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Abstract

Natural fibres such as coir, jute, flax, and hemp have been considered for technical
applications. These fibres, though with some desirable qualities such as low density
and environmental compatibility, possess the common property of non-uniformity
along their length and, as a result, variable diameter and variable cross-sectional
area. Several other factors, such as gauge length, fibre species and origin, strain rate,
method of extraction of the fibres, porosity and pore size distribution, have been
identified to influence the tensile strength of natural fibres and limit their applica-
tions in composites. Besides, several authors have used different diameters for the
same type of natural fibre, such as coir, resulting in significant inconsistency in the
tensile properties. For the same type of coir fibre, and from tensile strength reports
from ten authors, an average tensile strength of 120.97 +42.30 MPa was obtained.
The average number of fibres used in most cases for the tensile test was less than
the requirement for natural fibres. All these factors were addressed with the aim of
improving the overall properties of natural fibres and their composites.
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Introduction production, properties and applications of natural
fibres and their composites

The awareness of the depletion of crude oil in addition to new legislation regarding
the reduction of carbon footprint and enhanced consumer pressure coupled with the
sustainability concept has increased the search for natural material as an alternative
[1-3].

With reference to Fig. 1, natural fibres are in abundance with a yearly produc-
tion of about 22.6x 10° tonnes. Jute fibre maintained the lead for five consecutive
years. Within this period, the quantity of jute fibre produced stood at 77.78% of the
total yearly average production, followed by coir with 26.53% and sisal with 6.18%.
The compound annual growth rate (CAGR) of natural fibre within this period was
0.64%. In 2019, coir fibre topped the chart with a total volume of production of
1,000,000 tonnes [4].

Though the properties of natural fibres such as the tensile strength and stiffness
have been reported to be too low (see Table 1) to compete effectively with syn-
thetic fibres, yet they are making significant inroads in various industrial sectors.
Figure 2 shows the use of natural fibres as reinforcements in composites for vari-
ous applications. They have a lower density than glass and most synthetic fibres
and therefore offer significant weight savings and fuel efficiency when compared
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Fig. 1 World productions of natural fibres 2012-2017; adapted from [5]

Table 1 Properties of coir and some selected natural fibres in comparison with E-glass Compiled from
the following Sources [17-26]

Fibre Tensile Young’s Elongation  Cellulose Lignin (%) HC (%) Density (kg/

strength modulus at break (%) m’)
(MPa) (GPa) (%)
Coir 188 4.2 18.8 48.6 30.4 8.2 1160
Jute 249 63.7 0.6 61-71.5 12-13 13.6-20.4 240
Hemp 514 24.8 1.6 70.2-74.4 3.7-5.7 17.9-22.4 1480
Sisal 484 19 33 67-78 8-11 10-14.2 1450
E-Glass 400 1.0 NA NA NA NA 1900

HC, hemicellulose
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Fig.2 Applications of natural fibre composites in different sectors adapted from [27]

with synthetic fibres [6, 7]. This lightweight advantage has propelled their adop-
tion in the automotive sector such that natural fibre-reinforced composites are
currently used in vehicle interior parts such as seatback, interior door panels,
spare tyre covers, package trays, map boxes, seat liners and sunroof frames which
weighs 50% less than a metal sunroof frame [7, 8]. Figure 3 shows a continu-
ous growth in commercial motor vehicle production up to 2018. A slight drop of
2% was witnessed in 2019 as a result of the onset of Covid-19 and a significant
drop of 13% in 2020 due to the full-blown Covid-19 pandemic; however, in 2021,
a recovery of 5% was experienced, it is expected that production and demand
for natural fibres will continue to increase. The building, construction and sport-
ing sectors are equally involved in the use of natural fibre composites. Audio
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Fig.3 Global commercial vehicle production showing continuous growth in the automobile industry
adapted from the International organization of motor vehicle manufacturers (OICA) [28]
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components and Cellucomp fishing rods found in the leisure industry are based
on natural fibres [8].

Also, the energy sector is not left out, owing to higher energy demand and con-
sumption, and energy-related CO, emissions, investigations into the properties of
cellulosic fibres and their composites, as well as recycling of wastes for composites
applications, have increased. Environmentally friendly biosourced materials for use
in energy applications have been proposed by several researchers [9-11]. Li-O, bat-
teries have been reported to be used to solve part of the energy challenges; however,
it possesses some problems of poor stability and some safety issues [12]. The use of
cellulose with carboxylated polyimide nanofibre as a separator for lithium-ion bat-
tery application has been reported to be more environmentally friendly than the use
of pristine polyimide (PI) only. Besides, higher tensile strength and better wettability
were reported using cellulose with carboxylated polyimide as a separator than using
only a pristine PI separator [13]. A similar observation was made by [14]. The use
of an environmentally friendly high-performance Zn-air rechargeable battery using
cellulose biodegradable feedstock as additives and diaphragm showed an increase
in the viscosity of the electrolyte and a decrease in water evaporation resulting in a
more stable cell operation [15].

Sustainability and availability of raw materials have been counted as part of the
drivers in the use of natural fibre composites. Besides low density, natural fibres
possess high specific properties (property/density) (see Table 1). Furthermore, nat-
ural fibres in composites have displayed excellent acoustic and thermal properties
when compared with synthetics fibres such as carbon and glass, low tool wear per-
formance, no off-gassing of toxic compounds and positive effects on agriculture [7,
16].

The basic chemical components of natural fibres are hemicellulose, cellulose,
lignin and pectin, as displayed in Table 1. The nature of these chemical composi-
tions varies from fibre to fibre. The properties of each of the chemical components
influence the overall properties of the fibre. The cellulose, hemicellulose (HC) and
lignin are interconnected. Cellulose content has been associated with the strength of
the fibre. Hemicellulose has been associated with an affinity for moisture, thermal
degradation and biodegradation as a result of its low crystallinity and low degree of
polymerisation; lignin is rather a complex molecule with a three-dimensional struc-
ture confirmed to be amorphous and, as a result, displays moisture-dependent prop-
erties [29]. The cellulose content of the fibres is in the range 48.6-74.4%, the lignin
content 30.4%, whereas the hemicellulose, pectin and moisture contents are in the
ranges 8.2-22.4%, respectively.

The average yearly production of synthetic fibres from 2015 to 2019 was 72 mil-
lion metric tonnes, as shown in Fig. 4. A CAGR of 2.55% was recorded. This yielded
42 million metric tonnes higher than the average yearly production of natural fibres.

The annual average production of synthetic fibres far outweighs that of natural
fibres. The reason is that synthetic fibres, such as carbon and glass, are still in very
high demand owing to their superior performance properties such as high specific
tensile strength and stiffness, uniform diameter, as well as established manufactur-
ing techniques. Natural fibres are still far behind synthetic fibre composites, both in
production and in application owing to several reasons.
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Fig.4 Level of production of natural fibres in comparison with synthetic fibres adapted from [4]

Overall issues associated with natural fibre and their composites

Although natural fibres are given considerations as a potential replacement for
synthetic fibres, they possess some limitations: lack of technical advancements
in the raw materials manufacturing process, non-availability of enhanced equip-
ment in the processing of natural fibres, which reduces efficiency and rate of
production, incompatibility of the natural fibre surface functional group with
the functional group of the existing hydrophobic resins systems in different
end-use sectors, resulting into poor fibre—matrix interfacial adhesion with poor
load-transfer efficiency [7, 30]. Natural fibres can begin to degrade at tempera-
tures within the range of 170-200 °C [31-33]. As a consequence, there exists
a drawback in the use of natural fibres as reinforcement in some thermoplastic
matrices of high melting temperatures. Variability in their mechanical proper-
ties is influenced by several factors, such as lack of standardization in process-
ing and surface treatments. Their susceptibility to moisture absorption and poor
wettability has been mentioned as the downsides in the use and application of
natural fibres [6, 34-36]. The presence of moisture gives room for dimensional
variations of the end product, and this also causes weakness in the interfacial
bond between the fibre and the matrix [37]. An often-overlooked, but significant
hindrance to the wide use of natural fibres in composites application is restricted
access due to geographical barriers between the countries where natural fibres
are grown and countries where they are used as reinforcements in composites
production such as North America, the UK, France, Germany and Spain. Poor
fibre orientation and aspect ratio such as found in natural fibre give rise to poor
mechanical properties of the resulting composite [38]. Natural fibres are usually
twisted during fabrication, leading to poor impregnation of the resin and subse-
quent poor mechanical properties [39]. The presence of void in natural fibres has
been reported to decrease the mechanical properties of the resulting composites
as void content increases with increasing reinforcement [40, 41].

@ Springer



Polymer Bulletin

Relatively poor tensile strength of natural fibres: a major concern

Investigations into the tensile strengths of natural fibres have been carried out and
reported by several researchers. Variability in the tensile strength of natural fibres is
a source of serious concern. On matured brown coir fibres alone, different authors
reported different tensile strengths, as shown in Fig. 5, the average tensile strength is
132.41+48.06 MPa.

A number of factors have been identified to exert influence on the tensile strength of
natural fibres.

Strength as a function of the diameter of the fibre

Natural fibres possess a common property of non-uniformity along their length and,
as a result, have a variable diameter and variable cross-sectional area. The mechanical
properties of natural fibres, such as the tensile strength, have been reported to be a func-
tion of their equivalent diameter. The diameter of the fibre has also been linked to the
interfacial shear strength 7, as stated in Eq. (1) [49, 501:

F

max

T, M

where d is the diameter of the fibre, F,,, is the debonding force, and /, is the embed-
ded length of the fibre in the matrix. The inverse relationship between the tensile
strength and the fibre diameter has been reported consistently for most lignocellulosic
fibres [42, 49, 51]. In this respect, [52] suggested a hyperbolic inverse correlation of

strength and diameter with evidence from nine different types of natural fibres as:
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Fig.5 Variations in the tensile strength of coir fibres as applied by different authors, with data extracted
from [22, 26, 42-48]
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where o is the variation of strength, d is the diameter of the fibre, and A and B are
constants.

Griffith’s model displays an indirect proportionality between Young’s modulus
and the fibre diameter as shown in Eq. 3:

Ey(d;) = A+ di; 3)
where A and B are constants,df:diameter of the fibre and Ef(df):Young’s modu-
lus or property analysed.

Reported an increase in the tensile strength from 48.45 to 134.41 MPa as the fibre
diameter decreased. Studies carried out by [42] on the lignocellulosic fibres from
Brazil revealed a similar trend. The explanation is that natural fibres are non-uni-
form, with intrinsic diameters. The thicker the fibre, the more the flaws and irreg-
ularities it contains and the thinner the fibre, the fewer flaws and irregularities or
defects present [18, 52]. Therefore, as the diameter of the fibre increases, the prob-
ability of the number of defects present will increase. Besides, different authors use
different diameters for the same type of fibre such as coir, as shown in Fig. 6; thus,
an average of 229.63 +89.96 mm results in variations in the tensile strengths.

In addition, several authors have used fibres much less than the minimum number
required, for the same fibre, for example, in coir, as shown in Fig. 7 hence an aver-
age of 17+ 10 fibres, while many did not state the number of fibres used from which
the average diameter for tensile tests was obtained.

Strength as a function of the gauge length of the fibre

The tensile strength of fibres has been associated with their gauge length. Several
researchers have reported the influence of gauge length on the tensile properties of
reinforcing fibres. The tensile strength has been observed to increase with a decrease
in the gauge length [22, 24, 51, 54]. It follows similar trends as with the fibre diam-
eter: the longer the gauge length, the higher the probability of the presence of flaws
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Fig. 6 Variations in the diameter of coir fibres used for tensile tests as applied by different authors, with
data extracted from [42, 43, 47, 48, 53, 54]
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Fig.7 Variations in the number of coir fibres used for tensile tests by different authors. Compiled using
the following sources: [22, 42, 55-57]

and, as a result, a decrease in tensile strength. As the sample gauge length gets
longer, the strength of the sample decreases and vice versa as shown in Fig. 8.

Several authors have reported that the reason for this relationship is as a result
of the number of defects and so the weak links present in the fibre. The incremental
change in strength do of the fibre with a corresponding change in gauge length dL
according to [51] is represented by Eq. (4):

dL
do =x —
0 =X 7 (@)

where o is the strength of the fibre, « is a measure of the frequency of occurrence of
weak links, and L is the gauge length.

The general nature for change in strength with change in gauge length is thus
given by integrating Eq. (4), where the strength of the fibre of length L is repre-
sented by o,

Tensile strength of coir fibre (MPa)

G1 G
Gauge length (mm)
T M ----- Linear (T) -------- Linear (M)

Fig. 8 Effect of gauge length on the tensile strength of coir fibres Adapted from [42, 46] T for: G1=5;
G2=10; G3=20; G4=25. M for: G1 =5; G2=15; G3=25; G4=35.
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The slope of the tensile strength versus gauge length yields the defect density [18,
42]. However, varying gauge lengths have been used by different researchers for the
same type of natural fibre, such as coir, as shown in Fig. 9, giving rise to inconsist-
encies in the tensile strength.

Strength as a function of the strain rate

Different authors have reported the influence on the tensile properties of coir fibre
as a result of the strain rate [22, 24, 42] and observed that the speed of testing had
the predominant effect on the ultimate tensile strength of the fibre. It has been previ-
ously noted that the diameter, as well as the gauge length, is also contributory fac-
tors to the tensile strength variations. A strain rate dependency of the fibre reinforce-
ment with respect to the fibre diameter was observed by [59].

Strength as a function of the density of defects present in the fibre

Defects present in natural fibres have been identified as a major detrimental influ-
ence on the tensile strength of natural fibres. The extent of defects in natural fibres
varies according to the diameter of the fibre. Fibres with higher cross sections dis-
play a higher density of defects or irregularities both internal and external than fibres
with lower cross sections. Larger diameter fibres, therefore, possess weaker points
than thinner-diameter fibre. Fibres with a lower cross-sectional area have been found
to be of more uniformity with lower porosity and hence fewer defects and there-
fore higher strength [60]. The slope of the plot of tensile strength against test length
gives an indication of the defect density [54]. Investigations on the defect density of
white coir, brown coir, bamboo and jute were conducted, and it was found that their
defect densities are in the decreases in the order: bamboo, brown coir, jute and white
coir [60]. This was attributed to the extraction method adopted, which suggested that
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Fig. 9 Variations in the gauge lengths of coir fibres as reported by different authors. Compiled using the
following Sources: [22, 24, 42, 46, 48, 54, 55, 58]
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the steam explosion extraction of the bamboo fibres introduced significant defects,
whereas the mechanical extraction of white coir caused the least defects.

Strength as a function of the porosity and microfibril angle of the fibre

The poor tensile strength of natural fibres has been reported by several authors to
originate from its microstructure, such as the porosity and pore size distribution [61,
62], see Fig. 10 as well as different cellulose and lignin contents (Table 1).

Strength as a function of age, species, origin and method of extraction of fibre

Investigations into the properties of natural fibres of the same type, but different
origins, species and maturity have been carried out. Observations revealed that the
properties of natural fibres are largely as a result of the soil type in which they are
grown, plant species, age, origin and extraction method [24, 42, 63]. Coir fibres of
different varieties and different ages but of Philippine origin were investigated by
[63]. These fibres were extracted manually from the husk. The varieties were com-
pared with retted coir fibres from India. It was observed that the tensile strength of
the retted India coir fibre was 248 MPa, while the strongest fibre of all the species of
the manually extracted Philippine coir fibre was 114 MPa. The different species also
showed significant variations in strength.

Strength as a function of the degree of moisture absorbability of the fibres

Several reports have confirmed the susceptibility of natural fibres to moisture. The
poor resistance to moisture ingress of natural fibres has been reported to reduce the
potentials of natural fibres to be used as reinforcements in composites. Moisture

Different sizes of Pores

Fig. 10 Optical micrographs of coir fibres of the same species, origin and maturity showing different
sizes of pores (micrographs are the author’s work)
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ingress reduces the crystallinity of the fibre, weakens the interfacial bond strength,
gives rise to swelling and promotes microcracks in the composites [64—67].

Moisture ingress in cellulosic fibres has been reported by [65]. The moisture
ingress is accelerated via capillary action through the pores present in natural fibres
[68]. [69, 70] determined the changes in the thickness and overall volume caused by
moisture ingress using the following equation:

T =100x | i -To
() = x( T ) ©)

where the change in the relative thickness or thickness swelling percentage, thick-

ness at time ¢, and the initial thickness are represented by T,.,T; and T, respectively.

Vi - Vo
V() = 100 x @)
VG
where the relative change in volume or volume swelling, volume at time ¢ and the
initial volume are represented by V., V; and V,, respectively.
Water ingress was calculated as a percentage using the difference in weight as
follows:

w0 = 100x ( Lo
()= X < W) ) 8)
The relative change in weight (water absorption in percentage), the weight at time
t, the initial weight at t=0 and the soaking time are represented by W,,W;, W, and t,
respectively. [69, 71] observed that changes in the thickness recorded as a result of
moisture ingress are affected by time and type of epoxy specimens matrix as well as
the type of fibre. [68, 69, 72] noted that the degree of changes in the thickness varies
from fibre to fibre and the ratio of fibre to the matrix in the composite, ascertaining
that, as the fibres get swollen, stress is exerted on the matrix, which can lead to the
composite undergoing micro-cracking, reduction in strength and subsequent failure.
However, moisture absorption of natural fibres can be minimised by several pro-
cesses such as coating [67, 73], treatment with chemicals such as NaOH, acetyla-
tion, toluene diisocyanate, silane on alkali [64, 74-77], use of coupling agents such
as maleated anhydride grafted polypropylene (MAPP), maleic anhydride polyethyl-
ene (MAPE), silane [63, 78, 79]. A decrease in water absorption in coir fibres after
surface treatments using NaOH, silane and alkalized silane was reported [73].
Coupling agents improve the adhesion between fibre and matrix, thus aiding in
reacting with the hydroxyl group and decrease in the rate of the diffusion process
and hence reduction in moisture ingress [68, 73, 79]. Coatings such as latex coat-
ings act in a similar way as coupling agents by partially shielding the pores on the
surface of the fibre, thus reducing the penetration of moisture into the fibre. Hence,
a decrease in moisture ingress has been recorded for latex-coated fibres. A decrease
in moisture ingress has been observed after treatment with gamma-ray irradiation,
which has been noted to decrease the capillary action resulting in reduced sorption.
Chemical treatments such as NaOH and acetylation have been reported to decrease
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moisture ingress, thus reducing the absorption of moisture through the capillary [21,
78, 80].

Moisture ingress increases as the fibre content increases because the cellulose
content becomes higher, and subsequently, there are more fibre-to-fibre interactions.
Fibre type, geometry and size distribution influence moisture intake: smaller diam-
eters and more uniformity across the size of the fibre lead to reduction in moisture
uptake by narrowing transport pathways between contacting fibres [66, 79].

Considering the structure of coir, with numerous pores and high level of poros-
ity in its untreated form, it may therefore be expected that coir fibres will be more
prone to moisture absorption than sisal and jute, which are more compact with less
porosity, but this is not the case. The cellulose content of coir, as shown in Table 1,
is much less than that of several natural fibres such as sisal and jute, since there are
fewer free OH groups. It is expected that coir fibres within specific diameters or
geometry will be much less prone to moisture ingress than most natural fibres upon
treatments with chemicals and coupling agents.

Even the advanced high-profile synthetic fibres such as aromatic polyamide or
aramid fibres are also susceptible to moisture. An increase in volume fraction of
aramid fibre results in an increase in water absorption [81]. Nevertheless, aramid
fibre is still a material of choice for high-performance applications. However, what
needs to be ascertained as pointed out by [82] is to what degree does the moisture
influence the mechanical properties of composites manufactured with aramid fibre?
This question can as well be applied to natural fibre composites to achieve optimum
properties.

There exist several conflicting reports on the effects of moisture ingress on
the mechanical properties of natural fibres. These reports are based on the fact
that the mechanical performance of natural fibres is grossly dependent on the
fibre type and is therefore a function of their chemical structure, microfibril-
lar angle and cellulose content. Upon absorption of water, the tensile strength
decreases. An approximate 30% decrease was observed in salt-water sorbed
fibres, as well as desorbed fibres display similar effects. An increase in elon-
gation to failure of fibre consequent upon sorption has been reported. This is
so because the amorphous phase becomes favoured in the swollen stage, the
lignin-cellulose network is disrupted by the presence of water molecules [38,
73, 83]. On the contrary, [79] reported an increase in tensile strength of water-
absorbed flax fibre and hemp unsaturated polyester composites samples, respec-
tively, with a higher increase as the fibre content increases when compared to
dry samples. This was attributed to the swelling of the fibre owing to moisture
absorption and subsequent closure of gaps possibly created during processing.
Similar reports were published for jute fibre-reinforced unsaturated polyester
composites [84, 85]. The increase in strength was connected to the filling up
of the gaps achieved during manufacturing processes as a result of the swell-
ing of the fibre. The swollen fibre fills the gaps exerting pressure on the matrix,
and hence, there is an improved adhesion with more efficient stress transfers. An
increase in elongation at break was also reported by the authors. An increase
in strength, Young’s modulus and elongation at break after treatment of wood
pulp composites with maleated polyethylene (MAPE) coupling agent has been
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reported. MAPE increased the interfacial bond strength, leading to an increase
in the load transfer efficiency, and hence, an increase in the mechanical proper-
ties was reported [79]. However, [77] reported a sharp decrease in the tensile
strength of both alkali-treated and untreated Napier grass fibre composites. This
was attributed to poor stress transfer owing to poor interfaces between the fibre
and the matrix. Poor interfaces have been associated with the wettability of the
reinforcing fibre.

Wettability of natural fibres for enhanced strength in the composite

In the manufacture of natural fibre composites, a fibre-resin interface is created.
The mechanical properties of the final product are subject to how well the resin
wets the fibre. It is therefore ideal to determine the wettability of fibre in readi-
ness for manufacturing composites. Poor wetting has been reported as one of
the drawbacks in the use of natural fibres as reinforcements [86]. Investigations
into wetting coupled with surface chemistry of natural fibres enhance the char-
acterisation of the fibre surface, and this contributes to the selection of the best-
suited treatments for the fibre and modification of the surface energy of the fibre
matrix giving rise to an improved fibre—resin interface [87]. Wetting is relevant
to fibre—matrix adhesion. The level of adhesion controls the efficiency of stress
transfer from the resin to the fibre at the interface region [88]. The wettability of
the fibre surface can be measured by the contact angle. The contact angle is the
angle formed at the intersection of the liquid—solid interface or liquid—vapour
interface [89-91]. The lower the contact angle, the higher the wettability and
vice versa, as in the case of coir and the higher the adhesion ability of the fibre
onto the matrix. Better wettability is achieved as the contact angle approaches
zero [89, 90, 92-94].

Reports have indicated that a high concentration of lignin or the presence of
hemicelluloses and extractives on the fibre surface contributes to a large extent
to their wettability [87, 95, 96]. Another interfacial characteristic of lignin is
that it lowers the adhesion of water to the surface. Lignin forms granules in
water, these granules are so strong that they do not spread out to form a film on
the substrates, but rather bind to the substrates through electrostatic interactions.
Therefore, the wetting properties are subject to the morphology of adsorbed
layer and the location of bare lignin in the adsorbed layer [97, 98]. The adhesion
at the fibre-matrix interface can be explained through an interaction of physical
adhesion through a good wettability between the fibre and the matrix, and chem-
ical bonding with mechanical interlocking is also essential for good interfacial
adhesion. However, these interactions are dependent on the functional groups on
the surface of the fibre and matrix at the interfacial contact area [99].

The level of adhesion of fibre and matrix is determined by their interfacial
shear strength (IFSS). The IFSS can be improved by subjecting the fibre to
chemical treatment such as NaOH treatment. The interfacial shear strength for
sisal, jute, hemp has been noted to increase upon treatments with NaOH, sodium
bicarbonate (NaHCO;) and maleic anhydride polypropylene (MAPP) [92-94].
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Conclusions

Several factors such as fibre diameter, gauge length, fibre species and origin, strain
rate, method of extraction of the fibres, porosity and pore size distribution have been
identified among other factors to influence the tensile strength of natural fibres.
Other reasons include lack of technical advancements in the raw materials manufac-
turing process, non-availability of enhanced equipment in the processing of natural
fibre which reduces efficiency and rate of production, incompatibility of the natural
fibre surface functional group with the functional group of the existing hydrophobic
resins systems in different end-use sectors, resulting to poor fibre-matrix interfacial
adhesion with poor load-transfer efficiency. Another drawback is the lack of stand-
ardization in processing and surface treatments of natural fibres. Their susceptibility
to moisture absorption and poor wettability has been mentioned as the downsides in
the use and application of these fibres.

These findings have highlighted the areas of concentration for subsequent
researchers to come up with improved properties of natural fibres and natural fibre
composites for more advanced applications.
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