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0010 9.1 Introduction

p0125 Plant fibers extracted from the stem are called bast fibers (Table 9.1). Bast fibers
are produced in the layer between the xylem and the epidermis where they are
surrounded by phloem. These fibers occur in bundles/aggregates in many dicotyle-
donous plants, running parallel to the stem between nodes (Rials and Wolcott,
1996) up to over 2m long depending on the length of the plant (Meshram and
Palit, 2013) to provide structural rigidity to the stems. The bundles consist of
10—25 elementary fibers (Fig. 9.1) (2—5 mm length and 10—50 pm diameter)
where both the bundles and the elementary fibers are glued together by lignin and
pectin to form a three dimensional network (Munder et al., 2005).

p0130  During bast fibers extraction process, the lignin and pectin are removed through
a separation process such as retting, degumming or decortication to yield bast fibers
(Zimniewska et al., 2011) with required strength, fineness, length, and purity
(Batog et al., 2006). The bast fibers obtained are used as raw materials not only in
the production of textiles but also for composites used for various applications
such as for the car interior (Holbery and Houston, 2006; Fimmm and Rosemaund,
2009; Shinoj et al., 2011) and exterior (Mussig et al., 2006) in the automative
industry, building and construction (Drzal et al., 2002), aerospace (Subash and
Pillai, 2015), sports, and more (Chand and Fahim, 2008).

w015 9.2 Natural bast fibers

0020 9.2.1 Flax

p0135 Flax (Linum usitatissimum) under genus Linum in the Linaceae family is an annual
plant that grows to 1.2 m tall with a stem diameter of 3 mm or more (Zimniewska
et al., 2011) in temperate regions (Elzebroek and Wind, 2008) and is endemic to
the area from the eastern Mediterranean to India (Sen and Reddy. 2011). It is now
grown in a lot of countries including Canada, USA, China, India, and throughout
Europe for its fibers and seeds (Joshi. 2015; Hall, 2016). The seeds are converted to
linseed oil for health supplements, paints, and other industrial products (Jhala and
Hall, 2010).

p0140  The fibers are used to produce textiles (Pallesen, 1996), pulp and paper (Aracri
et al., 2010) and as reinforcements for polymeric composites (Bos et al., 2002).
Its fibers are lustrous (Sen and Reddy, 2011) with a good length at 0.6—1.4 m and a
diameter of 40—80 um (Cutter., 2011) while its elementary fibers have lengths
between 0.2 and 0.5 m and diameters ranging from 10 to 25 pm (Bos et al., 2002).
It is also soft and flexible (Sen and Reddy. 2011: Nair and Joseph, 2014) but
this contradicted the statements made by Cutter (2011) and Yan et al. (2014) who
found it to be the stiffest and strongest plant fibers due to the substantial degree of
crystallinity in its structure.
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0010 Figure 9.1 Schematic representation of a flax fiber from stem to elementary fiber.
Source: Bos, HL., Mussig, I., van den Oever, M.LA., 2006. Mechanical properties of
short-flax-fibre reinforced compounds. Compos. A: Appl. Sci. Manuf. 37(10), 1591—1604.

ph14s  Kers et al. (2010) also diggovered that the flax bast fibers are strong where they
are two times stronger than cotton ancqvc times as strong as wool. Moreover, flax
fibers have the added advantage in its ability to absorb up to 12% of its own weight
when in contact with water which increases its strength by 20% (Murthy, 2015)
unlike other bast fibers. Other than that, it also dries up quickly and is antistatic
(Tahir et al, 2011) but exhibits relatively low longitudinal extension to failure
when subjected to tensile loads (Cutter, 2011).

0025 9.2.2 Jute

wlsﬂﬁc [Corchorus capsularis (white jute) and Corchorus olitorius (dark jute)]
(Summerscales et al., 2010) classified in the genus Corchorus, family Malvaceae
(Ashby. 2012) are annual plants capable of growing up to 2—4.5 m in height
(Lewington, 2003) with a stem diameter of 2—3 em (Cutter, 2011). It originates
from the Mediterranean (Cook, 1984) and thrives in hot humid environments like
the tropical lowland areas which has a humidity of 60—90% (Yumnam et al., 2015)
without needing fertilizers or pesticides. Today, it is widely grown in India,
Bangladesh, Thailand, China, Brazil, and Indonesia (Summerscales et al., 2010:
Cutter, 2011).
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ph135  Jute is grown exclusively for its long, soft and shiny off-whitish to brownish in
color fibers (1—4 m length and 17—20 pm diameter) unlike flax and hemp (Cutter.
2011). Its fibers are strong and resilient to microorganism’s attack (Murthy, 2015)
but are fairly brittle (Ganguly et al., 1999), sensitive to chemical and photochemical
attack (Ghosh. 2003), exhibit low elongation at break due to its high lignin content
(Cutter, 2011) and has a lower tensile strength than other bast fibers like hemp and
flax (Biagiotti et al., 2004).

phlen  Despite its shortcomings, their advantages far outweigh its shortcomings
(John and Thomas, 2008) for it to be used in sackings, carpets, wrapping fabrics,
and construction fabric manufacturing industries dating back to ancient times
(Savastano Jr et al.. 2009). Besides that, the fibers are used by itself or combined
with other types of fibers to make twine and rope (Sreenath et al., 1996). Presently,
it is also used as raw materials to produce pulp and paper (Sahin. 2003), textiles
(Liu et al., 2010), polymer composites in the automotive (Punyamurthy et al., 2014)
as well as in the building and construction industry (Roul, 2009).

so030 9.2.3 Hemp

p0165 Hemp (Cannabis sativa L.) is an annual plant belonging to the Moraceae family
which can only grow in temperate regions (Faruk et al., 2012) and are indigenous
to central Asia including China where it was grown over 12,000 years ago and later
reached central Europe (Shahzad. 2012). At present, it can be found in the EU,
central Asia, Philippines, China, Chile, France, Korea, and Spain with China
cultivating and producing almost half of the world’s industrial hemp supply (Sanjay
et al., 2016).

p0170  Hemp can grow up to 5 m in height (Kymalainen and Sjoberg, 2008) and a stem
diameter of 4—20 mm in approximately 140—145 days (Batra, 2006, Zimniewska
et al., 2011) with a bast fiber content in the range of 28—46% (Cutter, 2011).
However, its growth rate can be sped up to reach a height of 4 m in just 84 days
when grown in a suitably warm condition (Summerscales et al., 2010). Additionally,
hemp has the added advantage of being very resilient compared to other fiber crops,
requiring little to no herbicides, fungicides, pesticides, and fertilizers (Summerscales
et al., 2010; Cutter, 2011).

p0175  The hemp bast fibers obtained from its stem have a length of 1.0—-25m
(Summerscales et al., 2010) while its elementary fibers length averages at
12—25 mm (Cutter, 2011). Both fibers are fine, strong, lustrous, and light in color
where their color and cleanliness greatly differs depending on the fiber extraction
method used (Tahir et al., 2011). Their fibers are also highly resistant to moisture
degradation as it rots very slowly in water although they are hygroscopic in nature
similar to natural fibers of other sources (van Rijswijk et al., 2001).

p0180  Apart from that, hemp fibers also possess low elongation to break due to its
low cellular microfibril angle (Bowen et al., 1994; Cutter, 201 1) but excellent
mechanical properties like specific strength and stiffness comparable to glass
fibers (Shahzad, 2013). The above mentioned latter characteristics make hemp
fibers an enticing material as reinforcements to replace synthetic fibers in the
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production of thermoset polymeric composites (Wotzel et al., 1999, Mwaikambo
and Ansell, 2006).

0035 9.2.4 Kenaf

ph18s Kenaf (Hibiscus cannabinus L.) of Malvaceae family is an annual plant originating
from central Africa and is also commonly found as a wild plant in tropical and
subtropical Asia (Cheng et al., 2004). It grows 1.5—=3.5m tall and 1-5 cm stem
diameter (Nishino, 2013; Zimniewska et al., 2011) but other sources claimed that
it can reach heights of 2.4—6.0m in 4—5 months (Summerscales et al., 2010;
Cutter, 2011). The stems have two distinct types of fibers, long bast fibers and
woody like short core fibers in a 30:70 (w/w) ratio (Sanadi et al., 1996; Saba et al.,
2015a) where these fibers differ in their appearance and anatomical structure
(Voulgaridis et al., 2000).

p0190  However, both type of fibers are characteristically similar to wood fibers unlike
jute, hemp, and flax fibers (Tahir et al., 201 1). According to Tahir et al. (2011) and
Tahir et al. (2014), kenaf dry fibers yield was reported to be 5—6% of fresh stems
equivalent to 18—22% of dry plant which is higher than jute, hemp, and flax.
Moreover, kenaf fibers yield was even found to be greater by 3—5 fold than south-
ern pine with a production of 5—10 tons of dry fiber/acre (Sen and Reddy. 2011).
This makes kenaf a cost effective and an attractive raw material for its natural
fibers.

p0195  Kenaf bast fiber bundles consist of short elementary fibers with an average of
2.5 mm length (Saba et al., 2015a) while Cutter (2011) stated that the elementary
fibers length is in the range from 1.5 to 6 mm. These fibers are thus too short for
textile production (Calamari et al., 1997). Besides being too short, its fibers are brit- AU:2
tle, coarse due to its striated surface, nonuniform as a result of its irregular shape
making them difficult to process using existing textile equipment (Cutter, 2011;
Tahir et al., 2011). Nevertheless, it possesses good mechanical properties similar to
those of jute but with a relatively lower specific gravity as it has a lower cellulose
content (Cutter, 2011: Sen and Reddy. 2011). Its favorable mechanical properties
enables it to be used for pulp and paper (Ashori, 2006) as well as reinforcements
for polymeric composites (Yousif et al., 2012).

w0040 9.2.5 Cell wall architecture of bast fibers

p0200 Bast fibers are defined as tightly joint fiber cells in bundles present in plant stems
such as hemp, jute, flax, and kenaf (Haugan and Holst, 2013). Each of these bast
fiber cells have an empty space called lumen surrounded by a cell wall (Bos et al..
2006) comprising of cellulose, hemicellulose, and lignin (Fig. 9.2) (Naik and Fronk, AU:3
2013). Its cell wall gradually thickens up till the point the lumen will appear as
if it has almost disappeared as the bast fiber cells reaches maturity during plant
development (Raven et al., 2005). The cell wall has two main layers, the primary
(outermost layer) and secondary (innermost layer) wall with the secondary wall
thicker than the primary wall and is only formed deposited inside the primary
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0015 Figure 9.2 Transverse section of kenafl bast fibers where L and CW indicates lumen and cell
wall, respectively.
Source: Abdul Khalil, H.P.S., Ireana Yusra, AF., Bhat, A H., Jawaid, M., 2010. Cell wall
ultrastructure, anatomy, lignin distribution and chemical composition of Malaysian cultivated
kenaf fiber. Ind. Crops Prod. 31(1), 113—121.

wall after theg@rimary wall is completely developed (Thamae et al., 2009). The sec-
ondary wall 15 made up of another three distinct layers known as 81, 82, and 83
with 82 being the thickest layer, thus playing a significant role in the bast
fiber cells” mechanical properties (Meshram and Palit, 2013). On the contrary,
Romhany et al. (2003) and Blake et al. (2008) discovered that secondary cell walls
consist of multiple layers after examining the micrographs of bast fiber cross-
sections and a speculative model of the bast fiber cell wall structure were drawn
and shown in Fig. 9.3.

po20s  Every cell wall layers are reinforced with cellulosic macrofibrils (made up
of cellulosic microfibrils) and microfibrils embedded in a hemicellulose, lignin
and pectin matrix (Thamae et al., 2009 and Naik and Fronk, 2013). The cellu-
losic microfibrils are arranged differently in the primary and secondary wall
(Hughes, 2004). In the primary wall, cellulosic microfibrils are generally ran-
domly arranged in the longitudinal direction while the cellulosic microfibrils
are arranged in a helical manner, winding around the fibers longitudinal axis in
the secondary wall (Beck, 2005). In each of the three distinct secondary wall
layers, the cellulosic microfibrils winds and twists in different directions.
However, the twist orientation of the thickest layer, S2 is used to designate the
overall cellulosic microfibrillar orientation of a bast fiber cell wall as either Z
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0020 Figure 9.3 Schematic of possible bast fiber cell wall structure.
Sowrce: Eder, M., Burgert, 1., 2010. Natural fibres — function in nature. In: Mussig, J. (Ed.),
Industrial Applications of Natural Fibres: Structure, Properties and Technical Applications,
Wiley, Hoboken, New Jersey, pp. 23—40.

0025 Figure 9.4 Cellulosic microfibrillar orientation—Z-twist and S-twist.
Source: Skoglund, G., Nockert, M., Holst, B., 2013. Viking and early middle ages northern
Scandinavian textiles proven to be made with hemp. Sci. Rep. 3, <http://dx.dororg/10. 1038/
srep2686= (accessed 15.04.16).

(right-handed) or S (left-handed) twist (Fig. 9.4). The 82 twist angle is also
otherwise known as the fibrillar angle (). For example, the S1 is Z-twist and
52 is S-twist in flax and ramie but the 83 is Z-twist for flax while ramie has cel-
lulosic microfibrillar orientation almost parallel to the bast fiber axis in S3.
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Accordingly, the overall cellulosic microfibrillar orientation of flax and ramie is
S-twist with fibrillary angles (¢) of 6.5 and 7.0 degrees, respectively based on
their S2 (Haugan and Holst, 2013).

<45 9.3 Characterization of the bast fibers

0050 9.3.1 Chemical composition

p0210 Bast fiber cells are chemically simple materials consisting of three main chemical
constituents, cellulose, hemicellulose, and lignin with smaller amounts of pectin
(Summerscales et al.. 2010). All of these chemical constituents are distributed
throughout the cell wall including the primary and secondary cell wall layers
(Faruk et al., 2012). In the bast fiber cell wall layers, in which approximately half
of it consists of cellulose bundles held together by roughly a quarter of hemicellulose
and lignin matrix (Biagiotti et al., 2004). The remaining quarter of chemical constitu-
ents including pectin, protein, mineral substances, resin, tannin, dye, wax, and fat
also helps in cementing the cellulose bundles (Bogoeva-Gaceva et al., 2007).
Table 9.2 shows some of the main chemical constituents for a few bast fibers.

s0055 9.3.2 Physical properties

p0215 Natural fibers (fibers bundles or unit fibers) physical properties include their fineness,
density, length, width, lumen diameter, cell wall thickness, microfibrillar angle,
crystallinity, moisture content, and absorption (Table 9.3) (Franck. 2005; Goda and
Cao, 2007; Celino et al., 2013). These physical properties of natural fibers including
bast fibers vary considerably even for a specific given fiber like hemp, jute, kenaf,
or flax fibers (Celino et al.. 2013). For example, the hemp fibers’ physical property,
density was reported to be 1.48 gcm™ by Faruk et al. (2012) but this data obtained
differ a bit with the findings of Biagiotti et al. (2004) who found that it is supposed to
be in the range of 1.40—1.50 g cm™. Another example will be the flax fibers physical
property, moisture content which was revealed to be 8—12% (Thiruchitrambalam

0015 Table 9.2 Chemical constituents of bast fibers

Bast fibers Chemical composition (wt %)

Cellulose Hemicelloluse Lignin Pectin
Jute 51.0-72.0 12.0-204 5.0-13.0 02
Hemp 70.0-78.0 17.9-22.0 3.7-5.0 0.9
Flax 60.0-81.0 14.0—-18.6 2.0-3.0 1.8—2.3
Kenafl 36.0 21.0 18.0 2.0
Ramie 68.6—-76.0 13.1-15.0 0.6—1.0 1.9-2.0

Sewrce: Biagiotti, 1, Puglia, D. and Kenny, J.M. 2004, A review on natural fibre-based composites—part 1: structure,
processing and properties of vegetable fibres. J. Nat. Fibers 1(2), 37—08.
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10020 Table 9.3 Physical properties of bast fibers

Bast Density Specific Diameter Microfibrillar Moisture
fibers (g cm"} gravity (pm) angle (degree) content

(g cm™) (%)
Jute 1.30—1.50 1.30 10-200 8.0 10.0-13.7
Hemp 1.40-1.50 1.30 16=2000 20-6.2 6.2—-12.0
Flax 1.40—1.50 1.20 20—-620 5.0—-10.0 8.0-12.0
Kenaf 1.19—1.40 1.04 17.7—-100 — 12.0
Ramie 1.50—1.55 1.16 10-34 7.5 7.5—17.0

Sonrces: Bledzki, AK., Gassan, J. 1999, Composites reinforced with cellulose based fibres. Prog. Polym. Sci. 24(2),
221-274; Mohanty, A K., Misra, M., Hinrichsen, G., 2000, Biofibres, biodegradable polymers and biocomposites:
an overview, Macromol. Mater. Eng. 276—277(1). 1-24: Biagioui. J.. Puglia, D.. Kenny, LM., 2004, A review on
natural fibre-based composites — part 1: structure, processing and properties of vegetable fibres. 1. Nat. Fibers 1(2),
37-68: Bogoeva-Gaceva, G., Avella, M., Malinconico, M., Buzarovska, A.. Grozdanov, A, Gentile. G., et al., 2007,

ural fiber eco-compaosites. Polym. Compos. 28(1), 98 —107; Goda, K., Cao, Y.. 2007, Review paper: research and

elopment of fully green composites reinforced with natural fibers. 1. Solid Mech. Mater. Eng. 1(9), 1073 —1084:

1. X., Tabil. L.G., Panigrahi, 5., 2007, Chemical treatments of natural ﬁl}e@ use in natural fiber-reinforced

composites: a review. J. Polym. Environ. 15(1), 25—33: Cutter, A.G., 2011. Development ; haracterization of
Renewable ource-Based Structural Composite Materials. ProQuest, Ann Arbor, Michigan; Faruk, O., Bledzki, A K.
Fink, H.P..@ M., 2012. Biocomposites reinforced with natural fibers: 2000—2010. Prog. Polym. Sci. 37(11),
1552—1596; Thimchirambalam, M., Alavudeen, A, Venkateshwaran, N., 2012, Review on kenaf fiber composites. Rev,
Adv. Mater. Sci. 32(2), 106—111.

et al., 2012) but Mohanty et al. (2000) obtained a value of 10% for it. These
differences occur due to the fibers chemical composition, plant size and maturity,
environmental conditions during the plants growth (Bourmaud et al., 2013), different
testing environmental conditions, and testing methods used (Placet et al., 2012) as well
as different fiber extraction methods employed (Mohanty et al., 2000),

s060 9.3.3 Mechanical properties

p0220 Bast fibers (fibers bundles or unit fibers) like other natural fibers exhibit good
specific mechanical properties especially when it comes to their strength and stiff-
ness which is comparable to synthetic fibers like glass fibers but with the added
advantage of a lower density (L1 et al., 2007; Cutter, 2011). Table 9.4 lists some of
the bast fibers main mechanical properties including tensile strength, Young’s mod-
ulus, elongation at break, fracture stress, specific modulus, and specific strength
(Bogoeva-Gaceva et al., 2007; Goda & Cao, 2007; Faruk et al, 2012). These
mechanical properties are of great importance as they are usually evaluated when
considering bast fibers suitability for a certain application (Bledzki and Gassan,
1999). However, one major drawback of bast fibers are their varying mechanical
properties even among similar plant type fibers like hemp bast fibers mechanical
properties may differ from one fiber to another (Celino et al., 2013). One such
example is the considerable range of hemp bast fibers tensile strength at
580—1110MPa or the flax bast fibers tensile strength from 343 to 1035 MPa
(Biagiotti et al., 2004). These differences occur due to the very same factors that
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0025 Table 9.4 Mechanical properties of bast fibers

Bast ﬁnsile Specific Young’s | Specific Fracture | Elongation
fibers | strength Strength Modulus | Modulus Stress at Break
(MPa) (GPa (GPa) (GPa (MPa) (%)
cm] g—l} cm] g—l}

Jute 187—800 |303.10 3-55 2.0-423 393800 | 1.16—3.10
Hemp |550-1110 |609.20 3-90 2.0-60.0 270900 | 1.30—4.70
Flax 343-2000 | 1.60 27-85 19.0-71.0 |345—-1500] 1.20—3.20
Kenaf |295-930 |430.80 22-53 18.0-38.0 |- 1.50—-6.90
Ramie |220-938 |482.80 44—128 211 - 1.20-3.80

Sources: Bledeki, AJK., Gassan, J. 1999, Composites reinforced with cellulose based fibres. Prog. Polym. Sci. 24(2),
221-274; Biagiotti, 1., Puglia, D, Kenny, LM, 2004 A review on natural fibre-based composites — part 1:
structure, processing and properties of vegetable fibres. J. Nat. Fibers 1(2), 37—68; Bogoeva-Gaceva, G., Avella, M.,
Malinconice, M., Buzarovska, A., Grozdanov, A., Gentile, G., et al., 2007, Natural fiber eco-composites. Polym.
Compos. 28(1), 98 —107, Goda, K., Cao, Y., 2007. Review paper: research and development of fully green
composites reinforced with natural fibers. J. Solid Mech. Mater. Eng. 1(9), 1073 —-1084; Li. X., Tabil, L.G.,
Panigrahi, 8., 2007, Chemical reatments of natural fiber for use in natural fiber-reinforced composites: a review.

lym. Environ. 15(1), 25—33; Mohanty, A.K., Misra, M., Hinrichsen, G., 2000, Biofibres, biode gi8lable
polymers and biocomposites: an overview. Macromol. Mater. Eng. 276-277(1). Cutter. A.G.. 2011. Development
and Chara zation of Renewable Resource-Based Structural Composite Materials. ProQuest, Ann Arbor,
Michigan: Faruk, O., Bledzki, A K., Fink, H.P., Sain, M., 2012. Biocomposites reinforced with natural fibers:
2000-2010. Prog. Polym. Sci. 37(11), 1552—15%.

affect the bast fibers physical properties which also affects its lcchanical properties
au1111[1 et al.. 2013). Besides that, the bast fibers physical properties also influence
its mechanical properties (Bogoeva-Gaceva et al., 2007). For example, the fibers
mechanical properties, strength, and stiffness are mainly influenced by its chemical
composition, cellulose content and also its physical property, microfibrillar angle
where a higher cellulose content and a lower microfibrillar angle increases its
mechanical properties (Mohanty et al., 2000).

w065 9.4 Hybrid bast fibers reinforced thermoset composites

p22

Ln

The term hybrid originates from Greek-Latin and is often used in the polymer com-
posites field to refer to two or more reinforcing and filling materials being incorpo-
rated into a single matrix leading to the formation of hybrid composites (Jawaid
and Abdul Khalil, 2011). The reinforcing materials can either consist of a mixture
of bast fibers and other cellulosic fibers or bast fibers and synthetic fibers while the
matrix used is a thermoset matrix (Sathishkumar et al.. 2014). The incorporation of
hybrid fibers was shown to enhance the physical and mechanical properties of the
hybrid composites produced where the advantages of one type of fiber offsets what
are lacking in the other fiber type and vice versa (Shahzad. 2011). Furthermore, the
hybridization of fibers as reinforcements for thermosets aids in achieving a balance
between performance and cost of composites, hence propelling the utilization
of hybrd composites prospects in a variety of applications including higher load

Thakur-3-1630915  978-0-08-100787-7 00009




To protect the dghts of the author(s) and publisher we inform you that this PDF is an uncormected proof for intemal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in pant. This proof copy is the copynght property of the publisher and is confidential until formal publication.

214 Hybrd Polymer Composite Materials: Properties and Characterisation

bearing structural applications (Al-Harbi, 2001). For example, the hybridization of
synthetic fibers and bast fibers into thermosets not only offsets the bast fibers
inferdor mechanical properties (Sanjay and Yogesha, 2016) but also reduces the
composites moisture absorption due to the lower content of bast fibers (Salman
et al., 2015). Similarly, the addition of bast fibers with synthetic fibers into thermo-
sets lessen the composites production cost as well as the composites weight while
maintaining the composites desired mechanical properties (Salman et al., 2015) and
its biodegradability although at a lower level (Shahzad. 2011).

«0070 9.4.1 Potential and challenges in development
of hybrid composites

0075 9.4.1.1 Fiber—polymer matrix interface

p0230 The fiber—polymer matrix interface may be a distinct phase or in some cases a planar
region consisting of only a few atoms in thickness as a result of a reaction between
the fiber and the polymer matrix where its properties differ from both the fiber and
the polymer matrix. Despite its thinness, the bonding occurring in the fiber—polymer
matrix interface significantly influences the composites mechanical properties as
it assists in transferring stress from the polymer matrix to the fiber (Jawaid and
Abdul Khalil, 2011). Thus, there must be a strong bonding between the fiber and the
polymer matrix to produce composites with desirable mechanical properties, strength,
and stiffness. However, an interface bonding that is too strong results in the compo-
sites being too brittle (low resistance to fracture) whereas a weak interface bonding
produces composites exhibiting low stiffness and strength (Park and Seo, 2011).
Hence, there is a need to achieve optimum interfacial bonding. In order to achieve
optimum interfacial bonding, there must be an intimate contact between the fiber and
the polymer matrix. This is affected by wettability defined as the extent to which a
polymer matrix spreads over the fiber. A good wettability means that the polymer
matrix liquid spreads and covers every bumps and dips of the fiber rough surface
displacing air in the process. This promotes intimate contact between both the fiber
and the polymer matrix. A poor wettability produces composites with interfacial
defects acting as stress concentrators in it (Pickering et al., 2016).

p0235  There are a few types of interfacial bonding mechanism such as mechanical
interlocking, chemical bonding, and interdiffusion bonding where one or more
types of bonding mechanism may occur at the same time in the composites
interface (Pickering et al., 2016). Mechanical interlocking is more effective with
rougher fiber surface, increasing the composites shear strength considerably but
has very little strengthening effect on the transverse tensile strength. Unlike
mechanical bonding, chemical bonding strength does not de on the fiber sur-
face roughness but on the reactivity of the chemical groups on the fiber surface
with the polymer matrix chemical groups to form chemical bonds per unit area
and on the type of chemical bonds formed. Interdiffusion bonding occurs from
the two components (fiber and polymer matrix) molecules interdiffusion and
intertwining in which its bonding strength are affected by the distance and degree
of molecules intertwined and also the number of molecules per unit area at the
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interface (Park and Seo, 2011). Unfortunately, weak interfacial bonding occurs
between the fiber and the polymer matrix due to the incompatibility of fiber
(hydrophilic) and polymer matrix (hydrophobic) (John and Anandjiwala, 2008).
To improve this, extensive research had been carried out and reported that mechani-
cally or chemically treating the fibers helps to enhance the weak interfacial bonding.
Mechanical treatments include corona, plasma, ultraviolet (UV), heat treatments
electron radiation and fiber beating while some of the chemical treatments available
are alkali, acetyl, silane, acrylonitrile, and maleated anhydride grafted coupling agent
(Adekunle, 2015).

0080 9.4.1.2 Moisture content of bast fibers

p0240 Bast fibers constitute primarily of cellulose in its cell walls similar to other types of
natural fibers and usually have moisture contents (5—15%) (Jawaid and Abdul
Khalil, 2011) in its voids as well as in its noncrystalline/amorphous regions (Bledzki
and Gassan, 1999). The bast fibers chemical constituent, cellulose contains many
hydroxyl groups forming hydrogen bonds between its macromolecules within the
bast fiber cell walls. These hydrogen bonds will break as soon as moisture (water
molecules) from the surrounding environment comes into contact with cellulose,
thereby freeing the cellulose macromolecules hydroxyl groups. The cellulose macro-
molecules free hydroxyl groups will next form new hydrogen bonds with water
molecules instead (Kabir et al., 2012). Thus, resulting in bast fibers being hydrophilic
in nature (Saheb and Jog. 1999). This causes polymer composites reinforced with
bast fibers to exhibit a high moisture absorption when exposed to water even with the
presence of hydrophobic polymer matrix. The moisture absorbed into the composites
induces the bast fibers within it to swell leading to diminishing bonding strength at
its interface and ultimately results in the composites microcracking, dimensional
instability, and poorer mechanical properties (Biagiott et al., 2004).

p0245  One such example was reported by Raghavendra et al. (2015) who found that jute
fiber reinforced epoxy composites exhibited depreciating mechanical properties,
tensile and flexural strength after being immersed in water. In contrast, Phani and
Bose (1987) had discovered the added benefits of jute fibers incorporation into glass
fiber reinforced thermoset composites where jute fibers assisted in lowering its
composites degradation rate after being exposed to moisture for more than 70 hours.
This was either probably due to the swollen jute fiber layers accommodation of the
resin swelling strain or the swollen jute fibers protection to a central glass fiber layer.
Despite the findings of Phani and Bose (1987), it is evidently essential to remove
moisture from the bast fibers before its used as a reinforcement in polymers. A few
other researchers had also suggested subjecting bast fibers to chemical treatments
which removes its hydrophilic hydroxyl groups to reduce its moisture absorption
(Wang et al., 2007). Besides that, bast fiber chemical treatments also enhance the
bast fibers reinforced polymer composites interfacial adhesion as a good interfacial
adhesion lowers the rate and amount of water absorbed by the composites. Other
alternatives include coating the bast fibers reinforced polymer composites with
surface barriers but this might be too costly (Biagiotti et al., 2004).
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w0085 9.4.1.3 Dispersion of bast fibers in the matrix

p0250 Bast fibers for the most part are made up of cellulose which imparts polarity and
hydrophilicity to the fibers due to the high density of hydroxyl groups on its surface
at the cell walls (Saheb and Jog, 1999). These hydroxyl groups on its surface has a
tendency to form hydrogen bonding with hydroxyl groups occurring on the surface of
other bast fibers adjacent to it while having less interaction with the polymer matrix
(Wang, 2008). Thus resulting in agglomeration/entanglement of the bast fibers or oth-
erwise known as weak dispersion of bast fibers when used as reinforcements in non-
polar and hydrophobic polymer matrix unlike polar polymer matrix. Bhatnagar
(2004) discovered that the dispersion of natural fibers in thermoplastic polymer
matrix, polyvinyl alcohol (PVA) was not an issue due to the polarity and hydrophilic-
ity of the polymer matrix used. However, the majority of polymers are nonpolar and
hydrophobic in nature. The findings of Bhatnagar (2004) was supported by Barkoula
and Peijs (2011) who explained that the occurrence of a strong interaction between
natural fibers and polymer matrix is a result of their similar polarity.

p0255  This in turn promotes natural fibers wetting by molten polymer matrix, thus
leads to a good dispersion of natural fibers in the polymer matrix. Various methods
and treatments can be employed to change the natural fibers polarity to make it
less polar, hence less hydrophilic as this will increase its compatibility with the
hydrophobic polymer matrix. Some of the treatments include physical and chemical
treatments (Rahman et al.. 2015). Other than that, Nando and Gupta (1996) had
suggested the wetting of natural fibers to prevent hydrogen bonding between fibers
before mixing them with the polymer matrix but this will induce the formation of
pores in the composites formed. Apart from that, increased mixing time assists
in fibers dispersion in polymer matrix rapidly but only up to a certain extent as
it was found that fibers dispersion gradually slows down with mixing time. Shorter
natural fibers were also recommended for use as longer fibers are more inclined to
agglomerate (Pickering et al., 2016).

0000 9.4.1.4 Thermal stability

p0260 Bast fibers thermal stability is defined as the bast fibers resistance to decomposition/
degradation at higher temperatures up to a certain extent. The fibers thermal stability
is influenced by their chemical constituents, cellulose, hemicellulose, lignin and
pectin. Each of these chemical constituents are sensitive to a different range of
temperatures, hence the different stages of fibers decomposition resulting in the
fibers weight loss (Saheb and Jog, 1999). Hemp fibers for example, starts to decom-
pose and suffer from weight loss at 50°C due to the evaporation of its moisture
content. Once the temperature reaches above 160°C, hemp fibers binding material,
lignin begins to soften causing physical and chemical changes within the fibers.
At about 270°C, the hemp fibers weight loss is attributed to the decomposition of
hemicellulose or pectin while the weight loss at 360°C are associated with cellulose
decomposition (Shahzad. 2011). Troedec et al. (2008) reported that the hemp fibers
hemicellulose and pectin degradation corresponds to 320—370°C while its cellulose
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degradation occurs at 390—420°C. Generally, natural fibers starts degrading at
200°C (Jawaid and Abdul Khalil, 2011).

p0265  These researchers revealed that the fibers goes through changes in its physical
and chemical properties after exposure to high temperatures. Studies showed that
the changes in the fibers physical and chemical properties also affects its mechani-
cal properties negatively. This was supported by Sridhar et al. (1982) who observed
a 60% decrease in jute fibers tensile strength after heating under vacuum at 300°C
for 2 hours. Mohanty et al. (2000) also had the same findings in their review paper
where ramie fibers were reported to suffer from nearly 10% reduction in its tensile
strength after being exposed to a high temperature at about 200°C for a duration of
only 10 minutes. The regmction in the natural fibers mechanical properties will in
turn affect the natural hiber reinforced polymer composites strength. Therefore,
there is a need to consider the temperature and duration in the processing of the
polymer composites to avoid thermal degradation of the natural fibers within it
(Summerscales et al., 2010). Besides that, there are also ways to improve the natu-
ral fibers thermal stability by grafting monomers onto the fibers evidently shown by
Saheb and Jog (1999).

s0005s 9.4.1.5 Biodegradability

p0270 Bast fibers are easily biodegraded by microorganisms, bacteria, and fungi as these
organisms are capable of recognizing the lignocellulosic materials such as cellulose,
hemicellulose, and lignin present in its cell walls (Saheb and Jog, 1999). Next, the
bacteria and fungi produces the necessary specific enzymes to break down the
lignocellulosic materials in the fibers cell wall into smaller units to be assimilated
into the microorganisms for its nutritional needs and growth (Mohanty et al.. 2000).
Out of the two microorganisms, bacteria were found to degrade lignocellulosic
materials at a slower rate than fungi (Kuhad et al.. 1997). As a result of the natural
fibers biodegradation, the fibers losses its mechanical strength and this will in turn
drastically lower the natural fibers reinforced polymer composites mechanical
strength and its service life (Walentowska and Kozlowski, 2012). Additionally, the
incorporation of biodegradable natural fibers into either biodegradable or nonbiode-
gradable polymers enhances the polymers biodegradability. Thus, limiting these
polymer composites from outdoor applications (Jawaid and Abdul Khalil, 2011).
However, certain measures can be taken to reduce the fibers biodegradability by
altering its cell wall chemistry through chemical treatments (Joseph et al., 1999).

0100 9.5 Hybrid bast fiber reinforced thermoset
composites processing

p0275 There are a few methods frequently used by researchers to produce hybrid bast fiber

reinforced thermoset composites such as hand lay-up, compression moulding and
pultrusion where some methods are favoured over the other (Table 9.5). Out of all
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the fabrication methods, hand lay-up is often used as it is the simplest method
(Gupta and Srivastava, 2016) but it still requi he necessary workmanship skills
to ensure the polymer composites uniformity (in terms of thickness), fiber to poly-
mer matrix ratio and void content throughout the polymer composites produced
(Kabir et al. 2012). This method basically requires the manual placement and
arrangement of fibers in woven fabric form or in chopped form in the mould. Next,
a mixture of molten thermosetting polymer and hardener is poured onto the fibers
in the mould to wet the fibers. A brush is later used to evenly spread the molten
polymer while a roller is used in the removal of air as well as excess molten poly-
mer before the mould is closed and left to cure or pressed at room temperature
(Sreenivasan et al., 2013; Ghani et al., 2012).

p0280  Other than hand lay-up, compression moulding are also often used to form
hybrid bast fiber reinforced thermoset composites by placing the fibers, fiber
mats (Abdellaoui et al., 2015) or loosely chopped fibers either randomly oriented
(Gopinath et al., 2014) or aligned (Coroller et al., 2013) together with molten
polymer matrix into the mould cavity. The mould is later closed and placed in a
compression molder for compression moulding at the required temperature, pres-
sure, and time before the composites formed are removed from the mold. In
order to produce good quality polymer composites, the temperature and time
needs to be carefully controlled (Pickering et al., 2016) so as to prevent the bast
fibers degradation from occurring when exposed to temperatures above 200°C
for a long duration of time. Hence reducing its fibers strength significantly. This
was supported by Herrmann et al. (1998) who observed a 10% reduction in natu-
ral fibers strength after being heated at 200°C for only 10 minutes. With careful
control of temperature and time, researchers had found that this method has the
added advantage of producing polymer composites with a low number of air
voids in it and the possible incorporation of various fibers length from short to
long (Sreenivasan et al., 2013).

p0285  The (:lhcm&s frequently used method are pultrusion in the production of
hybrid bast fiber reinforced thermoset composites (Sathishkumar et al., 2014:
Saba et al., 2015b). Pultrusion is a continuous process involving the pulling
of continuous fibers (cords or strands) through a polymer resin bath to impreg-
nate the fibers with polymer resin. This is followed by a separate preforming
system where it is shaped and rid of excessive polymer resin before it is guided
through a heated die to allow the polymer resin to cure (Anandjiwala and
Blouw, 2007). The final product obtained a constant cross-sectional shaped com-
posite which exhibits good mechanical properties and also dimensional stability
(Sreenivasan et al., 2013). This was shown by Akil et al. (2011) who proved that
the pultrusion fabricated composites achieved a good flexural strength at 250 MPa
with 70% fiber composition which can only be attained through this method.
However, there are also some drawbacks to this method where its composites good
mechanical properties and dimensional stability are only limited to the cross-sections.
Besides that, the composites fabricated shape is also limited to cylindrical form
(Sreenivasan et al., 2013).
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w105 9.6  Physical and echanical properties of hybrid bast
fibers reinforced thermoset composites

0110 9.6.1 Epoxy based hybrid composites

p0200 The physical and mechanical properties of epoxy based bast fiber hybrid compo-
sites had been studied by several researchers as reported by Saba et al. (2015b) and
Gupta and Srivastava (2016) in their review papers. Some of the researchers include
Ramesh and Nijanthan (2016) who fabricated kenaf-glass fiber reinforced epoxy
composites with two different fiber orientations at 0 and 90 degrees. These compo-
sites were tested for their mechanical properties, tensile strength, impact strength,
and flexural strength. They concluded that the kenaf-glass fiber reinforced epoxy
composites mechanical properties with 0 degree fiber orientation are better than the
90 degrees. Finite element analysis (FEA) carried out also validated the experimen-
tal results obtained as the experimental results are very close to the FEA model
results. Similar study was also conducted by Gujjala et al. (2014) on the mechanical
properties of woven jute—glass fibers reinforced epoxy composites where the
woven jute and glass mat were stacked in a different sequence. Karahan and
Karahan (2015) also investigated the tensile and impact properties as well as the
water absorption of jute—carbon woven fabric epoxy composites. They found that
the hybridized jute—carbon woven fabric epoxy composites showed significant
improvement in its tensile and impact strength compared with the jute woven fabric
epoxy composites. The hybrid epoxy composites also exhibited reduced moisture
absorption when soaked in water for 2 and 24 hours, respectively.

0115 9.6.2 Polyester?ased hybrid composites :

p0205 Ramesh et al. (2013) investigated the mechanical property of sisal—jute—glass fiber
reinforced polyester composites in comparison with jute—glass fiber reinforced
polyester composites. In terms of tensile strength, they reported that jute—glass fiber
reinforced composites exhibits higher tensile strength whereas sisal—jute—glass fiber
reinforced composites showed superior flexural and impact strength. Unlike Ramesh
et al. (2013), Scutaru and Baba (2014) only focused on hybridizing two type of fibers,
carbon, and hemp fabric as polyester composite fillers to determine the composites
impact strength with different impact speed and falling heights. They concluded that
the hybridized composites produced had a good stiffness. This is in agreement with
the findings made by Ahmed et al. (2007) who observed an increased in their fabri-
cated hybrid composites stiffness. In their study, Ahmed et al. (2007) produced
woven jute—glass fiber reinforced polyester composites where its stiffness was
enhanced with increasing glass fiber content in the hybrid composites. The hybrid
composites stiffness enhancement of Scutaru and Baba (2014) and Ahmed et al.
(2007) is the result of the glass and carbon fibers high stiffness. Ahmed et al. (2007)
also discovered that the addition of glass fibers into woven jute reinforced compo-
sites increased the composites tensile strength due to the greater extensibility of
glass fibers.
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9.6.3 Phenolic based hybrid composites

p0300 Ozturk (2010a) is among one of the few rescarches to report on the influence

s0125

p0303

of synthetic fibers hybridization into phenolic based bast fiber composites. In his
research, he hybridized rockwool fibers into jute fiber reinforced phenol formalde-
hyde composites. He found that the addition of rockwool fibers to jute reinforced
phenol formaldehyde composites increases the hybrid composites flexural strength
but also decreases its tensile and impact strength. Another researcher by the same
last name, Ozturk (2005) investigated the hybridization of basalt fibers into hemp
phenol formaldehyde composites. His findings are almost similar in which the
hybridization of basalt fibers decreases not only the tensile and impact strength but
also the flexural strength. These findings are in agreement with his recent work
where he also observed a decreasing trend for the hybrid composites mechanical
properties with the addition of fibrefrax fiber into kenaf reinforced phenol form-
aldehyde composites (Ozturk, 2010b). All of these results are attributed to the
weak adhesion between the synthetic fibers (rockwool fiber, fibrefrax fiber, and
basalt fiber) with the phenol formaldehyde polymer matrix. Medeiros et al.
(2005) on the other hand studied the addition of cellulosic fibers, cotton to jute
reinforced phenolic composites by weaving both cotton with different jute roving
textures together into a fabric as a reinforcement for phenolic polymer matrix.
Next, the hybrid composites mechanical properties were tested in relation with
the different test angles and jute roving textures. They concluded that the hybrid
composites mechanical properties are strongly dependent on the test angles and
jute roving textures. The best overall mechanical properties were the ones tested
along the jute roving direction and these properties are reduced with increasing
test angles.

9.6.4 Unsaturated polyester based hybrid composites
1

e physical and mechanical properties of unsaturated polyester resin based bast
fiber hybrid composites had been studied by a few researchers already. One of
them is Zamri et al. (2011) who had conducted an experiment to determine the
effect of water absorption on the jute—glass fiber reinforced unsaturated polyester
composites. The hybrid composites were immersed in three different types of water:
distilled water, sea water, and an acidic solution for up till 3 weeks to determine the
composites water absorption. From the results obtained, they concluded that the
water absorption pattern follows the non-Fickian behavior. The composites also
exhibited the highest values for diffusion coefficient and maximum moisture
content when immersed in distilled water followed by acidic solution with sea water
having the lowest value. Besides that, the incorporation of synthetic glass fibers
into jute reinforced unsaturated polyester composites were observed to lower the
composites moisture absorption and at the same time enhance its mechanical
properties, flexural, and compression strength. Similarly, Salleh et al. (2012) had
also conducted a research on the water absorption effect on long kenaf-woven glass
fiber unsaturated polyester composites where their findings are in agreement
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with Zamri et al. (2011). Others like Kafi et al. (2006) and Lai et al. (2008) had
conducted their research focusing on enhancing the mechanical properties of bast
fiber hybrid reinforced unsaturated polyester composites either by chemical or
physical fiber treatments. Unlike the others, Hashemi et al. (2015) instead focused
on the relationship between the kenaf fiber volume fraction and void volume
fraction of kenaf/glass fiber unsaturated polyester composites.

20130 9.6.5 Vinyl ester based hybrid composites

p0310 Vinayagamoorthy and Rajeswart (2014) investigated the hybrid woven jute—
vetiver—glass fiber reinforced vinyl ester composites mechanical performances in
terms of tensile, compressive, flexural and impact strength. In this study, only the
vetiver fibers were chemically treated with alkaline solution before undergoing heat
treatment to enhance the hybrid composites properties with differing hybrid fiber
weight ratios. They found that the vetiver fiber treatments, an increase in glass
fiber weight ratio up till 15% and hybridization substantially enhanced the hybrid
composites mechanical properties. They also discovered that it is possible to replace
the fiber glass in the hybrid woven jute—vetiver—glass fiber reinforced composites
with other natural fibers without affecting the hybrid composites mechanical proper-
ties negatively except for its impact strength. Li et al. (2015) who studied the hybrid-
ization of jute—ramie fiber reinforced polyester composites also came to a similar
conclusion that hybridization enhances the mechanical properties only when the
ramie fiber fractions are increased. They also discovered that by increasing the jute
fiber fractions, this will in turn improved the hybrid composites permeability. Kannan
et al. (2015) like Vinayagamoorthy and Rajeswari (2014) also studied the effect of
alkaline treatment on natural fibers, jute and banana fibers where both jute and
banana fibers were later used together as fillers for vinyl ester polymer matrix. These
alkaline treated and untreated hybrid jute—banana fiber reinforced composites were
tested for their mechanical properties. In contrast to the findings of Vinayagamoorthy
and Rajeswari (2014), Kannan et al. (2015) inferred that the untreated hybrid
jute—banana fiber reinforced composites exhibits stronger mechanical properties
compared with the treated ones.

«135 9.7 Applications of hybrid bast fibers reinforced
thermoset composites

p0315 Atigah et al. (2014) attempted the development of hybrid kenaf-glass reinforced
unsaturated polyester composites for structural applications in their research.
First, they fabricated the hybrid kenaf-glass reinforced composites where the differ-
ent fractions of kenaf fibers used were either alkaline treated or untreated before
subjecting the hybrid composites for mechanical testing. They discovered that the
hybrid composites with 15% volume of treated kenaf fibers possess the highest
flexural, tensile and impact strength due to good interfacial bonding between the
kenaf fibers and the polymer matrix. Based on their findings, they came to a
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conclusion that the 15% volume treated kenaf-glass hybrid reinforced composites is
suitable for structural applications. T3 finding is in agreement with Burgueno
et al. (2005a), Ray and Rout (2005), Dittenber and GangaRao (2012) and Alam
et al. (2015). These researchers concluded that the hybridization of natural fibers
with glass and/or carbon fibers significantly reduces the the@hoset composites water
absorption properties and also enhances the composites mechanical and thermal
properties. These improvements allow the hybridized natural fibers—glass fibers
or natural fibers—carbon fibers reinforced thermoset composites to compete with
conventional structural materials in their application. Similarly, Burgueno et al.
(2005b) also investigated the applicability of hybrid biofibre based composites for
structural applications, specifically on structural cellular plates. They hybndized
chopped natural fibers (hemp and flax) with synthetic (glass and carbon) or natural
(jute) based fabrics as fillers for unsaturated polyester polymer matrix. These hybrid-
ized composites were tested and also analyzed with mic:r(ec:hami{:s and sandwich
analysis. Results indicated that they are a viable altemative to conventional structural
materials for current and future applications.

p0320  Besides the utilization of hybrid bast fibers reinforced thermoset composites
on structural and building materials, it can also be applied for car structural compo-
nents‘ﬁ?heis was done by Davoodi et al. (2010) where they fabricated hybrid kenaf-
glass fiber reinforced epoxy composites and evaluated its mechanical properties.
The hybrid composites mechanical properties were compared with glass mat ther-
moplastic (GMT) which is the material used to produce passenger car bumper
beam. The hybrid composites had comparable mechanical properties with GMT
except for the hybrid composites lower impact strength but based on its overall
properties, it has the potential to be used as a material for the production of car
bumper beams. Devired@and Biswas (2016) focused their research on the applica-
bility of hybrid banana-jute fiber reinforced epoxy composites in relation with its
physical and thermal properties for not only car components but also building mate-
rials. They also came to the same conclusion that hybrid bast fibers reinforced ther-
moset composites are suitable for building materials and car components. Other
researchers with similar findings on hybrid bast fiber armuset composites applica-
bility as automotive components includes Yahaya et al. (2016), Mansor et al.
(2013) and Suresh et al. (2015). Other than building and car materials, hybrid bast
fiber reinforced thermoset composites were also found to possess the potential for
use as curved pipes where three hybrid fibers, kenaf-glass fiber, flax-glass fiber and
hemp-glass fiber were evaluated (Cicala et al., 2009). Another utilization is its
development as a combat armor made from hybrid ramie-kevlar 29 polyester com-
posites as it meets the ballistic threats equivalent to the third level of protective bal-
listic limits in the National Institute of Justice (N1J) standards (Radif et al., 2011).

<0140 9.8 Conclusion

p0325 ?asl fibers like jute, flax, hemp and kenaf had been thoroughly investigated by
numerous researchers up till today where most of them had focused on the fibers
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chemical constituents, physical and mechanical properties as well as its cell wall
architecture. These properties of bast fibers makes it a suitable reinforcement for
thermoset polymers with the added benefits of being environmentally friendly and
also possessing high specific strength comparable to synthetic fibers. Despite the
advantages, bast fibers also lack behind in certain properties like moisture absorp-
tion. In order to offset what bast fibers are lacking, hybridization of bast fibers with
other natural fibers or synthetic fibers were done and the results were promising as
hybridization enhances the reinforced thermoset composites. To further improve the
hybrid bast fiber thermoset composites, researchers had also conducted several
studies on its fiber-matrix interface, bast fiber thermal stability, moisture content,
biodegradability, and dispersion in the matrix. This had led to the development of
hybrid bast fiber thermoset composites exhibiting properties comparable to syn-
thetic thermoset composites with the exception of one or two lower properties for
the hybrid composites. Due to these comparable properties, the hybrid composites
has the potential for application in building and structural materials, automotive
components, piping and body armor. However, there is still a need for future
research to broaden its application to other utilizations by further improving the
bast fibers moisture absorption, thermal stability and durability, allowing them to
completely replace synthetic fibers one day.

References

Abdul Khalil, H.P.S., Ireana Yusra, A.F., Bhat, A.H., Jawaid, M., 2010. Cell wall ultrastruc-
ture, anatomy, lignin distribution and chemical composition of Malaysian cultivated
kenaf fiber. Ind. Crop. Prod. 31 (1), 113—121.

Abdellaoui, H., Bensalah, H., Echaabi, ., Bouhfid, R., Qaiss, A., 2015. Fabrication, charac-
terization and modelling of laminated composites based on woven jute fibres reinforced
epoxy resin. Mater. Des. 68, 104—113.

Adekunle, K.F., 2015. Surface treatments of natural fibers — a review. Open J. Polym.
Chem. 5 (3), 41—46.

Ahmed, K.5., Vijayarangan, 5., Kumar, A., 2007. Low velocity impact damage characteriza-
tion of woven jute glass fabric reinforced isothalic polyester hybrid composites.
1. Reinf. Plast. Compos. 26 (10), 959-976.

Akil, HM., Zamri, H., Shahidan, H.A., Arifin, M.LLZ., Bakar, A A, 2011. Pultruded natural
fibre reinforced composites: preparation, properties and application. The 19th Annual
International Conference on Composites/Nano Engineering — ICCE-19, Shanghai
24th — 30th July 2011. University of New Orleans, New Orleans, USA.

Akil, HM., Sanwlli, C., Sarasini, F., Tirillo, J., Valente, T., 2014. Environmental effects on
the mechanical behaviour of pultruded jute/glass fibre-reinforced polyester hybrid com-
posites. Compos. Sci. Technol. 94, 62-70.

Alam, M.A., Alrivami, K., Jumaat, M.Z., Noori, K., 2015. Development of hybrid
jute fibre composite plates for potential application in shear retrofitting of RC
structure. Ind. J. Sci. Technol. 8§ (30), <<hup://dx.doiorg/ 10 17485/1st/2015/vEil/
T2172= (accessed 15.04.16).

Thakur-3-1630915  978-0-08-100787-7 00009




To protect the dghts of the author(s) and publisher we inform you that this PDF is an uncormected proof for intemal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in pant. This proof copy is the copynght property of the publisher and is confidential until formal publication.

Hybrid bast fibre reinforced themmoset composites 227

Al-Harbi, KM.AS., 2001. Application of the AHP in project management. Int. J. Proj.
Manage. 19 (1), 19-27.

Anandjiwala, R.D., Blouw, 5., 2007. Composites from bast fibres — prospects and potential
in the changing market environment. J. Nat. FiberFiber. 4 (2), 91— 109.

Aracri, E., Fillat, A., Colom, LF., Gutierrez, A., del Rio, J.C., Martinez, A.T., et al, 2010.
Enzymatic grafting of simple phenols on flax and sisal pulp fibres using laccases.
Bioresour. Technol. 101 (21), 8211—=8216A.

Ashby, MLF., 2012. Materials and the Environment: Eco-informed Material Choice. 2nd ed.
Butterworth-Heinemann, Oxford, UK.

Ashori, A., 2006. Pulp and paper from kenaf bast fibers. Fiber Polym. 7 (1), 26-29.

Atigah, A., Maleque, ML.A., Jawaid, M., Igbal, M., 2014. Development of kenal-glass rein-
forced unsaturated polyester hybrid composite for structural applications. Compos. B:
Eng. 56, 6873,

Barkoula, N.M., Peijs, T., 2011. Interface engineering through matrix modification in natural
fibres composites. In: Zafeiropoulos, N.E. (Ed.), Interface Engineering of Natural Fibre
Composites for Maximum Performance. Woodhead Publishing, Sawston, Cambridge,
pp- 43—81.

Batog, J., Konczewicz, W., Kozlowski, R., Muzyczek, M., Sedelnik, N., Tanska, B., 2006.
Survey and recent report on enzymatic processing of bast fibres. J. Nat. FiberFiber. 3
(2—3), 113—129.

Batra, S.K., 2006. Other long vegetable fibres: abaca, banana, sisal, henequen, flax, ramie,
hemp, sunn and coir. In: Lewin, M. (Ed.), Handbook of Fiber Chemistry, 3rd ed. CRC
Press, Boca Raton, Florida, pp. 453 -=520.

Beck, C.B., 2005. An Introduction to Plant Structure and Development. Cambridge
University Press, Cambridge, UK.

Bhatnagar, A., 2004. Isolation of Cellulose Nanofibers from Renewable Feed Stocks and
Root Crops. University of Toronto, Toronto, Canada.

Bhoopathi, R., Ramesh, M., Deepa, C., 2014. Fabrication and property evaluation of
banana-hemp-glass fiber reinforced composites. Proc. Eng. 97, 2032-2041.

Biagiott, J., Puglia, D., Kenny, J.M., 2004. A review on natural fibre-based composites—part
1: structure, processing and properties of vegetable fibres. J. Nat. Fiber. 1 (2), 37—68.

Bledzki, A.K., Gassan, J., 1999. Composites reinforced with cellulose based fibres. Prog.
Polym. Sci. 24 (2), 221-274.

Bogoeva-Gaceva, G., Avella, M., Malinconico, M., Buzarovska, A., Grozdanov, A., Gentile,
G., et al., 2007. Natural fiber eco-composites. Polym. Compos. 28 (1), 98—107.

Boopalan, M., Niranjanaa, M., Umapathy, M.J., 2013. Study on the mechanical properties
and thermal properties of jute and banana fiber reinforced epoxy hybrid composites.
Compos. B: Eng. 51, 54-57.

Bos, H.L., van den Oever, M.I.A., Peters, 0.C.1.1., 2002. Tensile and compressive properties
of flax fibres for natural fibre reinforced composites. J. Mater. Sci. 37 (8), 16831692,

Bos, H.L., Mussig, I., van den Oever, M.ILA., 2006. Mechanical properties of short-flax-fibre
reinforced compounds. Compos. A: Appl. Sci. Manuf. 37 (10), 1591—1604.

Bourmaud, A., Morvan, C., Bouali, A., Placet, V., Perre, P., Baley, C., 2013. Relationships
between micro-fibrillar angle, mechanical properties and biochemical composition of
flax fibers. Ind. Crop. Prod. 44, 343-351.

Bowen, D.H., Signorelli, R.A., de Luca, P.L., Williams, J.C., Kelly, A., Greer, A.L., et al.,
1994, M — Manufacturing methods for composites: an overview. In: Kelly, A. (Ed.),
Concise Encyclopedia of Composite Materials, Revised Edition. Pergamon Press,
Oxford, UK, pp. 175—199.

Thakur-3-1630915  978-0-08-100787-7 00009




To protect the dghts of the author(s) and publisher we inform you that this PDF is an uncormected proof for intemal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in pant. This proof copy is the copynght property of the publisher and is confidential until formal publication.

228 Hybrd Polymer Composite Materials: Properties and Characterisation

Burgueno, R., Quagliata, M.J., Mehta, G.M., Mohanty, A.K., Misra, M., Drzal, L.T., 2005a.
Sustainable cellular biocomposites from natural fibers and unsaturated polyester resin
for housing panel applications. J. Polym. Environ. 13 (2), 139—149.

Burgueno, R., Quagliata, M.T., Mohanty, A.K., Mehta, G., Drzal, L.T., Misra, M., 2005b.
Hybrid biofiber-based composites for structural cellular plates. Compos. A: Appl. Sci.
Manuf. 36 (5), 581-3593.

Calamari, T.A., Tao, W., Goynes, W.R., 1997. A preliminary study of kenaf fiber bundles
and their composite cells. TAPPI J. 80 (8), 149—154.

Celino, A., Freour, S., Jacquemin, F., Casari, P., 2013. The hygroscopic behaviour of
plant fibers: a review. Front. Chem. 1, <htp:/dx.doi.org/10.3389/[chem.2013.00043 >
(accessed 15.04.16).

Chand, N., Fahim, M., 2008. Trbology of Natural Fiber Polymer Composites. Woodhead
Publishing, Sawston, Cambridge.

Cheng, Z., Lu, B.R., Sameshima, K., Fu, D.X., Chen, J.K., 2004. Identification and genetic
relationships of kenal (Hibiscus cannabinus L.) germplasm revealed by AFLP analysis.
Genet. Resour. Crop. Evol. 51 (4), 393—-401.

Cicala, G., Cristaldi, G., Recca, G., Ziegmann, G., El-Sabbagh, A., Dickert, M., 2009.
Properties and performances of various hybrid glass/natural fibres composites for curved
pipes. Mater. Des. 30 (7), 2538—-2542.

Cook, J.C., 1984. Handbook of Textile Fibres: Volume 1 — Natural Fibres. Woodhead
Publishing, Sawston, Cambridge.

Coroller, G., Lefeuvre, A., Duigou, A.L., Bourmaud, A., Ausias, G., Gaudry, T., et al., 2013.
Effect of flax fibres individualisation on tensile failure of flax/epoxy unidirectional com-
posite. Compos. A: Appl. Sci. Manuf. 51, 62-70.

Cutter, A.G., 2011. Development and Characterization of Renewable Resource-Based
Structural Composite Materials. ProQuest, Ann Arbor, Michigan.

Davoodi, M.M., Sapuan, S.M., Ahmad, D., Ali, A., Khalina, A., Jonoobi, M., 2010.
Technical report: mechanical properties of hybrid kenal/glass reinforced epoxy compos-
ite for passenger car bumper beam. Mater. Des. 31 (10), 49274932,

Devireddy, 5.B., Biswas, 5., 2016. Physical and thermal properties of unidirectional banana-
jute hybrid fiber-reinforced epoxy composites. J. Reinf. Plast. Compos. <htip://dx.doi.
org/ 10.1177/0731684416642877> (accessed 15.04.16).

Dhakal, H.N., Zhang, Z.Y., Guthrie, R., MacMullen, J., Bennett, N., 2013. Development of
flax/carbon fibre hybrid composites for enhanced properties. Carbohydr. Polym. 96 (1),
1-8.

Dittenber, D.B., GangaRao, H.V.S., 2012. Review: critical review of recent publications
on use of natural composites in infrastructure. Compos. A: Appl. Sci. Manuf. 43 (8),
1419—1429.

Drzal, L.T., Mohanty, A.K., Mehta, G., Misra, M., 2002. Low-cost, bio-based composite
materials for housing applications. In: Anson, M., Ko, ILM., Lam, E.S.S. (Eds.),
Advances in Building Technology, Ist Volume. Elsevier Science, Philadelphia,
Pennsylvania, pp. 225-232.

Eder, M., Burgert, L, 2010. Natural fibres — function in nature. In: Mussig, J. (Ed.),
Industrial Applications of Natural Fibres: Structure, Properties and Technical
Applications. Wiley, Hoboken, New Jersey, pp. 23—40.

Elzebroek, A.T.G., Wind, K., 2008. Guide to Cultivated Plants. CABIL Wallingford,
Oxfordshire, UK.

Faruk, O., Bledzki, A K., Fink, HP., Sain, M., 2012. Biocomposites reinforced with natural
fibers: 2000—2010. Prog. Polym. Sci. 37 (11), 1552—1596.

Thakur-3-1630915  978-0-08-100787-7 00009




To protect the dghts of the author(s) and publisher we inform you that this PDF is an uncormected proof for intemal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in pant. This proof copy is the copynght property of the publisher and is confidential until formal publication.

Hybrid bast fibre reinforced themmoset composites 229

Fimmm, B.C.M., Rosemaund, A. 2009. Industrial fibres: recent and current developments.
In: Discover natural fibers 2009: Proceedings of the symposium on natural fibres, Rome
20th October 2008, Common Fund for Commodities 2009, Amsterdam, Netherlands.

Franck, R.E., 2005. Owerview. In: Franck, R.R. (Ed.), Bast and Other Plant Fibres.
Woodhead Publishing, Sawston, Cambridge, pp. 1-23.

Ganguly, P.K., Sengupta, S., Samajpati, 5., 1999. Mechanical behaviour of jute and polypro-
pylene blended needle-punched fabrics. Ind. J. Fibre Text. Res. 24 (1), 34—40.

Ghani, M.AA., Salleh, Z., Hyie, KM., Berhan, M.N., Taib, Y.M.D., Bakri, M.AL, 2012.
Mechanical properties of kenaf/fiberglass polyester hybrid composite. Proc. Eng. 41,
1654—-1659.

Ghosh, P., 2003. Fibre Science and Technology. Tata McGraw-Hill, New Delhi, India.

Goda, K., Cao, Y., 2007. Review paper: research and development of fully green composites
reinforced with natural fibers. J. Solid Mech. Mater. Eng. 1 (9), 1073 —1084.

Gopinath, A., Kumar, M.S., Elayaperumal, A., 2014. Experimental investigations on
mechanical properties of jute fiber reinforced composites with polyester and epoxy
resin. Proc. Eng. 97, 2052-2063.

Gujjala, R., Ojha, 5., Acharya, S.K., Pal, 5.K., 2014. Mechanical properties of woven jute-
glass hybrid-reinforced epoxy composite. J. Compos. Mater. 48 (28), 34453455,

Gupta, MLK., Srivastava, RK., 2016. Mechanical properties of hybrid fibers-reinforced
polymer composite: a review. Polym.-Plast. Technol. Eng. 55 (6), 626—642.

Hall, L.M., 2016. Flax (Limuon usitatissinnon L.). In: McKeon, T., Hayes, D., Hildebrand, D.,
Weselake, R. (Eds.), Industrial Oil Crops, /st ed. Academic Press and AOCS Press, UK
and USA, pp. 157194,

Hashemi, F., Tahir, P.M., Madsen, B., Jawaid, M., Majid, D.L., Brancheriau, L., et al., 2015.
Volumetric composition and shear strength evaluation of pultruded hybrid kenafiglass
fiber composites. J. Compos. Mater.<htip://dx.doLorg/10.1177/0021998315602948>
{accessed 15.04.16).

Haugan, E., Holst, B., 2013. Determining the fibrillary orientation of bast fibres with
polarized light microscopy: the modified Herzog test (red plate test) explained.
1. Microsc. 252 (2), 159—168.

Herrmann, A.S., Nickel, 1., Riedel, U., 1998. Construction materials based upon biologically
renewable resources — from components to finished parts. Polym. Degrad. Stab. 59
(1-3), 251-261.

Holbery, J., Houston, D., 2006. Overview low-cost composites in vehicle manufacture:
Natural-fiber-reinforced polymer composites in automotive applications. J. Miner. Met.
Mater. Soc. (TMS). 58 (11), 80—86.

Hughes, M., 2004. Quantifying the range of properties in natural raw matenal origin
polymers and fibres. In: Tucker, N., Johnson, M.G. (Eds.), Low Environmental Impact
Polymers. Smithers Rapra Technology, Shrewsbury, UK, pp. 67— 104.

Jawaid, M., Abdul Khalil, H.P.S., 2011. Cellulosic/synthetic fibre reinforced polymer hybrid
composites: a review. Carbohydr. Polym. 86 (1), 118,

Jhala, A.J., Hall, LM., 2010. Flax (Linum usitatissimuon L)) Current uses and future
applications. Austr. J. Basic Appl. Sci. 4 (9), 4304—-4312.

John, M.J., Thomas, §., 2008. Review: biofibres and biocomposites. Carbohydr. Polym.
71 (3), 343—-3064.

John, M.J., Anandjiwala, R.D., 2008. Recent developments in chemical modification and
characterization of natural fiber-reinforced composites. Polym. Compos. 29 (2),
187-207.

Thakur-3-1630915  978-0-08-100787-7 00009




To protect the dghts of the author(s) and publisher we inform you that this PDF is an uncormected proof for intemal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in pant. This proof copy is the copynght property of the publisher and is confidential until formal publication.

230 Hybrd Polymer Composite Materials: Properties and Characterisation

Joseph, P.V., Joseph, K., Thomas, S., 1999. Effect of processing variables on the mechanical
properties of sisal-fiber-reinforced polypropylene composites. Compos. Sci. Technol. 59
(11), 1625—1640.

Joshi, M., 2015. Textbook of Field Crops. PHI, New Delhi, India.

Kabir, M.M., Wang, H., Lau, K.T., Cardona, F., 2012. Chemical treatments on plant-based
natural fibre reinforced polymer composites: An overview. Compos. B: Eng. 43 (7).
28832892,

Kafi, A A, Abedin, M.Z., Beg, M.D.H., Pickering, K.L., Khan, M.A., 2006. Study on the
mechanical properties of jute/glass fiber-reinforced unsaturated polyester hybrid compo-
sites: Effect of surface modification by ultraviolet radiation. J. Reinf. Plast. Compos. 25
(6), 575—588.

Kannan, K., Harikannan, 5., Arun, V., Anusundar, R., Ashokraj, S., 2015. Analysis of
mechanical properties of jute and banana fibre reinforced vinyl ester composites. Int. J.
Innov. Res. Sci. Eng. Technol. 4 (6), 1630—1638.

Karahan, M., Karahan, N., 2015. Investigation of the tensile properties of natural and natural/
synthetic hybrid fiber woven fabric composites. J. Reinf. Plast. Compos. 34 (10},
795—806.

Kers, I., Peetsalu, P., Saarna, M., Viikna, A., Krumme, A., Menind, A., 2010. Preliminary
investigation into tensile characteristics of long flax fibre reinforced composite material.
Agron. Res. 8 (1), 107—114.

Kuhad, R.C., Singh, A., Eriksson, K.E.L., 1997. Microorganisms and enzymes involved in
the degradation of plant fiber cell walls. In: Eriksson, K.E.L., Babel, W., Blanch, H'W.,
Cooney, C.L., Enfors, 5.0., Eriksson, K.E.L., Fiechter, A., Klibanov, A.M., Mattiasson,
B., Primrose, 5.B., Rehm, H.J., Rogers, P.L., Sahm, H., Schugerl, K., Tsao, G.T.,
Venkat, K., Villadsen, J., von Stocker, U., Wandrey, C. (Eds.), Advances in Biochemical
Engineering Biotechnology: Biotechnology in the Pulp and Paper Industry, 37th
Volwme. Springer, Berlin, Germany, pp. 45—125.

Kymalainen, H.R., Sjoberg, A.M., 2008. Flax and hemp fibres as raw materials for thermal
insulations. Build. Environ. 43 (7), 1261 =1269.

Lai, W.L., Mariati, M., Mohamad Jani, 5., 2008. The properties of woven kenal and betel
palm (Areca catechu) reinforced unsaturated polyester composites. Polym.-Plast.
Technol. Eng. 47 (12), 11931199,

Lewington, A., 2003. Plants for People. Transworld Publishers, London, UK.

Li, X, Tabil, L.G., Panigrahi, 5., 2007. Chemical treatments of natural fiber for use in natural
fiber-reinforced composites: a review. J. Polym. Environ. 15 (1), 25-33.

Li, Y., Xie, L., Ma, H., 2015. Permeability and mechanical properties of plant fiber rein-
forced hybrid composites. Mater. Des. 86, 313—320.

Liu, L., Wang, Q., Xia, Z., Yu, I, Cheng, L., 2010. Mechanical modification of degummed
jute fibre for high value textile end uses. Ind. Crop. Prod. 31 (1), 43—47.

Mansor, M.R., Sapuan, S.M., Zainudin, E.S., Nuraini, A.A., Hambali, A., 2013. Hybrid natu-
ral and glass fibres reinforced polymer composites material selection using Analytical
Hierarchy Process for automotive brake lever design. Mater. Des. 51, 484 —492.

Medeiros, E.5.D., Agnelli, J.AM., Joseph, K., Carvalho, L.H.D., Mattoso, L.H.C., 2005.
Mechanical properties of phenolic composites reinforced with jute/cotton hybrid fabrics.
Polym. Compos. 26 (1), 1—-11.

Meshram, L.H., Palit, P., 2013. Review article: Biology of industrial bast fibers with reference
to quality. J. Nat. Fiber. 10 (2), 176—196.

Mohanty, A.K., Misra, M., Hinrichsen, G., 2000. Biofibres, biodegradable polymers and
biocomposites: an overview. Macromol. Mater. Eng. 276—277 (1), 1-24.

Thakur-3-1630915  978-0-08-100787-7 00009




To protect the dghts of the author(s) and publisher we inform you that this PDF is an uncormected proof for intemal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in pant. This proof copy is the copynght property of the publisher and is confidential until formal publication.

Hybrid bast fibre reinforced themmoset composites 231

Munder, F., Furll, C., Hempel, H., 2005. Processing of bast fiber plants for industrial applica-
tions. In: Mohanty, AK., Misra, M., Drzal, L.T. (Eds.), Natural Fibers, Biopolymers
and Biocomposites. CRC Press, Boca Raton, Florida, pp. 109—140.

Murthy, H.V.S., 2015. Introduction to Textile Fibres. Woodhead Publishing, India, New
Delhi, India.

Mussig, 1., Schmehl, M., von Buttlar, H.B., Schonfeld, U., Amdt, K., 2006. Exterior compo-
nents based on renewable resources produced with SMC technology — Considering a
bus component as example. Ind. Crop. Prod. 24 (2), 132—145.

Mwaikambo, LY., Ansell, M.P., 2006. Mechanical properties of alkali treated plant fibres
and their potential as reinforcement materials. I. hemp fibres. J. Mater. Sci. 41 (8),
24832496,

Nair, A.B., Joseph, R., 2014. Eco-friendly bio-composites using natural rubber (NR) matrices
and natural fiber reinforcements. In: Kohjiya, S., Ikeda, Y. (Eds.), Chemistry,
Manufacture and Applications of Natural Rubber. Woodhead Publishing, Sawston,
Cambridge, pp. 249-283.

Nando, G.B., Gupta, B.R., 1996. Short fibre-thermoplastic elastomer composites. In: De, S.
K.. White, J.R. (Eds.), Short Fibre-Polymer Composites. CRC Press, Boca Raton,
Florida, pp. 84—115.

Nishino, T., 2013. Preparation, microstructure and properties of biofibers. In: Thomas, 5.,
Joseph, K., Malhotra, S.K., Goda, K., Sreekala, M.S. (Eds.), Polymer Composites:
Biocomposites, 3rd Volume. Wiley-VCH, Weinheim, Germany, pp. 109—-132.

Ozturk, 5., 2005. The effect of fibre content on the mechanical properties of hemp and basalt
fibre reinforced phenol formaldehyde composites. J. Mater. Sci. 40 (17), 4585-4592.

Ozturk, B., 2010a. Hybrid effect in the mechanical properties of jute/rockwool hybrid fibres
reinforced phenol formaldehyde composites. Fiber Polym. 11 (3), 464—473.

Ozturk, 5., 2010b. Effect of fiber loading on the mechanical properties of kenafl and fiberfrax
fiber-reinforced phenol-formaldehyde composites. J. Compos. Mater. 44 (19),
22652288,

Pallesen, B.E., 1996. The guality of combine-harvested fibre flax for industrial purposes
depends on the degree of retting. Ind. Crop. Prod. 5, 65-78.

Park, 8.1., Seo, MLK., 2011. Interface Science and Composites. Academic Press, Cambridge, UK.

Petrucci, R., Santulli, C., Puglia, D., Sarasini, F., Torre, L., Kenny, .M., 2013. Technical
report: Mechanical characterisation of hybrid composite laminates based on basalt fibres
in combination with flax, hemp and glass fibres manufactured by vacuum infusion.
Mater. Des. 49, 728—735.

Phani, KK., Bose, N.R., 1987. Hydrothermal aging of jute glass-fiber hybrid composites —
An acoustoultrasonic study. J. Mater. Sci. 22 (6), 1929-1933.

Pickering, K.L., Efendy, M.G.A., Le, T.M., 2016. A review of recent developments in natural
fibre composites and their mechanical performance. Compos. A: Appl. Sci. Manuf. 83,
98—112.

Placet, V., Trivaudey, F., Cisse, O., Gucheret-Retel, V., Boubakar, M.L., 2012. Diameter
dependence of the apparent tensile modulus of hemp fibres: A morphological, structural
or ultrastructural effect? Compos. A: Appl. Sci. Manuf. 43 (2), 275-287.

Punyamurthy, R., Sampathkumar, D., Ranganagowda, R.P., Bennehalli, B., Badyankal, P.,
Venkateshappa, S.V., 2014. Surface modification of abaca fiber by benzene diazonium
chloride treatment and its influence on tensile properties of abaca fiber reinforced poly-
propylene composites. Cienc. Tecnol. Mater. 26 (2), 142 —-149.

Radif, Z.5., Ali, A., Abdan, K., 2011. Development of a green combat armour from ramie-
kevlar-polyester composite. Pertanika J. Sci. Technol. 19 (2), 339—348.

Thakur-3-1630915  978-0-08-100787-7 00009




To protect the dghts of the author(s) and publisher we inform you that this PDF is an uncormected proof for intemal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in pant. This proof copy is the copynght property of the publisher and is confidential until formal publication.

[
L
(%]

Hybrd Polymer Composite Materials: Properties and Characterisation

Raghavendra, G., Kumar, K.A., Kumar, M.H., Raghukumar, B., Ojha, S., 2015. Moisture
absorption behaviour and its effect on the mechanical properties of jute-reinforced epoxy
composite. Polym. Compos. <<http://dx.doiorg/10.1002/pe.23610> (accessed 15.04.16).

Rahman, M.A., Parvin, F., Hasan, M., Hoque, M.R., 2015. Introduction to manufacturing of
natural fibre-reinforced polymer composites. In: Salit, M.S., Jawaid, M., Yusoff, N.B.,
Hoque, M.E. (Eds.), Manufacturing of Natural Fibre Reinforced Polymer Composites.
Springer, Berlin, Germany, pp. 17—44.

Ramesh, M., Nijanthan, 5., 2016. Mechanical property analysis of kenaf-glass fibre rein-
forced polymer composites using finite element analysis. Bull. Mater. Sci. 39 (1),
147—157.

Ramesh, M., Palanikumar, K., Reddy, K.H., 2013. Mechanical property evaluation of sisal-
jute-glass fiber reinforced polyester composites. Compos. B: Eng. 48, 1-9.

Ray, D., Rout, I., 2005. Thermoset biocomposites. In: Mohanty, A.K., Misra, M., Drzal, L.T.
(Eds.), Natural Fibers, Biopolymers and Biocomposites. CRC Press, Boca Raton,
Florida, pp. 291-345.

Rials, T.G., Wolcott, M.P., 1996. Physical and mechanical properties of agro-based fibers.
In: Rowell, R.M., Young, R.A., Rowell, J.K. (Eds.), Paper and Composites from Agro-
Based Resources. CRC Press, Boca Raton, Florida, pp. 63—82.

Roul, C., 2009. The International Jute Commodity System. Northern Book Centre, New
Delhi, India.

Saba, N., Paridah, M.T., Jawaid, M., Abdan, K., Ibrahim, N.A., 2015a. Potential utilization
of kenal biomass in different applications. In: Hakeem, K.R., Jawaid, M., Alothman, O.
(Eds.), Agricultural Biomass Based Potential Materials. Springer, Berlin, Germany,
pp- 1-34.

Saba, N., Jawaid, M., Alothman, O.Y ., Paridah, M.T., Hassan, A., 2015b. Recent advances in
epoxy resin, natural fiber-reinforced epoxy composites and their applications. J. Reinf.
Plast. Compos. <http://dx.doLorg/10.1177/07316844156 18459 = (accessed 15.04.16).

Saheb, S.N., Jog, I.P., 1999. Natural fiber polymer composites: a review. Adv. Polym.
Technol. 18 (4), 351-363.

Sahin, H.T., 2003. Base-catalyzed organosolv pulping of jute. J. Chem. Technol. Biotechnol.
78 (12), 12671273,

Salleh, Z., Taib, Y.M., Hyie, K.M., Mihat, M., Berhan, M.N., Ghani, M.A.A., 2012. Fracture
toughness investization on long kenaf/woven glass hybrid composite due to water
absorption effect. Proc. Eng. 41, 1667—-1673.

Salman, S.D., Leman, Z., Sultan, M.T.H., Ishak, M.R., Cardona, F., 2015. Kenaf/synthetic
and kevlar™/cellulosic fiber-reinforced hybrid composites: A review. Bioresour. 10 (4),
8580—8603.

Sanadi, A.R., Caulfield, D.F., Jacobson, R.E., 1996. Agro-fibre/thermoplastic composites.
In: Rowell, R.M., Young, R.A., Rowell, J.K. (Eds.), Paper and Composites from Agro-
Based Resources. CRC Press, Bora Raton, Florida, pp. 377-402.

Sanjay, M.R., Yogesha, B., 2016. Studies on mechanical properties of jute/E-glass fiber rein-
forced epoxy hybrid composites. J. Miner. Mater. Charact. Eng. 4 (1), 15-25.

Sanjay, M.R., Arpitha, G.R., Naik, L.L., Gopalakrisha, K., Yogesha, B., 2016. Applications
of natural fibers and its composites: An overview. Nat. Resour. 7 (3), 108—114.

Sathishkumar, T.P., Naveen, J., Satheeshkumar, 5., 2014. Hybrid fiber reinforced polymer
composites — a review. J. Reinf. Plast. Compos. 33 (5), 454—471.

Savastano Jr, H., Santos, 8.F., Agopyan, V., 2009. Sustainability of vegetable fibres in con-
struction. In: Khatib, J. (Ed.), Sustainability of Construction Materials, Ist ed.
Woodhead Publishing, Sawston, Cambridge, pp. 55—81.

Thakur-3-1630915  978-0-08-100787-7 00009




To protect the dghts of the author(s) and publisher we inform you that this PDF is an uncormected proof for intemal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in pant. This proof copy is the copynght property of the publisher and is confidential until formal publication.

Hybrid bast fibre reinforced themmoset composites 233

Scutaru, MLL., Baba, M., 2014. Investigation of the mechanical properties of hybrid carbon-hemp
laminated composites used as thermal insulation for different industrial applications. Adv.
Mech. Eng. 6, <htip://dx.doi.org/10.1155/2014/829426>= (accessed 15.04.16).

Sen, T., Reddy, H.N.J., 2011. Various industrial applications of hemp, kenaf, flax and ramie
natural fibres. Int. J. Innov. Manage. Technol. 2 (3), 192—198.

Shahzad, A., 2011. Hemp fiber and its composites — a review. J. Compos. Mater. 46 (8),
973 -986.

Shahzad, A., 2012. Hemp fiber and its composites — a review. J. Compos. Mater. 46 (8),
973 —986.

Shahzad, A., 2013. A study in physical and mechanical properties of hemp fibres. Adv.
Mater. Sci. Eng.accessed 15 April 2016, <htip:/dx.dotorg/10.1155/2013/325085>.
Shanmugam, D., Thiruchitrambalam, M., 2013. Static and dynamic mechanical properties of
alkali treated unidirectional continuous Palmyra palm leaf stalk fiberfjute fiber rein-

forced hybrid polyester composites. Mater. Des. 50, 533—542.

Shinoj, S.. Visvanathan, R., Panigrahi, S., Kochubabu, M., 2011. Oil palm fiber (OPF) and
its composite: A review. Ind. Crop. Prod. 33 (1), 7-22.

Skoglund, G., Nockert, M., Holst, B., 2013. Viking and early middle ages northern
Scandinavian textiles proven to be made with hemp. Sci. Rep. 3, <hup://dx.dot.org/
10.1038/srep02686= (accessed 15.04.16).

Sreenath, HK., Shah, AB., Yang, V.W., Gharia, M.M., Jeffries, T.W., 1996. Enzymatic pol-
ishing of jute/cotion blended fabrics. J. Ferment. Bioeng. 81 (1), 18—20.

Sreenivasan, S., Sulaiman, S., Baharudin, B.TH.T., Ariffin, M.LK.A.,, Abdan, K., 2013.
Recent developments of kenaf fibre reinforced thermoset composites: Review. Mater.
Res. Innov. 17, s2—sl11.

Sridhar, M.K., Basavarajappa, G., Kasturi, 5.G., Balasubramaniam, N., 1982, Evaluation of
jute as a reinforcement in composites. Indian J. Text. Res. 7, 87—92.

Srinivasan, V.S., Boopathy, S.R., Sangeetha, D., Ramnath, B.V., 2014. Technical report:
Evaluation of mechanical and thermal properties of banana-flax based natural fibre com-
posite. Mater. Des. 60, 620—627.

Subash, T., Pillai, S.N., 2015. Bast fibers reinforced green composites for aircraft indoor
structures  applications: Review. National Conference on Recent Trends and
Developments in Sustainable Green Technologies. Anna University, Chennai, India.

Summerscales, 1., Dissanayake, N.P.J., Virk, A.S., Hall, W., 2010. Review: A review of bast
fibres and their composites. Part 1 — Fibre as reinforcements. Compos. A: Appl. Sci
Manuf. 41 (10), 1329—1335.

Suresh, B.K., Somashekar, HK., Padmanabha, S., 2015. An evaluation of jute-epoxy-hybrid
composite materials for automotive frontal crash safety applications. Int. J. Res. Eng.
Technol. 4 (7), 315-321.

Tahir, P.M., Ahmed, A.B., Azry, 5.0.A.5., Ahmed, Z., 2011. Retting process of some bast
plant fibres and its effect on fibre quality: a review. Bioresour. 6 (4), 5260—5281.

Tahir, P.M., Zaini, L.H., Jonoobi, M., Abdul Khalil, H.P.5., 2014. Preparation of nanocellu-
lose from kenal (Hibiscus cannabinus L)) via chemical and chemo-mechanical
processes. In: Pandey, 1.LK., Takagi, H., Nakagaito, AN., Kim, H.I. (Eds.), Handbook of

Polymer Nanocomposites. Processing, Performance and Application — Volume C:
Polymer Nanocomposites of Cellulose Nanoparticles. Springer, Berlin, Germany,
pp. 119—144.

Thiruchitrambalam, M., Alavadeen, A., Venkateshwaran, N., 2012. Review on kenaf fiber
composites. Rev. Adv. Mater. Sci. 32 (2), 106—111.

Thakur-3-1630915  978-0-08-100787-7 00009




To protect the dghts of the author(s) and publisher we inform you that this PDF is an uncormected proof for intemal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in pant. This proof copy is the copynght property of the publisher and is confidential until formal publication.

234 Hybrd Polymer Composite Materials: Properties and Characterisation

Troedec, M.L., Sedan, D., Peyratout, C., Bonnet, L.P., Smith, A., Guinebretiere, R., et al.,
2008. Influence of various chemical treatments on the composition and structure of
hemp fibres. Compos. A: Appl. Sci. Manuf. 39 (3), 514522,

van Rijswijk, K., Brouwer, W.D., Beukers, A., 2001. Application of Natural Fibre
Composites in the Development of Rural Societies. Delft University of Technology,
Delft, Netherlands.

Vinayagamoorthy, R., Rajeswari, N., 2014. Mechanical performance studies on Vetiveria
zizanioides/jute/glass fiber-reinforced hybrid polymeric composites. J. Reinf. Plast.
Compos. 33 (1), 81-92.

Voulgaridis, E., Passialis, C., Grigoriou, A., 2000. Anatomical characteristics and properties
of kenaf stems (Hibiscus cannabinus). IANWA J. 21 (4), 435—442.

Walentowska, J., Kozlowski, R.M., 2012. Prevention of fungal growth in natural fibres.
In: Kozlowski, RM. (Ed.), Handbook of Natural Fibres: Tvpes, Properties and Factors
Affecting Breeding and Cultivation, Ist Volume. Woodhead Publishing, Sawston,
Cambridge, pp. 532—-549.

Wang, B., 2008. Dispersion of Cellulose Nanofibers in Biopolymer Based Nanocomposites.
University of Toronto, Toronto, Canada.

Wang, B., Panigrahi, S., Tabil, L., Crerar, W., 2007, Pre-treatment of flax fibres for use in
rotationally molded biocomposites. J. Reinf. Plast. Compos. 26 (5), 447—463.

Wotzel, K., Wirth, R., Flake, R., 1999. Life cycle studies on hemp fiber reinforced compo-
nents and ABS for automotive parts. Die Angew. Makromolekulare Chem. 272 (1},
121-127.

Yahaya, R., Sapuan, S.M., Jawaid, M., Leman, Z., Zainudin, E.S., 2016. Effect of fibre orien-
tations on the mechanical properties of kenaf-aramid hybrid composites for spall-liner
application. Def. Technol. 12 (1), 52-58.

Yan, L., Chouw, N., Jayamaran, K., 2014. Flax fibre and its composites — A review.
Compos. B: Eng. 56, 296-317.

Yousif, B.F., Shalwan, A., Chin, CW., Ming, K.C., 2012. Flexural properties of treated and
untreated kenaffepoxy composites. Mater. Des. 40, 378—385.

Yumnam, 5., Sawarkar, A., Mukherjee, 5., Sarkar, K.K., 2015. Stability performance of tossa
jute (Corchorus olitorius L.) under waterlogged condition. Bioscan. 10 (3), 977-980.

Zamri, M.H., Akil, HM., Bakar, A.A., Ishak, Z.A M., Leong, W.C., 2011. Effect of water absorp-
tion on pultruded jute/glass fibre-reinforced unsaturated polyester hybrid composites. J.
Compos. Mater.accessed 15 April 2016, <hup://dx.dotorg/ I0.LT77/00219983 11410488 =,

Zhang, Y., Li, Y., Ma, H., Yu, T., 2013. Tensile and interfacial properties of unidirectional
flax/glass fiber reinforced hybrid composites. Compos. Sci. Technol. 88, 172—-177.

Zimniewska, M., Wladyka-Przybylak, M., Mankowski, J., 2011. Cellulosic bast fibers, their
structure and properties suitable for composite applications. In: Kalia, S., Kaith, B.S.,
Kaur, 1. (Eds.), Cellulose Fibers: Bio- and Nano-Polymer Composites: Green Chemistry
and Technology. Springer, Berlin, Germany, pp. 97—120.

Thakur-3-1630915  978-0-08-100787-7 00009




To protect the dghts of the author(s) and publisher we inform you that this PDF is an uncormected proof for intemal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter MPS. It is not allowed to publish this proof online or
in pant. This proof copy is the copynght property of the publisher and is confidential until formal publication.

NON-PRINT ITEM

Abstract

This chapter deals with the development of hybrid bast fiber reinforced thermoset
composites. Hybrid bast fiber reinforced thermoset composites may consist of either
bast/cellulosic fibers or bast/synthetic fibers as reinforcements. Hence, this chapter
starts by introducing the bast fibers such as flax, hemp, jute, and kenaf as well as
the bast fibers cell wall architecture with its illustration. It then goes on to explain
the bast fibers chemical composition, physical and mechanical properties before
further discussing the potential and challenges in the development of hybrid bast
fiber composites. Next, an outline of reported research works on the processing,
physical and mechanical properties of hybrid bast fiber reinforced thermoset com-
posites are presented. Finally, the applications of the hybrid bast fiber reinforced
thermoset composites are identified by the end of this chapter.

Keywords: Bast fibers; cell wall architecture; thermoset resins: hybrid composites;
processing; mechanical property; physical property
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