforcement is observed. The cycle of deterioration begins when the cellulose fibers
are swollen. It produces stress at the interface. As a result, micro-cracks appear in the
matrix around the swollen fibers exacerbating the water absorption and weakening
the interface. Intermolecular hydrogen bonding is formed with the fibers due to the
absorbed water and thus interfacial adhesion is reduced. At the same time, water
leaches out the soluble constituents from fibers. This occurrence eventually results
in de-bonding at the interface. The study showed that due to moisture absorption
extensibility of BF is increased but elastic modulus is decreased whereas the tensile
strength remained unaffected. The effect of moisture absorption on interfacial shear
strength (IFSS) was inspected for bamboo fiber—vinyl ester matrix composite. The
IFSS in 20°C and 60% humidity was only 50% of what was achieved under dry
conditions. For composites developed under 80-90% humidity conditions, negligible
interfacial strength was observed. Significant damage to interfacial shear strength was
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observed for BF-vinyl ester matrix composite due to water absorption. Ultimately,
the IFSS was reduced by 38% [22].

5.2 Presence of Lignin

Bamboo fiber contains 32.2% lignin approximately, which is greater than the
percentage of lignin in other natural fibers [17]. Studies have found that bamboo strips
containing lignin lead to ineffective interfacial adhesion [22]. Defects are formed due
to poor interfacial adhesion and as a result, the composite lacks strength [16].

6 Treatments to Enhance Interfacial Adhesion of BF
Reinforced Composite

Interfacial bonding/adhesion is the prime concern for producing BF reinforced
composites having optimal properties. Various studies have conducted engineered
enhancement of interfacial adhesion between BF and matrix materials. In turn, it leads
to an effective increase in composite properties like tensile strength, flexural strength,
interfacial shear strength (IFSS), stiffness, and many more. Different chemical treat-
ment procedures, interfacial agents, filler materials, and bonding agents affecting the
enhancement of the interfacial adhesion will be discussed below.

6.1 Alkaline Treatment or Mercerization

Alkaline treatment, namely mercerization, removes lignin and other unwanted
constituents and thus helps to reduce the acrid aroma of BF. It forms cellulose
micro- or nanocrystals that have irregular fiber surfaces due to the removal of amor-
phous cellulose from the cellulose fiber bundle. Hydroxyl groups in bamboo fiber
are activated due to mercerization. The enlarged surface area results in better inter-
facial adhesion. Ultimately, the tensile and thermal properties of the composite are
improved [22]. Usually, a NaOH solution (aqueous) is used to perform this treat-
ment. The study showed that PLA (polylactic acid) composites containing deligni-
fied BF provide better tensile strength and bending modulus than a PLA composite
with untreated BF. This improvement was ascribed to the surface alteration and
the enhancement of the interface adherence between the BF and PLA matrix [29].
However, it is observed that superfluous alkali treatment results in excessive delig-
nification that results in weakening and deterioration of the fiber being treated [25].
Alkali treatment (greater than 15%) proved to be detrimental to composite properties
[30, 31].
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6.2 Compatibilizer or Maleated Coupling Agents

Maleated coupling agents showed promising results in enhancing interfacial adhe-
sion. The hydroxyl group of the plant fiber is removed by the maleic anhydride
(MAH) group and thus reducing its” hydrophilic tendency [25]. Additionally, a C-C
bond is formed with the matrix. Improved adhesion is attained by the creation of cova-
lent bonds at the interface between coupling agents and fibers along with molecular
entanglement amid polymeric matrix and coupling agents [32]. Due to this treat-
ment, the surface energy of fibers and matrix become closer resulting in improved
wettability and enhanced adhesion at the interfacial region [33]. As a compatibi-
lizer/coupling agent for the BF/PP composite, maleated polypropylene (PP) is the
most frequently used. Studies showed that incrementing the content of MAH results
in a little improvement in impact strength and modulus but the augmented degree of
maleation increases tensile strength substantially [34].

Bamboo pulp fiber-reinforced composites showed improved strength and modulus
but reduced toughness due to the addition of maleic anhydride grafted PHBVS
(Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)) as compatibilizer. Isocyanates,
MDI (Methylene diphenyl diisocyanate) are common compatibilizer used in BF
reinforced composites. The fracture surface of PHBV8/bamboo pulp fiber compos-
ites with and without pMDI (Poly methylene diphenyl diisocyanate) is shown in
Fig. 3. Without pMD], a significant amount of fiber pullout is detected. This proved
inadequate interfacial adhesion. However, interfacial bonding becomes strong due to
the presence of pMDI and fracture surfaces show that all fibers are broken. Improved
interfacial adhesion reduces the chance of fiber de-bonding and hinders the fiber
pull out. Moreover, it enables higher stress transference between fiber and matrix
and thus improves the modulus and the tensile strength of the composites [22]. The
toughness of the composite is diminished owing to the interruption of fiber pull out,
a key energy dissipation source throughout the composite deformation [36]. There-
fore, the addition of compatibilizer helps to improve flexural and tensile strength,
while the ductility of the composite is reduced.

6.3 Silane Treatment

Silane (SiHy) is an inorganic substance. Two reactive groups are present in silane
coupling agent. The alkoxysilane group interacts with hydroxyl rich fiber while the
other is left to react with the matrix. Silane tends to react with water (absorbs mois-
ture) to form silanol. The formed silanol further reacts with the hydroxyl group inte-
grated to the cellulose, hemicellulose, and lignin molecules in the filler through ether
linkage with the elimination of water. In contrast, hydrophobic molecules of silane are
capable of reacting with a polymer matrix [37]. Because of covalent bonding between
fiber and matrix, the hydrocarbon chain formed by the silane restrains swelling of
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Fig. 3 SEM images of tensile a, ¢ and impact b, d fracture surfaces of PHBV8/bamboo pulp fiber
(80/20 w/w) composite without pMDI a, b and with pMDI ¢, d [35]

the fiber by getting entangled and cross-linking of the networks [33, 38]. Further-
more, the presence of hydrocarbon chains is anticipated to have an impact on the
fiber wettability and chemical affinity of the matrix and thus enhancing interfacial
properties [25]. The amine groups of 3-aminopropyl triethoxysilane are favorable
for increasing the adhesion at the interface of PLA (Polylactic acid)/ BF composites
[22].
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To enhance fiber-matrix interface adhesion, numerous other physical and chem-
ical procedures are utilized. Some of them are acetylation, benzoylation, acrylation,
permanganate treatment, argon plasma treatments, etc. [22].

7 Scientific Studies and Research on Interface
Enhancement of BF Reinforced Composites

7.1 Alkali Treatment on BF Reinforced Polyester Composites

Wong etal. [39] studied two types of bamboo fibers: treated with NaOH concentration
(1, 3, and 5%) and untreated. Interfacial shear strength (IFSS) of the fiber with
polyester matrix at dissimilar embedment length of fibers were also studied.

For the characterization of the morphology of the fiber (before and after the tests),
SEM (Scanning Electron Microscopy) was utilized. Both strength and stiffness were
increased according to the result. Besides, higher NaOH concentration and longer
embedment length showed increased IFSS. Figure 4a, b shows the effect of NaOH
concentration and fiber embedment length on IFSS.

However, It is necessary to remember that enhancement will be saturated after a
certain proportion of alkali treatment [39].

7.2 BF Filled Rubber Composites with Bonding Agents

Ismail et al. [23] studied the adhesion between BF and natural rubber by the addition
of bonding agents. In this study, phenol-formaldehyde and hexamethylene tetra-
amine were used as bonding agents. SEM characterization of the tensile fracture
surface showed that the presence of the bonding agent resulted in better interaction
between fiber and rubber matrix interfacial adhesion.

7.3 BF Reinforced Poly Lactic Acid (PLA) Composite
with Micro-Fibrillated Cellulose (MFC)

The study of [40] showed that small addition (10%) of MFC obtained from the
wood pulp with the PLA/BF composite gives enhanced fracture toughness due
to better interfacial adhesion and intertwined MFC fibers prevent the progress of
cracks through the interface. Figure 5 exhibits a representative stress—strain curve of
PLA/BF/MFC, PLA/BEF, and PLA resin composites.

It is quite clear from the graph that the addition of MFC content with PLA/BF
composite enhanced interfacial adhesion thus increasing bending strength and elastic



Bonding Mechanism and Interface Enhancement of Bamboo ... 225

a

45 v
= 1) T TR S— o— NaOH=0%
m H
i T WA | W— - A= NaOH=3%
£ ' -+ @++ NaOH=5%
= 15 it e l—. ,

10 4

0 i

0 1 2 3 4 5 6
L (mm)

b

45 4 H H H

Y WSS (NI Tt man— o o
= g 4 - | i —— Le=1mm
& - 7 | . -* —8 -Le=3mm
7 | - — | t = &= Le=5mm
= s /,——" — = It i i

_________________________________
0 1 2 3 4 5 6
NaOH %

Fig. 4 a The outcome of fiber embedment length to IFSS for treated and untreated fibers. b The
outcome of alkali treatment to IFSS at different fiber embedment length [39]

modulus. Nevertheless, the increasing ratio is insignificant for the sample with MFC
content over 10% in weight.

Figures 6a, b display the fracture surface of PLA/BF and PLA/BF/MFC compos-
ites. Countless fiber pullouts are observed for PLA/BF composites, which is detri-
mental for interfacial adherence between matrix and fiber while only a small number
of fiber pullouts are detected in the case of PLA/BF/MFC.

Moreover, high interfacial shear strength (IFSS) is observed (Fig. 7) due to the
addition of a minor quantity of MFC in PLA/BF composites that also prevents
interfacial failure.

In the case of PLA/BF, as soon as a crack reaches bamboo fiber, it propagates
alongside the interface giving low fracture toughness. Improvement of fracture tough-
ness was observed due to the addition of MFC with PLA/BF composite since inter-
twined MFC prevents crack progression along with the interface. Consequently, no
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Fig. 8 Graphical
representation of fracture
toughness of PLA, PLA/BF
and PLA/BF/MFC
composites [40]
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de-bonding occurs. Figure 8 shows the fracture toughness of PLA, PLA/BF, and
PLA/BF/MFC composites.

Another study by [41] showed the effect of alkali-soaking treatment, silane
coupling treatment, and maleic anhydride grafting treatment of the cellulose fiber on
the mechanical characteristics of bamboo cellulose fiber reinforced PLA compos-
ites. Improved strength and modulus were observed for alkali soaked composite in
comparison to the untreated specimens. Enhanced impact toughness and ductility are
observed by silane treatment which is are higher than those of PLA composite filled
with pristine bamboo cellulosic fibers. Maleic anhydride grafting showed a moderate
effect on ductility and rigidity. SEM observation as well as FTIR spectrum analysis
concluded that interfacial interactions amid fibers and matrix were enhanced due to
all the above-mentioned modifications.

7.4 BF Reinforced Unidirectional Epoxy-Based Composite

Wang et al. [42] studied epoxy-based composite reinforced with BF which are chem-
ically treated with NaOH solution of 1, 4, and 7% concentration at room temperature
causing an increase in tensile strength of the composite by 17.78, 45.24, and 28.92%
respectively. The addition of NaOH solution removes pectin, hemicellulose, and part
of the lignin of bamboo fibers [43]. As a result, a large number of micro-fibrils on the
fiber surface are exposed ensuring promising interaction with the epoxy resin matrix.
So, interfacial adhesion enhancement improves tensile performance. However, at 7%
NaOH concentration, the micro-fibril structure was damaged and interfacial adhesion
became weak.

Toughness is dominated by interfacial adhesion too. It was also observed that with
an increasing percentage of NaOH solution (1, 4, and 7%), elongation at break of
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composites increased respectively by 15.92%, 23.32%, and 41.70%. Fracture surface
morphology indicates that with the increase of NaOH percentage, the fiber pullout
phenomenon reduces due to better interfacial adhesion. However, a 7% NaOH solu-
tion causes the formation of disordered micro-fibrils, which is harmful to interfacial
performance. Figure 9 shows the interfacial morphology of BF reinforced epoxy-
based composite treated with numerous alkali concentrations. As shown in Fig. 9a,
complete fiber pullout from the matrix occurred displaying poor interfacial adhesion.
Figure 9b indicates the dispersion of fibers and an effective increase in the surface
area of the fiber leading to improved interface adhesion. Figure 9c shows that broken
fibers are firmly fixed in the epoxy resin indicating a well-bonded interface. Figure 9d
also shows a well-bonded interface but some fiber pullout occurs due to the presence
of disordered micro-fibrils in the fiber surface.

The IFSS also increased by 30.79, 100.30, and 53.66% in the sample treated
with 1,4, and 7% NaOH solution. In the case of, 7% concentration, cellulose crystal
structure is damaged hence the decrease of IFSS. Moreover, the flexibility of the
epoxy-based molecular chain is limited after the NaOH treatment which results in a

(c) (d)

Fig. 9 Interfacial morphology of BF reinforced epoxy based composite treated with numerous
alkali concentrations of a 0% b 1% ¢ 4% and d 7% [42]
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higher glass transition temperature, Ty. They determined that this treatment improves
decomposition temperature and exhibit enhanced thermal stability due to the better
interfacial adhesion.

7.5 Interfacial Adhesion of BF Reinforced Thermoplastic
Composites

Improved mechanical properties are already obtained with BF reinforced composites
with a thermoset matrix. Good chemical bonding at the interface and low viscosity of
the resin is attributed to this improvement [ 15]. However, they are neither biodegrad-
able nor recyclable thus having a serious environmental impact. In search of eco-
friendly BF reinforced polymer composites, Fuentes et al. [44] integrated the phys-
ical-chemical-mechanical methodology to study the influence of interfacial adhesion
on the mechanical behavior of BF reinforced thermoplastic composites. Maleic anhy-
dride grafted polypropylene (MAPP), polypropylene (PP), polyvinylidene-fluoride
(PVDF), and polyethylene terephthalate (PET) are used as a thermoplastic matrix in
this study. PP, MAPP, PET, PVDF composites reinforced with BF showed increased
interfacial shear strength. Among the four of them, PVDF displayed best amalgama-
tion of high work of adhesion, wetting parameters along with a positive spreading
co-efficient assisting to attain a better wetting of the molten thermoplastic on the
bamboo fiber. This is a direct result of strong physical adhesion at the interface
owing to the presence of a highly basic component on the bamboo fiber’s surface
and a highly acidic component of PVDF. Moreover, the relatively high total surface
energy of both the matrix and fibers also attributes to this factor.

7.6 Cotton Shaped BF Reinforced Maleic Anhydride
Modified Polypropylene (MAPP) Composites

Okubo and Fujii [19] observed the interfacial adhesion development of BF reinforced
MAPP composites. They used the steam explosion technique for extracting bamboo
fiber and compared its’ properties with mechanically extracted bamboo fiber. The
study showed the modulus and tensile strength of PP based composites using steam-
exploded fibers improved by 30% and 15%, correspondingly, owing to the good
impregnation of the matrix into fibers and reduction of several voids, compared to
mechanically extracted bamboo fiber PP composites.

The fiber extracted by the steam explosion method appeared as cotton fiber. They
stated to it as “Bamboo Fiber Cotton (BFC)”. It is shown that the MAPP based
Bamboo Fiber Cotton Eco-Composites (BFCEC) gives better strength as well as
modulus compared to MAPP based Bamboo Fiber Eco-Composites (BFEC), which
clearly indicates enhanced interfacial adhesion.
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7.7 BF/Epoxy and BF/Polyester Composites with Polyester
Amide Polyol (PEAP) as Interfacial Agent

Saxena and Gowri [14] examined the effect of PEAP on the BF as an interfacial
agent and observed the properties of BF/Epoxy and BF/Polyester composite. The
flexural and tensile strength of both the composites were improved owing to the
PEAP treatment on BF. The polyester amide polyol acts as a bridge between the
resin matrix and the fibers. The polyester amide polyol is attached to the fiber surface
(containing surface reactive protons) due to hydrogen bonding.

This interaction is responsible for better wetting to the resin during application
followed by chemical bonding. There is a further possibility of hydrogen bonding
between PEAP treated fiber and resin matrices which in turn enhances fiber-matrix
interface adhesion. Figure 10 shows the stress elongation curve of BF/epoxy and
BF/Polyester composite in a treated and untreated condition. Evidently, the presence
of PEAP improved the tensile strength of both types of composites.
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Fig. 10 Stress-elongation plot for bamboo composites untreated and treated with PEAP [14]
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Another important characteristic, observed from this study is the reduction of
water absorption percentage of BF with the addition of PEAP as an interfacial agent.
Introduction of hydrophobicity to the fiber surface attributes to this phenomenon. The
surface-treated composite absorbs less moisture/water than untreated composites,
owing to the cross-linked interface region formed by the reaction between PEAP and
resin matrix. Thus, interfacial adhesion enhancement reduces the moisture-induced
degradation of the composites.

8 Conclusions and Future Perspectives

Itis undeniable that interfacial adhesion between bamboo fiber and polymer matrix is
a crucial part in determining the properties of composites. Modification of the inter-
face through various physical, chemical, and mechanical treatments has resulted in
enhanced strength, modulus, IFSS, water absorption capacity, toughness, ductility,
etc. Due to the improved properties, the range of industrial and commercial applica-
tions of BF reinforced polymer composites is expanding substantially. However, there
are many scopes for further investigation and innovation in this field to overcome
the probable challenges ahead.
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