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Throughout the world there have been alarming concerns over the use of nonrenewable resources during
manufacturing of goods and associated environmental legislations. Therefore, the use of natural materials and
fabrication of composites therefrom, particularly, development of natural fiber reinforced polymer composites is
gaining significant attention. Although natural fiber reinforced composites (NFRCs) show strong application
prospects, various materials and processing related challenges needs to be addressed to achieve long-term sta-
bility and performance. In this review, we attempted to provide an overview of different types of natural fibers,
their characteristics and properties enabling them to be used as reinforcing agents in different polymers. Then the
unique requirement of fiber surface modification to achieve enhanced fiber-matrix bonding is discussed. The
article also discusses conventional processing routes and critical issues associated with NFRCs processing. The
use of different additive manufacturing (AM) technologies in processing polymer composites is also discussed. At

the end, we have critically analyzed the challenges and opportunities associated with AM of NFRCs.

1. Introduction

Environmentally friendly processes, products and recycling or use of
waste are greatly acknowledged not only by scientific community but
also by several industries due to mounting concerns over the use of
nonrenewable resources. These are critical to the key principles of sus-
tainable manufacturing; namely, reduce, reuse, recycle, recover, rede-
sign, and remanufacture. Environmental legislation such as end-of-life
vehicles must be 85% reusable/recycled, 10% used for energy recovery
and balance for landfills implemented in Europe since 2015 is a very
good example to address these environmental concerns [1]. Extensive
research is underway at various parts of the world to meet environ-
mental concerns by exploiting materials and composites prepared using
renewable resources [2]. In this context, composites comprising poly-
mer matrices and natural fibers are of great interest which can provide
desirable properties and performance at affordable cost. Although nat-
ural fiber reinforced composites (NFRCs) show strong future potential

and prospects, various materials and processing related challenges needs
to be addressed to achieve long-term stability and performance.
Currently, several synthetic polymers are being used as matrices to
fabricate NFRCs, which find applications in automotive, electronic,
packaging, construction and biomedical sectors [3]. Natural fibers in
these composites provide several economic and environmental benefits
as they are abundant, recyclable, biodegradable and more importantly
they are relatively inexpensive than synthetic reinforcements such as
glass fibers [3]. Recently there has been growing interest on
thermoplastic-based NFRCs for high-performance engineering applica-
tions [2,3]. However, these non-biodegradable synthetic polymers pose
significant disposal problems and therefore, complete environmental
compatibility of NFRCs is still a great challenge. In this context, the best
approach would be to produce NFRCs using biodegradable polymer
matrices which are produced using non-renewable/renewable resources
or current non-biodegradable polymers produced using renewable bio-
logical resources [4,5]. However, such bio-composites are not popular
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due to inadequate mechanical, thermal and other physical properties
[6].

The main purpose of using natural fibers in polymer matrix com-
posites is to reduce feed stock material cost, and to achieve high
stiffness-to-weight ratio, recyclability, biodegradability, thermal insu-
lation, and CO; neutrality compared to their conventional counterparts
that include glass fibers and carbon fibers [7]. Although NFRCs prop-
erties, in some cases depending on the matrix and fiber combination, are
inferior to composites made using synthetic reinforcements they are
gaining significant importance due to above benefits. Furthermore, the
production of natural fibers always require less energy (9.55 MJ/kg for
flax) compared to synthetic fibers such as glass fibers (54.7 MJ/kg) [8].
The authors of this study [8] also compared complete life cycle of nat-
ural and glass fiber reinforced composites, and revealed that NFRCs
enable incorporation of high amont of natural fibers thus reducing the
overall consumption of synthetic polymer matrices, light weight and
energy recovery after end of life incineration. Several natural fibers such
as hemp, wood, kenaf, jute, rice husk, flax are being used to reinforce
thermosetting polymers (Epoxy, Urethane, Vinyl Ester, Phenolic, Poly-
ester, Polymide, Polyurethane (PU)) [9,10], and thermoplastics (Poly-
ethylene (PE), Polypropylene (PP), Nylon, Polycarbonate (PC),
Polyvinyl chloride (PVC), Polyether—ether ketone (PEK),
Acrylonitrille-butadiene-styrene (ABS)) polymers [11,12] and elasto-
mers [13]. Thermoplastics offer better design flexibility and simple
processing techniques compared to thermosets and elastomers with
complex cross-linked structures. However, relatively less research has
been reported on the use of agricultural residues such as soy hulls,
pineapple, banana leaf fibers as reinforcement in these polymer
matrices. Since majority of natural fibers become unstable at tempera-
tures >200 °C, matrices that required high processing temperatures are
not suitable to manufacture NFRCs [14].

Recent forecast indicates that the global market for NFRCs grow at a
compound annual growth rate (CAGR) of 11.8% during the period
2016-2024 [15]. In 2016 the market size was valued at USD 4.46 billion
with dominating consumption from construction segment (56.0%) [15].
In automotive industries several light-weight components such as door
panels, dash boards, headliners, and seat backs, are currently being
manufactured using NFRCs based on wood, hemp, flax, cellulose with
~20% lower cost than conventional composites. Variety of other prod-
ucts such as laptop/mobile cases, bicycle frames are also popular. While
increased awareness about environment-friendly, biodegradable, recy-
clable products has positive influence on the market growth, challenges
such as supply logistics, moisture sensitivity and weak interfacial bond
of NFRCs are potentially detrimental to market growth. Another
important factor is natural origin of these fibers, which result in inherent
variations in their properties leading to large variations in properties,
long-term stability and durability of NFRCs [16]. Among most popular
natural fibers (wood, flax, cotton, hemp and kenaf), wood found to
dominate the market and predicted to continue its dominance till 2024
due to its low cost and supply logistics. NFRCs based on kenaf fiber are
popular in construction, food packing, oil and chemical sectors.
Although inorganic matrices account 43.4% of market share in 2015, it
has been estimated that natural polymer matrices (25.1% in 2015) will
have relatively more growth and demand compared to synthetic poly-
mers during next five years.

2. Natural fibers composites, properties and their applications
2.1. Types and characteristics of natural fibers

Natural fibers are often classified based on their origin such as ani-
mal fibers, plant fibers and mineral fibers [17]. A major difference be-
tween animal and plant fibers is that the former consists of protein as
major constituent while the latter composed of cellulose. The fibers
derived from plants can be categorized based on their origin as shown in
Table 1. From Table 1 it can be seen that natural fibers tend to be
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light-weight with densities between 1.1 and 1.6 g/cm® and are low-cost
as their price ranges from $0.25 to $4.2/kg that makes them suitable
materials as filler in engineering and non-engineering applications.
Contrary to price and density, the cellulose content, and cellulose
crystallinity vary as the natural fiber type changes from bast, leaf, and
fruit to agricultural residue. For instance, kenaf, bast fibers have cellu-
lose crystallinity of 50-90% whereas the sisal fiber that is obtained from
leaves has cellulose crystallinity of 50-70%. Often bast fibers are used to
achieve high mechanical properties (modulus, strength, stiffness) of
products such as automotive components, or fiberboards [18]. Plant
fiber constituents typically include cellulose (60-80%), hemicellulose
and lignin (5-20%), while the rest constitutes waxes, pectin, moisture
(up to 20%) and water-soluble organic components, which found to vary
widely depending on their type and origin [19]. More details on
composition of natural fibers can be found in Ref. [20].

It is known that natural fiber is a composite composed of rigid
crystalline cellulose microfibrils in soft, amorphous matrix which is
mixture of lignin and hemicellulose. The properties of fibers, and in turn
NFRCs properties, depends on its composition, microfibril angle, crys-
tallinity and internal structure [27]. Cellulose, the major component of
natural fiber, has strength and stiffness of >2GPa and 138 GPa,
respectively [28]. However, the stiffness of these natural fibers depends
particularly on microfibril angle and therefore, fibers with high cellulose
content and low microfibril angle are found to provide high reinforcing
effect in polymer composites. From various types of natural fiber sour-
ces, shown in Table 1, fibers obtained from bast, tend to have higher
cellulose content (~30-76 wt%) and lower microfibril angles (2-8°).
Other constituents of natural fibers such as pectin and hemicellulose
dictate other properties such as water absorption, wet strength, swelling
and integration of fiber bundle [29]. Therefore, complete characteriza-
tion of natural fibers is of utmost importance to achieve desired
strengthening in NFRCs.

Important characteristics of natural fibers such as fiber diameter,
fiber length and cell wall thickness are summarized in Table 2. It can be
seen that natural fibers have wide range of fiber diameters (5-76 pm),
fiber bundle widths (10-1000 pm) and lengths (1.2-300 mm), in addi-
tion to fiber shape, which results in large variations in properties of
polymer composites prepared using these fibers. Further, these charac-
teristic variations in natural fibers also pose significant challenges in
optimizing manufacturing processes where the fibers are used as rein-
forcement materials. Therefore, precise feedstock material assessment
and control is extremely important to achieve desired performance in
NFRCs.

The large variations in natural fiber structure and dimensions, such
as fiber density (cell wall-lumen ratio) and microfibril angle (MFA),
directly affects their mechanical properties. The mechanical properties
of NFRCs depend on inherent mechanical properties of these natural
fibers [31]. As shown in Fig. 1a, fibers with high density often exhibit
high strength and stiffness compared to those with low density. Simi-
larly, elastic modulus of natural fibers strongly depends on MFA and low
MFA results in stiffer fibers, Fig. 1b—c. This is intuitive, as low MFA
enable orientation of cellulose fibrils almost parallel to loading axis and
therefore can sustain more load leading to enhanced stiffness. However,
these low-MFA fibers characteristically exhibit brittle behavior due to
their high stiffness. On the other hand, natural fibers with high MFA
typically exhibit large plastic deformation and therefore high toughness
[32,33]. Other factors that control mechanical properties of natural fi-
bers include fiber diameter and degree of cellulose polymerization.
Table 3 provides brief summary of mechanical properties of different
natural fibers as well as synthetic fibers. While the properties of syn-
thetic fibers do not vary much, the properties of natural fibers clearly
show large variation, within and across different fibers. Such a large
variation in mechanical properties of natural fibers can pose critical
concerns on overall mechanical reliability of composites made using
these fibers. Further, it is not clear whether these mechanical properties
(Table 3) were measured on single fibers or fiber bundles, as the
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Table 1
Characteristics and composition of natural fibers [2,21-26].
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Fiber Density, g/cm® Cellulose, wt.% Cellulose crystallinity, % Lignin, wt.% Microfibril angle, ° Moisture, wt.% Price, US$/kg
Bast
Hemp 1.47 70-74 50-90 4-10 2-6 6.2-12 1.0-2.1
Flax 1.5 64-71 50-90 2.2-2.5 5-11 8-12 2.1-4.2
Jute 1.3-1.5 61-72 50-80 12-13 7-9 12.5-13.7 0.35-1.5
Kenaf 1.5-1.6 31.39 - 9-17 9-15 6.2-12 0.26-0.52
Ramie 1.5-1.6 68.6-76.2 - 0.6-0.8 7.5-8 12.17 1.5-2.5
Leaf
Sisal 1.45-1.5 66-78 50-70 8-10 10-25 11 0.6-0.7
Pineapple 0.8-1.6 70-82 44-60 8-13 8-14 11.8 0.4-0.55
Abaca 1.5 56-63 - 7-12 20-25 15 0.34
Banana 1.35 44-64 45-55 7.5 10-25 10.71 -
Fruit/Seed
Coir 1.2 32-43 27-33 40-45 30-49 11.3 0.25-0.5
Kapok 1.3 13-35 - 13-21 5 - -
Coconut - - - - - — —
Cotton 1.6 82.7-91 - 0.75 20-30 7.85-8.5 2.1-4.2
Grass/reed
Bamboo 0.6-1.1 20-60 40-60 21-31 8-11 9.16 0.45-0.5
Switchgrass 1.4 32 - - - - -
Miscanthus 1.41 38 - - - - -
Agriculture residue
Wheat straw - 38-45 - 12-20 - - -
Soy hull - 41-57 - 8-19 - - -
Corn stover - 38-40 - 7-21 - - -
Table 2 example, spider silk found to exhibit extremely high tensile strength
I; O‘:tam characteristics of natural fibers [20,26,30] between 875 MPa and 972 MPa. Although flax fiber can have highest
i S strength of 1834 MPa its strength can be as low as 343 MPa. Similarly,
Fiber  Shape D{:/h B‘_Jgd;e Length, C‘?gh the elastic modulus of flax covers wide range (8-100 GPa). Overall, it
:’;}t ? width, ym - mm ;Vilatp/m can be said that natural fibers have large variation in mechanical
. properties and their tensile strength is significantly lower than synthetic
Wood Re“i’j“g“lar to 5-50 - 1.2-3.6 10-30 fibers. Some of the natural fibers, for example, flax, pineapple, ramie,
roun B o
Flax Polygonal 576 40-620 4-140 B can cover the elailstlc modulus of. synthetic fibers. .
Hemp polygonal or 5.40 25-500 8.55 4-60 Both processing and properties of NFRCs depends on inherent me-
ribbon-shape chanical properties and other characteristics of natural fibers, which are
Jute gelcmng‘ﬂa‘ to 5-30 25-200 1-5 - summarized in Table 4. Some of these characteristics have direct influ-
olygon . . . . .
Kenaf  Round fo 12.50 30247 1511 B ence f)n many NFRCs Pr.opertles. such as lfll?e}'-matrlx bonding, in-
polygonal teractions, thermal stability, moisture sensitivity, etc. [35,36]. For
Abaca  Polygonal to 6-46 10-1000 2-12 - example, fiber-matrix compatibility is compromised due to hydrophi-
round licity and hydrophobicity of natural fiber and matrix, respectively,
Sisal Polygonal to 447 9-460 05-8 - which can reduce mechanical performance of these composites [4,29].
round Theref iety of chemical and physical methods of fiber modifi
Coir Round to oval 10-30 50-460 150-300  10-30 erefore, variety of chemical and physical methods of fiber modifica-

properties of fiber bundles can be significantly different from those of
single fibers. The data shows that natural fibers have more or less similar
density, but large variations in mechanical properties could be seen. For
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Fig. 1. Influence of fiber density (a) and microfibril angle (MFA) (b) on stress-strain behavior and mechanical properties of natural fibers (adapted from Ref. [23]).
(c) Tensile modulus of different natural fibers as a function of their microfibril angle [34].
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Table 3
Mechanical properties of natural and synthetic fibers [2,20-23,25,26].

Fiber Density  Elongation, Tensile strength, Young’s modulus,
% MPa GPa
Natural fibers
Jute 1.3-1.5 1.5-1.8 187-800 3-64
Sisal 1.5 1.9-14 80-855 9-38
Banana - 1-10 430-914 7.7-42
Flax 1.5 1.2-4 343-1834 8-100
Kenaf 1.45 1.5 215-930 35-53
Pineapple 0.8-1.6  0.8-14.5 170-627 2-128
Cotton 1.5-1.6 2-10 220-840 4.5-12.6
Coir 1.2 30 160-250 3.3-6
Hemp 1.48 1.5-51.4 95-1735 2.8-90
Ramie 1.5 1.2-4.6 290-1060 5-128
Wool - 25-35 120-174 2.3-3.4
Spidersilk - 17-18 875-972 11-13
Kapok 1.3 1.2-4 45-93 1.7-4
Abaca 1.5 1-12 12-980 12-72
Bamboo 0.6-1.1 3.8-5.8 140-230 11-17
Synthetic fibers
E-glass 2.5 2.5 2000-3500 70
Aramid 1.4 3.2-3.7 3000-3150 63-67
Carbon 1.4-1.7 1.4-1.8 4000 230-240
Table 4

Summary of important characteristics of natural fiber that can influence pro-
cessing and properties of NFRCs.

Category Property
Geometrical ~ Length, Diameter, Cross-section, Surface shape and structure
Mechanical Single fiber strength/modulus, Fiber bundle strength/modulus,
Poisson’s ratio,
Flexural properties, Elastic modulus
Yield strength, Elongation, Fatigue properties
Chemical Concentration of different constituents, Impurities due to processing
and cultivation, Degree of polymerization
Physical Density, Texture, Coefficient of thermal expansion, Thermal
conductivity, Degree of crystallinity, Microfibril angle, Wettability
Thermal Moisture content, Water absorption, Swelling

2.2. Advantages, properties and applications of natural fiber reinforced
composites

Natural fibers are being widely used in different industries as rein-
forcement in polymer composites and some of the important advantages
of these NFRCs include [2,4,8,37-39]:

e First and foremost benefit of natural fibers is environmental friend-
liness due to their renewability, CO2 neutrality and biodegradability.
For example, 3 ton CO5/ton of material can be achieved if synthetic
glass fiber is replaced with natural hemp fibers [40].

e Abundantly available and harmless residues after enhanced energy

recovery by incineration.

Natural fibers are inexpensive and can reduce overall cost of polymer

composites.

Reduce the use of petroleum based products by replacing them with

up to 50% natural fibers in injection molding and more than 50% in

compression molding.

Provide relatively safer manufacturing process and better occupa-

tional safety (reduced dermal and respiratory irritation).

e NFRCs manufacturing processes and disposal routes are environ-

mentally benign.

Natural fibers are soft and therefore increase overall life and effi-

ciency of processing equipment/tool.

Natural fibers offer best alternative to E-glass fibers as the latter pose

disposal issues.

Natural fibers are light-weight and therefore provide significant

weight savings and fuel efficiency for automotive applications
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e Some natural fibers exhibit relatively high specific strength,
modulus, toughness and ductility than E-glass.

e NFRCs exhibit excellent acoustic absorption properties.

o Effective utilization of agricultural residues generates income and
job opportunities.

e Relatively low processing temperature and NFRCs provide good
insulation against sound and heat.

Natural fibers and NFRCs also suffer from following disadvantages
[17,35,41-43]:

e High moisture absorption (depends on fiber type) leading to

swelling, thereby effecting products’ performance and reliability.

Poor wettability (hydrophilic fibers and hydrophobic matrices) of

natural fibers often results in weak fiber-matrix interfacial bonding

and decreases mechanical properties.

Some fibers are not compatible with some polymer matrices.

Large variations in fiber characteristics and properties directly

contribute to large scatter in NFRCs properties.

Readily susceptible to fungal and insect attacks.

Relatively low degradation temperature and easily flammable.

Large variations in natural fiber quality/characteristics depending

on weather and cultivation conditions (harvesting time, solid qual-

ity, fertilization, geographical location, climate, etc.).

e Thermal conductivity of NFRCs is relatively less than glass fiber
reinforced composites.

e Complex supply chain, geographical availability.

Price and supply variations due to weather and crop yield.

e NFRCs are often limited to non-structural components and due to
their low thermal stability their service temperature is < 200 °C.

NFRCs become very attractive, after its first production in 1908, in
building and automotive sectors primarily due to their light-weight,
low-cost and other properties [43]. Several natural fibers such as
hemp, sisal, jute, coir, flax, wood, kenaf, bamboo have been used to
produce NFRCs with variety of polymer matrices that include thermoset,
thermosetting, elastomers and proteins. The fiber and matrix combina-
tion primarily depends on the final component, mechanical and other
functional property requirements. As shown in Tables 3 and 4, fiber or
fiber bundle characteristics and properties have strong influence on
quality, production processes and properties of NFRCs. For uniform
mechanical properties, primarily for automotive applications, the fiber
length and their distribution within the polymer matrix are extremely
important. Typically, combination of natural fibers such as flax + kenaf
or hemp + sisal with different size distributions are used to achieve
desired mechanical performance without hampering molding process
[44]. For series production in automotive industries, currently only
wood fibers pretreated with acrylates are in use and the process for other
fibers (hemp, flax, jute, etc.) is not yet established. Several leading
automobile manufacturers such as Audi, BMW, Volkswagen, Toyota,
Daimler-Benz, Volvo, Ford use NFRCs for variety of components that
include seat back, boot lining, interior door paneling, noise insulation
panels, instrumental panel support, engine insulation, and internal en-
gine cover, due to their light-weight and consequent improvement in
fuel efficiency and reduction in greenhouse gas emission. For example,
banana fiber reinforced composites have been used for under floor
protection trim of Mercedes A class [45]. Typical NFRC parts for auto-
motive applications are presented in Fig. 2. Polypropylene and
polyurethane-based composites are popular for automotive part
manufacturing due to their easy processability, low-density and excel-
lent mechanical properties. Other matrices such as polyethylene, poly-
styrene and nylon are also widely used. Currently industry is aiming at
replacing synthetic polymer matrices with biodegradable matrices such
as polylactic acid (PLA) and Poly(butylene succinate) (PBS) reinforced
with hemp, cellulose, cotton and kenaf fibers, to manufacture parts like
tailgate trim and tire covers [35,46]. Alternatively, these biodegradable
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Sculpture shown at the Louisiana Museum of

Modern Arts, Denmark.

.-

FlexForm seat back and Package tray made using Bast-
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Small-scale rotor blade to be used for a
wind turbine car (EU 7t Framework
Programme project, WOODY).

thermal plastic composite (www.flexformtech.com)

Fig. 2. Typical NFRCs products used in automotive and other applications [49]. [Sculpture and small-scale rotor blade are from Ref. [49] Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium with proper citation].

natural fiber reinforced composites are also used to make wind turbine
rotors, laptop and cellular phone covers [46], and kayaks. The proper-
ties of such biodegradable composites found to be comparable to
polycarbonate-based composites. Therefore, it appears that durable
automotive parts can be manufactured using 100% biodegradable ma-
terials derived from natural resources. Other applications of NFRCs
include packaging, household and furniture, sport equipment, electrical
and musical instruments [28], as shown in Table 5. Hybrid composites
reinforced with carbon and flax fiber showed excellent vibration
damping and mechanical properties as a result they are used to make
snowboards, and bicycle frames [17]. Example sporting goods include
flax-carbon (25:75) composites for tennis rackets and 80:20 flax:carbon

Table 5
Summary of typical applications of NFRCs in different industrial sectors
[compiled from Refs. [25,47,48]].

Industry/Sector Example parts

Automotive, transport and
aerospace

Interior door panels, body panels, seat backs,
headlines, dash boards, instrument panel, floor mats,
noise insulation panels, engine insulation, engine
cover, trunk liners, decking, parcel shelves, spare type
covers, spare-wheel pans, automobile and railway
coach interior, boats, interior carpets, architectural
moldings

Railing, bridge, roof tiles, panels for partition and false
ceiling, partition boards, wall, floor, windows and door
frames, mobile structures which can withstand natural

Construction and building

calamities,

Electronics Mobile and laptop cases

Sports Tennis racket, ball, bicycle, frames, snowboards, fork,
seat post, boats

Household Tables, chairs, fencing elements, door panels, interior

panels, door-frame profiles, food trays, partitions,
lampshades, suitcases, helmets, shower and bath units,
pipes, ropes, hessians, sacking, mats and carpet.
Storage silos, post-boxes, fuel containers, bio-gas
containers,

Materials handling and
storage

composites for bicycle frames and flax composites for snowboards [17].

Depending on the matrix and reinforcement combination the prop-
erties of NFRCs can vary (Table 6): Tensile strength — 17-92 MPa,
Young’s modulus - 0.8-10 GPa, Tensile elongation — 0.8-3%, Flexural
strength — 21-70 MPa, Flexural modulus — 0.8-6 GPa, Impact strength —
4-35kJ/mm?. Thermal degradation temperature can range between
281 and 305 °C. Processing, mechanical and other functional properties
of NFRCs depend on large number of parameters including fiber aspect
ratio, fiber-matrix bonding, fiber concentration, fiber orientation and
distribution, stress transfer between fiber and matrix, fiber selection
(type and harvest time), extraction method, fiber treatment,
manufacturing process, etc. [22,50]. Further, mechanical and thermal
properties of NFRCs strongly depend on fiber structure/geometry, ma-
trix properties and manufacturing processes used. Further the chemical
constituents of natural fibers, such as cellulose (crystalline and
non-crystalline), hemicellulose, lignin, wax, etc. [51], have direct in-
fluence on their tensile strength and modulus [34]. Therefore, compo-
sition of natural fibers directly affects mechanical properties of NFRCs.
For example, fiber with high concentration of crystalline cellulose and
low amount of hemicellulose provide high strength to fiber and com-
posites. From design point of view the critical parameter is fiber-matrix
interfacial interactions and bonding [52]. However, the most important
technical drawbacks of NFRCs include [17,35,41-43] (i) High moisture
absorption (depends on fiber type) leading to swelling and deterioration
of performance and reliability. (ii) Inherently large variations in fiber
characteristics and properties contributing to large scatter in NFRCs. (iii)
Poor wettability (hydrophilic fibers and hydrophobic matrices) of nat-
ural fibers often results in weak fiber-matrix interfacial bonding leading
to decrease in mechanical properties. (iv) Relatively low degradation
temperature and easily flammable. Further, there exists very limited
data on moisture absorption behavior of natural fibers although some
data on NFRCs is available. Since moisture absorption behavior of nat-
ural fibers primarily depends on their hemicellulose and the process is
reversible, fiber-matrix interface modification via fiber treatments is
extremely important.
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Table 6
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Summary of mechanical properties of some NFRCs (compiled from Refs. [35,44,50,53,54]).

Matrix Fiber/% Strength, MPa Modulus, GPa Impact strength
Tensile Flexural Tensile Flexural

Epoxy Sisal/37-77 183-410 290-320 6-20 22-27 -

Epoxy Flax/46-54 280-279 - 35-39 - -

PLA Wood flour/40 60.24 - 7.40 - -

Acrylic resin Wood - 30-45 - 3-3.3 20-30 kJ/mm?

PP Flax/30 29.1 - 5 - -

PP Hemp or Kenaf - 45-55 2.3-2.7 25-35 kJ/mm?

High-modulus PP Wood powder - 30 - 2.0 4

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) Jute/30 35.2 - 7.0 - -

Poly-1-lactic acid (PLLA) Flax/30 98 - 9.5 - -

PLA Jute/30 81.9 - 9.6 - -

PP Jute/30 47.9 - 5.8 - -

PP Jute 23-29 45-54 1.6-2.4 1.7-2.8 30-51J/m

PP Palm 21-30 44-55 1.1-1.6 1.6-2.6 39-53J/m

PP Abaca 23-27 46-48 1.6-2.6 1.4-2.6 39-46 J/m

Polyhydroxybutyrate (PHB) Flax/30 40 - 4.7 - -

PLA Flax/30 53 - 8.3 - -

PLA Flax/20 64.4 - 6.9 - -

PLA Ramie/30 66.8 - - - -

PP Coir 25-28 47-49 1.7-2.7 1.6-2.8 41-54J/m

PP Banana 36-41 - 0.82-0.98 - 10.2-12.8 kJ/m?

PP Hemp 27-29 - 1.6-1.8 - -

PP Bagasse 17-22 21-34 1.2-1.4 0.8-1.6 3.3-6.2 kJ/mm?

3. Processing of natural fiber reinforced composites

3.1. Pre-processing of natural fiber reinforcements

It is known that natural fibers with high concentration of hydroxyl

mechanical properties, has always been a challenge. Fiber-matrix
interfacial incompatibility of NFRCs also found to increase moisture
absorption of composites leading to swelling, residual stresses, increased
biological degradation and deterioration of strength [57,58]. Fiber size
and their concentration in the NFRCs have direct influence on their

groups on their surface results in hydrophilicity and therefore their
wettability with hydrophobic polymer matrices is very poor. The dis-
tribution of fibers within the matrix would also become non-uniform due
to this fiber-matrix incompatibility [55]. Poor flax fiber-PE matrix
interface with large number of interfacial porosity has been reported by
Kakroodi et al. [56], which resulted in significant reduction in tensile
strength (~39% reduction). As a result fabrication of NFRCs with
effective load transfer between the fiber and matrix, resulting in high

ability to absorb moisture [59]. Further, thermal stability of natural fi-
bers can also be tailored by improving fiber-matrix interfacial bonding.
Therefore, most important step in manufacturing NFRCs is
pre-processing of natural fibers before their incorporation in to polymer
matrices which include (i) surface modification of fibers, and (ii)
modification of polymer matrix by adding compatibilizing agents.
Surface modification of fibers: The approaches to modify natural
fiber surface characteristics can be categorized as chemical, physical and
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Fig. 3. Summary of methods used to modify fibers’ surface [50,54].
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mechanical (rolling, swaging) methods. Among these physical methods
are relatively more environmentally friendly and decreases the polarity
difference between fiber and matrix. Chemical methods can also help in
reducing degradation due to moisture absorption. A summary of
different fiber treatments is schematically shown in Fig. 3. Important
physical methods include steam explosion, autoclave treatment, corona-
discharge, high-energy radiation. Approaches such as alkalization,
silanization, dewaxing, graft copolymerization, isocyanate treatment,
benzoylation, etc. are popular chemical treatments for different natural
fibers. Type of treatment depends on type of fiber and matrix
combination.

During chemical treatments, hydroxyl groups of natural fibers react
with chemical agents and their number decreases significantly leading
to reduction in hydrophilicity. Some chemicals react with fibers and
from chemical bonding with the matrix. Alkaline treatment (merceri-
zation), due to its cost-effectiveness, is one of the most popular chemical
treatments. This treatment removes fiber constituents such as wax,
pectin, oil, lignin (weaker than cellulose) and hemicellulose from the
surface and also increases the surface roughness (form porous surface)
thus improves bonding with the matrix [60]. As shown in Fig. 4,
mercerization converts hydroxyl group to alkoxide by ionizing the na-
ture fiber. The success of treatment depends on treatment time, tem-
perature and type of alkaline solution and it concentration [61]. It can
be seen from Fig. 4a, that as-received hemp fibers have surface protec-
tive layer primarily consisting of oil and wax. However, after NaOH
treatment these impurities were removed from the fiber surface and
therefore enhance its compatibility with polymer matrices [62].
Mercerization also found to either increase or decrease the crystallinity
of cellulose depending on the severity of treatment and increased crys-
tallinity can enhance fiber strength [63-65]. Sawpan et al. observed
increased crystallinity of PLA matrix due to crystalline cellulose in the
alkaline treated hemp fibers, which acted as nucleating sites [66].
Improved interfacial compatibility by alkali treatment reported to
improve mechanical properties (tensile and flexural), thermal stability
and moisture resistance [67-69]. However, due to high concentration of
exposed cellulose usually increase hydrophilicity and therefore, this
treatment often precede with other chemical treatments such as acety-
lation, silanation.

Another popular fiber treatment involves the use of Silanes (alkyl,
amino, glycidoxy, methacryl), which can bond with fiber on one side
and the other with polymer matrix. These are also used to improve

0406 5.0KV X500 10pm WD35 0421 5.0KV X500 10pm WD35

Lignin
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Fig. 4. Surface morphology of hemp fibers before (a) and after (b) NaOH
treatment [70], (c) Schematic showing the changes in fiber structure due to
alkali treatment [adapted from Ref. [71]].
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compatibility between glass fibers and polymer matrices. In this treat-
ment, the interaction between silane and water results in formation of
Si-OH groups on it, Fig. 3, which bond (covalent or hydrogen) with
hydroxyl group of fibers [72,73]. When the bonding is covalent the
improvement in the strength of NFRCs found to be maximum [72,74].
Significant improvement in tensile strength of low-density polyethylene
reinforced with cellulose fiber was observed with y-methacrylox-
ypropyltrimethoxy treatment [75]. The hydrophobicity of natural fibers
can also be increased, for better bonding with hydrophobic polymers,
using acetylation after alkaline treatment. Although this treatment can
help in enhancing mechanical, thermal and moisture resistance, small
cellulose degradation and fiber cracking can have negative effects [76,
77]. Acetylation found to reduce impact strength of NFRCs. Other
chemical treatments used for natural fiber surface modification include
acryl, peroxide, zirconate, titanate, isocyanate, and enzyme treatment
[471.

Physical treatments for natural fibers include corona-discharge,
gamma-ray irradiation, plasma treatment, electron beam treatment,
ultraviolet treatment, autoclave treatment, seam explosion and fiber
beating. Gamma-ray or UV irradiation of natural fibers has been found
to improve thermal stability of fibers which is very essential during
processing and use of NFRCs [78-80]. Similarly the free radicals formed
during electron beam irradiation can improve fiber-PP bonding
(21-53% improvement) due to increased crosslinking between the
reinforcement and matrix [81]. The simplest physical treatment of
natural fibers is heat treatment in appropriate atmosphere where the
fibers are heated to temperatures to reduce their moisture content,
change chemistry, polymerization, and cellulose crystallinity. Addi-
tionally, heat treatment conditions (temperature, time, and atmosphere)
have strong influence on physical and chemical changes of fibers that
can occur during this treatment. Heat treatment induced improvement
in the cellulose crystallinity of kenaf and sisal fibers, and removal of
impurities, resulted in significant increase in the strength of these fibers
[82,83]. However, concomitant improvement in composite mechanical
properties could not be achieved. Plasma treatment in appropriate at-
mosphere found to increase hydrophobicity, increased contact angle
with water, and surface roughness leading to enhanced fiber-matrix
interfacial adhesion [84]. Seki et al. subjected jute fibers to
low-temperature oxygen plasma and studied the influence of plasma
power on the mechanical properties of jute-high density polyethylene
(HDPE) composites [85]. It was observed that inter-laminar shear
strength and flexural strength of these composites increased up to 35%
and 30%, respectively, when the fibers were treated with 60 W power
for 15 min. Fiber defibrillation related increase in the surface area of the
fiber and their interlocking also results in small increase in the strength
of kenaf-PP composites [86]. Recently there has been gaining interest in
the eco-friendly fiber treatment methods using enzymes, fungi and
bacteria [87-89]. Such treatments found to be economical, less energy
intensive, improve thermal stability of natural fibers [90] and found to
have selectivity towards pectin and hemicellulose removal. For example,
defibrillation of hemp fibers using enzymes and chelators can improve
thermal resistance by increasing fiber crystallinity [91]. Atomic force
microscopy study [92] demonstrated that enzyme treatment along with
steam explosion exposes secondary cell wall of the hemp fibers by
removing hemicellulose, thus increasing their wettability and adhesion.
Fiber treatment with fungi resulted in increased crystallinity index due
to its ability to remove amorphous lignin [88]. In general, removal of
surface impurities, increased fiber fineness and fiber individualization
can be achieved with enzymatic treatments [93,94].

Modification of polymer matrix by adding compatibilizing agents:
Modification of matrix is another popular approach to improve fiber-
matrix interactions, which include chemical modification of matrix
using maleic anhydride (MA) and addition of maleated polymer to the
matrix. Both approaches results in active interaction between MA with
hydroxyl group of natural fiber to reduce their hydrophilic nature.
Typically MA is grafted to PP to make PP-based NFRCs and this MAPP
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form covalent or hydrogen bonding with hydroxyl groups present on the
surface of natural fibers. Sometime fibers have also been impregnated
with maleic anhydride using MA solution or MA grafted polymers to
enable bonding with the matrix [95] leading to considerable improve-
ments in mechanical properties (tensile, flexural and impact) of
PP-based NFRCs [96]. Further, this treatment has been demonstrated to
increase the strength by two times compared to silane treatment [65]
due to enhanced fiber-matrix bonding and fiber dispersion.

During service NFRCs are exposed to humidity, heat, radiation and
their combination, which results in loss of mechanical and functional
properties including color primarily due to moisture absorption,
changes in polymer structure, and formation of gas molecules. Moisture
absorption of NFRCs is a serious concern due to increased biological
degradation, swelling, internal stresses, cracking and loss of mechanical
properties. Appropriate fiber treatment or matrix compatibilization can
address these issues. For example, HDPE-rice husk composites compa-
tibilized with ethylene and glycidylmethacrylate found to improve
resistance to water absorption of these composites when exposed to
freeze-thaw cycles (—21 °C for 24 h) and therefore the degradation in
mechanical properties was also reduced [97]. Another study of Stark
and Matuana [98] reported that addition of stabilizers (zinc ferrite and
UV absorber) to HDPE-wood flour composites can improve photo-
degradation resistance while restricting the mechanical property
degradation. Table 7 gives overview of different treatments used to
improve fiber-matrix adhesion and properties of NFRCs.

3.2. Conventional processing of NFRCs

Majority of current manufacturing processes used to make NFRCs
include compression molding, resin transfer molding, injection molding,
hot pressing, vacuum infusion molding [51]. The low stability of natural
fibers during processing always poses challenges in processing NFRCs
using these conventional manufacturing processes as these are primarily
designed/developed based on synthetic fiber reinforced composites.
Therefore, pretreatment (chemical/physical) of natural fibers becomes
integral part of NFRCs processing using conventional molding processes.
Pretreatment of fibers improves fiber-matrix interfacial interactions
thereby improves processability and properties of NFRCs. Some of the
popular processes (Table 8) such as compression molding, injection
molding and extrusion are found to be suitable and extensively inves-
tigated to make NFRC parts (short fiber reinforced) [2,126], which are
briefly described here.

3.2.1. Compression molding (CM)

This process is very popular in automotive and transport sectors
where complex components with deep impressions up to 20 cm are
readily made using this technique. Typically the process is well suited
for large parts in medium to large quantities and the cost of tooling is
always less than that of injection molding. Typical CM process can be
carried out either cold or hot and uses thermosetting matrix with sheet
or bulk molding compounds, which are also thermosetting-based com-
pounds (Fig. 5a). The process can be used with thermoplastic matrices,
which uses glass mat thermoplastics as molding compounds. Cold CM
uses only pressure (as the curing takes place at room temperature),
whereas the hot molding involves simultaneous use of pressure and
temperature (to cure and densify) on the preforms placed in a mold
cavity. Typically alternatively stacked fibers between polymer matrix
sheets are used and careful control of viscosity is important to achieve
good bonding and impregnation between the fibers and the matrix,
especially thick parts [129]. At the same time, it is extremely important
to ensure fibers do not break/degrade during hot CM due to excessive
heat and pressure. Therefore, there always exists compromise between
fiber degradation and good bonding/wetting with the matrix with CM
temperature and pressure, which depends on type of matrix and natural
fiber being used. Further, distortion of parts is major drawback of this
process. One unique advantage of this process is that it can take 35-90%

Table 7
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Overview of treatments used to improve fiber-matrix adhesion and properties of
NFRCs [compiled from Refs. [54,61,64,87,991].

Treatment

Fiber-matrix
combination

Observations

Chemical treatments
NaOH (0.5-20%)

5% NaOH; 0.5% Silane

Chromium sulfate and
sodium bicarbonate in
acid media

Mercerization

Silane, NaOH,
etherification

Alkali, dilute epoxy,
acetone and silane

Alkali treatment

Alkali treatment

Alkali + tetramethoxy
orthosilicate

Permanganate (KMnO4)

treatment

Acetylation treatment

Benzoylation, peroxide,
mercerization, silane
treatments

Oligomeric siloxane

Physical treatments
Autoclave (0.5-2 bar)

Corona discharge

Argon and air plasma
(60 W, 30s)
Plasma treatment

Flame, corona discharge
(CD), mechanical
abrasion (MA)

Gamma-ray irradiation
(up to 2.0 MGy)

UV radiation (up to 50)

Corona treatment

Banana-epoxy

Hemp-PLA

Coir-PP
Jute-epoxy
Coir-HDPE

Flax-epoxy

Agave-epoxy
Palm leaf stalk-jute-
polyester

Coir-PP

Banana-PP

Flax-PP

Flax-HDPE, Linear low-
density polyethylene
(LLDPE), HDPE/LLDPE
mix

Jute—polyester and
epoxy

Flax-organic resin
Miscanthus-PLA
Wood-PP

Coconut fiber-PLA
Wood-polymer

Basalt-epoxy

Jute-PE-PP

Miscanthus-PP,
Miscanthus-PLA

1% NaOH treatment provide
better properties [ [100]]
NaOH and Silane treatment
increased adhesion by 100%
and 45%, respectively, but
fracture toughness
decreased [101]
Hydrophobic conversion of
fiber surface, improved
adhesion and mechanical
properties [102]

4% NaOH increased strength
up to 30% [61]

Improved tensile/torsional
properties, ductility (Silane
and etherification) [103]
Highest flexural properties
improvement with
combination of alkali and
dilute epoxy treatment
[104]

Improved fiber-resin
interface and fracture strain
[105]

Addition jute fiber and alkali
treatment improved storage
and loss modulus [106]
Improved adhesion,
mechanical properties and
moisture resistance [107]
Increased polarity and
roughness of fiber, enhanced
tensile (5%) and flexural
(10%) properties [108]
Enhanced thermal
properties (50%) and 25%
improvement in tensile and
flexural strength [77]
Achieved uniform fiber
distribution, improved
mechanical and physical
properties [109]

Treated fibers (1% siloxane)
improved tensile, flexure
and interlaminar shear
strength of composites [110]

Improved moisture
resistance [111]

Significant enhancement in
fiber-matrix adhesion [112]
Marginal increase in tensile
strength and modulus [113]
Increased thermal stability
and decreased shrinkage
[114]

MA + CD treatment
increased the strength 0.2
MPa-3.4 MPa [115]
Irradiation induced polymer
chain scission and oxidation
of epoxy, achieved stable
tensile and flexural
properties, interlaminar
shear strength increased
[116]

Tensile (18%) and bending
(20%) strength increased
[117]

Surface oxidation and
etching of fibers, enhanced

(continued on next page)
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Table 7 (continued)

Fiber-matrix Observations

combination

Treatment

interfacial interaction,
homogeneity, static and
dynamic mechanical
properties and
decomposition temperature
[112]

Air plasma treatment

(300 W) improved tensile
strength (34%), flexural
modulus (66%), flexural
strength (31%) and
interlamilar shear strength
(39%). Argon plasma
treatment with 200 W
resulted in better properties
[118]

No reduction in mechanical
and thermal properties of
fibers, increased surface
roughness, potential use of
lasers and ozone treatment
[119]

Plasma (air and argon;
100, 200, 300 W)

Flax-polyester

Laser, ozone and plasma  Jute

Matrix modification
Maleated polypropylene
(MAPP)

Wood flour-HDPE MAPP addition improved
dimensional stability and
strength [120]

Enhanced tensile strength
and modulus, best
improvement with maleated
LLDPE [121]

Improved physical, chemical
and thermal resistance
[122]

Improved dynamic (storage
modulus, loss modulus) and
static (tensile, flexural and
impact) mechanical
properties with 1% MAPE
[123,124]

MAPE, MAPP, acrylic Wood flour-HDPE
acid grafted PE,
maleated SEBS

Graft-copolymerization Cellulosic polymer

Maleated HDPE Jute-HDPE

Eco-friendly treatments

Enzymatic treatment Flax and hemp Removal of surface

(hemicelluloses, contaminants, reduction of
pectinases, hemicellulose,
oxidoreductase) individualization of fibers

with crystalline cellulose
and improved thermal
stability [90]

White rot fungi Hemp-PP Improved tensile strength of
(Schizophyllum composites (28%) [125]
commune)

Fungal treatment Hemp-PP Achieved 22% higher

composite strength, which is
32% higher than that of
alkali treated fibers [88]

fiber loading in the composites. Thermosetting polymer matrices such as
vinyl ester, phenolic, polyester, and thermoplastics such as poly-
urethane, polypropylene, polyetheretherketone (PEEK), polyamide are
popular. Although expensive than thermoplastics, currently more that
35% of NFRCs made for automotive applications are processed using
thermoset matrices due to their superior thermal properties. Variety of
fibers including wood, flax, hemp, sisal, kenaf and their mixtures can be
easily processed using this technique. The natural fibers are often
impregnated with thermoset resins and then pressed to shape. Mixing
fine fibers with large surface area can improve adhesion with matrix and
coarse fibers assist in felts saturation and eliminate resin pockets. During
CM the pressure, holding time, temperature and viscosity of the material
must be precisely controlled to achieve good fiber wetting, impregna-
tion, fill die cavity and avoid spurting. Typical defects include voids,
fiber breakage, sink marks, warpage and residual stresses, which can
significantly reduce mechanical properties of NFRCs produced using
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Table 8
Popular manufacturing techniques used to make NFRCs [compiled from Refs.
[54,127,128]].

Fiber-matrix combination Processing method Typical process

characteristics

Flax, Sisal, Bamboo, Hemp, Compounding (single or Fiber content (wt.

Pine wood, Date palm twin-screw) + Injection %): <40

leaves, Rice husk molding Fiber length (mm):
0.1to1l
Anisotropy:
Medium
Part complexity:
High

Sisal, Jute yarn, Pineapple Compression molding Fiber content (wt.

leaf fiber, Hemp, Kenaf, %): >40

Coir, Saw dust Fiber length (mm):
>10

Anisotropy: Low
Part complexity:
Low

Fiber content (wt.
%): <40

Fiber length (mm):
1to25
Anisotropy: High
Part complexity:
Low

Sisal, Hemp, Rice husk Extrusion

CM. Thicker parts always suffer from large temperature gradients from
surface to core of the parts. One most important attribute of CM is
alignment of the fibers, which are typically aligned along the polymer
flow direction. Processing parameters vary depending on the type of
resin, fiber and matrix being used to make the composites. However,
typically the pressures can vary between 10 and 20 MPa, temperatures
between 130 and 250 °C, and pressing time can range between 30 s and
5 min.

3.2.2. Injection molding (IM)

Although new in the area of NFRC processing this process can pro-
duce relatively more complex parts in high quantities than other
molding techniques. The requirement of low molding temperatures for
NFRGCs, typically between 175 and 190 °C, can pose problems with melt
flowability while offering short cycle time, low energy consumption and
damage/wear to molds and screws. Since the feedstock for IM is in
granule form the natural fibers used in this process are often short fibers
or short fiber bundles to enable compounding during IM [28]. Generally,
the feedstock material is dried, due to hygroscopic nature of natural
fibers, before feeding to the machine. The granules are then heated,
compounded and then transported towards the mold using twin screw
extruder. Generally, during this mixing stage the damage to the natural
fiber is maximum due to friction (inter-fiber, fiber-matrix, fiber--
extruder). Other potential areas where fiber damage can occur include
die orifice and mold gates. The depth of the screw channel decreased
with screw length, which accumulates and compact the material at the
end of the screw. When sufficient quantity of material is accumulated
the molten materials is injected in to the preheated mold to form com-
posite part (Fig. 5b). The pressure is maintained in the mold
(500-2000 bars) till the part solidified and cooled. Fiber agglomeration
and lack of fiber-matrix bonding are important challenges in IM, which
are being addressed using additives and pretreatment of fibers. Further,
maximum fiber content that can be processed in this technique can
range between 40 and 50 wt%. Important process parameters of IM are
injection and screw speed, injection pressure, mold and melt tempera-
ture, which not only control overall part quality but also their me-
chanical properties and residual stresses. Residual stresses in IM parts
found to reduce strength [51] and effect dimensional accuracy. Due to
inherent material flow of IM, the fibers and matrix exhibit preferred
orientation along the flow direction. The orientation of fiber across the
part cross section also changes due to friction between material and
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Fig. 5. Schematic diagram showing (a) compression molding, (b) injection molding, and (c) extrusion of NFRCs.

mold [130]. Further, the process is often limited to NFRCs with fiber
content <40% and always results in fiber length reduction during pro-
cessing. However, IM provide several advantages [131] in the produc-
tion of NFRCs such as (i) complex shapes with inserts/cores and high
repeatability, (ii) minimum warpage and shrinkage, (iii) low material
loss, (iv) high production rate (20-60 s cycle), and (v) high surface finish
with near-net shape or net-shape. The only concern with this process is it
high capital cost and large number process parameters. So far IM has
been used to produce NFRCs using bast fibers only (hemp, flax, jute,
kenaf).

3.2.3. Extrusion

In this process granules compounded with natural fibers and polymer
matrix are fed into heated extruder. The heated mass is then mixed to
achieve homogeneous mixture using a screw and then forced through a
die of defined cross section (Fig. 5¢) to produce long composite rods,
plates, and profiles. Although varieties of extruders are in use, for NFRCs
twin-screw extruders are most popular. This process can be used to make
feedstock for IM or actual parts and twin-screw extruders provide good
fiber distribution and hence mechanical properties. Similarly, the
extrusion process is widely used to make wood fiber/flour reinforced
composites as these composites meet required properties of extruded
profiles for construction sector at lower costs, compared to relatively
expensive fibers such as bast or leaf fibers. As with other techniques to
process NFRCs, the fibers must be dried (<1% moisture) before final
extrusion. Therefore, the fiber loading in the composite must be care-
fully controlled in the extrusion chamber. Since extrusion is popular
with wood fibers the processing temperatures are usually between 140
and 150 °C (below the blackening temperature of wood fibers) which
restrict the polymer matrix flowability and type of matrix that can be
used. To minimize the damage to fibers the shearing forces of the
extrusion screw must be carefully controlled below critical value.
Further, excessively high extrusion speeds can result in fiber damage, air
entrapment and high melt temperatures.

3.3. Critical issues in the processing of NFRCs

To achieve desired mechanical and functional performance in NFRCs

10

it is important to control distribution of fibers within the matrix, con-
centration and length of fibers to achieve desired strengthening effect,
interaction/bonding between fiber and matrix and defects such as
porosity. In general, amount of fiber and its characteristics such as
length, L/D ratio, and composition have strong influence on NFRCs
processing. Therefore, critical issues related to processing of NFRCs
directly originate from inherent characteristics/properties of natural
fibers. The important processing issues include (i) thermal stability of
natural fibers, (ii) hydrophilicity of fibers, (iii) low strength of fibers
leading to damage/breakage, (iv) water/moisture absorption, (v) dis-
tribution of natural fibers in the matrix, and (vi) machining.

3.3.1. Thermal stability

It is an important concern for effective processing of NFRCs as most
of the natural fibers degrade with increase in the processing tempera-
ture. Fiber degradation occur due to chemical and physical changes with
heating between 100 and 300 °C [132]. Some of the important changes
include dehydration, discoloration, recrystallization, hydrolysis, oxida-
tion, decarboxylation, depolymerization [132]. These changes, due to
high temperature exposure during NFRCs processing, can have negative
influence on composites’ mechanical properties, color and odor [133,
134]. A study on jute and flax fibers showed that temperatures above
170 °C significantly decreased mechanical properties and polymeriza-
tion of these fibers [132]. Similarly, rapid decrease in the strength and
modulus of cotton has been reported after heating above 160 °C for
20 min [135]. Even very short thermal exposure to high temperatures
can degrade the properties of flax fibers [136]. Several other studies also
demonstrates detrimental effects of high processing temperatures on
mechanical and other functional properties of natural fibers [137-139].
It can be seen that the properties of natural fibers strongly depends on
their composition such as concentration of cellulose, lignin, and hemi-
cellulose (Tables 1 and 3). Similarly, thermal stability or degradation of
these fibers also dictated by their composition and structure. Typical
degradation temperature ranges of constituent phases of natural fibers
are presented in Fig. 6. It has been observed that initial thermal degra-
dation of natural fibers starts with degradation of hemicellulose and is
also associated with moisture content [140]. As a result, natural fibers
with high concentration of hemicellulose can degrade at lower
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Fig. 6. Schematic showing the degradation temperature ranges for different
constituents of natural fibers [adapted from Refs. [34,144]].

temperatures, due to their high moisture absorption tendency,
compared to those with low hemicellulose. Thermal stability of fibers
can also decrease with high amount of extractives [141]. It was observed
that high crystalline cellulose in the fiber can improve thermal stability
and strength [142]. While increasing the crystallite size and crystallinity
index of cellulose found to increase decomposition temperature of nat-
ural fibers [137,143]. From these studies it is clear that the thermal
degradation behavior of natural fibers must be assessed, based on their
composition and structural characteristics, and must be improved before
they can be used to manufacture NFRCs with desired mechanical per-
formance. The stability of natural fibers can be improved by variety of
chemical and physical treatments as discussed earlier.

3.3.2. Hydrophilicity of natural fibers

The presence of hydroxyl groups on the surface of natural fibers
makes them highly hydrophilic and therefore their wettability with
hydrophobic polymers is very poor, which leads to lack of good bonding
between the fibers and matrix, difficulties in mixing during NFRCs
processing and thus poor mechanical properties. Additionally, natural
fibers are prone to moisture absorption and hence microbial degradation
as well due their high hydrophilicity. Therefore, the fibers must be dried
before they can be fed to processing equipment or during processing. At
the same time, the dried fibers must be carefully stored and handled to
avoid moisture absorption and dust explosions. If they are dried during
processing, the amount of fiber loading must be carefully controlled.
Excessive moisture of the fibers can lead to formation of water vapor and
porosity in the NFRCs during processing. The water absorption tendency
can be addressed by increasing cellulose crystallinity and removing
hemicellulose from the fibers using hydrothermal treatment [145,146].
Alternatively chemical treatments such as photo-curable monomer
coatings on the fibers can also found to improve moisture resistance of
fibers [147,148]. Variety of physical and chemical treatments have been
developed to reduce fibers’ moisture absorption [149].

Another important consequence of fibers’ hydrophilicity is inability
to achieve effective bonding with hydrophobic polymer matrices. Since
the fiber-matrix interface plays decisive role in transferring stress to
matrix through the fiber, the mechanical performance of NFRCs also
depends on this interface. Therefore, to achieve desired mechanical
properties in NFRCs the fibers must be treated or polymer matrix must
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be added with compatibilizers/coupling agents to improve fiber-matrix
interfacial adhesion [150,151]. Popular fiber treatments include
grinding, acetylation, steam explosion, electron beam irradiation,
gamma-ray irradiation, plasma irradiation, alkali treatment (merceri-
zation), silanization, graft copolymerization of monomer or polymer on
to fibers. For example, decreased hydrophilicity and enhanced thermal
stability can be achieved with acetylation in vapour phase.

3.3.3. Fiber breakage leading to degradation of composite strength

Fiber breakage during compounding/mixing is another important
concern in the processing of NFRCs. The reinforcing effect of natural
fibers (depending on the finer aspect ratio and orientation) strongly
depends on type of manufacturing process used to make NFRCs. As
discussed above fiber breakage occurs in all stages of IM of NFRCs. For
example, during initial steps fiber ruptures due to simultaneous action of
temperature and pressure. Use of too small fibers causes attrition, during
IM of NFRCs, due to high shear rates existing in the barrel and sprue
nozzle. Further, natural fibers can also break in length due to collision
between fibers, between fiber and tool/mold. Therefore, fiber length in
the final composites becomes less than critical length leading to signif-
icant drop in strengthening effect of fibers and in such cases, the short
fibers can also act as defect in the composite. Sometimes, fiber entan-
glement can also occur due to relatively more flexibility of natural fibers
compared to synthetic fibers. Typical fiber lengths between 0.1 and
1.2mm with aspect ratios <20 can result in significant reduction in
strengthening effect of natural fibers [28]. Understanding on natural
fiber breakage during NFRCs processing is relatively very poor [152]
than synthetic fibers [153]. However, high processing temperatures,
long mixing times and high rotor speeds during compounding often
results in sever fiber breakage. Another critical issue noted with IM of
NFRCs is decrease in the reinforcing effect with increase in the injection
cycles and consequent decrease in the breaking strength as shown in
Fig. 7. Such decrease in the strength is possibly due to separation of fiber
bundles, changes in the polymer properties such as glass transition
temperature and molecular weight [154].

3.3.4. Water/moisture absorption

Natural fibers typically have high moisture absorption ability, during
storage or after processing, which can lead to fiber swelling and loss of
dimensional stability. Moreover, swollen fibers decrease fiber-matrix
adhesion and hence mechanical properties of NFRCs. Therefore, to
process high quality NFRCs the moisture content of fibers must be
reduced below 3 wt%. Any increase in the moisture is converted to water
vapor during processing and results in porous composites [51]. Natural
fibers can absorb moisture at elevated and room temperatures through
hydrogen bonding due to their strong polar groups on the surface. The
moisture content of the fibers depends on relative humidity [155] of
processing/storage and type of fiber [156] being used. For example,
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Fig. 7. Influence of injection cycles on the strength of poly-L-lactide (PLLA)/
flax composites [154].
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composites reinforced with pennywort fibers have moisture content of
57% at 90% relative humidity compared to composites made with
bamboo fibers, as a result the former composites are inferior to the later
in terms of moisture related degradation [2]. As discussed above
appropriate surface treatment of fibers can reduce moisture content and
rate of absorption significantly. Alternatively extruders with high L/D
ratio screws and barrel redesigning enable degassing during NFRCs
processing leading to low moisture in the composites [2]. Moisture ab-
sorption of natural fibers is not well studied although several

Fibers with preferred orientation

(a)
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investigations report degradation of NFRCs due to moisture [157].

3.3.5. Distribution of natural fibers in the matrix

In case of NFRGCs, it is difficult to control fiber distribution, although
size-dependent, due to their hydrophilicity. Poor fiber distribution
manifests itself in to fiber-deficient or fiber-rich regions which are weak
and prone to cracking, respectively. Different chemical and physical
treatments of fibers can improve their distribution in the final NFRCs.
Alternative approaches include addition of coupling agents such as
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Fig. 8. (a) Schematic variations in fiber orientation and distribution due to material flow during NFRC processing [adapted from Ref. [34]], (b) Microstructures of
PP/flax and PP/jute composites showing variations in fiber concentrations and orientation in core and skin [162].
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miner oil, stearic acid which can improve fiber distribution by reducing
fiber-fiber interactions and fiber entanglement. Simple alkali treatment
can dissolve pectin from the fiber surface and reduce fiber clumping.
Fiber bundles with large diameter reduces interfacial bonding area with
matrix and thus detrimental to stress transfer between fiber and matrix.
Therefore, fiber bundles must be separated to achieve strong NFRCs with
uniform distribution of individual reinforcements. Fiber bundles can be
separated by appropriate selection of process parameters ensuring high
energy of mixing, while avoiding fiber breakage.

Majority of NFRCs, processed using different techniques, often show
some preferred orientation of fibers [130]. The orientation of fibers
depends on shape of the part, material flow, material viscosity, wetta-
bility and surface roughness of mold. Generally fibers align themselves
along material flow and shear direction, which are severe along the
mold walls, as shown in Fig. 8a. This region is known as skin and covers
a central region (core) of part with random fiber orientation [158]. The
surface roughness of mold or barrel strongly influences the material
velocity across the cross section and the velocity is more in the central
region, Fig. 8a. Increasing the length of the fiber increases the skin layer
thickness as it is relatively easy to orient long fibers compared to short
fibers. Due to strong fiber alignment along the direction of material flow
in the skin region their mechanical properties are always higher than
that of core region with random fiber distribution [159]. Composites
with high concentration of fibers can decrease severity of fiber orien-
tation due to increase in the melt viscosity and fiber-fiber interactions
[160]. The severity of skin-core effect depends on injection pressure,
temperature, speed, gate location in the molds, part size and type of
natural fiber [161]. For example, the changes in the severity of fiber
orientation in PP/Flax and PP/Jute composites are shown in Fig. 8b,
which are attributed to the large diameter and high lignin of jute fibers
[162].

3.3.6. Machining related challenges

Machining of composites, in general, is relatively more complex than
conventional materials due to their inherent microstructural and prop-
erty heterogeneity. Often several operations such as milling, turning,
grinding, and drilling are regularly used to assemble and finish complex
NFRC components. Poor surface finish and high tool wear are typical in
machining NFRCs. High cutting speeds can lead to matrix melting and
the surface finish depends on fiber orientation with respect to cutting
edge. On the other hand, any grinding operation could lead to fiber pull-
out, burrs, burning and delamination. For better surface finish the fiber
orientation must be normal to the grinding direction. Currently, several
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NFRC parts are assembled by riveting and fastening to make complex
shapes, which require drilling causing burrs around the hole. Recent
study on NFRCs showed feed rate and cutting speed are critical in
reducing machining induced damages such as peel-up or push-down
delamination [163]. Increasing the feed rate increased delamination in
banana fiber-epoxy composites and its effect is relatively more than that
of drilling speed [164]. Tool geometry also found to have strong influ-
ence of quality of drilled holes in NFRCs [165]. The severity of defects
caused during machining, such as burrs, delamination, overheating,
debonding (Fig. 9a), cracking, depends on several machining parame-
ters and composite characteristics such as fiber type, amount etc. Any
manufacturing related defects (voids, cracks, matrix imperfections, and
debonding) can lead to more severe damage to NFRCs during
machining. Typically machined holes in composites exhibit burrs along
the edges, Fig. 9b, due to which overall damaged area would be larger
than actual hole. Circularity and deformation of holes is also an
important consideration in NFRCs.

4. Additive manufacturing (AM) of composites

Additive manufacturing, also known as three-dimensional printing
(3DP) or solid freeform fabrication (SFF) or rapid prototype (RP), is a
process in which 3D components, with high precision and complexity,
are made by depositing materials in layer-by-layer fashion as opposed to
conventional machining or forming methods [168]. Typically the pro-
cess starts with a 3D computer-aided design (CAD) model of the part to
be manufactured, which is electronically sliced in to number of hori-
zontal cross-sections. This data is sent to AM machine where each
cross-section is built one over the other to create 3D part represented in
3D-CAD model. Usually the parts are net-shape or near net-shape and
are ready to be used or require small amount of finishing/machining or
cleaning operations. Several thermoplastics (Acryonitrile Butadiene
Styrene [ABS], Polycarbonate [PC], ABS + PC blends, Polylactic Acid
[PLA], Polyetherimide [PEI], Polyetheretherkeytone [PEEK], Thermo-
plastic polyurethane [TPU], Polyphenylsulfone [PPSF]), thermosetting
polymers (Acrylics, Acrylates, Epoxies) and other plastics (Polymides
(Nylon), Polystyrene, Polypropylene) have been processed using
different AM technologies [169]. However, AM technologies such as
fused filament fabrication (FFF), stereolithography (SLA), selective laser
sintering (SLS), direct-write (DW) and binder jetting (BJ) are currently
popular for processing single polymeric components. This is primarily
due to availability of feedstock materials that are compatible with
existing commercial printers. Although multiple printing heads, in some
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Fig. 9. (a) Debonding [166], (b) Burrs and drilled hole in composites [167].
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of the printers, allow fabrication of composite structures, development
and use of premixed feedstock materials reinforced with particles, fibers
and nanomaterials in variety of AM machines is gaining significant
attention [170]. Therefore, preparation of feedstock and their stability
during processing is very critical. For example, distribution/-
agglomeration of reinforcements, microstructural uniformity,
reinforcement-matrix adhesion, feature resolution, blocking and wear of
print heads, changes in the hardening/curing, etc. are potential issues to
be addressed before fabrication of polymeric composite parts using AM
[170]. However, use of AM to manufacture polymer composites can
provide several benefits [168] such as (i) custom and complex
geometrical parts, (ii) near net-shape or net-shape parts with high ac-
curacy, (iii) flexible processing to make parts with high performance,
(iv) tailorable and precise control of site-specific mechanical, physical,
thermal and other properties, (v) significant savings in terms of time and
cost.

4.1. AM technologies for polymer composites fabrication

Currently polymers are available in the form of filaments, powder,
resins and reactive monomers, which are being used by different AM
technologies to make pure polymer and polymer matrix composites. The
most widely investigated AM technologies to make polymer matrix
composites are FFF, SLA, SLS, DW and BJ processes. Depending on
feedstock materials, part geometry/complexity, processing limitations
in terms of resolution, and multi-material deposition, different AM
techniques have been used. Characteristics of these technologies are
summarized in Table 9. FFF uses feedstock in the form filament and
variety of polymers reinforced with particles and fibers have been suc-
cessfully processed with this technique. This is most popular technique
for polymer composites due to its low-cost and ability to process multi-
materials. Similarly, SLS is another technique which is widely used to
process semi-crystalline polymers reinforced with glass, carbon and
ceramic powder. Compared to FFF feature resolution is significantly
better in SLS and also complex parts with high strength can be manu-
factured. However, this process is relatively more expensive than FFF.
SLA is limited by polymers that are photo-curable. Similarly, BJ process
depends on binder-polymer compatibility without hampering mechan-
ical properties of final parts. More detailed discussion on these processes
is provided in the following sections.
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4.1.1. Fused filament fabrication (FFF)

It is also known as fused deposition modeling (FDM) and is the most
popular technique to fabricate polymer composites. In this process, the
feedstock material in the form of filament is melted, extruded through a
nozzle and then deposited on a build sheet as per desired path to com-
plete the part represented in 3D CAD model. Amorphous thermoplastics,
as listed in Table 9, are commonly used in FFF due to their temperature
range and high viscosity, which enable easy processing with extrusion
nozzles with diameter (@) 0.2-0.5 mm. The process uses two different
materials i.e., one for actual part and the second one for support struc-
tures, which are removed manually or by melting or dissolving. As
shown in Fig. 10a, the process begins with feeding the feedstock filament
(@ 1-2mm) to the extrusion head, which is then heated and extruded
(using solid filament and roller mechanism) through a nozzle in semi-
solid state and then deposited on to a build sheet. Specialized soft-
wares have been developed to create support structures and desired tool
paths, which are essential to reduce support build time, tailor internal
architecture and improve mechanical properties of parts. The extruded
material solidifies by bonding with surrounding and previous deposits in
a temperature controlled build chamber (which keeps the existing de-
posits warm and ensure good bonding). Once a layer is completed the
build platform moves down by layer thickness (0.1-0.5 mm) and the
next layer deposition is completed. The support structures for each layer
are also built at the same time using a separate extruder. The width of
the extruded material (0.25-2.5 mm) is controlled by filament feed rate.
The part quality and properties depends on deposition speed, filament
feed rate, nozzle diameter, deposited road width, deposition head tem-
perature (to control the viscosity), build chamber temperature and build
material properties. The most important concerns of FFF to make com-
posites are uniform distribution of reinforcements, inter-track porosity,
wavy surface finish and inaccurate parts due to unpredictable shrinkage
of thermoplastics. Addition of different reinforcements to polymers
changes their viscosity and poses significant processing challenges.
Therefore, not all polymers are suitable for FFF. Inherent elliptical shape
of the deposited material track results in wavy surface, which can be
addressed using thin layers and small extrusion nozzles. Similarly, part
accuracy can be improved by using appropriate deposition strategies
and shrinkage compensation. In addition to merits of this AM technol-
ogy listed in Table 9, the process enable deposition of multiple materials
(through multiple extrusion heads) thus one can fabricate multi-
functional composites with different materials.

Table 9
Characteristics of AM technologies currently being investigated to manufacture polymer matrix composites [compiled from Refs. [168,169,171-173]].
Technology  Feedstock Matrix materials Reinforcement Resolution Merits Demerits
form (X-Y&Z, pm)

FFF Filament Amorphous Particles: Fe, W, Cu, graphene, 250- Low-cost, strong parts,  Only thermoplastics, Nozzle
Thermoplastics: Carbon nano tube (CNT), 500&50-750 multi-material wear/clogging, inter-raster
ABS, PC, PLA, Hydroxyapatite (HA), deposition, simplicity, porosity, wavy surface finish,
Polyethylenimine (PEI), Tricalcium phosphate (TCP), high deposition speed anisotropy, unpredictable
Polyether ether ketone Al,03, TiO,, CaTiO3, BaTiOs, shrinkage of thermoplastics
(PEEK), Thermoplastic Polymer blends (PC + ABS) result in part inaccuracies
polyurethane (TPU) Fibers: Glass, Carbon,

Continuous Carbon fiber
SLA Photocurable Acrylics, Al,03, CNT, Graphene oxide, 200-300 High resolution and Feedstock must be
liquid Epoxies, Acrylates TiO,, BaTiO3, &10-762 quality photocurable, expensive, slow
printing, toxic materials

SLS Powder Semicrystalline polymers: Glass, Carbon, Al, Al;O3, TiO-, 70-500 & 76- Strong parts, complex Expensive, slow process, loose

Polyamide, PP, PEEK, HA, TCP, Silica, CaSiOs, 500 parts, easy support powder surface, porosity
removal, high surface
finish and resolution

DW Slurry PLA, Polycaprolactone (PCL), Short C fiber, Graphene, Fe304, 250-500 & 5- Soft and delicate Slow and inferior strength

elastomer, Epoxy, hydrogel bioactive glass, CNT, SiC 200 material printing, high
whisker, Silica, TCP, HA, resolution

BJ Powder All polymers in powder form 120- Inexpensive, complex Matrix-binder compatibility,

with compatible binder 500&70-250 parts, easy support lack of inter-layer adhesion,

removal

coarse resolution, porosity,
poor powder workability, print
head clogging
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4.1.2. Direct-write (DW)

The technique is also known as 3D plotting, robocasting and direct
ink writing. The process is very similar to FFF, where a viscous solution
is dispensed through a computer controlled fine syringe as per CAD
model, Fig. 10b. The nozzle openings can range between 1pm and
>1 mm and therefore high resolution and build speeds can be achieved
[174]. The deposited part is hardened [175,176] by (i) post-fabrication
heating, (ii) post-fabrication UV light, (iii) using reactive feedstock. The
feedstock materials could be in the form of solution, slurry/paste or
hydrogel and therefore the process is highly flexible. However, building
overhang structures is difficult as the deposited material will be too soft
and can collapse. Therefore, support structures may be required if parts
have complex features [177]. The extrusion pressures in this process are
relatively less than FFF and no heating or solidification is involved. In
case the extruded material is monomer then the substrate can be heated
therefore immediately upon deposition the monomer polymerizes and
strengthens. Another unique advantage of DW process is its ability to
produce parts with functional and compositional gradients [178]. The
most critical requirements for success of this process are the composition
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and properties of solution, slurry/paste or hydrogel being used. The
feedstock must be free of air entrapments, agglomeration homogeneous
and in case of composite fabrication the reinforcement concentration
must be as high as possible. Viscosity of the printed material also should
be sufficiently high to retain its shape and must have sufficient stiffness
to become self-supporting after printing on substrate.

4.1.3. Stereolithography (SLA)

This process relies on polymerization of liquid resin or monomer
exposed to electromagnetic radiation such as UV-laser or electron beam.
The polymerization takes place, at room temperature, point-by-point,
line-by-line and finally layer-by-layer. Initially the build platform will
be lowered, equivalent to layer/cure thickness, below the liquid resin/
monomer and focused laser beam is directed on to the liquid surface to
cure, as shown in Fig. 10c. By rastering the beam a single layer/cross
section, as per CAD model, will be completed and then the build plat-
form is lowered by layer thickness, and the process is repeated. For
efficient bonding (interlayer and interscan) the cure depth (25-500 pm)
and width must be controlled by using appropriate beam size and scan
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speed. As opposed to other AM techniques, in SLA the part is built in
bottom-up fashion, Fig. 10c. After completing the build process, parts
are processed using heat or photo-curing to complete the curing and
improve mechanical properties, as ~80% polymerization takes place
during actual SLA process. The curing process is highly complex and
therefore the light source, exposure speed and time are to be precisely
controlled to achieve high resolution and quality parts [179]. Important
process parameters include laser power, wavelength, spot size, layer
thickness, scan speed, post-curing, etc. Polymerization or cure depth of
liquid monomer/resin can be tailored by adding UV absorbers and
photoinitiators [180]. However, feedstock resin/monomer characteris-
tics such as high wettability with polymerized resin, high curing speed,
low viscosity, shrinkage and curling tendency, long shelf life provide
high quality parts. The most distinguishable feature of SLA is its high
resolution (~10 pm) and absence of nozzles and related problem when
processing composites. However, available resins/monomers that are
photocurable are very limited and some of the photoinitiators are toxic.
Parts made using SLA often mechanically inferior compared to the parts
made using other processes [181]. But, SLA has been used to fabricate
complex and strong polymer composites reinforced with nano-scale re-
inforcements [182].

4.1.4. Selective laser sintering (SLS)

In this process a thin layer of loose powder is spread on a build
platform, usually in controlled atmosphere build chamber, using a
spreader. This powder layer is fused using a high-power laser beam
scanned (using X-Y scanner) over the bed surface according to CAD
model cross-section, as shown in Fig. 10d. The interaction between laser
and powder generate sufficient heat to melt the powder creating solid
cross section. The unaffected loose powder can act as support for over-
hang structures. The process is repeated for all cross sections after
spreading fresh layer of powder on build platform by raising and
lowering the feed box and build platform by one layer/slice thickness
(~100 pm), respectively. Once all layers are built the parts are cooled in
the controlled atmosphere chamber and loose powder is removed.
Sometimes to minimize the cracking and warpage, improve surface
finish of parts the powder beds are preheated using lasers or auxiliary
heaters along with careful control of powder size, laser power and scan
velocity. SLS involve large number of process parameters: layer thick-
ness, scan velocity scan spacing, scan pattern, powder size, shape,
packing density, distribution, laser power, beam size, continuous or
pulsed, build chamber atmosphere, temperature, bed preheating, etc. As
a result controlling part properties and quality depend on good under-
standing of process parameter effects and their interaction, which is
always challenging. Semi-crystalline polymers are most popular mate-
rials for SLS process and do not require support structures for complex
parts. For high-quality polymer parts the feedstock must be of high-
quality which require precise control of molecular structure, and open
chain structure [183]. Particularly in SLS processing of polymers,
gradual increase in the melt viscosity during part building due to sur-
rounding hot powder bed result in surface damage (orange peel effect).
Similarly, the use of recycled powder can increase molecular weight of
the powder, which can enhance interlayer bonding and hence improved
mechanical properties [184]. Further, complex thermal behavior of SLS
processing of polymers, in terms of molecular diffusion, bonding, so-
lidification, etc., severely limits the choice of polymer suitable for this
process [185] and therefore only polyamide (PA), polyethylene (PE),
PEEK, PolyEtherKetone (PEK), polycaprolactone (PCL) have been suc-
cessfully used with and without reinforcements [186-193].

4.1.5. Binder jetting (BJ)

This process is very similar to SLS and is also known as 3D printing
(3DP). In this process, an inkjet printer is used to print liquid binder
selectively, as per CAD model cross-section, on to powder bed, and
immediately the build platform moves under a heat source to remove
moisture and dry the binder, Fig. 10e. The drying is very critical to stop
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spreading of the binder deeper in to previous layers, which is detri-
mental to part quality and properties. Each layer build one over the
other following these steps and after completing the printing process the
loose powder is blow out. The part out of this process is called ‘green
part’ and requires careful handling to avoid breakage. The green parts
are usually heated in an oven to harden the binder, depending on the
binder used. Sometimes UV curable binders may be used and in these
cases the final step involves curing in UV oven. Some of the important
process parameters include layer thickness, powder size/shape/distri-
bution, feed powder to layer thickness ratio, drop volume, binder
saturation, binder viscosity, print head speed, number of printing
passes/layer, spearing speed, drying temperature and time, number of
foundation layers, etc. [194,195]. All polymers can be processed using
BF process as long as they are available in powder form and compatible
binders are available. Further, the process is very simple, economical
and does not require high temperatures.

4.2. AM of different composite materials

Polymer matrix composites reinforced with different materials in the
form of particles (micro and nano-scale) and fibers (short-fiber and
continuous fiber) have been fabricated using AM technologies discussed
above. Among the two types of reinforcements, particle reinforcements
are inexpensive, easy to process and mix with matrices in both solid and
liquid forms. Therefore, preparation of feedstock in the form of powder
or filament for SLS/BJ and FFF, respectively, is also relatively easy.
However, use of nano-scale reinforcements always poses problems in
achieving uniform distribution due to agglomeration and some nano-
scale materials are also unstable during processing/handling. Table 9
shows variety of matrix and particle reinforcement combinations pro-
cessed using FFF, SLA, DW and SLS. The resulting composites found to
exhibit improved mechanical (tensile strength, modulus, wear resis-
tance), thermal properties (thermal stability, degradation temperature),
dielectric and biological properties. Relatively large amount of research
has been done in the area of polymer composite processing using FFF
compared to other AM technologies. Filaments reinforced with variety
of metals and ceramics have been prepared and processed [196,197].
For example, iron particle reinforced nylon matrix filament has been
developed and used in FFF to create direct tooling [198]. ABS has been
reinforced with Fe and Cu powder (up to 40 vol%) to ABS-based com-
posites using FFF and the composites found to exhibit significant in-
crease in their mechanical and thermal properties [199]. Drummer et al.
evaluated PLA-Tri Calcium Phosphate composite scaffolds fabricated
using FFF and found that they exhibit desirable mechanical and bio-
logical properties for implant applications [200]. Addition of BaTiOs, up
to 70 wt%, to ABS followed by fabrication of structures via FFF resulted
in 240% increase in the relative permittivity [201]. Another unique
advantage of using AM is its ability to create novel periodic structures
with desired variation in composition as shown in Fig. 11a. Inherent and
unpredictable expansion of thermoplastics has been addressed by add-
ing metal particles [202], where Fe and Cu particle addition to ABS
resulted in considerable increase in their thermal conductivity. As a
result, the distortion associated with thermal expansion of ABS has been
reduced in large-scale parts. Similarly mixing elastomer with ABS
assisted in improving surface of the FFF composites (reinforced with
TiOy and jute) while decreasing their ductility [203] and strength
anisotropy in different directions. FFF fabricated fully dense PLA sam-
ples showed high toughness (5 MPa\/m) than those prepared using IM
processing (3 MPa\/m) [204]. Singh et al. [205] developed Nylo-
n-6-Aly0O3 composite filament and the components made using FFF
showed significant improvement in tribological properties [206].

In a recent work [207], acrylate polymer reinforced with 2-4 ym
diamond particles (up to 30 w/v.%) were successfully fabricated using
SLA. Significant improvement in heat transfer rates have been recorded
with 30% composites demonstrating their application potential in
electronic thermal management applications. Fig. 11b shows typical
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Fig. 11. (a) ABS-BaTiO3 composite structures with site-specific composition made using FFF [201] (Open access licensed under a Creative Commons Attribution 4.0
International License), (b) Temperature distribution in neat acrylate polymer heat sink (left) and SLA printed acrylate-diamond composite heat sink (right) after

heating for 10 min at 100 °C [207].

temperature distribution, recorded using infrared thermal imaging, in
polymer heat sinks with and without diamond particles, where superior
heat transfer from bottom can be seen in composite heat sink. Ther-
moelectric composites consisting of photocurable resin and Big 5Sb; 5Tes
with ultra-low thermal conductivity (0.2 W/m.K) in complex shapes
have also been fabricated using SLA process [208], which is not possible
with conventional manufacturing routes. SLA was also successfully used
to fabricate PLA-bioactive glass scaffolds for tissue engineering appli-
cations [209]. Uniform distribution of glass in PLA matrix and surface,
Fig. 12a, enabled improvement in compressive modulus (from 1.4 MPa
to 3.4 MPa with 20 wt% bioactive glass) and in vitro biological prop-
erties. Good combination of strength and ductility was also achieved by
uniform distribution of graphene oxide (0.2%) in thermoplastic com-
posites prepared using SLA [210]. The strength and ductility was
increased by 62.2% and 12.8%, respectively. Multi-scale structures, with
tailored site-specific properties in one device, using multi-polymeric
materials have also been prepared using SLA [211]. High-quality Poly-
caprolactone (PCL)-hydroxyapatite (HA) (30 wt%) composite scaffolds
were fabricated using optimized SLS process parameters by Eosoly et al.
[212]. They reported that the scan strategy and laser parameters (laser
power) have strong influence on geometrical accuracy (in different di-
rections) and mechanical properties of PCL-HA scaffolds. SLS has also
been used to fabricated functionally graded HDPE-HA composite scaf-
folds (45-48% porosity and 30-180 pm pore size) for bone and cartilage
replacement [213]. These scaffolds exhibited flexural modulus between
36 and 161 MPa.

Now-a-days use of nanomaterials as reinforcements in polymer
composites is gaining lot of attention due to their numerous advantages
such as superior mechanical, electrical, thermal conductivity, thermal
and fire resistance, excellent strength-to-weight ratio and other func-
tional properties compared to their micro-scale counterparts [214-218].
These benefits can be further improved if such nanocomposites are
fabricated using AM technologies. Therefore, development and
manufacturing of polymer composites reinforced with nanomaterials
could offer new opportunities and challenges as well. For example,
ABS-graphene nanoplatelets (xGnP) composite filament has been pre-
pared and the composites made using FFF exhibited improvement in
tensile modulus and reduction in creep compliance of ABS in all di-
rections [219] compared to CM samples. However, other properties such
as tensile strength and elongation showed direction dependency. It
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Fig. 12. (a), (b) SEM images showing the morphology of PLA and PLA-
bioactive glass composite scaffolds, respectively [209]. (c) Dimensions of SLS
fabricated scaffold struts in different directions [212].

appears that FFF of ABS-GnP composites is beneficial in enhancing their
elastic modulus but this process had no positive influence on their
elongation. Very recently FFF has been utilized to orient graphite flakes
along the through-plane direction of parts, which resulted in effective
conductive paths with 5.5W/m.K [220]. It was also observed that
printing strategy strongly affects graphite flake orientation and void
formation in these parts. Therefore, depending on the orientation of
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graphite flakes and voids with respect the through-plane the thermal
conductivity increased from 1.6 W/m.K to 2.4 W/m.K and finally to
5.5 W/m.K, as shown in Fig. 13a. Preferred orientation of graphite flakes
provide continuity of heat transfer and flux thus improved their per-
formance. Shofner et al. [221] showed that uniform distribution of
vapor-grown carbon fibers (VGCFs) in ABS matrix with minimum
porosity can be achieved with optimization of mixing, extrusion and FFF
process. The composites also exhibited 39% and 60% increase in the
tensile strength and modulus due to alignment of VGCFs along the
extrusion direction, Fig. 13b. However, addition of VGCFs to ABS
changed the fracture mode from ductile to brittle and therefore signifi-
cant drop in elongation was recorded with these composites. Graphene
reinforced ABS composites fabricated using FFF also showed four orders
of magnitude improvement in electrical conductivity of ABS [222]. ABS
composites reinforced with nano-clay particles (Montmorillonite)
showed ~ 15% improvement in tensile strength after FFF compared to
IM composites [223]. The composites made using FFF also exhibited
improved thermal properties. Significant research has been done using
several carbon-based nanomaterials such as nanotubes, nanofibers,
graphene, graphite and carbon-black [210,222,224-227], which
showed significant improvement in mechanical properties as well as
electrical and thermal properties.

Several investigators reported fabrication of polymer composites
reinforced with nanoparticles using photocurable resins [228-230],
however with considerable shielding and scattering of laser light with
high concentration of nanoparticles [231,232]. Therefore, Weng et al.
[233] modified the surface of nanofillers (SiO;, montmorillonite and
attapulgite) to improve their stability in SLA resin. Tensile strength and
modulus of composites with 5% w/w SiO increased by 20.6% and
65.1%, respectively. Silane coupling agent has been used to modify the
surface of nano TiO; particles and the influence of TiO; concentration on
cure depth and viscosity of resin was assessed for SLA processing [234].
The use of modified resin increased the tensile strength of the compos-
ites from 25.26 MPa to 47.82MPa and measurable increase in the
ductility and thermal stability was also recorded. The benefits of silane
and other couplants in improving properties of composites by trans-
ferring the stress between matrix and reinforcement has also been re-
ported by other investigators [216,228,235]. Similar surface
modification of nano Al,O3 particles with polystyrene (PS) was used to
fabricate PS-Al,O3 composites using SLS [236]. The laser absorption
found to improve with coated particles resulting in well dispersion and
reduced voids, as a result impact (50%) and tensile strength (300%)
were improved. Therefore, appropriate surface treatment of nano-
particles can help in manufacturing fully dense nanocomposites using
AM technologies. Kim et al. [237] reported that functionalization of
graphite nanoplatelets improves interfacial bonding and mechanical
properties depending on the concentration of reinforcements. Mechan-
ical mixing and ultrasonic dispersion used to disperse MWCNTSs in the
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SLA resin resulted in limited success [238].

Another form of fabricating polymer composites is to use fibers
(short-fiber and continuous fiber) as reinforcing agents, which can also
enhance properties of polymer composites [239]. As with particle
reinforced composites, the most popular and widely investigated AM
technology to fabricated fiber reinforced polymer composites is FFE.
Although some reports are available on the use of other AM techniques
(DR, SLS and SLA), but are relatively less compared to FFF. Majority of
research efforts on FFF are focused on the use of short fibers. The most
important characteristic of FFF of fiber reinforced polymer composites is
the alignment of fibers along extrusion/material deposition direction.
Ferreira et al. [240] reports that preferred alignment of short carbon
fiber (15 wt%) in PLA-carbon fiber composites, prepared using FFF, can
improve mechanical properties. Short carbon fiber (CF) (0.2-0.4 mm)
reinforced ABS composites prepared using FFF exhibited ~115% and
~700% increase in the tensile strength and modulus, respectively [241].
FFF resulted in highly preferred fiber orientation (~91.5%) in the ma-
terial deposition direction, which compensated the detrimental effect of
porosity in these composites. More importantly the specific strength of
these composites was found to be higher than that of 6061 Al alloy,
Fig. 14a. However, composites fabricated via FFF showed relatively high
amount of porosity than compression molded samples, Fig. 14b-d.
Interestingly the inner-bead and inter-bead voids decreased with fiber
concentration and is attributable to the increased thermal conductivity
(Fig. 14a). Similar improvements in tensile and flexural properties of
thermoplastics reinforced with carbon fibers (CF) has been reported by
Ning et al. [242], where longer CFs found to increase tensile strength
and modulus, but with decrease in the ductility and toughness of these
composites. The influence of different FFF process parameters on me-
chanical properties of CF reinforced plastic parts has been reported by
Ning et al. [243]. Another study used short glass fibers (GF) to improve
the strength of ABS filament, which resulted in reduction of filament
flexibility and processibility, primarily due to reduction in swelling and
increased stiffness of the tape at print head during FFF [244]. However,
addition of small amount of plasticizer and compatibilizer found to
improve the processibility of ABS-glass fiber composites filament using
FFF. Entire polypropylene (PP)-GF composite filament production chain
was evaluated by Carneiro et al. [245], where influence of FFF process
parameters such as layer thickness, filament orientation, infill degree
were assessed. Authors conclude that due to superior mechanical
properties of FFF composite parts, compared to compression molding,
they can be directly used as functional parts. In FFF processing of
polymer composites, the matrix and reinforcing fiber are pre-mixed to
make composite filament. However, it is very difficult to make free
flowing composite powder, for SLS, using such composites. Further, the
quality of SLS parts strongly depends on powder characteristics and
uniformity of powder bed. As a result processing short fiber reinforced
polymer composites using this process is very challenging [246]. For
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Fig. 13. (a) Through-plane thermal conductivity of polymer-graphite flake composites made by FFF [IM - injection molded samples] Modified/compiled from [220],
(b) Alignment of VGCFs along the extrusion direction in VGCF-ABS composites made using FFF [221].
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Fig. 15. (a) Schematic of FFF print head to produce continuous fiber reinforced composites, (b) Actual print head during printing, (c) Comparison of continuous fiber
reinforced composite properties with the composites prepared using different AM technologies properties [252] (Open access licensed under a Creative Commons
Attribution 4.0 International License). (d) Comparison of compression strength of corrugated composite structures made using different technique [259]. (e)
Continuous fiber reinforced composite fabrication process in Mark One Composite 3D printer [260] (f) Voids in continuous carbon fiber reinforced composites (glass

fibers resulted in less voids and were absent in Kevlar composites) [260]. (g) SEM micrographs showing changes in the carbon fiber-PLA matrix interface due to
surface modification of fibers [255].
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example, Goodridge et al. [187] attempted to produce polymide 12 -
carbon nanofiber (3 wt%) composite powder using cryogenic fracture
method for use in SLS. Although the composite produced using SLS
showed acceptable fiber distribution in the matrix with ~22% increase
in the storage modulus, the powder morphology appears to be not
suitable for this process. Therefore, research efforts may be focused on
the composite powder production methods that can achieve desired
characteristics suitable for making high strength components using SLS.

Similarly, research activities on SLA of fiber reinforced composites
are very scarce [247,248]. For example, the use of CFs in photocurable
resins for SLA processing can block UV light leading to uncured regions
of resin in the vicinity of CFs. To address this photo-thermal dual curing
of resin-CF composites has been proposed by Gupta et al. [249], where
after SLA processing the composite parts were thermally treated for 1 h
to complete curing (~25% uncured) and improve strength by 95%.
Another approach is to replace the CFs with GFs [250], which resulted in
significant improvement in mechanical properties and dimensional ac-
curacy. Fig. 14e shows no distinguishable difference in GFs distribution
(20 vol%) between conventionally processed and SLA processed com-
posites. Very recently, GFs have been selectively oriented using ultra-
sonic forces in photocurable resin to create composites for energy
applications [251].

Another most important and challenging task is to fabricate contin-
uous fiber reinforced polymer composites using AM technologies [171],
as these composites are mechanically superior than short fiber rein-
forced composites. Recently, a new FFF technique consisting of feeding
polymer filament and continuous fiber separately to the print head for
in-nozzle impregnation, just before printing, has been developed [252].
Schematic description of the process is presented in Fig. 15a and b. In
this work, PLA was used as matrix and continuous carbon fibers (CCF)
and jute fibers were used a reinforcements. The PLA-CCF composites
exhibited tensile strength of 185.2 MPa and modulus of 19.5 GPa, which
are ~6 and 4 times higher than pure PLA. Further, the properties of
PLA-CCF composites found to be significantly better than short-fiber
reinforced composites, as shown in Fig. 15c. Similar composites of
CCF sandwiched between nylon have been prepared using Mark One
commercial printer with two different print heads for fiber and matrix
[253]. They observed large voids with increased CCFs and decreased the
composites’ strength. As with standard FFF, process parameters such as
print head temperature, layer thickness, printing speed found to have
strong influence on mechanical properties of these composites [254].
Other investigator also reported variety of results related to fabrication
of continuous fiber reinforced composites using FFF [255-258]. New
composites with cross lap and panel-core lap designs were also suc-
cessfully fabricated with good compressive strength [259]. Specific
strength of the composites increased from 18 to 28 kN m/kg with con-
centration of fibers from 2 to 10%. Further, the with 11.5 vol% fiber the
corrugated-core structure showed a compressive strength of 17.17 MPa,
Fig. 15d, which is comparable with similar parts made using other
techniques. However, additional benefit of using AM is its ability to
produce complex structures. Commercial FFF machine (Markforged
Mark One) was recently used to understand the effects of fiber orien-
tation, type and volume fraction on mechanical properties of nylon
composites reinforced with continuous fibers of carbon, Kevlar and glass
[260]. In this process, the reinforcing fiber bundles are stacked between
matrix deposits as shown in Fig. 15e. Although carbon fiber reinforce-
ment resulted in highest strength, increasing the fiber concentration
found to form large amount of voids, Fig. 15f. Among the fibers, glass
fibers appears to provide composites without voids with increasing
concentration up to 22.5% [260]. In a similar study, the interlaminar
shear strength was maximum with carbon fibers and composites rein-
forced with Kevlar exhibited lowest properties due to their poor
wettability with nylon matrix [261]. However, for high impact strength
glass fibers found to be best and the performance of carbon and Kevlar
fibers are similar [262]. Li et al. [255] fabricated PLA-continuous carbon
fiber composites using FFF and demonstrated that surface modification
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of carbon fibers with PLA-methylene dichloride solution can signifi-
cantly improves fiber-matrix adhesion. Visible improvement in carbon
fiber-PLA matrix interface can be seen from Fig. 15g. The modified fiber
composites exhibited 13.8% and 164% increase in tensile and flexural
strength, respectively. Surface modification of fibers also improved
storage modulus of these composites. In another study [263] continuous
carbon fibers were modified with polymide (PA6) to improve the
adhesion and thereby enhanced the interlaminar shear strength by
42.2% compared to unmodified fibers.

4.3. NEFRCs processing using AM

As discussed above significant research is being undertaken to
fabricate polymer composites reinforced with synthetic materials using
different AM technologies. However, use of these AM technologies to
process NFRCs is extremely rare. In one study twisted yarns of jute fibers
were used to reinforce PLA matrix using FFF process, Fig. 16a [252].
These composites exhibited tensile strength and modulus of 57.1 MPa
and 5.11 GPa which are 134% and 157% higher than that of pure PLA,
respectively. However, the tensile strain was very low between 0.05 and
0.25%. Authors indicated that appropriate pre-tensioning of jute yarn
fibers can help in achieving uniform molding and improved mechanical
properties. Therefore, very recently Hinchcliffe et al. [264] attempted to
fabricate jute and flax fiber (continuous) reinforced PLA composites
using AM. They found that pre-stressing the continuous fiber can
improve tensile and flexural properties. Le Duigou et al. [265] used
commercially available FFF filament consisting of PLA + poly(hydrox-
yalkanoate) (PHA) matrix reinforced with 15.2 wt% recycled wood fi-
bers to create composite samples. The properties of these composites
were found to be comparable with conventionally processed (extrusion
and IM) PP-30% wood and HDPE-40% wood composites, but lower than
PHA-20% wood composites. Sample size (print width) found to have
strong influence on the total porosity of the samples and therefore their
mechanical properties. For example, as shown in Fig. 16b, as-received
composite filament had ~16.5% porosity, which resulted in similar
amount of porosity (14.7-15.5%) in the FFF processed samples
(Fig. 16d). However, the porosity increased with sample size (print
width) due to loss of deposit temperature during printing large samples
with longer deposition paths, Fig. 16e, which reflected in decrease in the
properties. The samples with short deposition paths resulted in consid-
erable reduction in porosity (8.4-14%). Thermal consolidation of fila-
ment and printed samples resulted in significant drop in porosity of
these samples as shown in Fig. 16c. They also found that thermal
consolidation can reduce moisture absorption by these composites.
From these preliminary studies it can said that research on AM of NFRCs
is in its embryonic stage and significant amount of research efforts are
required to understand and optimize the process.

5. Challenges and opportunities in AM of natural fiber
composites

As discussed above AM of composites shows clear and strong promise
towards manufacturing complex parts. However, further growth of its
use primarily depends on how fast we can address current issues [170]
such as difficulties in preparing composite feedstock filament for FFF,
nozzle clogging, void formation, fiber agglomeration and distribution,
effect of fiber on curing and resolution, fiber orientation, fiber-matrix
adhesion, light reflection from fiber and uncured regions in SLA. Some
of the important challenges and opportunities associated with AM pro-
cessing of NFRCs are discussed here under.

One important consideration in AM of NFRCs is that none of these
techniques exerts sufficiently high pressures and shear rates to the ma-
terial that are experienced during processing of these materials using
conventional extrusion or IM. As a result, the composites do not develop
strong bonding between the layers or roads in these AM processed parts,
which can be seen from relatively poor mechanical properties of these
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188 1886m

Fig. 16. (a) Typical tensile test specimen of FFF processed jute fiber reinforced PLA composites (top) and fiber pullouts after testing (below) [252] (Open access
licensed under a Creative Commons Attribution 4.0 International License). (b—e) Microstructures of PLA-PHA-wood fiber composites (b) as-received filament, (c)

consolidated FFF sample, (d) 100% print width, 300% print width [265].

parts especially in transverse direction (loading axis parallel to build
direction). The strength of these parts primarily comes from bonding
between interlayers and roads by thermal diffusion. Therefore, often the
parts manufactured using AM technologies are not mechanically supe-
rior than those made using conventional processing such as CM or IM.
However, AM offers design flexibility and ability to manufacture com-
plex parts to improve functionality and performance, if appropriate feed

stock materials are developed with high concentration of reinforcements
and minimal porosity. At the same time excessively high concentration
of fibers can increase composite viscosity and related problems.

There exists several problems in developing composite feed stock
filament for FFF [266]. Inherent process steps such as blending, com-
pounding and extrusion that are involved in the preparation of feed
stock composite filaments can damage natural fibers due to exposure to
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Fig. 17. (a) FFF processed ABS-30 wt% carbon fiber composite showing porosity [241], (b) DW processing of triangular honeycomb composite [267], (c) Schematic
showing the alignment of short fibers within the deposit during DW process [267]1, (d) Schematic illustration of an approach to tailor fiber orientation in each layer by
changing the deposition paths during FFF or DW, (e) Typical compositionally graded gripper fabricated using SLS [268].
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high temperature and pressures. Further, during FFF processing the fi-
bers are again exposed to high temperature which can further deterio-
rate their properties/characteristics. Since the viscosity of the polymer
increases with fiber concentration the extrusion temperature must be
increased to enable easy processing of NFRC filaments and is potentially
detrimental to the stability of natural fibers. Use of appropriate plasti-
cizers can address this issue.

Severe clogging of nozzles during FFF of fiber reinforced polymer
composites with >40wt% fibers (synthetic) is another importance
challenge to be addressed. Further, it has been observed that feed stock
filaments become brittle with high fiber loading [244]. Therefore,
improving mechanical properties of fiber reinforced composites beyond
certain limit, by increasing fiber loading, would be extremely difficult
unless complete understanding of influence of fiber concentration on
rheological properties, fiber-matrix interactions during feed stock
preparation and AM processing is developed. However, addition of
compatibilizers and plasticizers to polymer matrices can aid in
improving processability.

Porosity/void formation and fiber orientation with natural fiber
reinforcement plays a decisive role in determining mechanical proper-
ties of NFRCs. For example, parts made with PLA + PHA- 15.2 wt%
recycled wood fibers showed significant amount of porosity [265], as
shown in Fig. 16 b,d and e, which must be controlled via proper feed
stock preparation and FFF process optimization. Similarly, ABS-carbon
fiber composites produced using FFF exhibited large amount of gaps
between deposition lines and porosity due to poor fiber-matrix bonding
[241], as shown in Fig. 17a. Since the fiber orientation within the matrix
have strong influence on composite properties, its control during AM
processing assumes significant importance. The detrimental effect of
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such porosity can be effectively eliminated by aligning the fibers along
the direction of applied load. Although not all AM processes have a
capability to tailor fiber orientation during processing, some of them
(FFF and DW) provide this flexibility. For example, as shown in Fig. 17b
and c, short carbon fibers within the epoxy matrix can be aligned along
the deposited road (printing direction) [267] during DW process, which
result in direction dependent mechanical and other properties. More-
over, it is plausible to design optimized structures with desired func-
tional and mechanical properties and produce those using AM
technologies by tailoring fiber alignment within each deposited road.
Further, we also believe that by changing the deposition paths in each
layer, fiber orientation in each layer can be changed to achieve design
fiber alignment and mechanical performance, in particular site-specific
properties in complex 3D parts, as shown in Fig. 17d. AM also offers
unique capability to fabricate compositionally and structurally graded
composite parts. Such graded composites provide property optimization
in complex, net shape 3D parts at desired location to enhance overall
performance and functionality. For example, Chung et al. [268] used
SLS to produce Nylon-11 reinforced with 15nm silica nanoparticles
(0-10vol%). A typical functionally graded part produced using SLS is
shown in Fig. 17e, which exhibited non-linear and spatially varying
mechanical properties.

Although manipulation of fiber orientation is possible with AM
technologies, formation of voids during feed stock preparation and part
fabrication (Fig. 16 b,d and e) can dramatically decrease mechanical
performance of fiber reinforced composites. Recently, Wang et al. [269]
demonstrated that by adding thermally expandable microspheres (2 wt
%) to polymer matrix followed by appropriate thermal treatment of FFF
processed composites can decrease voids in these composites. During
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post-fabrication thermal treatment, the microspheres within the matrix
expand and create compressive stress on the voids thus close them,
Fig. 18a. It was observed that post-FFF heat treatment at 140 °C for short
duration of 120 s results in ~25% and 52% improvement in tensile and
compressive strength of the samples [269]. Increasing the microsphere
concentration to 11 wt% resulted in decrease in the overall porosity
from 17% to 7%. Alternatively, the formation of voids during AM of
NFRCs can be utilized to manufacture hygromorphic biocomposites,
which can be actuated depending on the moisture gradient for smart
devices (moisture induced bending). For example, PLA + PHA-15.2 wt%
recycled wood fiber composites, manufactured using FFF [265], shows
actuation due to swelling when immersed in water, Fig. 18 b-d. The
maximum actuation (or curvature) demonstrated to depend on FFF
process induced porosity, which control the moisture absorption ca-
pacity and swelling of these composites.

From the above discussion, it is understandable that successful pro-
cessing of NFRCs using AM and conventional processing as well, is
limited by inherent characteristics of natural fibers, which depends on
their chemical constituents. The dependence of different properties of
natural fibers on their constituents, summarized in Fig. 19, shows con-
tradicting compositional requirements to achieve desired properties
such as mechanical, thermal, biological and moisture absorption. For
example, processing temperature range for most of the polymer matrices
is between 180 and 200 °C, where time dependent degradation of nat-
ural fibers can occur depending on the type of fiber (Fig. 6). High con-
centration of hemicellulose in the fiber, Fig. 19, provides high thermal
stability to natural fibers, during processing and use. However, high
hemicellulose in the natural fiber is detrimental to its mechanical
properties and consequently to NFRCs properties as well. Similarly, high
crystalline cellulose is beneficial for improved fiber mechanical prop-
erties with concomitant decrease in biological degradation and moisture
resistance. It is interesting to note that majority of properties can be
improved if lignin can be restricted to low concentration. It is believed
that fiber treatments such as alkaline treatment (mercerization) are very
effective in removing lignin (Fig. 4), which not only improves fiber-
matrix interactions/boding but also enhances other properties depic-
ted in Fig. 19. Therefore, selection of appropriate fiber treatment and
processing depends on type of fiber being used and final property re-
quirements in NFRCs.

It has been discussed that addition of natural fibers to thermoplastics
and thermoset plastics offer several benefits such a low-cost, eco-
friendly, renewable and lower damage to processing equipment
compared to synthetic reinforcements. However, NFRCs suffer from low
mechanical properties due to fiber-matrix incompatibility and inher-
ently weaker natural fibers than synthetic fibers [57]. These issues can
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Fig. 19. Influence of constituents of natural fibers on their properties [adapted
from Refs. [34,270]].
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be effectively addressed by hybridization [271] of NFRCs by adding (i)
synthetic fibers to polymer matrices in addition to natural fibers, (ii)
more than one type of natural fibers with different mechanical and other
characteristics/properties. Addition of synthetic fillers such as glass,
talc, etc. along with natural fibers provide benefits of high mechanical
and thermal properties from synthetic fillers and low-cost and renew-
ability from natural fibers. Venkateshwaran et al. [272] studied
epoxy-banana-sisal fiber hybrid composites with varying volume frac-
tions of banana-to-sisal fiber and it was found that at 0.5-0.5 ratio the
tensile strength of hybrid composites is ~50% higher than those of
single fiber composites. Similarly, addition of glass fibers to
jute-polymer composites significantly enhanced flexural strength of
hybrid composites [273]. In another study, addition of sisal fibers
reduced the thermal conductivity of composite and hybridization with
glass fibers found to increase its conductivity [274]. Relatively small
amount of research has been done on hybrid composites containing
more than one natural fibers compared to hybridization using
natural-synthetic fiber combination. A study by Neto et al. [275] showed
interesting observations that chemical treatment of sisal and rami fibers
enhanced the mechanical properties of their hybrid composites. How-
ever, same treatment found to have no positive influence on jute-curaua
hybrid composites. Combining short and long natural fibers can also
provide similar benefits in enhancing properties due to
auto-hybridization.

Other considerations for long-term sustainability and market
acceptability of NFRCs include (i) continuous and reliable source of
natural fibers (ii) energy and cost involved in fiber supply chain, (iii) tax
incentives for production, use and recycling of NFRCs. Variations in
fiber supply during seasonal and unseasonal times can affect their
quantity, cost, quality and characteristics and therefore NFRCs pro-
duction and properties. As discussed above hybridization of composites
using different natural fibers can also address deficiencies in fiber sup-
plies. Establishing processing and storage facilities near the farm land
can provide significant cost benefits in the production of NFRCs.

6. Concluding remarks

Based on the studies performed so far, in the area of NFRCs, it can be
said that natural fibers are certainly suitable to reinforce several poly-
mers and thus improve their mechanical properties for use in wide va-
riety of industrial sectors such as automotive, infrastructure, housing,
packaging. Although, complete replacement of synthetic fibers with
current natural fibers would be difficult due to their inherently low
mechanical properties, the use of NFRCs expected to grow in future for
specific applications in variety of industries. For example, use of light-
weight NFRCs in automotive sector can achieve significant weight re-
ductions (up to 25%) and thus result in fuel efficiency while simulta-
neously reducing CO, emissions and the use of crude oil. However, for
commercial success of these composites it is imperative that large vol-
ume production and sectors such as automotive and packaging accepts
and increases the use of NFRCs.

Currently, NFRCs suffer from low thermal stability, moisture resis-
tance and mechanical properties. Although significant research efforts
are in progress to address these limitations, newer blending techniques,
hybrid polymer matrices, fiber surface modification approaches are
required. These approaches enable better interfacial bonding between
natural fibers and polymer matrices leading to enhanced processing,
balanced mix of strength and stiffness, and thermal properties. Use of
appropriate compatibilizers not only improves fiber-matrix bonding but
found to have strong influence on final properties of these NFRCs. Since
different natural fibers have different mechanical properties, depending
on their composition, NFRCs with tailored mechanical properties can be
plausibly manufactured by judicious selection of appropriate natural
fiber and matrix combination. Further, attempts on multi-fiber (blend of
two or more type of natural fibers) reinforced composites appear to be
very less and such composites can provide more flexibility in terms of
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processing and tailoring properties. Similarly, blend of multiple poly-
mers as matrices is also expected to address some of the inherent limi-
tation of current NFRCs.

As discussed in this review, additive manufacturing (AM) of polymer
composites demonstrated it potential in manufacturing net-shape,
complex and functional parts for direct use. Further, the unique
benefit of using AM to manufacture NFRCs is its ability to manufacture
functionally graded composites with site-specific performance and
functionality. It is also possible to design and produce structures with
tailored fiber alignment by changing the deposition paths in each layer.
However, AM of these composites poses significant challenges in terms
of composite filament preparation for FFF, inherent agglomeration po-
tential of nature fibers, large amount of moisture and void formation,
difficulties in 3DP of NFRCs due to nozzle clogging, fiber degradation/
breakage, non-uniform curing, etc. Poor layer-to-layer and fiber-matrix
interfacial bonding are two serious issues in AM of NFRCs as the pres-
sures associated with AM are significantly lower than those in conven-
tional processing routes such as compression or injection molding.
Therefore, more focus is required to address these issues by modifying
the AM process parameters, hardware and feed stock quality. It is known
that increasing the fiber concentration in NFRCs is required to achieve
maximized mechanical performance. However, excessive fiber content
found to clog deposition heads in addition to increased brittleness of
feedstock. Therefore, fundamental understanding on the influence of
natural fibers, their characteristics and concentration on the rheological
properties of polymer matrices, fiber-matrix interactions is essential,
which is not yet clear. Such an understanding will enable addressing
fiber damage during multi-step feed stock preparation followed by AM
of NFRCs. Finally, the success of NFRCs processing is inherently limited
by natural fibers’ characteristics and their chemical constituents as they
found to have contradicting effects on mechanical, thermal, biological
and moisture absorption properties. However, decreasing lignin con-
centration in these fibers can improve majority of properties and
therefore, appropriate fiber treatment become very crucial in NFRCs
processing. Overall design and processing of NFRCs using AM is very
challenging but equally rewarding.

Acknowledgements

Authors acknowledge the financial support from United Soybean
Board, MO, USA (Contract No. USB#1940-362-0703-E).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.compositesb.2019.106956.

References

[1] Paul V, Kanny K, Redhi GG. Mechanical, thermal and morphological properties of
a bio-based composite derived from banana plant source. Compos Part A Appl Sci
Manuf 2015;68:90-100. https://doi.org/10.1016/j.compositesa.2014.08.032.
Faruk O, Bledzki AK, Fink HP, Sain M. Biocomposites reinforced with natural
fibers: 2000-2010. Prog Polym Sci 2012;37:1552-96. https://doi.org/10.1016/j.
progpolymsci.2012.04.003.

Mohammed L, Ansari MNM, Pua G, Jawaid M, Islam MS. A review on natural
fiber reinforced polymer composite and its applications. Int J Polym Sci 2015;
2015:1-15. https://doi.org/10.1155/2015/243947.

Mohanty AK, Misra M, Hinrichsen G. Biofibres, biodegradable polymers and
biocomposites: an overview. Macromol Mater Eng 2000;276-277:1-24. https://
doi.org/10.1002/(SICI)1439-2054(20000301)276:1 <1::AID-MAME1>3.0.CO;2-
w.

Shen L, Haufe J, Patel MK. Product overview and market projection of emerging
bio-based plastics. 2009. PRO-BIP 2009, Final Report, June 2009.

Madsen B, Lilholt H. Physical and mechanical properties of unidirectional plant
fibre composites-an evaluation of the influence of porosity. Compos Sci Technol
2003;63:1265-72. https://doi.org/10.1016/50266-3538(03)00097-6.
Satyanarayana KG, Arizaga GGC, Wypych F. Biodegradable composites based on
lignocellulosic fibers-An overview. Prog Polym Sci 2009;34:982-1021. https://
doi.org/10.1016/j.progpolymsci.2008.12.002.

[2]

[3]

[4]

[5]

[6

[}

[7

—

24

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Composites Part B 174 (2019) 106956

Joshi SV, Drzal LT, Mohanty AK, Arora S. Are natural fiber composites
environmentally superior to glass fiber reinforced composites? Compos Part A
Appl Sci Manuf 2004;35:371-6. https://doi.org/10.1016/j.
compositesa.2003.09.016.

Merlini C, Soldi V, Barra GMO. Influence of fiber surface treatment and length on
physico-chemical properties of short random banana fiber-reinforced castor oil
polyurethane composites. Polym Test 2011;30:833-40. https://doi.org/10.1016/
j-polymertesting.2011.08.008.

Jawaid M, Khalil HPSA, Hassan A, Dungani R, Hadiyane A. Effect of jute fibre
loading on the mechanical and thermal properties of oil palm-epoxy composites.
Compos B Eng 2013;45:619-24. https://doi.org/10.1177/0021998312450305.
Cao XV, Ismail H, Rashid AA, Takeichi T, Vo-Huu T. Maleated natural rubber as a
coupling agent for recycled high density polyethylene/natural rubber/kenaf
powder biocomposites. Polym Plast Technol Eng 2012;51:904-10. https://doi.
org/10.1080/03602559.2012.671425.

Majid RA, Ismail H, Taib RM. Effects of polyethylene-g-maleic anhydride on
properties of low density polyethylene/thermoplastic sago starch reinforced
kenaf fibre composites. Iran Polym J (Engl Ed) 2010;19:501-10.

Jacob M, Francis B, Thomas S, Varughese KT. Dynamical mechanical analysis of
sisal/oil palm hybrid fiber-reinforced natural rubber composites. Polym Compos
2006;27:671-80. https://doi.org/10.1002/pc.20250.

Facca AG, Kortschot MT, Yan N. Predicting the tensile strength of natural fibre
reinforced thermoplastics. Compos Part A Appl Sci Manuf 2007;37:1660-71.
https://doi.org/10.1016/j.compscitech.2006.12.018.

Grand View Research. Natural fiber composites (NFC) market size, share & trends
analysis report by raw material, by matrix, by technology (injection molding,
compression molding, pultrusion), by application, and segment forecasts. 2018-
2014. Report ID: 978-1-68038-890-9.

Stamboulis A, Baillie CA, Peijs T. Effects of environmental conditions on
mechanical and physical properties of flax fibers. Compos - Part A Appl Sci Manuf
2001;32:1105-14. https://doi.org/10.1016/51359-835X(01)00032-X.

Dicker MPM, Duckworth PF, Baker AB, Francois G, Hazzard MK, Weaver PM.
Green composites: a review of material attributes and complementary
applications. Compos Part A Appl Sci Manuf 2014;56:280-9. https://doi.org/
10.1016/j.compositesa.2013.10.014.

Anandjiwala RD, Blouw S. Composites from bast fibres-prospects and potential in
the changing market environment. J Nat Fibers 2007;4:91-109. https://doi.org/
10.1300/J395v04n02_07.

Nagarajan V, Mohanty AK, Misra M. Sustainable green composites: value addition
to agricultural residues and perennial grasses. ACS Sustainable Chem Eng 2013;1:
325-33. https://doi.org/10.1021/5c300084z.

Miissig J, Fischer H, Graupner N, Drieling A. Testing methods for measuring
physical and mechanical fibre properties (plant and animal fibres). In: Mussig J,
editor. Ind. Appl. Nat. Fibres struct. Prop. Tech. Appl. UK: John Wiley & Sons,
Ltd; 2010. p. 269-310. https://doi.org/10.1002/9780470660324.ch13.

Taj S, Munawar MA, Khan S. Natural fiber-reinforced polymer composites. Proc
Pakistan Acad Sci 2007;44:129-44. https://doi.org/10.1016/j.
conbuildmat.2011.12.001.

Nabi Saheb D, Jog JP. Natural fiber polymer composites: a review. Adv Polym
Technol 1999;18:351-63. https://doi.org/10.1002/(SICI)1098-2329(199924)18:
4<351::AID-ADV6>>3.0.CO;2-X.

Eder M, Burgert I. Natural fibres - function in nature. In: Miissing J, editor. Ind.
Appl. Nat. Fibres struct. Prop. Tech. Appl. UK: John Wiley & Sons, Ltd; 2010.
p. 23-40.

Muthuraj R, Misra M, Mohanty AK. Studies on mechanical, thermal, and
morphological characteristics of biocomposites from biodegradable polymer
blends and natural fibers. In: Misra M, Pandey JK, Mohanty AK, editors.
Biocomposites des. Mech. Perform.; 2015. p. 93-140. https://doi.org/10.1016/
B978-1-78242-373-7.00014-7.

Ramesh M, Palanikumar K, Reddy KH. Plant fibre based bio-composites:
sustainable and renewable green materials. Renew Sustain Energy Rev 2017;79:
558-84. https://doi.org/10.1016/j.rser.2017.05.094.

Bourmaud A, Beaugrand J, Shah DU, Placet V, Baley C. Towards the design of
high-performance plant fibre composites. Prog Mater Sci 2018;97:347-408.
https://doi.org/10.1016/j.pmatsci.2018.05.005.

Ahmad F, Choi HS, Park MK. A review: natural fiber composites selection in view
of mechanical, light weight, and economic properties. Macromol Mater Eng 2015;
300:10-24. https://doi.org/10.1002/mame.201400089.

Shah DU. Developing plant fibre composites for structural applications by
optimising composite parameters: a critical review. J Mater Sci 2013;48:
6083-107. https://doi.org/10.1007/s10853-013-7458-7.

Bogoeva-Gaceva G, Avella M, Malinconico M, Buzarovska A, Grozdanov A,
Gentile G, et al. Natural fiber eco-composites. Polym Compos 2007;28:98-107.
https://doi.org/10.1002/pc.20270.

Slootmaker T, Miissig J. SEM catalogue for animal and plant fibres. In:

Miissig Jorg, editor. Ind. Appl. Nat. Fibres struct. Prop. Tech. Appl. John Wiley &
Sons, Ltd; 2010. p. 311-36. https://doi.org/10.1002/9780470660324.ch14.
Burgert 1. Exploring the micromechanical design of plant cell walls. Am J Bot
2006;93:1391-401. https://doi.org/10.3732/ajb.93.10.1391.

Martinschitz KJ, Boesecke P, Garvey CJ, Gindl W, Keckes J. Changes in
microfibril angle in cyclically deformed dry coir fibers studied by in-situ
synchrotron X-ray diffraction. J Mater Sci 2008;43:350-6. https://doi.org/
10.1007/510853-006-1237-7.

Keckes J, Burgert I, FrAvhmann K, Miiller M, K6lln K, Hamilton M, et al. Cell-wall
recovery after irreversible deformation of wood. Nat Mater 2003;2:810-4.
https://doi.org/10.1038/nmat1019.


https://doi.org/10.1016/j.compositesb.2019.106956
https://doi.org/10.1016/j.compositesb.2019.106956
https://doi.org/10.1016/j.compositesa.2014.08.032
https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://doi.org/10.1155/2015/243947
https://doi.org/10.1002/(SICI)1439-2054(20000301)276:1<1::AID-MAME1>3.0.CO;2-W
https://doi.org/10.1002/(SICI)1439-2054(20000301)276:1<1::AID-MAME1>3.0.CO;2-W
https://doi.org/10.1002/(SICI)1439-2054(20000301)276:1<1::AID-MAME1>3.0.CO;2-W
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref5
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref5
https://doi.org/10.1016/S0266-3538(03)00097-6
https://doi.org/10.1016/j.progpolymsci.2008.12.002
https://doi.org/10.1016/j.progpolymsci.2008.12.002
https://doi.org/10.1016/j.compositesa.2003.09.016
https://doi.org/10.1016/j.compositesa.2003.09.016
https://doi.org/10.1016/j.polymertesting.2011.08.008
https://doi.org/10.1016/j.polymertesting.2011.08.008
https://doi.org/10.1177/0021998312450305
https://doi.org/10.1080/03602559.2012.671425
https://doi.org/10.1080/03602559.2012.671425
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref12
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref12
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref12
https://doi.org/10.1002/pc.20250
https://doi.org/10.1016/j.compscitech.2006.12.018
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref15
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref15
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref15
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref15
https://doi.org/10.1016/S1359-835X(01)00032-X
https://doi.org/10.1016/j.compositesa.2013.10.014
https://doi.org/10.1016/j.compositesa.2013.10.014
https://doi.org/10.1300/J395v04n02_07
https://doi.org/10.1300/J395v04n02_07
https://doi.org/10.1021/sc300084z
https://doi.org/10.1002/9780470660324.ch13
https://doi.org/10.1016/j.conbuildmat.2011.12.001
https://doi.org/10.1016/j.conbuildmat.2011.12.001
https://doi.org/10.1002/(SICI)1098-2329(199924)18:4<351::AID-ADV6>3.0.CO;2-X
https://doi.org/10.1002/(SICI)1098-2329(199924)18:4<351::AID-ADV6>3.0.CO;2-X
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref23
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref23
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref23
https://doi.org/10.1016/B978-1-78242-373-7.00014-7
https://doi.org/10.1016/B978-1-78242-373-7.00014-7
https://doi.org/10.1016/j.rser.2017.05.094
https://doi.org/10.1016/j.pmatsci.2018.05.005
https://doi.org/10.1002/mame.201400089
https://doi.org/10.1007/s10853-013-7458-7
https://doi.org/10.1002/pc.20270
https://doi.org/10.1002/9780470660324.ch14
https://doi.org/10.3732/ajb.93.10.1391
https://doi.org/10.1007/s10853-006-1237-7
https://doi.org/10.1007/s10853-006-1237-7
https://doi.org/10.1038/nmat1019

V.K. Balla et al.

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Lau K tak, yan Hung P, Zhu MH, Hui D. Properties of natural fibre composites for
structural engineering applications. Compos B Eng 2018;136:222-33. https://doi.
org/10.1016/j.compositesb.2017.10.038.

Koronis G, Silva A, Fontul M. Green composites: a review of adequate materials
for automotive applications. Compos B Eng 2013;44:120-7. https://doi.org/
10.1016/j.compositesb.2012.07.004.

Wambua P, Ivens J, Verpoest I. Natural fibres: can they replace glass in fibre
reinforced plastics? Compos Sci Technol 2003;63:1259-64. https://doi.org/
10.1016/50266-3538(03)00096-4.

Eichhorn SJ, Young RJ. Composite micromechanics of hemp fibres and epoxy
resin microdroplets. Compos Sci Technol 2004;64:767-72. https://doi.org/
10.1016/j.compscitech.2003.08.002.

Al-Maadeed MA, Labidi S. Recycled polymers in natural fibre-reinforced polymer
composites. In: Hodzic A, Shanks R, editors. Nat. Fibre compos. Mater. Process.
Appl. Cambridge, UK: Woodhead Publishing Limited; 2014. p. 103-14.
Mohanty AK, Misra M, Drzal LT. Sustainable Bio-Composites from renewable
resources: opportunities and challenges in the green materials world. J Polym
Environ 2002;10:19-26. https://doi.org/10.1023/A:1021013921916.

Pervaiz M, Sain MM. Carbon storage potential in natural fiber composites. Resour
Conserv Recycl 2003;39:325-40. https://doi.org/10.1016/50921-3449(02)
00173-8.

Eichhorn SJ, Baillie CA, Zafeiropoulos N, Maikambo LY, Ansell MP, Dufresne A,
et al. Current international research into cellulosic fibres and composites. J Mater
Sci 2001;36:2107-31. https://doi.org/10.1023/A:1017512029696.
Summerscales J, Dissanayake NPJ, Virk AS, Hall W. A review of bast fibers and
their composites. Part 1-Fibers as reinforcements. Compos Part A 2010;41:
1329-35. https://doi.org/10.1016/j.compositesa.2010.06.001.

Zini E, Scandola M. Green composites: an overview. Polym Compos 2011;32:
1905-15.

Promper E. Natural fibre-reinforced polymers in automotive interior applications.
In: Miissig J, editor. Ind. Appl. Nat. Fibres struct. Prop. Tech. Appl. UK: John
Wiley & Sons, Ltd; 2010. p. 423-36.

DaimlerChrysler awarded for banana fibre use in Mercedes a class -
NetComposites. 2005. https://netcomposites.com/news/2005/august/19/daimle
rchrysler-awarded-for-banana-fibre-use-in-mercedes-a-class/. accessed March 5,
2019.

Graupner N, Herrmann AS, Miissig J. Natural and man-made cellulose fibre-
reinforced poly(lactic acid) (PLA) composites: an overview about mechanical
characteristics and application areas. Compos Part A Appl Sci Manuf 2009;40.
https://doi.org/10.1016/j.compositesa.2009.04.003. 810a€“821.

Faruk O, Bledzki AK, Fink H-P, Sain M. Progress report on natural fiber reinforced
composites. Macromol Mater Eng 2014;299:9-26. https://doi.org/10.1002/
mame.201300008.

Holbery J, Houston D. Natural-fiber-reinforced polymer composites in
automotive applications. JOM 2006;58:80-6. https://doi.org/10.1007/s11837-
006-0234-2.

Madsen B, Gamstedt EK. Wood versus plant fibers: similarities and differences in
composite applications. Ann Mater Sci Eng 2013;2013:564346. https://doi.org/
10.1155/2013/564346.

Pickering KL, Efendy MGA, Le TM. A review of recent developments in natural
fibre composites and their mechanical performance. Compos Part A Appl Sci
Manuf 2016;83:98-112. https://doi.org/10.1016/j.compositesa.2015.08.038.
Ho MP, Wang H, Lee JH, Ho CK, Lau KT, Leng J, et al. Critical factors on
manufacturing processes of natural fibre composites. Compos B Eng 2012;43:
3549-62. https://doi.org/10.1016/j.compositesb.2011.10.001.

Shalwan A, Yousif BF. In state of art: mechanical and tribological behaviour of
polymeric composites based on natural fibres. Mater Des 2013;48:14-24. https://
doi.org/10.1016/j.matdes.2012.07.014.

Rahman MA, Parvin F, Hasan M, Hoque ME. Introduction to manufacturing of
natural fibre-reinforced polymer composites. In: Salit MS, Jawaid M, Yusoff N
Bin, Hoque ME, editors. Manuf. Nat. Fibre reinf. Polym. Compos. Springer
International Publishing Switzerland; 2015. p. 17-44.

Gurunathan T, Mohanty S, Nayak SK. A review of the recent developments in
biocomposites based on natural fibres and their application perspectives. Compos
Part A Appl Sci Manuf 2015;77:1-25. https://doi.org/10.1016/j.
compositesa.2015.06.007.

George J, Sreekala MS, Thomas S. A review on interface modification and
characterization of natural fiber reinforced plastic composites. Polym Eng Sci
2001;41:1471-85. https://doi.org/10.1002/pen.10846.

Kakroodi AR, Bainier J, Rodrigue D. Mechanical and morphological properties of
flax fiber reinforced high density polyethylene/recycled rubber composites. Int
Polym Process 2012;27:196-204. https://doi.org/10.3139/217.2473.

Kakroodi AR, Kazemi Y, Rodrigue D. Mechanical, rheological, morphological and
water absorption properties of maleated polyethylene/hemp composites: effect of
ground tire rubber addition. Compos B Eng 2013;51:337-44. https://doi.org/
10.1016/j.compositesb.2013.03.032.

Wang W, Sain M, Cooper PA. Study of moisture absorption in natural fiber plastic
composites. Compos Sci Technol 2006;66:379-86. https://doi.org/10.1016/j.
compscitech.2005.07.027.

Shinoj S, Panigrahi S, Visvanathan R. Water absorption pattern and dimensional
stability of oil palm fiber-linear low density polyethylene composites. J Appl
Polym Sci 2010;117:1064-75. https://doi.org/10.1002/app.31765.

Arrakhiz FZ, El Achaby M, Malha M, Bensalah MO, Fassi-Fehri O, Bouhfid R, et al.
Mechanical and thermal properties of natural fibers reinforced polymer
composites: doum/low density polyethylene. Mater Des 2013;43:200-5. https://
doi.org/10.1016/j.matdes.2012.06.056.

25

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

Composites Part B 174 (2019) 106956

Li X, Tabil LG, Panigrahi S. Chemical treatments of natural fiber for use in natural
fiber-reinforced composites: a review. J Polym Environ 2007;15:25-33. https://
doi.org/10.1007/510924-006-0042-3.

Lu N, Oza S. Thermal stability and thermo-mechanical properties of hemp-high
density polyethylene composites: effect of two different chemical modifications.
Compos B Eng 2013;44:484-90. https://doi.org/10.1016/j.
compositesb.2012.03.024.

Beckermann GW, Pickering KL. Engineering and evaluation of hemp fibre
reinforced polypropylene composites: fibre treatment and matrix modification.
Compos Part A Appl Sci Manuf 2008;39:979-88. https://doi.org/10.1016/j.
compositesa.2008.03.010.

Kabir MM, Wang H, Lau KT, Cardona F. Chemical treatments on plant-based
natural fibre reinforced polymer composites: an overview. Compos B Eng 2012;
43:2883-92. https://doi.org/10.1016/j.compositesb.2012.04.053.

Bera M, Alagirusamy R, Das A. A study on interfacial properties of jute-PP
composites. J Reinf Plast Compos 2010;29:3155-61.

Sawpan MA, Pickering KL, Fernyhough A. Improvement of mechanical
performance of industrial hemp fibre reinforced polylactide biocomposites.
Compos Part A Appl Sci Manuf 2011;42:310-9. https://doi.org/10.1016/j.
compositesa.2010.12.004.

Ibrahim NA, Hadithon KA, Abdan K. Effect of fiber treatment on mechanical
properties of kenaf fiber-ecoflex composites. J Reinf Plast Compos 2010;29:
2192-8. https://doi.org/10.1177/0731684409347592.

Kabir MM, Wang H, Lau KT, Cardona F, Aravinthan T. Mechanical properties of
chemically-treated hemp fibre reinforced sandwich composites. Compos B Eng
2012;43:159-69. https://doi.org/10.1016/j.compositesb.2011.06.003.

Islam MS, Pickering KL, Foreman NJ. Influence of alkali treatment on the
interfacial and physico-mechanical properties of industrial hemp fibre reinforced
polylactic acid composites. Compos Part A Appl Sci Manuf 2010;41:596-603.
https://doi.org/10.1016/j.compositesa.2010.01.006.

Dhakal HN. Mechanical performance of PC-based biocomposites. In: Misra M,
Pandey JK, Mohanty AK, editors. Biocomposites des. Mech. Perform. Cambridge,
UK: Woodhead Publishing Limited; 2015. p. 303-18. https://doi.org/10.1016/
B978-1-78242-373-7.00004-4.

Mwaikambo LY, Ansell MP. Chemical modification of hemp, sisal, jute, and kapok
fibers by alkalization. J Appl Polym Sci 2002;84:2222-34. https://doi.org/
10.1002/app.10460.

Rachini A, Le Troedec M, Peyratout C, Smith A. Chemical modification of hemp
fibers by silane coupling agents. J Appl Polym Sci 2012;123:601-10. https://doi.
org/10.1002/app.34530.

Xie Y, Hill CAS, Xiao Z, Militz H, Mai C. Silane coupling agents used for natural
fiber/polymer composites: a review. Compos Part A Appl Sci Manuf 2010;41:
806-19. https://doi.org/10.1016/j.compositesa.2010.03.005.

Pickering KL, Abdalla A, Ji C, McDonald AG, Franich RA. The effect of silane
coupling agents on radiata pine fibre for use in thermoplastic matrix composites.
Compos Part A Appl Sci Manuf 2003;34:915-26. https://doi.org/10.1016/51359-
835X(03)00234-3.

Abdelmouleh M, Boufi S, Belgacem MN, Dufresne A. Short natural-fibre
reinforced polyethylene and natural rubber composites: effect of silane coupling
agents and fibres loading. Compos Sci Technol 2007;67:1627-39. https://doi.
org/10.1016/j.compscitech.2006.07.003.

Khalil H, Ismail H, Rozman HD, Ahmad MN. Effect of acetylation on interfacial
shear strength between plant fibres and various matrices. Eur Polym J 2001;37:
1037-45. https://doi.org/10.1016/50014-3057(00)00199-3.

Bledzki AK, Mamun AA, Lucka-Gabor M, Gutowski VS. The effects of acetylation
on properties of flax fibre and its polypropylene composites. Express Polym Lett
2008;2:413-22. https://doi.org/10.1007/s11468-010-9158-3.

Haydaruzzaman, Khan RA, Khan MA, Khan AH, Hossain MA. Effect of gamma
radiation on the performance of jute fabrics-reinforced polypropylene
composites. Radiat Phys Chem 2009;78:986-93. https://doi.org/10.1016/j.
radphyschem.2009.06.011.

Khan MA, Rahman MM, Akhunzada KS. Grafting of different monomers onto jute
yarn by in situ UV-radiation method: effect of additives. Polym Plast Technol Eng
2002;41:677-89. https://doi.org/10.1081/PPT-120006441.

Gassan J, Gutowski VS. Effects of corona discharge and UV treatment on the
properties of jute-fibre expoxy composites. Compos Sci Technol 2000;60:
2857-63. https://doi.org/10.1016/50266-3538(00)00168-8.

Huber T, Biedermann U, Miissig J. Enhancing the fibre matrix adhesion of natural
fibre reinforced polypropylene by electron radiation analyzed with the single
fibre fragmentation test. Compos Interfac 2010;17:371-81. https://doi.org/
10.1163/092764410X495270.

Carada PTDL, Fujii T, Okubo K. Effects of heat treatment on the mechanical
properties of kenaf fiber. AIP Conf Proc 2016;1736:020029. https://doi.org/
10.1063/1.4949604.

Rong MZ, Zhang MQ, Liu Y, Yang GC, Zeng HM. The effect of fiber treatment on
the mechanical properties of unidirectional sisal-reinforced epoxy composites.
Compos Sci Technol 2001;61:1437-47. https://doi.org/10.1016/5S0266-3538
(01)00046-X.

Sinha E, Panigrahi S. Effect of plasma treatment on structure, wettability of jute
fiber and flexural strength of its composite. J Compos Mater 2009;43:1791-802.
https://doi.org/10.1177,/0021998309338078.

Seki Y, Sever K, Sarikanat M, Gulec HA, Tavman IH. The influence of oxygen
plasma treatment of jute fibers on mechanical properties of jute fiber reinforced
thermoplastic composites. In: 5th Int. Adv. Technol. Symp.; 2009. p. 1007-10.
Beg MDH, Pickering KL. Mechanical performance of Kraft fibre reinforced
polypropylene composites: influence of fibre length, fibre beating and


https://doi.org/10.1016/j.compositesb.2017.10.038
https://doi.org/10.1016/j.compositesb.2017.10.038
https://doi.org/10.1016/j.compositesb.2012.07.004
https://doi.org/10.1016/j.compositesb.2012.07.004
https://doi.org/10.1016/S0266-3538(03)00096-4
https://doi.org/10.1016/S0266-3538(03)00096-4
https://doi.org/10.1016/j.compscitech.2003.08.002
https://doi.org/10.1016/j.compscitech.2003.08.002
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref38
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref38
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref38
https://doi.org/10.1023/A:1021013921916
https://doi.org/10.1016/S0921-3449(02)00173-8
https://doi.org/10.1016/S0921-3449(02)00173-8
https://doi.org/10.1023/A:1017512029696
https://doi.org/10.1016/j.compositesa.2010.06.001
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref43
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref43
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref44
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref44
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref44
https://netcomposites.com/news/2005/august/19/daimlerchrysler-awarded-for-banana-fibre-use-in-mercedes-a-class/
https://netcomposites.com/news/2005/august/19/daimlerchrysler-awarded-for-banana-fibre-use-in-mercedes-a-class/
https://doi.org/10.1016/j.compositesa.2009.04.003
https://doi.org/10.1002/mame.201300008
https://doi.org/10.1002/mame.201300008
https://doi.org/10.1007/s11837-006-0234-2
https://doi.org/10.1007/s11837-006-0234-2
https://doi.org/10.1155/2013/564346
https://doi.org/10.1155/2013/564346
https://doi.org/10.1016/j.compositesa.2015.08.038
https://doi.org/10.1016/j.compositesb.2011.10.001
https://doi.org/10.1016/j.matdes.2012.07.014
https://doi.org/10.1016/j.matdes.2012.07.014
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref53
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref53
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref53
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref53
https://doi.org/10.1016/j.compositesa.2015.06.007
https://doi.org/10.1016/j.compositesa.2015.06.007
https://doi.org/10.1002/pen.10846
https://doi.org/10.3139/217.2473
https://doi.org/10.1016/j.compositesb.2013.03.032
https://doi.org/10.1016/j.compositesb.2013.03.032
https://doi.org/10.1016/j.compscitech.2005.07.027
https://doi.org/10.1016/j.compscitech.2005.07.027
https://doi.org/10.1002/app.31765
https://doi.org/10.1016/j.matdes.2012.06.056
https://doi.org/10.1016/j.matdes.2012.06.056
https://doi.org/10.1007/s10924-006-0042-3
https://doi.org/10.1007/s10924-006-0042-3
https://doi.org/10.1016/j.compositesb.2012.03.024
https://doi.org/10.1016/j.compositesb.2012.03.024
https://doi.org/10.1016/j.compositesa.2008.03.010
https://doi.org/10.1016/j.compositesa.2008.03.010
https://doi.org/10.1016/j.compositesb.2012.04.053
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref65
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref65
https://doi.org/10.1016/j.compositesa.2010.12.004
https://doi.org/10.1016/j.compositesa.2010.12.004
https://doi.org/10.1177/0731684409347592
https://doi.org/10.1016/j.compositesb.2011.06.003
https://doi.org/10.1016/j.compositesa.2010.01.006
https://doi.org/10.1016/B978-1-78242-373-7.00004-4
https://doi.org/10.1016/B978-1-78242-373-7.00004-4
https://doi.org/10.1002/app.10460
https://doi.org/10.1002/app.10460
https://doi.org/10.1002/app.34530
https://doi.org/10.1002/app.34530
https://doi.org/10.1016/j.compositesa.2010.03.005
https://doi.org/10.1016/S1359-835X(03)00234-3
https://doi.org/10.1016/S1359-835X(03)00234-3
https://doi.org/10.1016/j.compscitech.2006.07.003
https://doi.org/10.1016/j.compscitech.2006.07.003
https://doi.org/10.1016/S0014-3057(00)00199-3
https://doi.org/10.1007/s11468-010-9158-3
https://doi.org/10.1016/j.radphyschem.2009.06.011
https://doi.org/10.1016/j.radphyschem.2009.06.011
https://doi.org/10.1081/PPT-120006441
https://doi.org/10.1016/S0266-3538(00)00168-8
https://doi.org/10.1163/092764410X495270
https://doi.org/10.1163/092764410X495270
https://doi.org/10.1063/1.4949604
https://doi.org/10.1063/1.4949604
https://doi.org/10.1016/S0266-3538(01)00046-X
https://doi.org/10.1016/S0266-3538(01)00046-X
https://doi.org/10.1177/0021998309338078
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref85
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref85
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref85

V.K. Balla et al.

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

hygrothermal ageing. Compos Part A Appl Sci Manuf 2008;39:1748-55. https://
doi.org/10.1016/j.compositesa.2008.08.003.

Kalia S, Thakur K, Celli A, Kiechel MA, Schauer CL. Surface modification of plant
fibers using environment friendly methods for their application in polymer
composites, textile industry and antimicrobial activities: a review. J Environ
Chem Eng 2013;1:97-112. https://doi.org/10.1016/j.jece.2013.04.009.
Pickering KL, Li Y, Farrell RL, Lay M. Interfacial modification of hemp fiber
reinforced composites using fungal and alkali treatment. J Biobased Mater
Bioenergy 2007;1:109-17. https://doi.org/10.1166/jbmb.2007.012.

Gustavsson MT, Persson PV, Iversen T, Martinelle M, Hult K, Teeri TT, et al.
Modification of cellulose fiber surfaces by use of a lipase and a xyloglucan
endotransglycosylase. Biomacromolecules 2005;6:196-203. https://doi.org/
10.1021/bm049588i.

George M, Mussone PG, Bressler DC. Surface and thermal characterization of
natural fibres treated with enzymes. Ind Crops Prod 2014;53:365-73. https://doi.
org/10.1016/j.indcrop.2013.12.037.

Li Y, Pickering KL. Hemp fibre reinforced composites using chelator and enzyme
treatments. Compos Sci Technol 2008;68:3293-8. https://doi.org/10.1016/j.
compscitech.2008.08.022.

Pietak A, Korte S, Tan E, Downard A, Staiger MP. Atomic force microscopy
characterization of the surface wettability of natural fibres. Appl Surf Sci 2007;
253:3627-35. https://doi.org/10.1016/j.apsusc.2006.07.082.

Liu L, Cheng L, Huang L, Yu J. Enzymatic treatment of mechanochemical
modified natural bamboo fibers. Fibers Polym 2012;13:600-5. https://doi.org/
10.1007/s12221-012-0600-3.

Saleem Z, Rennebaum H, Pudel F, Grimm E. Treating bast fibres with pectinase
improves mechanical characteristics of reinforced thermoplastic composites.
Compos Sci Technol 2008;68:471-6. https://doi.org/10.1016/j.
compscitech.2007.06.005.

Pracella M, Haque MMU, Alvarez V. Functionalization, compatibilization and
properties of polyolefin composites with natural fibers. Polymers 2010;2:554-74.
https://doi.org/10.3390/polym2040554.

Franco-Marques E, Méndez JA, Pelach MA, Vilaseca F, Bayer J, Mutjé P. Influence
of coupling agents in the preparation of polypropylene composites reinforced
with recycled fibers. Chem Eng J 2011;166:1170-8. https://doi.org/10.1016/j.
cej.2010.12.031.

Panthapulakkal S, Law S, Sain M. Effect of water absorption, freezing and
thawing, and photo-aging on flexural properties of extruded HDPE/rice husk
composites. J Appl Polym Sci 2006;100:3619-25. https://doi.org/10.1002/
app.23152.

Stark NM, Matuana LM. Influence of photostabilizers on wood flour-HDPE
composites exposed to xenon-arc radiation with and without water spray. Polym
Degrad Stabil 2006;91:3048-56. https://doi.org/10.1016/j.
polymdegradstab.2006.08.003.

Zhou Y, Fan M, Chen L. Interface and bonding mechanisms of plant fibre
composites: an overview. Compos B Eng 2016;101:31-45. https://doi.org/
10.1016/j.compositesb.2016.06.055.

Venkateshwaran N, Elaya Perumal A, Arunsundaranayagam D. Fiber surface
treatment and its effect on mechanical and visco-elastic behaviour of banana/
epoxy composite. Mater Des 2013;47:151-9. https://doi.org/10.1016/j.
matdes.2012.12.001.

Pickering KL, Sawpan MA, Jayaraman J, Fernyhough A. Influence of loading rate,
alkali fibre treatment and crystallinity on fracture toughness of random short
hemp fibre reinforced polylactide bio-composites. Compos Part A Appl Sci Manuf
2011;42:1148-56. https://doi.org/10.1016/j.compositesa.2011.04.020.

Mir SS, Nafsin N, Hasan M, Hasan N, Hassan A. Improvement of physico-
mechanical properties of coir-polypropylene biocomposites by fiber chemical
treatment. Mater Des 2013;52:251-7. https://doi.org/10.1016/j.
matdes.2013.05.062.

Arrakhiz FZ, El Achaby M, Kakou AC, Vaudreuil S, Benmoussa K, Bouhfid R, et al.
Mechanical properties of high density polyethylene reinforced with chemically
modified coir fibers: impact of chemical treatments. Mater Des 2012;37:379-83.
https://doi.org/10.1016/j.matdes.2012.01.020.

Van de Weyenberg I, Ivens J, De Coster A, Kino B, Baetens E, Verpoest I. Influence
of processing and chemical treatment of flax fibres on their composites. Compos
Sci Technol 2003;63:1241-6. https://doi.org/10.1016/50266-3538(03)00093-9.
Mylsamy K, Rajendran I. Influence of alkali treatment and fibre length on
mechanical properties of short Agave fibre reinforced epoxy composites. Mater
Des 2011;32:4629-40. https://doi.org/10.1016/j.matdes.2011.04.029.
Shanmugam D, Thiruchitrambalam M. Static and dynamic mechanical properties
of alkali treated unidirectional continuous Palmyra Palm Leaf Stalk Fiber/jute
fiber reinforced hybrid polyester composites. Mater Des 2013;50:533-42. https://
doi.org/10.1016/j.matdes.2013.03.048.

Zaman HU, Beg MDH. Preparation, structure, and properties of the coir fiber/
polypropylene composites. J Compos Mater 2014;48:3293-301. https://doi.org/
10.1177/0021998313508996.

Paul SA, Joseph K, Mathew GDG, Pothen LA, Thomas S. Influence of polarity
parameters on the mechanical properties of composites from polypropylene fiber
and short banana fiber. Compos Part A Appl Sci Manuf 2010;41:1380-7. https://
doi.org/10.1016/j.compositesa.2010.04.015.

Wang B, Panigrahi S, Tabil L, Crerar W. Pre-treatment of flax fibers for use in
rotationally molded biocomposites. J Reinf Plast Compos 2007;26:447-63.
https://doi.org/10.1177/0731684406072526.

Seki Y. Innovative multifunctional siloxane treatment of jute fiber surface and its
effect on the mechanical properties of jute/thermoset composites. Mater Sci Eng A
2009;508:247-52. https://doi.org/10.1016/j.msea.2009.01.043.

26

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Composites Part B 174 (2019) 106956

Alix S, Colasse L, Morvan C, Lebrun L, Marais S. Pressure impact of autoclave
treatment on water sorption and pectin composition of flax cellulosic-fibres.
Carbohydr Polym 2014;102:21-9. https://doi.org/10.1016/j.
carbpol.2013.10.092.

Ragoubi M, George B, Molina S, Bienaimé D, Merlin A, Hiver JM, et al. Effect of
corona discharge treatment on mechanical and thermal properties of composites
based on miscanthus fibres and polylactic acid or polypropylene matrix. Compos
Part A Appl Sci Manuf 2012;43:675-85. https://doi.org/10.1016/j.
compositesa.2011.12.025.

Yuan X, Jayaraman K, Bhattacharyya D. Effects of plasma treatment in enhancing
the performance of woodfibre-polypropylene composites. Compos Part A Appl Sci
Manuf 2004;35:1363-74. https://doi.org/10.1016/j.compositesa.2004.06.023.
Jang JY, Jeong TK, Oh HJ, Youn JR, Song YS. Thermal stability and flammability
of coconut fiber reinforced poly(lactic acid) composites. Compos B Eng 2012;43:
2434-8. https://doi.org/10.1016/j.compositesb.2011.11.003.

Moghadamzadeh H, Rahimi H, Asadollahzadeh M, Hemmati AR. Surface
treatment of wood polymer composites for adhesive bonding. Int J Adhesion
Adhes 2011;31:816-21. https://doi.org/10.1016/j.ijjadhadh.2011.08.001.

Li R, GuY, Yang Z, Li M, Wang S, Zhang Z. Effect of 1? irradiation on the
properties of basalt fiber reinforced epoxy resin matrix composite. J Nucl Mater
2015;466:100-7. https://doi.org/10.1016/j.jnucmat.2015.07.037.

Zaman HU, Khan MA, Khan RA. Improvement of mechanical properties of jute
fibers-polyethylene/polypropylene composites: effect of green dye and UV
radiation. Polym Plast Technol Eng 2009;48:1130-8. https://doi.org/10.1080/
03602550903147262.

Sarikanat M, Seki Y, Sever K. The effect of argon and air plasma treatment of flax
fiber on mechanical properties of reinforced polyester composite. J Ind Text 2016;
45:1252-67.

Jabbar A, Militky J, Wiener J, Javaid MU, Rwawiire S. Tensile, surface and
thermal characterization of jute fibres after novel treatments. Indian J Fibre Text
Res 2016;41:249-54.

Adhikary KB, Pang S, Staiger MP. Dimensional stability and mechanical
behaviour of wood-plastic composites based on recycled and virgin high-density
polyethylene (HDPE). Compos B Eng 2008;39:807-15. https://doi.org/10.1016/
j.compositesb.2007.10.005.

Wang Y, Yeh FC, Lai SM, Chan HC, Shen HF. Effectiveness of functionalized
polyolefins as compatibilizers for polyethylene/wood flour composites. Polym
Eng Sci 2003;43:933-45. https://doi.org/10.1002/pen.10077.

Thakur VK, Thakur MK, Gupta RK. Graft copolymers of natural fibers for green
composites. Carbohydr Polym 2014;104:87-93. https://doi.org/10.1016/j.
carbpol.2014.01.016.

Mohanty S, Verma SK, Nayak SK. Dynamic mechanical and thermal properties of
MAPE treated jute/HDPE composites. Compos Sci Technol 2006;66:538-47.
https://doi.org/10.1016/j.compscitech.2005.06.014.

Mohanty S, Nayak SK. Interfacial, dynamic mechanical, and thermal fiber
reinforced behavior of MAPE treated sisal fiber reinforced HDPE composites.

J Appl Polym Sci 2006;102:3306-15. https://doi.org/10.1002/app.24799.

Li Y, Pickering KL, Farrell RL. Analysis of green hemp fibre reinforced composites
using bag retting and white rot fungal treatments. Ind Crops Prod 2009;29:420-6.
https://doi.org/10.1016/j.indcrop.2008.08.005.

Kim NK, Lin RJT, Bhattacharyya D. Extruded short wool fibre composites:
mechanical and fire retardant properties. Compos B Eng 2014;67:472-80.
https://doi.org/10.1016/j.compositesb.2014.08.002.

Sanjay MR, Madhu P, Jawaid M, Senthamaraikannan P, Senthil S, Pradeep S.
Characterization and properties of natural fiber polymer composites: a
comprehensive review. J Clean Prod 2018;172:566-81. https://doi.org/10.1016/
jjclepro.2017.10.101.

Mieck KP, Lutzkendorf R, Reubmann T. Processing of natural and man-made
cellulose fiber-reinforced composites. In: Fakirov S, Bhattacharyya D, editors.
Handb. Eng. Biopolym. Homopolymers, blends, compos. Carl Hanser Verlag
GmbH & Co. KG; 2007. p. 267-84.

Bodros E, Pillin I, Montrelay N, Baley C. Could biopolymers reinforced by
randomly scattered flax fibre be used in structural applications? Compos Sci
Technol 2007;67:462-70. https://doi.org/10.1016/j.compscitech.2006.08.024.
Serrano A, Espinach FX, Julian F, Del Rey R, Mendez JA, Mutje P. Estimation of
the interfacial shears strength, orientation factor and mean equivalent intrinsic
tensile strength in old newspaper fiber/polypropylene composites. Compos B Eng
2013;50:232-8. https://doi.org/10.1016/j.compositesb.2013.02.018.

Mazumdar SK. Composites manufacturing: materials, product, and process
engineering. CRC Press; 2001. https://doi.org/10.1007/978-1-4615-6389-1.
Gassan J, Bledzki AK. Thermal degradation of flax and jute fibers. J Appl Polym
Sci 2001;82:1417-22. https://doi.org/10.1002/app.1979.

Poletto M, Zattera AJ, Santana RMC. Thermal decomposition of wood: kinetics
and degradation mechanisms. Bioresour Technol 2012;126:7-12. https://doi.org/
10.1016/j.biortech.2012.08.133.

Tserki V, Matzinos P, Kokkou S, Panayiotou C. Novel biodegradable composites
based on treated lignocellulosic waste flour as filler. Part I. Surface chemical
modification and characterization of waste flour. Compos Part A Appl Sci Manuf
2005;6:965-74. https://doi.org/10.1016/j.compositesa.2004.11.010.
Brushwood DE. Effects of heating on chemical and physical properties and
processing quality of cotton. Textil Res J 1988;58:309-17.

Buerger H, Koine A, Maron R, Mieck K-P. Use of natural fibers and environmental
aspects. Gummi, Fasern, Kunstst 1995;48:475-84.

Poletto M, Ornaghi Jr HL, Zattera AJ. Native cellulose: structure, characterization
and thermal properties. Materials 2014;7:6105-19. https://doi.org/10.3390/
ma7096105.


https://doi.org/10.1016/j.compositesa.2008.08.003
https://doi.org/10.1016/j.compositesa.2008.08.003
https://doi.org/10.1016/j.jece.2013.04.009
https://doi.org/10.1166/jbmb.2007.012
https://doi.org/10.1021/bm049588i
https://doi.org/10.1021/bm049588i
https://doi.org/10.1016/j.indcrop.2013.12.037
https://doi.org/10.1016/j.indcrop.2013.12.037
https://doi.org/10.1016/j.compscitech.2008.08.022
https://doi.org/10.1016/j.compscitech.2008.08.022
https://doi.org/10.1016/j.apsusc.2006.07.082
https://doi.org/10.1007/s12221-012-0600-3
https://doi.org/10.1007/s12221-012-0600-3
https://doi.org/10.1016/j.compscitech.2007.06.005
https://doi.org/10.1016/j.compscitech.2007.06.005
https://doi.org/10.3390/polym2040554
https://doi.org/10.1016/j.cej.2010.12.031
https://doi.org/10.1016/j.cej.2010.12.031
https://doi.org/10.1002/app.23152
https://doi.org/10.1002/app.23152
https://doi.org/10.1016/j.polymdegradstab.2006.08.003
https://doi.org/10.1016/j.polymdegradstab.2006.08.003
https://doi.org/10.1016/j.compositesb.2016.06.055
https://doi.org/10.1016/j.compositesb.2016.06.055
https://doi.org/10.1016/j.matdes.2012.12.001
https://doi.org/10.1016/j.matdes.2012.12.001
https://doi.org/10.1016/j.compositesa.2011.04.020
https://doi.org/10.1016/j.matdes.2013.05.062
https://doi.org/10.1016/j.matdes.2013.05.062
https://doi.org/10.1016/j.matdes.2012.01.020
https://doi.org/10.1016/S0266-3538(03)00093-9
https://doi.org/10.1016/j.matdes.2011.04.029
https://doi.org/10.1016/j.matdes.2013.03.048
https://doi.org/10.1016/j.matdes.2013.03.048
https://doi.org/10.1177/0021998313508996
https://doi.org/10.1177/0021998313508996
https://doi.org/10.1016/j.compositesa.2010.04.015
https://doi.org/10.1016/j.compositesa.2010.04.015
https://doi.org/10.1177/0731684406072526
https://doi.org/10.1016/j.msea.2009.01.043
https://doi.org/10.1016/j.carbpol.2013.10.092
https://doi.org/10.1016/j.carbpol.2013.10.092
https://doi.org/10.1016/j.compositesa.2011.12.025
https://doi.org/10.1016/j.compositesa.2011.12.025
https://doi.org/10.1016/j.compositesa.2004.06.023
https://doi.org/10.1016/j.compositesb.2011.11.003
https://doi.org/10.1016/j.ijadhadh.2011.08.001
https://doi.org/10.1016/j.jnucmat.2015.07.037
https://doi.org/10.1080/03602550903147262
https://doi.org/10.1080/03602550903147262
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref118
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref118
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref118
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref119
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref119
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref119
https://doi.org/10.1016/j.compositesb.2007.10.005
https://doi.org/10.1016/j.compositesb.2007.10.005
https://doi.org/10.1002/pen.10077
https://doi.org/10.1016/j.carbpol.2014.01.016
https://doi.org/10.1016/j.carbpol.2014.01.016
https://doi.org/10.1016/j.compscitech.2005.06.014
https://doi.org/10.1002/app.24799
https://doi.org/10.1016/j.indcrop.2008.08.005
https://doi.org/10.1016/j.compositesb.2014.08.002
https://doi.org/10.1016/j.jclepro.2017.10.101
https://doi.org/10.1016/j.jclepro.2017.10.101
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref128
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref128
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref128
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref128
https://doi.org/10.1016/j.compscitech.2006.08.024
https://doi.org/10.1016/j.compositesb.2013.02.018
https://doi.org/10.1007/978-1-4615-6389-1
https://doi.org/10.1002/app.1979
https://doi.org/10.1016/j.biortech.2012.08.133
https://doi.org/10.1016/j.biortech.2012.08.133
https://doi.org/10.1016/j.compositesa.2004.11.010
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref135
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref135
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref136
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref136
https://doi.org/10.3390/ma7096105
https://doi.org/10.3390/ma7096105

V.K. Balla et al.

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

Testa G, Sardella A, Rossi E, Bozzi C, Seves A. The kinetics of cellulose fiber
degradation and correlation with some tensile properties. Acta Polym 1994;45:
47-9.

Chand N, Hashmi SAR. Mechanical properties of sisal fibre at elevated
temperatures. J Mater Sci 1993;28:6724-8. https://doi.org/10.1007/
BF00356422.

Ornaghi HL, Poletto M, Zattera AJ, Amico SC. Correlation of the thermal stability
and the decomposition kinetics of six different vegetal fibers. Cellulose 2014;21:
177-88. https://doi.org/10.1007/s10570-013-0094-1.

Poletto M, Zattera AJ, Santana RMC. Structural differences between wood
species: evidence from chemical composition, FTIR spectroscopy, and
thermogravimetric analysis. J Appl Polym Sci 2012;126:E336-43. https://doi.
org/10.1002/app.36991.

Giimiiskaya E, Usta M, Kirci H. The effects of various pulping conditions on
crystalline structure of cellulose in cotton linters. Polym Degrad Stabil 2003;81:
559-64. https://doi.org/10.1016/50141-3910(03)00157-5.

Poletto M, Zattera AJ, Forte MMC, Santana RMC. Thermal decomposition of
wood: influence of wood components and cellulose crystallite size. Bioresour
Technol 2012;109:148-53. https://doi.org/10.1016/j.biortech.2011.11.122.
Vaisénen T, Haapala A, Lappalainen R, Tomppo L. Utilization of agricultural and
forest industry waste and residues in natural fiber-polymer composites: a review.
Waste Manag 2016;54:62-73. https://doi.org/10.1016/j.wasman.2016.04.037.
Pott GT. Reduction of moisture sensitivity in natural fibres. Symp U a€*“ Adv
Fibers. Plast Laminates Compos 2001;702. U3.6.1.

Pott GT. Natural fibers with low moisture sensitivity. In: Wallenberger FT,
Weston NE, editors. Nat. Fibers, plast. Compos. Springer Science+Business Media
New York; 2004. p. 105-22. https://doi.org/10.1007/978-1-4419-9050-1.

Khan MA, Khan RA, Zaman HU, Noor-A Alam M, Hoque MA. Effect of surface
modification of jute with acrylic monomers on the performance of polypropylene
composites. J Reinf Plast Compos 2010;29:1195-205. https://doi.org/10.1177/
0731684409103147.

Haydaruzzaman, Khan AH, Hossain MA, Khan MA, Khan RA, Hakim MA.
Fabrication and characterization of jute reinforced polypropylene composite:
effectiveness of coupling agents. J Compos Mater 2010;44:1945-63. https://doi.
org/10.1177/0021998309356604.

John MJ, Anandjiwala RD. Recent developments in chemical modification and
characterization of natural fiber-reinforced composites. Polym Compos 2008;29:
187-207. https://doi.org/10.1002/pc.20461.

Petinakis E, Yu L, Simon GP, Dai XJ, Chen Z, Dean K. Interfacial adhesion in
natural fiber-reinforced polymer composites. In: Thakur VK, editor. Lignocellul.
Polym. Compos. Process. Charact. Prop. Wiley; 2014. p. 17-39. https://doi.org/
10.1002/9781118773949.ch2.

Qaiss AEK, Bouhfid R, Essabir H. Natural fibers reinforced polymeric matrix:
thermal, mechanical and interfacial properties. In: Hakeem KR, Jawaid M,
Rashid U, editors. Biomass bioenergy process. Prop. Springer; 2014. p. 225-45.
Duc A Le, Vergnes B, Budtova T. Polypropylene/natural fibres composites:
analysis of fibre dimensions after compounding and observations of fibre rupture
by rheo-optics. Compos Part A Appl Sci Manuf 2011;42:1727-37. https://doi.org/
10.1016/j.compositesa.2011.07.027.

Shon K, Liu D, White JL. Experimental studies and modeling of development of
dispersion and fiber damage in continuous compounding. Int Polym Process
2005;20:322-31. https://doi.org/10.3139/217.1894.

Le Duigou A, Pillin I, Bourmaud A, Davies P, Baley C. Effect of recycling on
mechanical behaviour of biocompostable flax/poly(l-lactide) composites. Compos
Part A Appl Sci Manuf 2008;39:1471-8. https://doi.org/10.1016/j.
compositesa.2008.05.008.

Stamboulis A, Baillie CA, Garkhail SK, Van Melick HGH, Peijs T. Environmental
durability of flax fibres and their composites based on polypropylene matrix. Appl
Compos Mater 2000;7:273-94. https://doi.org/10.1023/A:1026581922221.
Panthapulakkal S, Sain M. Agro-residue reinforced high-density polyethylene
composites: fiber characterization and analysis of composite properties. Compos
Part A Appl Sci Manuf 2007;38:1445-54. https://doi.org/10.1016/j.
compositesa.2007.01.015.

Dhakal HN, Zhang ZY, Bennett N, Lopez-Arraiza A, Vallejo FJ. Effects of water
immersion ageing on the mechanical properties of flax and jute fibre
biocomposites evaluated by nanoindentation and flexural testing. J Compos
Mater 2014;48:1399-406. https://doi.org/10.1177,/0021998313487238.
Pujadas P, Blanco A, Cavalaro S, De La Fuente A, Aguado A. Fibre distribution in
macro-plastic fibre reinforced concrete slab-panels. Constr Build Mater 2014;64:
496-503. https://doi.org/10.1016/j.conbuildmat.2014.04.067.

Bourmaud A, Ausias G, Lebrun G, Tachon ML, Baley C. Observation of the
structure of a composite polypropylene/flax and damage mechanisms under
stress. Ind Crops Prod 2013;43:225-36. https://doi.org/10.1016/j.
indcrop.2012.07.030.

Gallos A, Paés G, Legland D, Allais F, Beaugrand J. Exploring the microstructure
of natural fibre composites by confocal Raman imaging and image analysis.
Compos Part A Appl Sci Manuf 2017;94:32-40. https://doi.org/10.1016/j.
compositesa.2016.12.005.

Albrecht K, Baur E, Endres HJ, Gente R, Graupner N, Koch M, et al. Measuring
fibre orientation in sisal fibre-reinforced, injection moulded polypropylene a€*“
Pros and cons of the experimental methods to validate injection moulding
simulation. Compos Part A Appl Sci Manuf 2017;95:54-64. https://doi.org/
10.1016/j.compositesa.2016.12.022.

Tanguy M, Bourmaud A, Beaugrand J, Gaudry T, Baley C. Polypropylene
reinforcement with flax or jute fibre; Influence of microstructure and constituents

27

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

Composites Part B 174 (2019) 106956

properties on the performance of composite. Compos B Eng 2018;139:64-74.
https://doi.org/10.1016/j.compositesb.2017.11.061.

Babu GD, Babu KS, Gowd BUM. Effects of drilling parameters on delamination of
hemp fiber reinforced composites. Int J Mech Eng Res Dev 2012;2:1-8.
Venkateshwaran N, ElayaPerumal A. Hole quality evaluation of natural fiber
composite using image analysis technique. J Reinf Plast Compos 2012;32:
1188-97. https://doi.org/10.1177/0731684413486847.

Bajpai PK, Singh I. Drilling behavior of sisal fiber-reinforced polypropylene
composite laminates. J Reinf Plast Compos 2013;32:1569-76. https://doi.org/
10.1177/0731684413492866.

Balask6 M, Veres I, Molnar G, Balaské Z, Svab E. Composite structure of
helicopter rotor blades studied by neutron- and X-ray radiography. Phys B
Condens Matter 2004;350:107-9. https://doi.org/10.1016/j.physb.2004.04.005.
Gohil PP, Chaudhary V, Patel K. Challenges in machining of natural fibre
composites. In: Salit MS, Jawaid M, Yusoff N Bin, Hoque ME, editors. Manuf. Nat.
Fibre reinf. Polym. Compos. Springer International Publishing Switzerland; 2015.
p. 139-54. https://doi.org/10.1007/978-3-319-07944-8_7.

Amit Bandyopadhyay, Balla Vamsi K, Sheldon A, Bernard, Bose S. MICRO-
LAYERED MANUFACTURING. In: Koc M, A—zel T, editors. MICRO-
MANUFACTURING des. Manuf. Micro-products. John Wiley & Sons, Inc; 2011.
p. 97-158.

Bourell D, Kruth JP, Leu M, Levy G, Rosen D, Beese AM, et al. Materials for
additive manufacturing. CIRP Ann - Manuf Technol 2017;66:659-81. https://doi.
0rg/10.1016/j.cirp.2017.05.009.

Kalsoom U, Nesterenko PN, Paull B. Recent developments in 3D printable
composite materials. RSC Adv 2016;6:60355-71. https://doi.org/10.1039/
c6rall334f.

Parandoush P, Lin D. A review on additive manufacturing of polymer-fiber
composites. Compos Struct 2017;182:36-53. https://doi.org/10.1016/j.
compstruct.2017.08.088.

Wang X, Jiang M, Zhou Z, Gou J, Hui D. 3D printing of polymer matrix
composites: a review and prospective. Compos B Eng 2017;110:442-58. https://
doi.org/10.1016/j.compositesb.2016.11.034.

Ngo TD, Kashani A, Imbalzano G, Nguyen KTQ, Hui D. Additive manufacturing
(3D printing): a review of materials, methods, applications and challenges.
Compos B Eng 2018;143:172-96. https://doi.org/10.1016/].
compositesb.2018.02.012.

Xu M, Lewis JA. Phase behavior and rheological properties of polyamine-rich
complexes for direct-write assembly. Langmuir 2007;23:12752-9. https://doi.
org/10.1021/1a702249u.

Billiet T, Vandenhaute M, Schelfhout J, Van Vlierberghe S, Dubruel P. A review of
trends and limitations in hydrogel-rapid prototyping for tissue engineering.
Biomaterials 2012;33:6020-41. https://doi.org/10.1016/j.
biomaterials.2012.04.050.

Guo SZ, Gosselin F, Guerin N, Lanouette AM, Heuzey MC, Therriault D. Solvent-
cast three-dimensional printing of multifunctional microsystems. Small 2013;9:
4118-22. https://doi.org/10.1002/smll.201300975.

Gratson GM, Xu M, Lewis JA. Direct writing of three-dimensional webs. Nature
2004;428:2481. https://doi.org/10.1038/428386a.

Hardin JO, Ober TJ, Valentine AD, Lewis JA. Microfluidic printheads for
multimaterial 3D printing of viscoelastic inks. Adv Mater 2015;27:3279-84.
https://doi.org/10.1002/adma.201500222.

Melchels FPW, Feijen J, Grijpma DW. A review on stereolithography and its
applications in biomedical engineering. Biomaterials 2010;31:6121-30. https://
doi.org/10.1016/j.biomaterials.2010.04.050.

Heller C, Schwentenwein M, Russmueller G, Varga F, Stampfl J, Liska R. Vinyl
esters: low cytotoxicity monomers for the fabrication of biocompatible 3D
scaffolds by lithography based additive manufacturing. J Polym Sci Part A Polym
Chem 2009;47:6941-54. https://doi.org/10.1002/pola.23734.

Karalekas D, Antoniou K. Composite rapid prototyping: overcoming the drawback
of poor mechanical properties. J Mater Process Technol 2004;153a€154:526-30.
https://doi.org/10.1016/j.jmatprotec.2004.04.019.

Manapat JZ, Chen Q, Ye P, Advincula RC. 3D printing of polymer nanocomposites
via stereolithography. Macromol Mater Eng 2017;302:1600553. https://doi.org/
10.1002/mame.201600553.

Schmid M, Amado A, Wegener K. Materials perspective of polymers for additive
manufacturing with selective laser sintering. J Mater Res 2014;29:1824-32.
https://doi.org/10.1557/jmr.2014.138.

Amado A, Schmid M, Levy G, Wegener K. Advances in SLS powder
characterization. Solid Free. Austin, TX, USA: Fabr. Symp.; 2011. p. 438-52.
Athreya SR, Kalaitzidou K, Das S. Mechanical and microstructural properties of
Nylon-12/carbon black composites: selective laser sintering versus melt
compounding and injection molding. Compos Sci Technol 2011;71:506-10.
https://doi.org/10.1016/j.compscitech.2010.12.028.

Bai J, Goodridge RD, Hague RJM, Song M. Improving the mechanical properties
of laser-sintered polyamide 12 through incorporation of carbon nanotubes. Polym
Eng Sci 2013;53:1937-46. https://doi.org/10.1002/pen.23459.

Goodridge RD, Shofner ML, Hague RJM, McClelland M, Schlea MR, Johnson RB,
et al. Processing of a Polyamide-12/carbon nanofibre composite by laser
sinteriQng. Polym Test 2011;30:94-100. https://doi.org/10.1016/J.
POLYMERTESTING.2010.10.011.

Hao L, Savalani MM, Zhang Y, Tanner KE, Harris RA. Selective laser sintering of
hydroxyapatite reinforced polyethylene composites for bioactive implants and
tissue scaffold development. Proc Inst Mech Eng Part H J Eng Med 2006;220:
521-31. https://doi.org/10.1243/09544119JEIM67.


http://refhub.elsevier.com/S1359-8368(19)31001-7/sref138
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref138
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref138
https://doi.org/10.1007/BF00356422
https://doi.org/10.1007/BF00356422
https://doi.org/10.1007/s10570-013-0094-1
https://doi.org/10.1002/app.36991
https://doi.org/10.1002/app.36991
https://doi.org/10.1016/S0141-3910(03)00157-5
https://doi.org/10.1016/j.biortech.2011.11.122
https://doi.org/10.1016/j.wasman.2016.04.037
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref145
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref145
https://doi.org/10.1007/978-1-4419-9050-1
https://doi.org/10.1177/0731684409103147
https://doi.org/10.1177/0731684409103147
https://doi.org/10.1177/0021998309356604
https://doi.org/10.1177/0021998309356604
https://doi.org/10.1002/pc.20461
https://doi.org/10.1002/9781118773949.ch2
https://doi.org/10.1002/9781118773949.ch2
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref151
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref151
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref151
https://doi.org/10.1016/j.compositesa.2011.07.027
https://doi.org/10.1016/j.compositesa.2011.07.027
https://doi.org/10.3139/217.1894
https://doi.org/10.1016/j.compositesa.2008.05.008
https://doi.org/10.1016/j.compositesa.2008.05.008
https://doi.org/10.1023/A:1026581922221
https://doi.org/10.1016/j.compositesa.2007.01.015
https://doi.org/10.1016/j.compositesa.2007.01.015
https://doi.org/10.1177/0021998313487238
https://doi.org/10.1016/j.conbuildmat.2014.04.067
https://doi.org/10.1016/j.indcrop.2012.07.030
https://doi.org/10.1016/j.indcrop.2012.07.030
https://doi.org/10.1016/j.compositesa.2016.12.005
https://doi.org/10.1016/j.compositesa.2016.12.005
https://doi.org/10.1016/j.compositesa.2016.12.022
https://doi.org/10.1016/j.compositesa.2016.12.022
https://doi.org/10.1016/j.compositesb.2017.11.061
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref163
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref163
https://doi.org/10.1177/0731684413486847
https://doi.org/10.1177/0731684413492866
https://doi.org/10.1177/0731684413492866
https://doi.org/10.1016/j.physb.2004.04.005
https://doi.org/10.1007/978-3-319-07944-8_7
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref168
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref168
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref168
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref168
https://doi.org/10.1016/j.cirp.2017.05.009
https://doi.org/10.1016/j.cirp.2017.05.009
https://doi.org/10.1039/c6ra11334f
https://doi.org/10.1039/c6ra11334f
https://doi.org/10.1016/j.compstruct.2017.08.088
https://doi.org/10.1016/j.compstruct.2017.08.088
https://doi.org/10.1016/j.compositesb.2016.11.034
https://doi.org/10.1016/j.compositesb.2016.11.034
https://doi.org/10.1016/j.compositesb.2018.02.012
https://doi.org/10.1016/j.compositesb.2018.02.012
https://doi.org/10.1021/la702249u
https://doi.org/10.1021/la702249u
https://doi.org/10.1016/j.biomaterials.2012.04.050
https://doi.org/10.1016/j.biomaterials.2012.04.050
https://doi.org/10.1002/smll.201300975
https://doi.org/10.1038/428386a
https://doi.org/10.1002/adma.201500222
https://doi.org/10.1016/j.biomaterials.2010.04.050
https://doi.org/10.1016/j.biomaterials.2010.04.050
https://doi.org/10.1002/pola.23734
https://doi.org/10.1016/j.jmatprotec.2004.04.019
https://doi.org/10.1002/mame.201600553
https://doi.org/10.1002/mame.201600553
https://doi.org/10.1557/jmr.2014.138
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref184
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref184
https://doi.org/10.1016/j.compscitech.2010.12.028
https://doi.org/10.1002/pen.23459
https://doi.org/10.1016/J.POLYMERTESTING.2010.10.011
https://doi.org/10.1016/J.POLYMERTESTING.2010.10.011
https://doi.org/10.1243/09544119JEIM67

V.K. Balla et al.

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

Salmoria GV, Ahrens CH, Klauss P, Paggi RA, Oliveira RG, Lago A. Rapid
manufacturing of polyethylene parts with controlled pore size gradients using
selective laser sintering. Mater Res 2007;10:211-4. https://doi.org/10.1590/
S$1516-14392007000200019.

Schmidt M, Pohle D, Rechtenwald T. Selective laser sintering of PEEK. CIRP Ann
2007;56:205-8. https://doi.org/10.1016/J.CIRP.2007.05.097.

Kruth J-P, Levy G, Klocke F, Childs THC. Consolidation phenomena in laser and
powder-bed based layered manufacturing. CIRP Ann 2007;56:730-59. https://
doi.org/10.1016/J.CIRP.2007.10.004.

Williams JM, Adewunmi A, Schek RM, Flanagan CL, Krebsbach PH, Feinberg SE,
et al. Bone tissue engineering using polycaprolactone scaffolds fabricated via
selective laser sintering. Biomaterials 2005;26:4817-27. https://doi.org/
10.1016/J.BIOMATERIALS.2004.11.057.

Ghita OR, James E, Trimble R, Evans KE. Physico-chemical behaviour of poly
(ether ketone) (PEK) in high temperature laser sintering (HT-LS). J Mater Process
Technol 2014;214:969-78. https://doi.org/10.1016/J.
JMATPROTEC.2013.11.007.

Utela B, Storti D, Anderson R, Ganter M. A review of process development steps
for new material systems in three dimensional printing (3DP). J Manuf Process
2008;10:96-104. https://doi.org/10.1016/J.JMAPRO.2009.03.002.

Tarafder S, Balla VK, Davies NM, Bandyopadhyay A, Bose S. Microwave-sintered
3D printed tricalcium phosphate scaffolds for bone tissue engineering. J Tissue
Eng Regenerat Med 2013;7:631-41. https://doi.org/10.1002/term.555.
Novakova-Marcincinova L, Novak-Marcincin J, Barna J, Torok J. Special
materials used in FDM rapid prototyping technology application. In: INES 2012 -
IEEE 16th Int. Conf. Intell. Eng. Syst. Proc.; 2012. p. 73-6. https://doi.org/
10.1109/INES.2012.6249805.

Novakova-Marcincinova L. Application of fused deposition modeling technology
in 3D printing rapid prototyping area. Manuf Ind Eng 2012;11:35-7.

Masood S, Song W. Development of new metal/polymer materials for rapid
tooling using Fused deposition modelling. Mater Des 2004;25:587-94. https://
doi.org/10.1016/J.MATDES.2004.02.009.

Nikzad M, Masood SH, Sbarski I. Thermo-mechanical properties of a highly filled
polymeric composites for Fused Deposition Modeling. Mater Des 2011;32:
3448-56. https://doi.org/10.1016/J.MATDES.2011.01.056.

Drummer D, Cifuentes-Cuéllar S, Rietzel D. Suitability of PLA/TCP for fused
deposition modeling. Rapid Prototyp J 2012;18:500-7. https://doi.org/10.1108/
13552541211272045.

Castles F, Isakov D, Lui A, Lei Q, Dancer CEJ, Wang Y, et al. Microwave dielectric
characterisation of 3D-printed BaTiO3/ABS polymer composites. Sci Rep 2016;6:
22714. https://doi.org/10.1038/srep22714.

Hwang S, Reyes EI, Moon K, Rumpf RC, Kim NS. Thermo-mechanical
characterization of metal/polymer composite filaments and printing parameter
study for fused deposition modeling in the 3D printing process. J Electron Mater
2015;44:771-7. https://doi.org/10.1007/511664-014-3425-6.

Torrado Perez AR, Roberson DA, Wicker RB. Fracture surface analysis of 3d-
printed tensile specimens of novel ABS-based materials. J Fail Anal Prev 2014;14:
343-53. https://doi.org/10.1007/s11668-014-9803-9.

Song Y, Li Y, Song W, Yee K, Lee K-Y, Tagarielli VL. Measurements of the
mechanical response of unidirectional 3D-printed PLA. Mater Des 2017;123:
154-64. https://doi.org/10.1016/J.MATDES.2017.03.051.

Singh R, Singh S, Fraternali F. Development of in-house composite wire based
feed stock filaments of fused deposition modelling for wear-resistant materials
and structures. Compos B Eng 2016;98:244-9. https://doi.org/10.1016/J.
COMPOSITESB.2016.05.038.

Singh R, Singh N, Amendola A, Fraternali F. On the wear properties of Nylon6-
SiC-Al203 based fused deposition modelling feed stock filament. Compos B Eng
2017;119:125-31. https://doi.org/10.1016/J.COMPOSITESB.2017.03.042.
Kalsoom U, Peristyy A, Nesterenko PN, Paull B. A 3D printable diamond polymer
composite: a novel material for fabrication of low cost thermally conducting
devices. RSC Adv 2016;6:38140-7. https://doi.org/10.1039/C6RA05261D.

He M, Zhao Y, Wang B, Xi Q, Zhou J, Liang Z. 3D printing fabrication of
amorphous thermoelectric materials with ultralow thermal conductivity. Small
2015;11:5889-94. https://doi.org/10.1002/sml11.201502153.

Elomaa L, Kokkari A, Narhi T, Seppala JV. Porous 3D modeled scaffolds of
bioactive glass and photocrosslinkable poly(Iy-caprolactone) by
stereolithography. Compos Sci Technol 2013;74:99-106. https://doi.org/
10.1016/J.COMPSCITECH.2012.10.014.

Lin D, Jin S, Zhang F, Wang C, Wang Y, Zhou C, et al. 3D stereolithography
printing of graphene oxide reinforced complex architectures. Nanotechnology
2015;26:434003. https://doi.org/10.1088/0957-4484/26/43/434003.

Vitale A, Quaglio M, Chiodoni A, Bejtka K, Cocuzza M, Pirri CF, et al. Oxygen-
inhibition lithography for the fabrication of multipolymeric structures. Adv Mater
2015;27:4560-5. https://doi.org/10.1002/adma.201501737.

Eosoly S, Brabazon D, Lohfeld S, Looney L. Selective laser sintering of
hydroxyapatite,/poly-Ip-caprolactone scaffolds. Acta Biomater 2010;6:2511-7.
https://doi.org/10.1016/J.ACTBIO.2009.07.018.

Salmoria GV, Fancello EA, Roesler CRM, Dabbas F. Functional graded scaffold of
HDPE/HA prepared by selective laser sintering: microstructure and mechanical
properties. Int J Adv Manuf Technol 2013;65:1529-34. https://doi.org/10.1007/
s00170-012-4277-y.

Chiappone A, Roppolo I, Naretto E, Fantino E, Calignano F, Sangermano M, et al.
Study of graphene oxide-based 3D printable composites: effect of the in situ
reduction. Compos B Eng 2017;124:9-15. https://doi.org/10.1016/J.
COMPOSITESB.2017.05.049.

28

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

Composites Part B 174 (2019) 106956

Sun X, Sun H, Li H, Peng H. Developing polymer composite materials: carbon
nanotubes or graphene? Adv Mater 2013;25:5153-76. https://doi.org/10.1002/
adma.201301926.

Han Y, Wang F, Wang H, Jiao X, Chen D. High-strength boehmite-acrylate
composites for 3D printing: reinforced filler-matrix interactions. Compos Sci
Technol 2018;154:104-9. https://doi.org/10.1016/J.
COMPSCITECH.2017.10.026.

Nguyen QT, Ngo T, Tran P, Mendis P, Zobec M, Aye L. Fire performance of
prefabricated modular units using organoclay/glass fibre reinforced polymer
composite. Constr Build Mater 2016;129:204-15. https://doi.org/10.1016/J.
CONBUILDMAT.2016.10.100.

Song J, Chen C, Zhang Y. High thermal conductivity and stretchability of layer-
by-layer assembled silicone rubber/graphene nanosheets multilayered films.
Compos Part A Appl Sci Manuf 2018;105:1-8. https://doi.org/10.1016/J.
COMPOSITESA.2017.11.001.

Dul S, Fambri L, Pegoretti A. Fused deposition modelling with ABSa€“graphene
nanocomposites. Compos Part A Appl Sci Manuf 2016;85:181-91. https://doi.
0rg/10.1016/J.COMPOSITESA.2016.03.013.

Jia Y, He H, Geng Y, Huang B, Peng X. High through-plane thermal conductivity
of polymer based product with vertical alignment of graphite flakes achieved via
3D printing. Compos Sci Technol 2017;145:55-61. https://doi.org/10.1016/J.
COMPSCITECH.2017.03.035.

Shofner ML, Lozano K, Rodriguez-Macias FJ, Barrera EV. Nanofiber-reinforced
polymers prepared by fused deposition modeling. J Appl Polym Sci 2003;89:
3081-90. https://doi.org/10.1002/app.12496.

Wei X, Li D, Jiang W, Gu Z, Wang X, Zhang Z, et al. 3D printable graphene
composite. Sci Rep 2015;5:11181. https://doi.org/10.1038/srep11181.

Weng Z, Wang J, Senthil T, Wu L. Mechanical and thermal properties of ABS/
montmorillonite nanocomposites for fused deposition modeling 3D printing.
Mater Des 2016;102:276-83. https://doi.org/10.1016/J.MATDES.2016.04.045.
Guo S, Yang X, Heuzey M-C, Therriault D. 3D printing of a multifunctional
nanocomposite helical liquid sensor. Nanoscale 2015;7:6451-6. https://doi.org/
10.1039/C5NR00278H.

Zhang Y, Li H, Yang X, Zhang T, Zhu K, Si W, et al. Additive manufacturing of
carbon nanotube-photopolymer composite radar absorbing materials. Polym
Compos 2018;39:E671-6. https://doi.org/10.1002/pc.24117.

Rymansaib Z, Iravani P, Emslie E, Medvidovic-Kosanovic M, Sak-Bosnar M,
Verdejo R, et al. All-polystyrene 3d-printed electrochemical device with
embedded carbon nanofiber-graphite-polystyrene composite conductor.
Electroanalysis 2016;28:1517-23. https://doi.org/10.1002/elan.201600017.
Athreya SR, Kalaitzidou K, Das S. Processing and characterization of a carbon
black-filled electrically conductive Nylon-12 nanocomposite produced by
selective laser sintering. Mater Sci Eng A 2010;527:2637-42. https://doi.org/
10.1016/J.MSEA.2009.12.028.

Kim K, Zhu W, Qu X, Aaronson C, McCall WR, Chen S, et al. 3D optical printing of
piezoelectric Nanoparticle-Polymer composite materials. ACS Nano 2014;8:
9799-806. https://doi.org/10.1021/nn503268f.

Manapat JZ, Mangadlao JD, Tiu BDB, Tritchler GC, Advincula RC. High-strength
stereolithographic 3D printed nanocomposites: graphene oxide metastability. ACS
Appl Mater Interfaces 2017;9:10085-93. https://doi.org/10.1021/
acsami.6b16174.

Mu Q, Wang L, Dunn CK, Kuang X, Duan F, Zhang Z, et al. Digital light processing
3D printing of conductive complex structures. Addit Manuf 2017;18:74-83.
https://doi.org/10.1016/J.ADDMA.2017.08.011.

Azzopardi N, Moharamzadeh K, Wood DJ, Martin N, van Noort R. Effect of resin
matrix composition on the translucency of experimental dental composite resins.
Dent Mater 2009;25:1564-8. https://doi.org/10.1016/J.DENTAL.2009.07.011.
Emami N, Sjodahl M, S6derholm K-JM. How filler properties, filler fraction,
sample thickness and light source affect light attenuation in particulate filled
resin composites. Dent Mater 2005;21:721-30. https://doi.org/10.1016/J.
DENTAL.2005.01.002.

Weng Z, Zhou Y, Lin W, Senthil T, Wu L. Structure-property relationship of nano
enhanced stereolithography resin for desktop SLA 3D printer. Compos Part A Appl
Sci Manuf 2016;88:234-42. https://doi.org/10.1016/J.
COMPOSITESA.2016.05.035.

Yugang D, Yuan Z, Yiping T, Dichen L. Nano-TiO , -modified photosensitive resin
for RP. Rapid Prototyp J 2011;17:247-52. https://doi.org/10.1108/
13552541111138360.

Ligon-Auer SC, Schwentenwein M, Gorsche C, Stampfl J, Liska R. Toughening of
photo-curable polymer networks: a review. Polym Chem 2016;7:257-86. https://
doi.org/10.1039/C5PY01631B.

Zheng H, Zhang J, Lu S, Wang G, Xu Z. Effect of core-shell composite particles on
the sintering behavior and properties of nano-Al203/polystyrene composite
prepared by SLS. Mater Lett 2006;60:1219-23. https://doi.org/10.1016/J.
MATLET.2005.11.003.

Kim HC, Hahn HT, Yang YS. Synthesis of PA12/functionalized GNP
nanocomposite powders for the selective laser sintering process. J Compos Mater
2013;47:501-9. https://doi.org/10.1177/0021998312441812.

Hector Sandoval J, Wicker RB. Functionalizing stereolithography resins: effects of
dispersed multi-walled carbon nanotubes on physical properties. Rapid Prototyp J
2006;12:292-303. https://doi.org/10.1108/13552540610707059.

Love LJ, Kunc V, Rios O, Duty CE, Elliott AM, Post BK, et al. The importance of
carbon fiber to polymer additive manufacturing. J Mater Res 2014;29:1893-8.
https://doi.org/10.1557/jmr.2014.212.

Ferreira RTL, Amatte IC, Dutra TA, Biirger D. Experimental characterization and
micrography of 3D printed PLA and PLA reinforced with short carbon fibers.


https://doi.org/10.1590/S1516-14392007000200019
https://doi.org/10.1590/S1516-14392007000200019
https://doi.org/10.1016/J.CIRP.2007.05.097
https://doi.org/10.1016/J.CIRP.2007.10.004
https://doi.org/10.1016/J.CIRP.2007.10.004
https://doi.org/10.1016/J.BIOMATERIALS.2004.11.057
https://doi.org/10.1016/J.BIOMATERIALS.2004.11.057
https://doi.org/10.1016/J.JMATPROTEC.2013.11.007
https://doi.org/10.1016/J.JMATPROTEC.2013.11.007
https://doi.org/10.1016/J.JMAPRO.2009.03.002
https://doi.org/10.1002/term.555
https://doi.org/10.1109/INES.2012.6249805
https://doi.org/10.1109/INES.2012.6249805
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref197
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref197
https://doi.org/10.1016/J.MATDES.2004.02.009
https://doi.org/10.1016/J.MATDES.2004.02.009
https://doi.org/10.1016/J.MATDES.2011.01.056
https://doi.org/10.1108/13552541211272045
https://doi.org/10.1108/13552541211272045
https://doi.org/10.1038/srep22714
https://doi.org/10.1007/s11664-014-3425-6
https://doi.org/10.1007/s11668-014-9803-9
https://doi.org/10.1016/J.MATDES.2017.03.051
https://doi.org/10.1016/J.COMPOSITESB.2016.05.038
https://doi.org/10.1016/J.COMPOSITESB.2016.05.038
https://doi.org/10.1016/J.COMPOSITESB.2017.03.042
https://doi.org/10.1039/C6RA05261D
https://doi.org/10.1002/smll.201502153
https://doi.org/10.1016/J.COMPSCITECH.2012.10.014
https://doi.org/10.1016/J.COMPSCITECH.2012.10.014
https://doi.org/10.1088/0957-4484/26/43/434003
https://doi.org/10.1002/adma.201501737
https://doi.org/10.1016/J.ACTBIO.2009.07.018
https://doi.org/10.1007/s00170-012-4277-y
https://doi.org/10.1007/s00170-012-4277-y
https://doi.org/10.1016/J.COMPOSITESB.2017.05.049
https://doi.org/10.1016/J.COMPOSITESB.2017.05.049
https://doi.org/10.1002/adma.201301926
https://doi.org/10.1002/adma.201301926
https://doi.org/10.1016/J.COMPSCITECH.2017.10.026
https://doi.org/10.1016/J.COMPSCITECH.2017.10.026
https://doi.org/10.1016/J.CONBUILDMAT.2016.10.100
https://doi.org/10.1016/J.CONBUILDMAT.2016.10.100
https://doi.org/10.1016/J.COMPOSITESA.2017.11.001
https://doi.org/10.1016/J.COMPOSITESA.2017.11.001
https://doi.org/10.1016/J.COMPOSITESA.2016.03.013
https://doi.org/10.1016/J.COMPOSITESA.2016.03.013
https://doi.org/10.1016/J.COMPSCITECH.2017.03.035
https://doi.org/10.1016/J.COMPSCITECH.2017.03.035
https://doi.org/10.1002/app.12496
https://doi.org/10.1038/srep11181
https://doi.org/10.1016/J.MATDES.2016.04.045
https://doi.org/10.1039/C5NR00278H
https://doi.org/10.1039/C5NR00278H
https://doi.org/10.1002/pc.24117
https://doi.org/10.1002/elan.201600017
https://doi.org/10.1016/J.MSEA.2009.12.028
https://doi.org/10.1016/J.MSEA.2009.12.028
https://doi.org/10.1021/nn503268f
https://doi.org/10.1021/acsami.6b16174
https://doi.org/10.1021/acsami.6b16174
https://doi.org/10.1016/J.ADDMA.2017.08.011
https://doi.org/10.1016/J.DENTAL.2009.07.011
https://doi.org/10.1016/J.DENTAL.2005.01.002
https://doi.org/10.1016/J.DENTAL.2005.01.002
https://doi.org/10.1016/J.COMPOSITESA.2016.05.035
https://doi.org/10.1016/J.COMPOSITESA.2016.05.035
https://doi.org/10.1108/13552541111138360
https://doi.org/10.1108/13552541111138360
https://doi.org/10.1039/C5PY01631B
https://doi.org/10.1039/C5PY01631B
https://doi.org/10.1016/J.MATLET.2005.11.003
https://doi.org/10.1016/J.MATLET.2005.11.003
https://doi.org/10.1177/0021998312441812
https://doi.org/10.1108/13552540610707059
https://doi.org/10.1557/jmr.2014.212

V.K. Balla et al.

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

Compos B Eng 2017;124:88-100. https://doi.org/10.1016/J.
COMPOSITESB.2017.05.013.

Tekinalp HL, Kunc V, Velez-Garcia GM, Duty CE, Love LJ, Naskar AK, et al. Highly
oriented carbon fiber-polymer composites via additive manufacturing. Compos
Sci Technol 2014;105:144-50. https://doi.org/10.1016/J.
COMPSCITECH.2014.10.009.

Ning F, Cong W, Qiu J, Wei J, Wang S. Additive manufacturing of carbon fiber
reinforced thermoplastic composites using fused deposition modeling. Compos B
Eng 2015;80:369-78. https://doi.org/10.1016/J.COMPOSITESB.2015.06.013.
Ning F, Cong W, Hu Y, Wang H. Additive manufacturing of carbon fiber-
reinforced plastic composites using fused deposition modeling: effects of process
parameters on tensile properties. J Compos Mater 2017;51:451-62. https://doi.
0rg/10.1177/0021998316646169.

Zhong W, Li F, Zhang Z, Song L, Li Z. Short fiber reinforced composites for fused
deposition modeling. Mater Sci Eng A 2001;301:125-30. https://doi.org/
10.1016/50921-5093(00)01810-4.

Carneiro OS, Silva AF, Gomes R. Fused deposition modeling with polypropylene.
Mater Des 2015;83:768-76. https://doi.org/10.1016/J.MATDES.2015.06.053.
Guo N, Leu MC. Additive manufacturing: technology, applications and research
needs. Front Mech Eng 2013;8:215-43. https://doi.org/10.1007/511465-013-
0248-8.

Bakarich SE, Gorkin R, in het Panhuis M, Spinks GM. Three-dimensional printing
fiber reinforced hydrogel composites. ACS Appl Mater Interfaces 2014;6:
15998-6006. https://doi.org/10.1021/am503878d.

Griffini G, Invernizzi M, Levi M, Natale G, Postiglione G, Turri S. 3D-printable
CFR polymer composites with dual-cure sequential IPNs. Polymer 2016;91:174-9.
https://doi.org/10.1016/J.POLYMER.2016.03.048.

Gupta A, Ogale AA. Dual curing of carbon fiber reinforced photoresins for rapid
prototyping. Polym Compos 2002;23:1162-70. https://doi.org/10.1002/
pc.10509.

Cheah CM, Fuh JYH, Nee AYC, Lu L. Mechanical characteristics of fiber-filled
photo-polymer used in stereolithography. Rapid Prototyp J 1999;5:112-9.
https://doi.org/10.1108/13552549910278937.

Llewellyn-Jones TM, Drinkwater BW, Trask RS. 3D printed components with
ultrasonically arranged microscale structure. Smart Mater Struct 2016;25:
02LTO1. https://doi.org/10.1088/0964-1726/25/2/02LT01.

Matsuzaki R, Ueda M, Namiki M, Jeong T-K, Asahara H, Horiguchi K, et al. Three-
dimensional printing of continuous-fiber composites by in-nozzle impregnation.
Sci Rep 2016;6:23058. https://doi.org/10.1038/srep23058.

Der Klift F Van, Koga Y, Todoroki A, Ueda M, Hirano Y, Matsuzaki R. 3D printing
of continuous carbon fibre reinforced thermo-plastic (CFRTP) tensile test
specimens. Open J Compos Mater 2016;06:18-27. https://doi.org/10.4236/
0jcm.2016.61003.

Tian X, Liu T, Yang C, Wang Q, Li D. Interface and performance of 3D printed
continuous carbon fiber reinforced PLA composites. Compos Part A Appl Sci
Manuf 2016;88:198-205. https://doi.org/10.1016/j.compositesa.2016.05.032.
Li N, Li Y, Liu S. Rapid prototyping of continuous carbon fiber reinforced
polylactic acid composites by 3D printing. J Mater Process Technol 2016;238:
218-25. https://doi.org/10.1016/J.JMATPROTEC.2016.07.025.

Melenka GW, Cheung BKO, Schofield JS, Dawson MR, Carey JP. Evaluation and
prediction of the tensile properties of continuous fiber-reinforced 3D printed
structures. Compos Struct 2016;153:866-75. https://doi.org/10.1016/J.
COMPSTRUCT.2016.07.018.

Maeno T, Nakagawa Y. Dieless forming of carbon fibre reinforced plastic parts
using 3D printer. Procedia Eng 2014;81:1595-600. https://doi.org/10.1016/J.
PROENG.2014.10.196.

Hao W, Liu Y, Zhou H, Chen H, Fang D. Preparation and characterization of 3D
printed continuous carbon fiber reinforced thermosetting composites. Polym Test
2018;65:29-34. https://doi.org/10.1016/J.POLYMERTESTING.2017.11.004.

29

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

Composites Part B 174 (2019) 106956

Hou Z, Tian X, Zhang J, Li D. 3D printed continuous fibre reinforced composite
corrugated structure. Compos Struct 2018;184:1005-10. https://doi.org/
10.1016/J.COMPSTRUCT.2017.10.080.

Dickson AN, Barry JN, McDonnell KA, Dowling DP. Fabrication of continuous
carbon, glass and Kevlar fibre reinforced polymer composites using additive
manufacturing. Addit Manuf 2017;16:146-52. https://doi.org/10.1016/J.
ADDMA.2017.06.004.

Caminero MA, Chacén JM, Garcia-Moreno I, Reverte JM. Interlaminar bonding
performance of 3D printed continuous fibre reinforced thermoplastic composites
using fused deposition modelling. Polym Test 2018;68:415-23. https://doi.org/
10.1016/J.POLYMERTESTING.2018.04.038.

Caminero MA, Chacé JM, Garcia-Moreno I, Rodriguez GP. Impact damage
resistance of 3D printed continuous fibre reinforced thermoplastic composites
using fused deposition modelling. Compos B Eng 2018;148:93-103. https://doi.
org/10.1016/J.COMPOSITESB.2018.04.054.

Liu T, Tian X, Zhang M, Abliz D, Li D, Ziegmann G. Interfacial performance and
fracture patterns of 3D printed continuous carbon fiber with sizing reinforced PA6
composites. Compos Part A Appl Sci Manuf 2018;114:368-76. https://doi.org/
10.1016/J.COMPOSITESA.2018.09.001.

Hinchcliffe SA, Hess KM, Srubar WV. Experimental and theoretical investigation
of prestressed natural fiber-reinforced polylactic acid (PLA) composite materials.
Compos B Eng 2016;95:346-54. https://doi.org/10.1016/J.
COMPOSITESB.2016.03.089.

Le Duigou A, Castro M, Bevan R, Martin N. 3D printing of wood fibre
biocomposites: from mechanical to actuation functionality. Mater Des 2016;96:
106-14. https://doi.org/10.1016/j.matdes.2016.02.018.

Venkataraman N. The process-property-performance relationships of feedstock
materials used for fused deposition of ceramics (FDC). Rutgers The State
University of New Jersey - New Brunswick; 2000.

Compton BG, Lewis JA. 3D-Printing of lightweight cellular composites. Adv Mater
2014;26:5930-5. https://doi.org/10.1002/adma.201401804.

Chung H, Das S. Functionally graded Nylon-11/silica nanocomposites produced
by selective laser sintering. Mater Sci Eng A 2008;487:251-7. https://doi.org/
10.1016/J.MSEA.2007.10.082.

Wang J, Xie H, Weng Z, Senthil T, Wu L. A novel approach to improve mechanical
properties of parts fabricated by fused deposition modeling. Mater Des 2016;105:
152-9. https://doi.org/10.1016/J.MATDES.2016.05.078.

Vaisanen T, Das O, Tomppo L. A review on new bio-based constituents for natural
fiber-polymer composites. J Clean Prod 2017;149:582-96. https://doi.org/
10.1016/j.jclepro.2017.02.132.

Nunna S, Chandra PR, Shrivastava S, Jalan A. A review on mechanical behavior of
natural fiber based hybrid composites. J Reinf Plast Compos 2012;31:759-69.
https://doi.org/10.1177/0731684412444325.

Venkateshwaran N, Elayaperumal A, Sathiya GK. Prediction of tensile properties
of hybrid-natural fiber composites. Compos B Eng 2012;43:793-6. https://doi.
org/10.1016/J.COMPOSITESB.2011.08.023.

Bouguessir H, Harkati E, Mansour R. Hybrid jute/glass reinforced laminate
mechanical properties. J Civ Environ Eng 2016;6:1-5. https://doi.org/10.4172/
2165-784X.1000242.

Kalaprasad G, Pradeep P, Mathew G, Pavithran C, Thomas S. Thermal
conductivity and thermal diffusivity analyses of low-density polyethylene
composites reinforced with sisal, glass and intimately mixed sisal/glass fibres.
Compos Sci Technol 2000;60:2967-77. https://doi.org/10.1016/50266-3538(00)
00162-7.

Neto JSS, Lima RAA, Cavalcanti DKK, Souza JPB, Aguiar RAA, Banea MD. Effect
of chemical treatment on the thermal properties of hybrid natural fiber-reinforced
composites. J Appl Polym Sci 2019;136:47154. https://doi.org/10.1002/
app.47154.


https://doi.org/10.1016/J.COMPOSITESB.2017.05.013
https://doi.org/10.1016/J.COMPOSITESB.2017.05.013
https://doi.org/10.1016/J.COMPSCITECH.2014.10.009
https://doi.org/10.1016/J.COMPSCITECH.2014.10.009
https://doi.org/10.1016/J.COMPOSITESB.2015.06.013
https://doi.org/10.1177/0021998316646169
https://doi.org/10.1177/0021998316646169
https://doi.org/10.1016/S0921-5093(00)01810-4
https://doi.org/10.1016/S0921-5093(00)01810-4
https://doi.org/10.1016/J.MATDES.2015.06.053
https://doi.org/10.1007/s11465-013-0248-8
https://doi.org/10.1007/s11465-013-0248-8
https://doi.org/10.1021/am503878d
https://doi.org/10.1016/J.POLYMER.2016.03.048
https://doi.org/10.1002/pc.10509
https://doi.org/10.1002/pc.10509
https://doi.org/10.1108/13552549910278937
https://doi.org/10.1088/0964-1726/25/2/02LT01
https://doi.org/10.1038/srep23058
https://doi.org/10.4236/ojcm.2016.61003
https://doi.org/10.4236/ojcm.2016.61003
https://doi.org/10.1016/j.compositesa.2016.05.032
https://doi.org/10.1016/J.JMATPROTEC.2016.07.025
https://doi.org/10.1016/J.COMPSTRUCT.2016.07.018
https://doi.org/10.1016/J.COMPSTRUCT.2016.07.018
https://doi.org/10.1016/J.PROENG.2014.10.196
https://doi.org/10.1016/J.PROENG.2014.10.196
https://doi.org/10.1016/J.POLYMERTESTING.2017.11.004
https://doi.org/10.1016/J.COMPSTRUCT.2017.10.080
https://doi.org/10.1016/J.COMPSTRUCT.2017.10.080
https://doi.org/10.1016/J.ADDMA.2017.06.004
https://doi.org/10.1016/J.ADDMA.2017.06.004
https://doi.org/10.1016/J.POLYMERTESTING.2018.04.038
https://doi.org/10.1016/J.POLYMERTESTING.2018.04.038
https://doi.org/10.1016/J.COMPOSITESB.2018.04.054
https://doi.org/10.1016/J.COMPOSITESB.2018.04.054
https://doi.org/10.1016/J.COMPOSITESA.2018.09.001
https://doi.org/10.1016/J.COMPOSITESA.2018.09.001
https://doi.org/10.1016/J.COMPOSITESB.2016.03.089
https://doi.org/10.1016/J.COMPOSITESB.2016.03.089
https://doi.org/10.1016/j.matdes.2016.02.018
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref266
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref266
http://refhub.elsevier.com/S1359-8368(19)31001-7/sref266
https://doi.org/10.1002/adma.201401804
https://doi.org/10.1016/J.MSEA.2007.10.082
https://doi.org/10.1016/J.MSEA.2007.10.082
https://doi.org/10.1016/J.MATDES.2016.05.078
https://doi.org/10.1016/j.jclepro.2017.02.132
https://doi.org/10.1016/j.jclepro.2017.02.132
https://doi.org/10.1177/0731684412444325
https://doi.org/10.1016/J.COMPOSITESB.2011.08.023
https://doi.org/10.1016/J.COMPOSITESB.2011.08.023
https://doi.org/10.4172/2165-784X.1000242
https://doi.org/10.4172/2165-784X.1000242
https://doi.org/10.1016/S0266-3538(00)00162-7
https://doi.org/10.1016/S0266-3538(00)00162-7
https://doi.org/10.1002/app.47154
https://doi.org/10.1002/app.47154

	Additive manufacturing of natural fiber reinforced polymer composites: Processing and prospects
	1 Introduction
	2 Natural fibers composites, properties and their applications
	2.1 Types and characteristics of natural fibers
	2.2 Advantages, properties and applications of natural fiber reinforced composites

	3 Processing of natural fiber reinforced composites
	3.1 Pre-processing of natural fiber reinforcements
	3.2 Conventional processing of NFRCs
	3.2.1 Compression molding (CM)
	3.2.2 Injection molding (IM)
	3.2.3 Extrusion

	3.3 Critical issues in the processing of NFRCs
	3.3.1 Thermal stability
	3.3.2 Hydrophilicity of natural fibers
	3.3.3 Fiber breakage leading to degradation of composite strength
	3.3.4 Water/moisture absorption
	3.3.5 Distribution of natural fibers in the matrix
	3.3.6 Machining related challenges


	4 Additive manufacturing (AM) of composites
	4.1 AM technologies for polymer composites fabrication
	4.1.1 Fused filament fabrication (FFF)
	4.1.2 Direct-write (DW)
	4.1.3 Stereolithography (SLA)
	4.1.4 Selective laser sintering (SLS)
	4.1.5 Binder jetting (BJ)

	4.2 AM of different composite materials
	4.3 NFRCs processing using AM

	5 Challenges and opportunities in AM of natural fiber composites
	6 Concluding remarks
	Acknowledgements
	Appendix A Supplementary data
	References


