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Abstract: In recent years, additive manufacturing (AM) has
seen extensive exploitation in the research areas for the
processing of fiber-reinforced polymer composites (FRPCs).
Existing reviews on AM have recommended either sustain-
able production methods or have introduced new proces-
sing methodologies. A relationship between materials used,
manufacturing processes, process parameters, and their
properties is essential in any manufacturing process.
Accordingly, this review focuses on the manufacturing of
FRPCs in relation to process parameters and properties of
the polymer composites. Various studies dealt with the light-
weight materials and parts that were manufactured through
AM and which could retain the mechanical and other prop-
erties without compromising the strength and weight of the
final product. The technologies involved in the major AM
processes and the constituents used for the fabrication of
FRPC parts, their advantages, and drawbacks are also delib-
erated. This review combines the material selection for AM
technologies along with the choice of proper AM technique
for printing FRPCs. This review further illustrates the recent
research and technology that aims at embracing FRPCs into
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a circular economy. In summary, this review opens the door
for new opportunities and for meeting challenges in the
manufacturing of FRPCs by AM methodologies.
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1 Introduction

Additive manufacturing (AM) is an emerging technique in
the manufacturing sector competing against a hundred
years of enduring conventional manufacturing methods.
In the nineteenth century, prototyping or manufacturing
was ultimately handmade by skilled craftsmen or labor
entailing several days for the development of the product
with a huge volume of input material being processed.
Substantial tooling and a number of iterations are needed
for crafting certain forms, fits, and, functions of the designed
parts since it is expensive (1-5). Rapid technological devel-
opment allows for a pathway to a circular economy through
recycling and modification of the production process (6).
Therefore, novel processes have come into existence with
increased productivity, reduction in wastage, cheaper price,
and enhanced parts functionality described as AM process
(4,7). AM ordinarily recognized as 3D printing derived from
significant attentiveness is the result of immense applica-
tions in numerous fields. This adaptable methodology has
applied tangible and ground-breaking innovations throughout
the manufacturing sector catering to the huge rise in demand
for customized products (8,9). This method widely used as the
next industrial revolution has its roots in the number of pro-
cesses developed in the late 1980s under uninterrupted pro-
gress and advancement (10). This is a process of conversion of
a computer-aided design (CAD) model with part geometry due
to the conversion of the digital information to the final
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product through successive layer-by-layer (LBL) deposition of
material with high precision (11).

Focused on the “design global, manufacture local” model
has been found as a platform to bridge digital and conven-
tional knowledge with existing physical infrastructures, for
mass production. Initially, AM refers to various synonyms
established in literature like layering, rapid prototyping
(RPT), desktop manufacturing, CAD-oriented manufacturing,
design-controlled automated fabrication, 3D printing, instant
manufacturing, materials deposition, etc. (1,4,5,10,12). RPT is
also known as the process of assembling material for the
creation of a piece from 3D prototypical values, frequently
LBL, as opposed to subtraction approaches and manufacture
of the final product (13). In 2009, ASTM F42 International
Technical Committee defined AM in terms of CAD to build
object LBL for highly precise and complex structures. Twinset
quotes to differentiate the manufacturing techniques, “what
you see is what you get” — conventional method, “what you
see is what you built” — AM (14).

It is a feasible process related to conventional manu-
facturing processes like milling, casting, etc., and requires
less human involvement and liberty to produce a physical
model of a drawing. Even the CAD model can be upgraded
at any time, just a minute before the initiation of printing (15).
Most of the researchers are focusing on pure polymer-based
AM products and their composites (16-27). Also, they did not
concentrate much on the wide range of composites, or precise
AM technologies; consequently, there is no exhaustive review
of AM technologies for FRPCs based on sustainability princi-
ples. The aim of this review is merging appropriate findings,
and reachable literature, with the delivery of perception into
the field of material science, mechanics of the AM process,
and their composites in terms of processing and properties.
The main objective of this review is to enhance the produc-
tion process and its applications of FRPCs and endorse essen-
tial encounters, empowering methodologies to accelerate this
changeover. It contributes to the maximum possible extent
for the improvement of additively manufactured FRPCs for
real-world manufacturing problems. Many experiments were
conducted to find some of the preceding investigations in this
domain, with encounters and the acquired existing material
characteristics. In specific, the influence of the fiber content,
dimension/alignment distribution, and fiber-matrix interface
on the properties of additively manufactured FRPCs are delib-
erated to the hypothetical and investigational study.

1.1 Benefits of AM

The impactful benefits of AM on the environment, societal
and economic welfare of the industry with zero scrap
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management, and no skilled craftsman all day long, have
been built. Manufacture of FRPC parts via AM has numerous
benefits comprising the capability to build multi-faceted
sized parts with squeaky lengthy dimensions and swifter
processing (28). AM products benefit through a wide range
of applications even from medical kits like face masks, mul-
tiple split ventilator nozzles, and nasal strips for frontline
workers in no time during pandemic situations, reaching
several applications and interplanetary bodies, with the
potential to create intricate parts by AM related to tradi-
tional machining processes (8). The following are the major
benefits of processing FRPCs through AM.

(i) Freedom of design (visualization): The designer uses
CAD for the creation of a 3D model of his design
concept. Some blemishes could still evade the engi-
neers and originators. Physical touch on the parts
reveals the hindrance and produces an improved
design (13).

(ii) Verification and optimization: In conventional man-
ufacturing, authentication or enhancement of the
design is frequently time-consuming and expensive.
But it is possible in AM due to the absence of tooling
or labor cost. Multiple iterations of design is also
conceivable (13,39,30).

Producibility: The design can provide a physical pro-
duct at an early stage with process planning and
tooling design possible.

Feasibility: Marketing process, ease of demonstrating
a concept, design ideas, and company’s ability to
manufacture is within reach.

(v) Repairing: It economizes the energy required for repairing,
using the technology for surface patching (31,32).
Cost-effective and time consumption: The manufac-
ture of customized and complex structures is effort-
less, economically effective, and time-saving (33).
Societal wellbeing: Deliverable extraordinary eminence,
gainfully effective healthcare product to increase the
vigor and wellbeing of the people that has become the
significant societal trial in this century.

Energy consumption and environmental impact: AM
technologies have the prospective to diminish the
lifecycle of mass material and energy disbursed
relative to subtractive industrialized methods by
abolishing persuaded scrap and the usage of risky
subsidiary process inputs (31).

(iii)

(iv)

(vi)

(vii)

(viii)

The prime advantages of AM include high reproduci-
bility, quick manufacturing, and low cost with a focus on
specific areas that include manufacturing processes, mate-
rials, design, management, organization, and implementa-
tion (29-33).
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1.2 Materials and their classification

A large group of atoms agglomerate to form a structure
of materials according to the property of the material,
they are classified. It is independent of material shape
and size, the response to external stimuli changes for
each material. Materials have been categorized into two
types based on their chemical contents such as metals
and non-metals (25,26). Figure 1 depicts the generic classi-
fication of engineering materials and the subclassification
of those materials. AM technologies currently use only
thermoplastic materials and the research works are in
full swing to develop AM technologies for metals and com-
posite materials.

1.2.1 Composite materials

Composite materials rely on the inherent property of their
constituents which have been made up of matrix and
reinforcement. Matrix forms the outer layer and they are
classified as thermoplastics and thermosets. The final prop-
erties of the composites are majorly dependent on reinfor-
cement orientation in the matrix and the types of resins
used for composite fabrication. Different properties of the
composites can be obtained when thermoplastics and ther-
mosets are used as matrices since they have many inherent
differences (1,2,16,18).

CERAMICS

METALS

1. Ferrous Metals
2. Non-Ferrous Metals

1. Crystalline ceramics
2. Glasses

POLYMERS QI COMPOSITES

1. Metal Matrix
2. Ceramic Matrix
3. Polymer Matrix

1. Thermosetting
2. Thermoplastics
3. Elastomers

Figure 1: Classification of engineering materials.
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1.3 Sustainability in manufacturing

The term cleaner production or sustainable manufacturing
is a method to recycle waste materials and resources (34).
Clean/sustainable manufacturing involves the effort to shift
the production and the use of materials from linear to
cyclical use of resources that do not generate waste mate-
rials and cannot be used as feedstock for any other method
or manufacture for making a material that is used and dis-
posed of. Clean technologies have the ability to apply the
hop leads to manufacturing industries, combined with full
consideration of the product life-cycle (35). An eco-friendly
solution is required to minimize and eradicate environ-
mental pollutants from composites processing, as well as
repair requirements. Recycling is one phase in the move-
ment toward a circular economy which is seen as the
solution to environmental sustainability and security (36).
Solutions that involve the use of emerging technology and
materials for the elimination of emissions from composite
processing are suggested through AM process (37).

Research on AM from circular economy perspective
was conducted by Colorado et al. (38). They examined inno-
vative practices adopted to ensure the AM for sustainable
manufacturing and found polymers, ceramics, and compo-
sites as the subject of a major research toward circular
economy. They suggested a significant reduction in the
limitations of AM in relation with recycling of materials,
health issues, and sustainability processes to ensure suit-
ability of composites for circular economy due to recycl-
ability. Sustainability in the selection process of materials
is becoming an ever more persuasive point. From the view-
point of end users, practitioners and policy makers have
misgivings about the relationships between sustainable
manufacturing and dimensions of sustainability such as
ecological, economical as well as social (39).

FRPCs are solid, light-weight, and durable materials
that find use in transportation, building, renewable energy,
and many other sectors. Sustainability is also a primary
driver for the choice of composites over conventional
materials during their usage. In addition to the low main-
tenance requirements, composite structures provide a long
service life and are lightweight resulting in lower energy
consumption throughout the product life relatively has
researched the road mapping of the composite processing
methods to solve the problems related to sustainability (40). It
is found that the theoretical findings consider more resource
recycling and regeneration to provide more guidance for
sustainability research in FRPCs. From all the above points,
it could be understood that a review of sustainable manufac-
turing technology for fiber-reinforced composites is very
important. In order to have quality products, the focus of
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the review has to be placed on the process parameters and
application of the technology. Accordingly, Section 2 discusses
the AM technology for fiber-reinforced composite materials.

2 AM

In the manufacturing sector, AM can help the generation of
innovative products, advancement in the eminence of
parts functioning, and reduce manufacturing costs and
threats. AM has a boundless perspective to improve sub-
stantial progress in resources, printer technology, and
processes (41). A numerical chain-based design for AM
technology was introduced by researchers (4,7). The parts
are modeled and arithmetically segmented (sliced) into many
parallel cross-section portions, in the stereolithography
(SLA) format. Most of the solid parts are made either by
acrylic or epoxy resin and are modeled using some model-
ling software like ACES, STARWEAVE, and Quick cast (3).
The commercially used software for the topological opti-
mization in all the AM processes is TOPOSTRUCT and the
transition of the topological skeleton of the part section
from the geometry of the initial design is performed using
the MATLAB implementation tool (4,42). This procedure
involves the printing one or other materials in the LBL
fashion and, by fine-tuning each discrete layer, a multi-
faceted, dense object can be molded from a digital proto-
typical model (3,9,13). Irrespective of the transformation
seen in the material deposition process, primarily a CAD
diagram is prepared for the preferred model, the printer
follows the guidelines of the CAD system and physiques the
entity in pre-defined outlines by the movable print head in
a 3D coordinate system (Figure 2). Binding and curing lanes
are created for each subsequent layer for the solidification
of the part material. Subsequently, a layer is deposited on
the preceding layer. The model has assembled LBL from
the bottom-most to the upper-most (15).

The conceptual framework for AM applications is
based on both the external forces and internal strategy
driven subjectively by factors, and grouped into five the-
ories shown in Figure 3 (13). The 4D printing is also intro-
duced mainly on the natural fiber-based materials, which
signifies the capability of 3D printed materials to excite
when a peripheral stimulus is employed despite these
materials having very low thermal resistance and moisture
sensitivity. The suggested manufacturing rules are as a set,
for precise physical shape such as the minimization of the
number of the path ends in the product maximized curva-
ture and minimized the number of discontinuity points
(19,21). There are various stages in AM, based on the raw
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Figure 2: AM progression and development over the ages (9).

material, process parameters, layering methods, etc. This
has been classified as a revolutionary set of processes for
product development and manufacturing (2,10,43). Detail
of various AM technologies is presented in Table 1.

3 AM of composites

AM techniques have similarities of long-established com-
posite constituents intrinsically grounded on heaping a
sequence of distinct layers. It is then equitable to acclaim
that a prosperous version of AM technologies to fused
materials could help effortless composites’ engineering
through secondary fabrication processes and a higher
grade of computerization. With the ability to precisely
positioned fibers, the plastic-coated structure of merged
components can be optimized in an individual layer, per-
mitting for an upsurge in design/model liberty and dif-
ferent output (44). The development of the AM product
onsets from the design/standard triangle language (STL)
part file at the site of the customer. (i) To sign into the
AM account: The manufacturing company needs the use
of exclusive internet software to log onto the site provided
to the customer. (ii) Data authentication: The STL file of the
client is robotically checked for fault with the use of the
client communication software. (iii) Quotation for the cus-
tomer: The price of the material and capability of planning
are estimated according to the CAD/STL file which has been
transmitted to the server, automatically. Production



DE GRUYTER

AM (3D printing) technologies for FRPCs: A review
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Legislation, Research and Development
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Technology Maturity, ’
Technology Benefis AM System Vendor,
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CHANGE OPERATIONS
Business Size, Design for AM‘. AM
Organisational Process Planning,
Structure, Workforce Quality Control: AM
Experience and Skill, Cost Accounting

Organisational Culture

Figure 3: Conceptual framework of AM (13).

planning includes detailed input parameter, order delivery
date, selection of AM process, process planning like part
design, part slicing digitally, CAD, and selection of the para-
meters like layer thickness, laser power, scanning speed,
etc., as obligatory. Delivery of the AM product is always
customized according to the requirement (1,3,10,14).

3.1 Without reinforcement

AM printed with polymer has a unique behavior toward its
functional property, melting processable plastics such as
thermoplastics which are liquefied at high temperature
and solidified under reduced temperature for getting the
desired shape but, toward the degradation, the tempera-
ture is close to the melting point causing depolymerization.
When a polymer-based material is used as a raw material
for AM, then shrinkage of the final product becomes inevi-
table owing to the alternative heating and cooling cycles

System, Integration

and this poses a great challenge during the 3D printing
process. Hence, polymer-based raw materials are specifi-
cally used where high rigidity, high strength, and high
resistance toward elevated temperatures.

3.2 With reinforcement

Ceramic matrix composites and metal matrix composites
(MMCs) are widely used in aerospace, biomedical, elec-
tronic applications due to their superior properties such
as high wear resistance, chemical inertness, and superior
properties at high temperature (45). The solidification,
micro-structure, and mechanical properties of composite
parts produced using selective laser melting (SLM) is inves-
tigated by Vrancken et al. (46). They found that the AM was
more effective method in achieving engineered parts from
powder mixtures. Krakhmalev and Yadroitsev (47) applied
SLM for the development of metallic coatings and SiC
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Table 1: Comprehensive detail of various AM technologies

Ref.

Major applications

System Phase changes Developer

Layering
techniques

State of

Year of Type of

AM technology

involved

feedstock

material used

invention

(3,10,14)

Surgical learning tools, hearing

aids, facial prosthetics

USA, Germany,
UK, Italy

Laser based Photo polymerization

Layer scanning/

projection

1984 Photo polymers, Liquid resin

VAT

ceramics, photo
curable resins,

Acrylates

polymerization

(3,10,14)

Building construction, printing

USA, China
human organs

Solidification by

cooling

Nozzle
based

Continuous

Filament

Polymers

1988

Material extrusion

extrusion and
deposition

(3,10,14)

GE9C engine, injector head in
aerospace engine, seat belt
bracket in automobiles

Germany,
France

Extrusion process  Laser based Fused by high power
laser

Powder

Metals, polymers,

ceramics

Powder bed fusion 1990

(10,14)

Photovoltaics, photosensors,

Printer Hardened by post Canada,
curing process

based

Viscous Extrusion process
under pressure

Photo polymers

1993

Direct writing

nanofluidic device manufacturing,

tissue engineering

Germany

solution

(10,14)

Printing full color prototypes,
large sand molds, 3D printed

metallic parts

USA, Germany

Hardened by post
curing process

Printer
based

Inkjet printing

Liquid binder

1994 Polymers

Binder jetting
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powder mixtures based composites and investigated the
relationship between the composition and microstructure.
They found that the hardness, indentation fracture tough-
ness, and abrasive wear resistance were significantly
improved. Composites fabricated through SLM and the
cell attachment, morphology, and proliferation of these
composites have been evaluated (48). The MMC layers
were formed through the laser cladding and the interface
characteristics are found good.

3.2.1 Synthetic FRPCs

Over the years, the number of products manufactured by
AM has improved by a hefty magnitude. A specific kind of
material that has been in the focus recently is the FRPCs.
The determination to design FRPC parts using AM started
in recent years and scientists are working for the produc-
tion of FRPCs with a range of renowned fibers that include
carbon and glass fibers (28,49). Additively manufactured
FRPCs are cost-effective, and have replaced the conven-
tionally manufactured composites which have societal as
well as environmental impact of an increase in carbon
footprint during their span of life (50). While polymer-
based AM has progressive significance over the past years,
boundaries in the material properties, swift manufac-
turing, and size of the part have relegated this technology
to RPT relatively over traditional manufacturing (26).
There are numerous advantages observed in the FRPCs,
with enrichment of the properties of polymer matrix
materials. The primary difference between the synthetic
and natural fiber-based composites lies on the parameters
such as bio-chemical composition, micro-structure, the
physical property of the fibers, and processing constraints
such as rate of shear, and temperature. Fibers like carbon,
glass, aramid, kevlar, etc., are manmade fibers whereas
plant-based fibers are naturally available, and classified
based on their extractions from animals, plants, and
minerals (16,21,51).

AM has acquired distinct fascination due to its compe-
tency and ability to expand and alter the strength of man-
ufactured composites by reinforcing fibers (52). Printing
orientation is a key factor for the tensile properties of the
material. Further, optimization of the bio-composite fabri-
cation process is required to enrich actuation performance,
robustness for enhancement of the bond strength, and
selection of fiber and matrix (4,16). Investigation on AM
of FRPCs can be segmented into particulate and FRPCs.
Particulate composites that have been formulated using AM
technologies include material extrusion or fused filament
fabrication (FFF) and direct writing, VAT polymerization or
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SLA, additive laser manufacturing, and laminated object
manufacturing (LOM). Fiber-reinforced composites are pro-
duced through powder bed fusion, selective laser sintering
(SLS), and other AM technologies, most frequently material
extrusion is used worldwide (4,26,53).

Synthetic fibers offer a low thermal expansion coeffi-
cient, high thermal conductivity, and low density. Synthetic
FRPCs extend the utmost comprehensible pathway toward
wide-ranging, reasonable, and efficient AM composites
(42,54). The usage of carbon fiber can help the expansion
of material characteristics, reduce the manufacturing time
for composite parts related to conventional/subtractive
methodologies, and diminish warping, facilitating a superior
possibility to shaping the envelope (55,56). Consequently, the
inclusion of carbon fiber into AM methodologies is the cur-
rent topic of research in manufacturing (26,57). Polymeric
materials are the familiar components produced in 3D
printing, delivering an array of combinations and capability
to amend their inner structure and exterior surface and
necessities solicited for precise components, inclusive of
additives for enhancement of the strength of materials
and anti-microbial compounds (58-61). Fibers and single-
walled carbon nanotubes (SWCNTs) are bonded with acry-
lonitrile-butadiene-styrene (ABS) copolymer, developed in
AM technology with a great dispersal capacity and dissemi-
nation of fibers in the matrix and an insignificant porosity.

Improvement of load-resisting properties requires opti-
mization and modification of fiber to ensure improved fiber/
matrix bonding that simultaneously improves the ductile
behavior of the composite materials and their mechanical
properties (51,62). Continuous fiber composites provide high
mechanical strength, expensive composite part production,
the particulate reinforcements with realistically upgraded
mechanical strength, and these are extruded by injection
molding and extrusion processes. The mechanical strengths
of these composites are based on the fiber dispersion and
directional orientation in the composite parts (63). Integra-
tion of AM technology for carbon fiber composites has
shown improved strength, less weight, and precision of
industrial components. Blending of carbon fiber with ABS
polymer feedstock increased the stiffness and strength of
the parts. The insertion of carbon-based synthetic fiber
improves the thermal conductivity and reduces the coeffi-
cient of thermal expansion considerably (54).

The processability, micro-structural and mechanical per-
formance of carbon fiber incorporated composites were
reviewed in contrast to the traditional compression molded
composites. The review indicates improvement in the strength,
modulus, and porosity of additively manufactured composite
samples by a larger percentage compared to conventionally
fabricated composites (64). Carbon-reinforced ABS composites
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are manufactured through AM by changing the content of
fibers and their length (65). Characterization techniques
such as thermo-gravimetric analysis for assessment of
the mass loss, Fourier transform infrared spectroscopy for
approximating the functional groups of the material, and
capillary rheology techniques were used. The outcomes
helped determination of the correlation between the exis-
tence of additives and wt% of carbon fiber, thermal stability,
and definite fiber wt%. However, rheological characteristics
seemed generally unpretentious.

3.2.2 Bio-composites

The notable revolution in the materials world is the usage
of plant fibers with synthetic and bio-polymers. In the
chronicle of composites’ practice across years, the utiliza-
tion of plant fibers has proved to be an appreciable sub-
stitute to synthetic fibers like glass, carbon, aramid, and
kevlar, due to the benefits which include lightweight, inex-
pensive, encompassing deep-rooted supply-chains, trouble-
free recyclable and bio-degradable nature (66,67). Despite a
few deficiencies, researchers found a blessing in disguise
like the moisture sensitivity of a plant fiber which turns
out to be a verdict of hygromorph (self-shaping of the
material through moisture as an actuator). The major plant
fibers are extracted from the parts of the plants like fruit,
leaf, bast, seed, and stalk (51). The common constituents of
plant fibers are cellulose 60-80%, others are hemicellulose,
lignin, and a minor portion of wax, pectin, moisture, and
water-soluble organic components. Plant fibers like sugar-
cane bagasse, rice husk, kenaf, corn husk, coir, hemp,
cotton, banana, bamboo, jute, kapok, milkweed, and wheat
straw have proved to be good acoustic absorbers. Plant
fiber-reinforced composites provide good acoustic coeffi-
cients from the low, mid, and high-frequency spectrum.
These fibers are used in acoustic panels, to convert absorbed
sound energy into heat which can be used for solar applica-
tions (68). In summary, AM technologies use a wide range
of materials for manufacturing various parts with intricate
shapes and sizes rendering parts with a wide spectrum of
properties catering to the needs of various industries. It
could be understood from all the above discussions that
AM technologies for fiber-reinforced composites were
meager and attention has to be paid to AM technologies
that render quality composites for a variety of applica-
tions. 3D printing of biocomposites with bio-based fibers
and biopolymer matrix needs more attention owing to
various manufacturing difficulties. The following section
is dedicated to various AM technologies for manufac-
turing fiber-reinforced composites.



8 =—— Manickam Ramesh et al.

4 AM methodologies

The customary AM methodologies available for the proces-
sing of FRPCs are discussed in this section. Each methodology
has its exclusive sketch and industrialized restrictions
associated with the printing technique, preferred material,
and prospects (appealing, mechanical performance, etc.)
using a visco-elastic model relating the essential require-
ments for the effective printing of FRPC material (69). The
model has four factors, namely, bead formation, material
flow, bead function, and component function. Apart from
the fiber stacking and orientation, AM process constraints
influence the micro-structural and mechanical properties of
the AM components. As the fibers get inclined to the path of
the printed beads, they attain the maximum strength, corre-
spondingly, polymer matrix composites (PMCs) manage for
enhancement of the ductility in the direction where matrix
properties are higher, with the resultant sequence of strength
and ductility in the inclined orientation. The parts printed at
low temperatures have poor interfacial adhesion among the
layers, and the temperature constructed voids diminish
the strength, whereas an average nozzle temperature creates
the maximum strength, modulus, and ductility (70).

AM technology has a lot of individual processes based
on their method of layer manufacturing, input material,
and machines used (4,10,14,16,43,61,71,72). They are formu-
lated by the ASTM F42 committee and include (i) FFF, (ii)
VAT polymerization, (iii) SLS, (iv) direct writing, and (v)
binder jetting. Some of the other AM technologies for fab-
ricating metal-based composites are laser metal deposition
(LMD), laser beam melting (LBM), laser deposition welding,
laser metal fusion, metal laser sintering, laser cladding,
and electron beam melting (EBM). LMD is a process for
melting the surface and applying metal powder using a
coaxial or multi-jet nozzle for building parts. Melt stock
is protected against oxidation through a supply of gases
such as argon or helium produced by carbon dioxide laser.
LBM is based on the metal powder spread in the form of a
thin layer for the creation of a part. EBM is a powder bed
type with similar characteristics to LBM in which the metal
powder is fed through a hopper and distributed through a
rake across the build platform (73).

4.1 FFF technique

FFF is a 3D printing technique that permits LBL build-up of
an AM part of thermo-plastic material via nozzle (44). This is
a very popular AM technique, with the ability of the poly-
meric material to be extruded in the shape of a filament or
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pellet, as exploited in huge configure printers (3,14,16,74-82).
It is also known as fused deposition modelling (FDM) and
one of the viable commercially known techniques of mate-
rial extrusion processes in AM (26,57). This technique is
more suitable for the production of parts with intricate
and complex internal shapes (83). This technique has been
used in the fabrication of FRPCs, varying from particles to
continuous fibrous form. The fibers are reinforced with ther-
moplastic liquid crystalline polymers in the particulate or
continuous form and fabricated through the use of the FFF
technique (78,84,85). Even hemp and harakeke FRPCs are also
fabricated using this method (86).

This method is also convenient for short FRPCs, due to
their extrusion without the need for an extra layer. This
technique has gained a reputation due to its reliable nature,
harmless and effortless fabrication, low-priced feedstock
material, and its accommodation of a range of thermo-plas-
tics as a feedstock for building structures (77). These mate-
rials are environmentally stable and part accuracy can be
obtained (87). Major elements of the process are presented
in Figure 4 (26). The technique permits multi-faceted con-
tour modelling with flexibility in design, unattainable
with conventional industrialized methods. This technique
is shown in Figure 5 (44). In this LBL fashion, the print
head spills out the material, distinct for a particular
plane, transports its Z axis, and the process is repeated
(69,70). The support structures, predominantly using sol-
vents, can enhance the potentiality and develop the sur-
face roughness (77-80).

Filament

Rollers

Heated Nozzles

Printed Part

Build Platform

Figure 4: Scheme of FFF using two materials (26).
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Figure 5: Key elements of the FFF process (44).

It is a fully customizable printer with various key parts
of the equipment such as the extrusion head, framework,
build platform, and build location. The process is based on
a compact extruder, with variations in material devouring
mechanism, and types of extruders and nozzle. The 3D
movement of the head and printer bed depends on the
lead drive and belt mechanism. The printer bed performs
a vertical movement while the head moves in other direc-
tions. The built plate is covered underneath with a bed
consisting of an embedded resistor. The plate gets heated
up with electricity, and while passing through the resistor,
the power is dissipated in the form of heat due to the Joule
effect. This is the control system consisting of all-electric
components, performed through the Arduino (88,89).

4.1.1 Fabrication process

Composite material in the form of filament is used as
a feedstock to the system for designing a part in this tech-
nique. The initial feedstock materials are in three states
as solid (in the form of pellets, wire, and laminate), liquid,
and powder. The feedstock material should be flexible,
stiff, viscous, and conductive in nature, for obtaining a
pre-requisite of an effective model. Initially, FFF was used
to fabricate parts, majorly made up of elastomers, ABS,
and wax. The property of the thermoplastic material is
needed as it is heated at nozzle temperatures up to a semi-
liquid state and extruded. Quick slice software is used in
the determination of the precise volume of ingredients
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and can be used by the CAD prototypical volume (79).
The volume of fibers required is determined by the size
of the CAD model. The constituents of composite materials
like matrix and reinforcement are calculated using the
relationship below:

WMatriX + Vv;einforcemem
[1 - (%lasticizer% + I/Vsurfactantso/o)]

chomposite = @
where Weomposites Watrixs» aNd Wieinforcement are the weight
of the composite material, matrix, and reinforcement.
Whiasticizer aNd Weyrfactants are the wt% of plasticizer and sur-
factant. In the combination, an insignificant % of plasti-
cizer and surfactant are added for better flow, scattering,
and robustness of the composites. The purpose of the soft-
ening agent is to reduce inter-molecular friction between
the polymer matrix molecules. The purpose of the surfac-
tant is to disperse the reinforcement in the polymer matrix
for obtaining a homogenous mixture. The surfactant pre-
cipitate is dusted on the nano-particles to decrease the
elevated energy. The coated nano-particles can give an
upright link to the lower energy surfaces of polymeric
particles (90).

The filaments depleted in this process should have
accuracy in size and moderate strength. A screw type
extruder is the most preferred type for extrusion of feed-
stock filaments for FFF. Its significant benefits include
cost-effectiveness, simplicity, reliability, ruggedness, and
favorable performance (91). The filaments are stored in
the feedstock container and supplied to the system which
is controlled by the computer program. The particular
manufacturing devices use their peculiar software and
processing for the input data. Despite the diverse produ-
cers, these programs have identical distinguishing features
such as layer resolution setting, model, and density of the
support material, and STL processing to layer mode (92).
Representation of process is presented in Figure 6 (74). The
materials used for process are steel, titanium, aluminum,
and their alloys, nickel-based super alloys, Co, Cr and other
numerous metallic as well as polymeric materials (73). An
overview of the materials used for fabrication in this pro-
cess is provided in Table 2.

4.1.2 Process parameters

The parameters to be considered for fabricating quality
parts are: (i) fill pattern, (i) air gap between the layers,
(iii) slice or layer thickness: increment in the layer thick-
ness tends for stimulation of the enhanced impact strength.
Shear stress decreases with increase in the layer thickness,
(iv) nozzle diameter, (v) regulation in the amount of
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Figure 6: Schematic representation of FFF (74).

plasticizer, (vi) the orientation of the filament or build
orientation: it affects the impact resistance with an incred-
ible anisotropy property of the material. Resistance to
the load is seen when the load applied is parallel to the
adjacent layers. The sample breaks when the load applied
is perpendicular to the adjacent layers. Optimization of
this parameter can help increase the mechanical strength
of thermo-plastic AM parts fabricated with the use of
conventional methods, which are inherently poor. (vii)
Printing time: it is based on the build orientation, layer
thickness, type of fiber-reinforced and fiber volume con-
tent. The duration varies according to the type of edges like
flat or curved. The thickness of the layer has a noteworthy
effect on the printing process, since the sum of the layers
is proportional to the thickness as well as printing time
(75,76). The effects of process parameters on tensile strength,
Young’s modulus, yield strength, ductility, and toughness of
carbon fiber reinforced composites are evaluated and the
raster angle, infill speed, layer thickness, and nozzle tem-
perature are considered as major process parameters (93).

There are four major types of printers used based on
the material extrusion system include cartesian, polar,
delta, and robot hand type (Figure 7). In the cartesian 3D
printer, the movement of the extruder depends on the gen-
eral cartesian coordinate system, also labelled by the x, y, z
axes along the three conventional degrees of freedom (94,95).
The major drawback of this system lies in its lower mechan-
ical strength, layering in one constant building direction. In a
polar 3D printer, the movement is in the direction of the polar
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coordinate system. This type has a movable head of prede-
termined length and angle between the points drawing apart.
The delta 3D printer is initiated from the pick and place
application. Its use is found in minimizing production time
by moving the printer head fast. Robot hand 3D printer is
used mainly for enhancement in production. It can produce a
large number of complex structures, due to its flexible nature.
The printer head is attached to the robot arms (94,95).

4.2 VAT polymerization/SLA

It was the first emerged method of AM in the late 1980s
developed by Charles Hull of 3D System Inc. (1,10). This
technique is also known as SLA (10,14,16). The basic prin-
ciple is the initiation of photons where monomers are
divided into a number of molecules (2). It is adaptable
due to its freedom in designing a structure and to scaling.
The design structure varies from the size of the sub-micron
level to the decametric level (96,97). The most commonly
used materials are liquid photo-curable resin and acrylate
(82,98,99). FRPCs are primed using both continuous and
discontinuous nanoscale as well as microscale fibers through
the SLA process (98). A few examples in this category include
glass fiber, alumina powder, silicon carbide, titanium car-
bide, ferromagnetic fibers, bio-glass, graphene, and silicate
oxides. The most common matrices used for fabrication
include epoxy, polyester, and photo-sensitive polyacrylate
resins (52,98,100).

4.2.1 Fabrication process

This process begins with the CAD file through a mathema-
tical equation or from scanning data of imaging technologies
like magnetic resonance imaging or computer tomography
scanning. The STL file format consists of local coordinates
for the creation of the surface of the intended 3D model (1,5).
The parts are sliced into a number of layers, and the infor-
mation is fed into the SLA apparatus. The layer pattern
projected on the resin is filled at the computer-building
stage, either by a laser beam or digital light projection.
The layer is solidified by photo-polymerization by ultra-
violet (UV) light. The elevator table is just underneath
the liquefied surface whose intensity is a light absorption
limit of the polymer and then the elevator table drops in
the user’s specific distance underneath. Like digital light
processing (DLP), the resins/ink used for printing are
photo-curable and reactive diluent materials, which require
careful selection to ensure effective printing. However,
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there are significant variations in the composition of
resin/ink for both SLA and DLP and therefore, comparing
both processes is found to be difficult according to
studies (15).

The LBL of the parts is fabricated to form a 3D object
through polymerization at room temperature. SLA parts
are built with the use of two methods: (i) bottom-up
fashion, and (ii) top-down fashion. In both approaches,

Poiar 30 Printer

Cartesian 30 Printer
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the parts are common, which include a reservoir filled
with liquid photo-curable resin, a source of light, either a
controlled laser beam for a bottom-up approach or digital
light for a top-down approach. The system controls the
horizontal and vertical movement of a light beam, building
a support platform. In the case of a bottom-up approach,
support platform structures rest below the resin layer. The
thin layer is irradiated from overhead and treated on the
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Figure 7: (a) Types of printers based on the extrusion system; and (b) classification of printers based on the number of axes (94).
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topmost of the surface built as is usual in an LBL manner.
Whereas, in the case of a top-down approach, the digital
light is projected from the bottom of the surface to illumi-
nate the resin. Various optical devices such as digital
mirror devices and LCDs are used in the projection of light.
The process of SLA is given in Figure 8. The materials used
for fabrication in the SLA process are listed in Table 2.

4.2.2 Process parameters

Tailoring the process parameters according to the require-
ment plays a major role in deciding the quality of the final
product obtained. AM is considered to be a flexible manu-
facturing technique that can render customized products
as per the need. Understanding the process parameters
involved in AM technologies plays a vital role in the
same. Shrinkage in both the horizontal and transverse
direction of the material is the work of laser power and
pitch. Shrinkage changes with variations in laser power
and layer pitch. Intensification of the laser unveiling den-
sity, and subsiding the pitch, helps upgradation of the load-
bearing property of the finished FRPC component (98). The
intensity of the light source has influence and control over
shrinkage, e.g., acrylate structure, photo-initiator, curing
kinetics, internal stresses, etc. In this process, the para-
meters such as exposure time, layer thickness, and time
span between two consecutive exposures, printing struc-
tures, slicing methods, etc., have a significant influence on

stereolithography fabrication

CT scanning biodegradable é&nétruct

Figure 8: Process of SLA (101).
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the surface roughness, printing accuracy, and mechanical
properties of the additively manufactured composite parts
(102). The other parameters that include warpage, light
source, wavelength of light and their intensity also have
effect on the printing process of SLA than DLP (15).

4.3 Direct writing

Direct writing technique, well-known as direct ink writing
robocasting or 3D plotting (16,103), finds use for conductive
inks, printing of bio-materials, and various composites
(14,104-106). It is a method that comprehends a computer-
assisted transformation stage transporting ink build-up
nozzle for designing a material with well-ordered structural
design and constitution (107). It is a powerful way to create a
3D micro-scale structure of subjective design and function-
ality. It uses viscous ink as feedstock materials which are
composed of materials containing ceramics particles, metal
particles, polyelectrolytes, hydrogel, polymeric, and extra-
cellular matrices (108). For active polyelectrodes used biolo-
gically, electrically, or optically, various ink compositions
with polyelectrolyte mixture are used (108). Multi-material
3D printing using micro-fluidic print heads has the ability to
switch rapidly between multiple inks with the same single
nozzle print heads which has the advantages of tool path
planning and programmable assembly of functional mate-
rials (109). The scheme of the direct writing process is
depicted in Figure 9 (26).

4.3.1 Fabrication process

A CAD model using various derivatives is required for the
building of a model in direct writing. A liquid feedstock
material or slurry or hydrogel is stored in the container of
the syringe. The computer-controlled syringe applies the
required mechanical or pneumatic pressure for the extru-
sion of the feedstock solution. The extruded solution gets
deposited on the building platform in an LBL manner. The
extrusion of feedstock is a bit difficult, due to the absence
of any heating or solidification involved. The ink solidifies
through the use of various mechanisms like visco-elastic
recoil, reservoir coagulation, repulsive force suppression,
UV polymerization, post-fabrication heating, and using
reactive feedstock (99). Bio-active glass-hydroxyapatite,
calcium phosphate, calcium sulphate, hydroxyapatite-TCP,
TCP-silicon dioxide, calcium phosphate-collagen, Vaseline-
titanium dioxide, CNTs with gellan and xanthan, poly(2-
methaoxyaniline-5-sulfonic acid) with CNT, polymers and



DE GRUYTER

quantum dots, polymers with CdSe/ZnS and quantum dots
are some of the combinations of the direct writing process
materials. An overview of the materials used for fabrication
using the direct writing process is provided in Table 2.

4.3.2 Process parameters

The following parameters are considered in the manufac-
ture of quality parts by using the direct writing process. (i)
Feedstock property: the solution must have specific fluid
properties like ink rheological and visco-elastic properties.
(ii) Visco-elastic property: the viscosity maintained should
be from low to moderate since the solution needs extrusion
through the capillary micro-nozzle under applied pressure.
This property is also determined by varying polymer con-
centration, flow behavior, and the rigidity of the extruded
filament. There are two cases based on the viscous nature.
Case 1: when the fluid is highly viscous in nature, higher
nozzle pressure is needed for extrusion. Case 2: when the
fluid is low viscous in nature, lower nozzle pressure is
required, as it flows easily through the nozzle but requires
more time to dry (110).

4.4 Big area AM

Industrial-scale parts from thermoplastic and thermoset
polymers can be processed at an excessive rate. This
method helps to print larger components in large numbers
with a low processing cost (111). The deposition head of the
big area AM (BAAM) setup has the capacity to move at
12.7cms™% It is an extrusion-based method for thermo-
plastics and their composites, similar to customizing a

=
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material in the pellet form. The build quantity and print
integration have greater orders of magnitude than the FFF
units. This method is based on a screw-type conveyor
system, enabling the direct feeding of material and con-
verting it into filaments (Figure 10). This AM technology
exploits nozzle diameters from 5.1 to 7.6 mm and allows
25-50 kg'h™ deposition rate (112,113). Extensive reactive
extrusion procedures enable the AM of thermoset compo-
sites, at higher rates than BAAM (112,114,115). The deposited
material is cross-linked during the process and confirms
the formation of strong bonding at the interface (110,116).

4.5 SLS

It is one of the promising methods of building AM parts by
LBL using powder laser sintering materials with the help of
a radiant heater and computer-controlled laser. It is also
known as laser bed manufacturing or powder bed manu-
facturing (14,16). Polyamides are used as laser sintering
material (10,117,118). The powder is fused with a laser
beam or binder whereas a laser is used with a lower
melting/sintering temperature of powder, otherwise, hinder
is used. SLS is suitable for polymer, metal, and alloy powder
while SLM is mostly suited for metals like steel and alu-
minum than composites (22).

4.5.1 Fabrication process
In the same way as other techniques, the process starts

with a CAD replica of the parts built LBL at distinct inter-
vals of time. The model is sliced into a number of layers,

® ‘—" g—- Reservoirs
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. Printed Part
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Figure 9: Schematic representation of 3D printer: (a) direct write; and (b) reactive extrusion (26).
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Figure 10: High-throughput BAAM extruder (26).

then the sliced layers are scanned onto a pre-heated
powder bed. Very fine loose powder is spread and closely
packed onto the build platform in a chamber filled with
inert gas (10,16). The powder bed is pre-heated for a reduc-
tion in cracking, warpage, and fine surface finishing. When
the powder is exposed to the scanning carbon dioxide laser
of a high beam, it increases the temperature of the powder
surface and solidifies a layer. Once the layer is printed, the
bed is sunk by a gap identical to the carved layer thickness.
Further layers of residue are accumulated by the roller
mechanism and the newly laid layer is exposed. The laser
and powder interaction generates enough heat to fuse the
layers and to form a solid object or by sintering LBL, the
entire part is fabricated. Then, the generated parts are kept in
the cooling chamber at ambient atmosphere and residual loose
powders are removed by vacuum, while processing (117,119,120).
Not all polymers are used as laser sintering materials, since they
do not meet with indispensable mechanical, electrical, and
thermal properties (117,119-121). A wide range of polycarbonate,
polyvinylchloride, ABS, nylon, polyester, polypropylene, polyur-
ethane, and wax are used. The use of nano-sized particles/fillers
in the improvement of the property of polymer is seen in recent
times and the details are shown in Table 2.

4.5.2 Process parameters

The following are the parameters affecting the various prop-
erties of parts: (i) laser power: it affects the morphology of
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the structure. The fusion of the particles is increased with
increasing laser power. The greater the energy imparted,
the higher the particle fusion. As laser power increases,
there is a substantial increase in particle fusion. The bound-
aries between particles become indistinguishable and larger
voids occur. The polymer degrades gradually or vaporizes. As
it vaporizes, the air trapped inside is released, and this leads
to elevated temperature, an exothermic reaction, developing
local burns. (ii) Scan speed: it has a considerable effect on the
height of the particular sintered layer at the scanning speed
ranges of 300-800 mm-s . Longer interaction time directly
leads to a longer period of particle interaction and fusion. It
is a high-energy absorption process and sets the way for the
degradation of powder even in the oxygen-less environment
at a higher scanning speed of about 4,800 mm-s ™. It provides
a short interaction and the particles do not have sufficient
time to interact. It is always better to use a moderate scanning
speed, of around 1,200 mm-s* (94), (iii) Scanning space and
pattern: small scan spacing and parallel pattern, (iv) laser
beam size: LBL fashion is more suitable and the influence
on properties is rather small, (v) temperature set point of
parts: high for better finishing, (vi) powder feed temperature:
properties increase with the increase in feed temperature,
(vii) roller speed: medium to high is preferable, vii) powder
layer thickness: as thin as possible; and (viii) powder size and
shape: excess heat will damage the powder size and shape
which has the least influence (122).

4.6 Binder jetting

Binder jetting process is the commonly used method for
the manufacture of composite parts. It does not require
any specific setup like an enclosed thermal chamber and
laser beam, or energy beam for processing the material
(110). In binder jetting, an inkjet printer is used for printing
the binder. The materials used for the construction of parts
are ceramics, metals, shape memory alloys, aluminum
oxide, and alumina-silica ceramic powder (16,29,123,124).
In recent days, binder jetting is the major process, often
used for framing metal parts, micro-lattice, and nano-lat-
tice structures (119,124,125).

4.6.1 Fabrication process

As per the CAD model of sliced layer format onto a powder
bed, the platform moves evaporating moisture and getting
the binding material to dry. The powder bed is pre-heated
and the temperature is measured using a thermocouple.
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It is motionless and covers the devouring chamber filled
with the powder. Even the temperature can be amplified
by a light source; values are monitored by a data acquisi-
tion device in the computer, and recorded in the LabVIEW
environment (3,29,126,127). Precise consideration of drying
part is imperative and can be done by spreading the binder
deeper into the first layer. Following the completion of one
layer, a fresh layer is recoated on top of it. The addition of
one layer at a time and a binder to translate the model data
to a 3D object is done. It is mandatory to evaluate the
geometrical fidelity of the binder jetting prior to the pro-
cess. It includes layer thickness, bestowing frequency of
the binder as the regulating factor (119,123-125). In the
binder jetting, a droplet of the binder is laid over the powder
bed, partly shaped with the addition, gluing powder parti-
cles. The development of the part is trailed by dropping the
power bed support, and a new layer is created. Careful
handling is necessary for avoiding breakage and is allowed
to cure the binder. The curing temperature is based on the
type of binder used. Then, the parts are sintered in a heating
chamber, where 99% of it is consolidated and shrinkage
occurs up to 25% in most cases. It has been a big challenge
in the binder jetting process (128).

4.6.2 Process parameters

The consistency of the binder jetting components is greatly
influenced by parameters like the thickness of the layer,
powder shape and size, distribution pattern, drop volume,
binding materials’ viscosity and saturation temperature,
print head speed, number of layers printed, spraying velo-
city, drying speed, curing time, number of base layers, etc.
Usage of powder mixtures shows enhanced parts proper-
ties, strength, and less shrinkage after sintering. Residual
loose powder is removed after printing through the com-
pressor (119). Based on the material used, the consolidation
mechanism is classified as (i) solid-state sintering, (ii) full
melting, (iii) melting at different phases, (iv) liquid-phase
sintering, and (v) chemical binding. An overview of the
material used for fabrication is given in Table 2.

4.7 Properties of additively manufactured
FRPCs

Industrialization has been done for bracing manufacturers
and designers through the entire product or process design
for the evaluation of the characteristics and properties of
the product (8). Properties of AM products can be increased
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with the addition of various reinforcements. Most of the
AM polymer components are used as hypothetical models
rather than as function-based modules since the products
manufactured by AM have deficient strength (33). The
properties of the additively manufactured FRPCs match
those of ubiquitous, denser structural metals, and these
properties show nearly isotropic behavior (49). Depending
on the affinity, fibers with different structures can be
mixed with different matrix materials, thereby creating
stronger parts with improved mechanical properties. Para-
meters like raster angle, infill speed, layer thickness, and
nozzle temperature also have a big influence on the prop-
erties of FRPC products. A combination of polyhydroxyalk-
anoate (PHA) matrix, recycled wood fibers, and polylactic
acid (PLA) was tried by some researchers for property
improvement of the composites.

AM process has the problem of void formation between
the deposition lines, which turns out to be favorable for the
acoustic characteristics since the pores and voids readily
absorb the sound waves (133). Experimental work was car-
ried out on synthetic and plant fibers reinforced hybrid PLA
composites fabricated by using a 3D printing process in
accordance with ASTM D638. The extrusion and direct
deposition method exhibited greater tensile strength insig-
nificantly, representing the feasibility of fabricating through
AM (28). The promising prospect of the specimen strength is
the effect of direct tensile loading on consistent fibers, which
sustains this intensity, despite the trials not having process
defects. Composite materials should be bonded properly
at the interface for good performance. This plays a major
role in the properties of FRPCs as it transfers load from
the matrix to the reinforcing fibers and induces stress
transfer between them. Good bonding at the interfacial
region yields higher mechanical strength and stiffness while
poor bonding provides lower strength and stiffness (134).
The desired interfacial bonding in the 3D printing of FRPCs
was achieved through the reinforcement of continuous
fibers with PLA, which resulted in significant improvement
in tensile and flexural strength (135).

The properties of wood-based composites are influenced
by the printing width, and their microstructure is modified.
Mechanical properties are seen as considerably lower than
the samples prepared by the compression molding process,
due to weak inter-laminar bonding (136). Foaming and fiber
pre-stressing are feasible techniques for finding the density
reduction and improvement in the mechanical strength of bio-
based polymers. These utilize the intrinsically high stiffness
and strength of plant fibers in the production of composites
with superior performance (137). This has been elaborated as
a bio-printed peptide, chemically united with sodium alginate
scaffold for exterior tissue engineering applications (138).
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The mechanical properties of carbon fibers and ABS
composites fabricated by using the AM process were eval-
uated by Ning et al. (139). They found that the performance
of a composite with 150 um fiber length in terms of tensile
strength, Young’s modulus, toughness, and ductility was
superior compared to a composite with 100 um fiber
length. Carbon fibers were reinforced with PLA and the
composites were fabricated using the material extrusion
AM process (140). The mechanical properties and micro-
structure of these composites were evaluated and no signifi-
cant effect was seen on their mechanical properties. A study
of the mechanical and thermal properties of carbon fiber-
reinforced polyamide-12 composites fabricated by using the
FDM process was made (141). The results showed the greatest
improvement in thermal conductivity of the composites com-
pared to neat polyamide-12 composites. Zhong et al. prepared
carbon fiber-reinforced ABS composites and examined their
properties (85). Results showed a significant increase in the
strength and hardness of the composites.

The inter-laminar shear strength (ILSS) of 3D printed
composite samples in regard to layer thickness and fiber
volume content was examined by Caminero et al. (76). They
found an increase in ILSS with increasing fiber content and
better ILSS in the carbon fiber-reinforced composites than
Kevlar fiber-reinforced composites. Chung and Das (142)
fabricated glass fibers reinforced nylon composites using
SLS and performed theoretical modelling, numerical ana-
lysis, and experimental investigation. Results showed that
the glass fibers enhanced the strength of the composites
considerably. Experimental analysis on glass and carbon
fibers reinforced hybrid polymer composites fabricated by
UV-3D printing was conducted (143). The results showed
improvement in mechanical and thermal properties. Assess-
ment of micro-structural characteristics, tensile, flexural,
and quasi-static indentation characteristics of the carbon
and glass fiber reinforced hybrid composites fabricated by
FFF was made and a considerable increase in the above-
mentioned characteristics was found (144).

Continuous jute and carbon fiber-reinforced PLA com-
posites were fabricated and their properties were studied
(145). The study showed a significant improvement in ten-
sile strength compared to the results of polymer composites
made with the use of conventional methods. The wear studies
of Al,Osincorporated nylon-based composites made by FFF
were analyzed (146). The results showed the addition of Al,04
with the nylon matrix causing an increase in the wear resis-
tance of the materials. The compatibility of AlCuFeB nano-
particles as filler materials in the composites made up of SLS
was investigated by Kenzari et al. (147). The results showed
the produced parts had low friction and wear characteristics
compared to other composites. The results further revealed
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the parts as porosity-free filler materials enhancing appli-
cations of the composites. Aluminum/ABS, aluminum/
polyamide-6, and carbon fiber reinforced layered hybrid
composites were prepared through the use of the add-joining
process and their mechanical properties were studied (148).
The results showed that the mechanical properties of the
add-joining composite parts were comparable to the parts
produced with conventional process.

4.8 Characterization of 3D printed composites

Additively manufactured FRP composites were usually char-
acterized by various techniques to analyze their failure
modes, gain structural information regarding the internal
microstructure, the fracture behavior of the additively man-
ufactured composites under various loading conditions, and
fracture crack propagation to understand the internal char-
acteristics of the 3D printed component. Numerous methods
including optical microscopy, scanning electron microscopy
(SEM), X-ray tomography, and transmission electron micro-
scopy (TEM) are used for the structure analysis (149,150).
Few experimenters studied the mechanical properties of
continuous carbon fiber-reinforced polyamide composites
manufactured through the FDM technique. The 3D printed
specimen, after being subjected to tensile and flexural tests,
was examined using SEM to understand the fracture surface
morphology. Specifically, SEM was used to identify the frac-
ture mechanism which was observed to be dependent on
the fiber volume fraction, print quality, and internal struc-
ture of the 3D-printed specimen. It was also observed from
various micrographs that fiber pullout was predominant
due to the good interfacial adhesion between fiber and
matrix (151,152). Figure 11a and b shows the SEM image of
continuous carbon fiber polyamide composites.

A few experiments were carried out by reinforcing
basalt fiber reinforced PLA composites and additively man-
ufactured using conventional FDM technique with unidir-
ectional fiber orientation and alternative LBL orientation.
3D X-ray tomography was used to characterize the aniso-
tropic fracture behavior of the composites. It was stated in
the results of the characterization that the fracture beha-
vior of the multiscale hierarchal microstructure formed a
single macro-matrix from the micro-sized fibers embedded
within the filaments. This clearly portrayed that the altera-
tion in printing direction could bring significant changes in
the mechanical properties of the composites (152-154).
Figure 11c and d depict the tensile fracture morphology
of 0° and 0°/90° basalt fiber reinforced composites. The
red and blue region indicates various failure modes in
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Figure 11: SEM images of 3D printed (a) and (b) carbon fiber reinforced polyamide composites (151), (c) and (d) basalt fiber reinforced composites
(152), (e) and (f) interfacial characteristics of short carbon-reinforced polyamide composites (156), and (g) and (h) PLA and recycled PLA compo-

sites (159).

which the fiber and matrix have failed during tensile
loading. Some other experiments focused on assessing
the interfacial characteristics of short carbon fiber rein-
forced polyamide composites in various fiber orientation

angles. The specimens were subjected to double cantilever
beam and end notch bending tests and the fracture mor-
phology was observed using the SEM technique. It was stated
in the results that lower matrix content led to lower internal
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quality of the fiber bundle and low impregnation quality. It
was also observed from the morphology that though the con-
tinuous filaments seem straight while printing, they appeared
to be curved during the morphological analysis despite stable
material stiffness (155,156). Figure 1le and f depict the SEM
images of short carbon-reinforced polyamide composites and
their interfacial characteristics.

Some other experiments were carried out by 3D printing
of PLA and recycled PLA filaments and the specimens were
subjected to mechanical property evaluation. Fracture sur-
face morphology was analyzed using SEM and the results
portrayed that PLA was subjected to some localized failures
during loading due to its inherent brittleness which offered
the roughness to the PLA filaments. Though some voids and
air gaps were found in the morphology, the layer thickness
was found to have higher influence over the mechanical
properties of the composites (157-159). Figure 11g and h
denotes the fracture surface morphology of 3D printed PLA
and recycled PLA composites.

4.9 Process parameters-property
relationships

The process parameters-property relationships of additively
made FRPCs are explained in this section. The process para-
meters have a considerable impact on the properties of the
composite parts. Most of the FRPC research works feature a
significant number of mechanical tests on the maximization
of the strength, modulus, and dimensional accuracy through
variation in process parameters and employment of diverse
design of experiments. Different process parameters such as
build orientation, layer thickness, processing temperature,
and printing speed were examined by several researchers
(160). Chacén et al. (161) investigated the effect of build
orientation, layer thickness, and fiber volume content on
the mechanical performance of 3D printed continuous
FRPCs fabricated with the use of the AM technique. Tensile
and three-point bending tests were performed for the deter-
mination of the mechanical strength of the printed speci-
mens. The influence of layer thickness on the mechanical
performance of nylon samples was seen as marginally sig-
nificant. Continuous FRPC samples have better strength and
stiffness than unreinforced materials. Carbon fiber rein-
forced composites are known for the best mechanical per-
formance, with higher stiffness, and flat samples have
higher strength and stiffness values than on-edge samples,
according to the findings. The results also showed increase in
the strength and stiffness with the increase in fiber volume
content, but the level of increase in mechanical performance
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is moderate with continual increase in fiber content, parti-
cularly in the case of kevlar and glass fibers, due to the weak
bonding between the fiber/nylon layers as well as the pre-
sence of defects.

4.9.1 Influence of process parameters

The major influencing parameters in processing of composites
through AM are raster angle, print speed, layer thickness,
repeated heating and cooling, print platform temperature,
infill speed, nozzle temperature, nozzle diameter, etc.
Among these parameters, the raster angle, infill speed, layer
thickness, and nozzle temperature need careful considera-
tion during processing. Print and infill speeds control the
volume of extruded filament and cross-sectional geometry
of the specimen. Nozzle temperature has influence on
fluidity and solidification of the extruded filament. The
raster angle indicates the direction of printing regarding
the longitudinal axis of the specimen. The raster angle and
layer thickness have direct effects on mechanical properties
such as Young’s modulus, toughness, ductility, strength, etc.,
of the final product. In addition, post-processing methods
can also influence the mechanical properties of the AM
composite parts. The performance characteristics and inter-
faces of AM composite parts were analyzed through inves-
tigation of the effect of process parameters on pressure and
temperature (162). The results showed the achievement of
good impregnation of fibers and plastics, and improvement
in bond strength by taking the layer thickness of 0.4-0.6 mm
and hatch gap of 0.6 mm. The results further revealed the
achievement of maximum flexural strength and modulus at
27% fiber content. The mechanical properties of parts fab-
ricated with the use of conventional methods are inherently
poor (163-166). Optimization of processing parameters such
as build orientation, layer thickness, and feed rate has been
investigated for improvement in the mechanical properties
of the composite parts (167).

Figure 12a shows a rise in the tensile strength and
elastic modulus rise and a subsequent fall with rise in
printing temperature. Tensile strength increased by 4.5%
and elastic modulus increased by 11% when the printing
temperature raised from 200°C to 230°C. The tensile strength
decreased by 1% and the elastic modulus fell by 3% when the
printing temperature was increased from 230°C to 240°C. As a
result of the printing temperature being too low or too high,
the mechanical strength of the samples was not optimal.
When the printing temperature was too low, the material
did not melt, affecting the forming process of the sample.
When the printing temperature was too high, the upper layer
of material did not cool completely after melting, causing
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Figure 12: Load vs displacement curve represents effect of printing temperature and printing speed on (a) and (b) tensile strength, and (c) and (d)

lattice structure (168).

errors in the forming process and decreasing the mechanical
strength of the sample (168).

A rise in the tensile strength and elastic modulus was
seen following the increase in the printing speed, according
to the findings (Figure 12b). The highest tensile strength is
51 MPa, and the maximum elastic modulus was 5,100 MPa,
with an average growth rate of 2.3% and 10.3% when
printing at 60 mm-min~' (168). The maximum load was
509N, according to the load displacement curve, when
displacement was loaded to 1.6 mm, and the load vs displa-
cement curve was linear (Figure 12c). Following the displa-
cement and increase in the linear elastic stage, the upper

ring was deformed, and the lower ring experienced elastic
deformation. The cell body deformed elastically when pres-
sured. The cell wall collapsed quickly when the compression
force approached the critical load for cell wall collapse. With
an insignificant change in the load, there was a dramatic
growth in displacement and the cell wall collapsed, resulting
in a huge platform surface with good energy absorption. The
load vs displacement curve for different printing speeds in
Figure 12d shows a similar change trend to the load vs dis-
placement curve for different printing temperatures in
Figure 12c, which changed only at the maximum load and
displacement at each stage. As a result, the conclusion
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drawn from the load vs displacement curve was compar-
able; hence no further explanation was required (168).

As previously stated, printing time is directly propor-
tional to the manufacturing cost and likewise directly con-
nected to the build orientation, as evidenced by the results
reported earlier. The printing time for upright samples was
the longest, while that for on-edge samples was the shortest.
The primary process parameters that had the greatest
impact on printing time were layer thickness and feed
rate. A reduction in both on-edge and flat orientations,
and printing time was seen following an increase in feed
rate. However, for high feed rate values, printing time
remained nearly constant, as explained in the case of the
upright orientation (169).

4.9.2 Influence of build orientation

The mechanical properties, particularly ductility and failure
behavior, had a strong impact on the build orientation.
Tensile and flexural strengths and stiffness were the highest
in on-edge and flat orientations, whereas they were the
lowest in upright orientation. Inter-layer fusion bond failure
and trans-layer failure are the two main failure types that
can cause these disparities. The samples were pulled par-
allel to the layer deposition direction and the force was
perpendicular to the fibers for upright orientation, resulting
in inter-layer fusion bond failure. Inter-layer fusion bonds
between neighboring layers or fibers, rather than the fibers
themselves, survived the majority of the applied force in this
scenario, layer or fiber-to-fiber adhesion had a substantial
impact on tensile strength (169).

4.9.3 Influence of layer thickness

The number of layers required for printing an object and
layer thickness is directly proportional to the printing time.
Growth in layer thickness was seen, causing an increase in
the printing time and yield of high production costs. The
influence of layer thickness on mechanical properties due
to build orientation was different for upright samples also
on edge and flat samples. Better layer thickness appeared
to create higher strength in upright samples (169). This impact
can be explained by the fact that, as layer thickness increased,
fewer layers were required for a given overall thickness,
reducing the number of layer bonds and increasing strength.
With the increase in the feed rate, this trend became more
pronounced. In short, the results showed that, as layer thick-
ness grew, tensile and flexural strengths increased in the
upright orientation. Except in the case of low layer thickness,
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the variations in tensile and flexural strength were of minor
consequence in on-edge and flat orientations. The response
surface analysis graph in Figure 13 shows agreement with
these findings (169).

4.9.4 Influence of feed rate

The change in ductility with the feed rate was more
important than the fluctuations in tensile and flexural
strengths in terms of ductile or brittle behavior of the
samples. Increased feed rate resulted in a considerable
reduction in printing time, with the implication of a
fall in production cost following an increase in feed
rate. The maximum tensile and flexural strength of the
upright orientation sample dropped as the feed rate rose.
Except in the case of high feed rate under tensile loading
and two typical situations for on-edge oriented samples:
tensile performance with feed rate of 20 mm-s* and flex-
ural performance with feed rate of 80 mm-s™* (169), the
effect of feed rate on tensile and flexural strength was of
minor significance in the case of on-edge and flat orienta-
tions. As the feed rate rose, the maximum tensile plastic
strain at fracture fell, but to a lower extent than with
increased layer thickness. With increased feed rate, the
reduction in flexural strain at fracture was insignificant.
In terms of stiffness, big variations in tensile and flexural
moduli were seen depending on the feed rate. Finally, as
the feed rate increased, tensile and flexural strength
dropped in the upright orientation. Due to reduction in
printing time, high feed rate values, with the need for
avoiding in this circumstance.

4.10 Optimization of AM processes

Computational mechanics (CM) and deep neural networks
(DNNs) are the optimization tools for solving several engi-
neering problems. These tools have shown impressive
results in areas such as visual recognition. There is great
flexibility to define their structure and important advances
in the architecture and the efficiency of the algorithms to
implement them make DNNs a very interesting alternative
to approximate the solution. In a research work, the mechan-
ical problems are analyzed by Samaniego et al (170) using CM
and DNNs. They found that the energy of a mechanical
system seems to be the natural loss function for a machine
learning (ML) method to approach a mechanical problem. An
opensource software, namely, PERMIX is used for modelling
and simulation of fracture in parts manufactured through
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Figure 13: Response surface plots for mechanical properties (169).

AM process. The fracture in the part is modelled with the use
of finite element method and the result showed that the effi-
ciency of the developed software is good for modelling and
crack propagation (171).

Among ML algorithms the neural network is most used
model due to its computational power and sophisticated
architecture. Convolutional neural network (CNN) as a
deep learning (DL) tool has attracted the researchers due
to its excellent performance in analyzing the image data.
CNN for the prediction of part mass, support material

mass, and build time of AM parts have been developed
and found that the CNN was more accurate than the linear
regression model for the prediction of the part metrics
(172). The manufacturability of the designed part through
AM have been checked with the use of CNN and obtained
above 93% accuracy on results (173).

DL is a version of ML and used for any artificial neural
network (ANN) with more hidden layers (174). A review
has been conducted by Qi et al. (175) on the advantages
of using neural network to the aspects of AM including



24 —— Manickam Ramesh et al.

part design, modelling, and quality evaluation. It is very
difficult to maintain the quality of AM parts while neural
network strongly relies on data collection. A novel ANN
based optimization technique is used for the minimization
in the geometric inaccuracies of the part produced through
AM process. This method is used for the determination of
optimal build orientation of the part with respect to part
quality and manufacturability. Results showed significant
improvement in the part’s dimensional accuracy (176).
ANN is used for the optimization of composite structure
with the consideration of manufacturability to ensure the
print quality of the part produced through AM. The result
showed that the optimized composite structure can improve
the stiffness of the model and the optimized design has been
successfully implemented for the fabrication of parts through
the AM process (177).

4.11 Comparison of AM processes

Material fabrication techniques are classified according to
the form of the raw material such as powder, liquid, and
solid. Some AM techniques use powder as a material with a
single component and a combination of components with a
binder. Liquids are used as raw material which needs soli-
dification by melting, depositing, and resolidifying the
material. These stages are followed by shape melting and
ballistic particle manufacturing. Liquids are polymerized
by a single frequency light in SLA, and thermal polymer-
ization using heat. Solid-based raw materials are bound
using grains by melting the components together in the
interference melting, sheets are glued by LOM and also
through foil polymerization (1). The comparative analysis
of different AM processes is presented in Table 3.

4.12 4D printing

This section includes illustrations of some advances in 4D
printing related to FRPCs exhibiting physical transforma-
tions of the printed pieces/structures. The main drawback
of 3D printing is that the initial state of the printed struc-
ture is motionless and inert (189). A new-fangled concept
called 4D printing was launched in 2013 to overcome this
problem, allowing bioengineered paradigms to be pre-pro-
grammed for advancement in a specific way after lithography
(190). 4D printing is the development of the construction of a
touchable item using suitable AM technology, resting on the
sequential layers of stimuli-responsive composite or multi-
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material with unreliable properties (191,192). 4D printing
shows an amendment in product design and industrialized
methods from stationary structures to vibrant structures like
shape memory material with unified functionalities.

Unlike 3D technology, 4D printing has the capability of
contour and functionality transformation when subjected
to inherent/peripheral stimuli permitting an additional
precise imitation of the dynamics of the instinctive tissues,
based on the integration of smart bio-materials (193,194).
The use of fibers has been seen in 4D printing while agreeing
with additional strength for regulation and employment of
variation in the shape or engorgement after 3D printing,
instantaneously out of the printing bed (195). Moreover, as
anticipated, 4D bio-printing or laser-supported bioprinting
has currently emerged. 4D bio-printing is a specified exten-
sion of 3D bio-printing aiming at the reconstruction of the bio-
chemical and bio-physical structure, as well as the ordered
morphology of several tissues through the use of stimuli-
responsive bio-materials and cells (196).

In 4D printing, accompanying properties are vital, and
polymers or polymeric composites are used entirely in this
technology. Subsequently, they are seen as extra miscella-
neous in terms of both active shape-changing behavior and
material designability (190). 4D printing is a new concept,
there are limited technologies with appropriateness for
printing flexible objects used in the manufacture of multi-
material objects and created on accumulating curable liquid
photo-polymers in a LBL fashion. SLM is used for generating
metallic components. Lately, a technology appropriate for
printing polymeric solutions termed direct write printing
has been established for enabling 4D printing for bio-medical
applications (110). As for 4D bio-printing, this technology has
scarcely emerged, there are numerous important challenges
seen in articulation such as (i) the 4D constructs involve
synergy among cells and bio-ink; (ii) the cells requisite persist
both the printing procedure and the stimuli essential for
shape change, and (iii) the response competence of the 4D
formulated paradigm must not be weakened by the insertion
of cells (197). An assessment of the abovementioned litho-
graphy technologies is shown in Figure 14 (9).

5 Applications of AM polymer
composite products

The usage of AM in various fields like aviation, bio-medical
instrumentation, and electronics goods manufacturing increases
day by day, as evidenced by Wohler’s Report 2020. This has been
proved through the data relating to money spent annually on



25

lew

A revi

AM (3D printing) technologies for FRPCs

DE GRUYTER

(panupuo))

S9UN1INJIS Lews ajesld

01 51328} J3Y10 pue S$21U0J1I33 Jo Buiypuaug .

aJnyejnuew Buunp susWSI04UIRI 1G]
sjeuslew

snouiea buisn Ag saun3anais jo buunpejnuey «

SanIARY punodwod yiim

sued pjing 03 3nduyip Aj9relapow s i
abe)sem |elis1ew IO

abesn Jamod ybiH

pa>npoud

3q ued yibuans ybiy yum sued
pasn juabe

Buipuoq ay3 uo juspuadap

s sjppow jo Buipuoq pue yibuails
‘Buljpuey |elJaleW JO SSAUSSI[1I0HT

INO1 puebuiinidenuew

(£812S) ped duewoab [eussiul xajdwo) . ?13deud |elsjew aenbapeur . 9214d |e2IWOU0IR Je ssad04d Apaads « 3AIPpPe dluosel|n uofjeujwe| 13yYs
2JN1PNIISODIW PAUIWIIBP
9J1eud |eusiew alenbapeuy -3.d e pue suonedijdde uone.olsal
199 paredpnue yam paads pue Aijenb adepns sy .
ans1yde 03 buissadoud isod sued jeuonduny
sJossaidwod pue ‘siaquieyd e op 03 Alessadau i ‘|elaiew dnse|d 92U3||99X3 YIIM YIOM [NeYJaA0
uonsnquwod ‘auibua sysi|q ‘s|i0j04ae ‘sapeq Jo Jaded Y| [eLR1ew jo adAy 0y ‘lelJa1ew ppe 03 pasn Ajuowwod Buippe)d Jase| g¢ uonisodap
(z8L181) au1q.n) Jo |neyJano 31| suonedidde sdedsouay  1d3dsas yum saiea sued jo Bulysiul . s1 ssa30.d siyy jo abejueape ue|y ‘uonisodap |elaw 1.1 Kbiaua parauIq
s1aquy Jo uoisnul
3Y3 yum ANsodsia uisal panosdw] « 3|qissod
jusuodwod |ednynns S| sJ3q1} Jo Juawubije wopuey «
J04 3|qenp aq 03 syed Joy buund 6% 00z J0 3ybiam [ppow wnwixew
3s0d |13 saJnpnJis Woddns paaN « pue 00S x 008 x 000°L:000°L
uIsaJ ul J3ql} JO UOIeIUSWIPIS S| uoisuawip 133(qo :ssadoud
pue suisaJ-ojoyd jo [elsleW PayWIT . Jay0 03 pasedwod sease pjing abie7 «
s3|qqnq Jie Jo uUonewJoq . ssa20.d 21e43pON -
sybijpeay yesdie aledsuel) uisaJ Jo [enowal uonN|osaJ Jaul4 «
pue ‘sbif ‘sioop Aijua ‘syaeq ieas ‘sjpued azis ||ny pue aw buissado.d ysod aAISUIIXT . ysiul [eniauaq uonezlRwAjod
(08L6/L7S)  ‘sqouy| |eUOIdUNY 31| SAII0SSIIIE UIged Jesddly ANISN|IXT pue SSaudleJndde Jo [9A9] 18l . Aydesboyyijoalars VYA
ysiuly Jo aduaUIWR
9SIeJ 01 JaPJO Ul [BYIA S| [elialew
3y uo paydde ainssaud jueisuo) .
SSaUYIY} 3JZzou 0}
pawi| s13onpoid pusa ay3 O UoisaId «
pabbojd s1eb szzou ‘uonipuod
Buipeo| uswadiopuial Jaybiy
1y "sassa204d Jayro0 03 pasedwod pazijeuos.tad Ajises aq
Mo| s1 Juawdojaaap 1onpoud Jo paads . ued speay juid [euoISUSWIP SNOLIBA
d2eds Jo sanIjIgIXaLul Y3 adeys punou qgiyxa osje aJnjeay abesn |eudlew-NINA .
pueisyum o3 Ajiqe pue 3ybramybil a1 sanpeded JIlm sabpa pue siaui0d |esayduad $S9304d UO[IRIIIQR) SSAIOYT
JO 3SNe3Q JaN0J SIBN SYSYN Ul PaINJaxa aJe dieys axyew o3 ajgedndeldw A)jIqissadde Jo ases pue
syued Jnsejdow.ayy apesb buninideinuew 9 o/ SI 3 pue 19)1n0 adeys JendJ ul aJe saiuadoud [eanydniys snoabejuenpe
1sow|ysJiedas ped Joj swn panosdwi pue ybram s9|zzou ‘synpoud paysiuly jo Ajenb s 03 anp pasn s dnsejd sgy Bujjapow
(8/1791'7S)  painpal aAey 03 punoy aJe sued Q4 [eBW |V s91eba[aJ Sniped 3|Zzou Pa||0JIuo) . $S920.d JUBDIJD puR UMOUX-|[PM » odap pasn{  UOISNIXD [eLIRIRI
EN suopesddy STETNET (| SHIBN aweu [epJAWWO) $S320.1d

sassadoud Y Jo uosuedwo) :g ajqeL



DE GRUYTER

Manickam Ramesh et al.

26

poylaw siyy buisn pajesrigey

3Q ued s[elsalew dnolq ‘siojdeded‘sjuauodwod

K1sneq cuse-ozaid s|eliarew juajjadal‘sielaw

(881) SAIPNPUO‘sINSe|d I1IIIBBIPSI0IINPUOIIWIS

sape|q auigJny pue siajedw] «
ssa204d sIy)

saxem pue siawAjod
91| S|elalew paywi| uo paseq

pauiene aq ued uoisiaid ybiy v
Kio3ebijqo si jeusrew 1oddng

ssaz04d

||eJ9A0 3Y) JO UonRINP By} dSeadul
ued buissadoad 1sod jeuonippy

sued |ean1dnals Joj 3|geunsun syed
9Y) S9yew [eLIa)ew Japuig Jo asn ayL

syed jeury ay3 ur Aysosod ybiy
9zis uredb Japmod uo juapuadsp
pue ybnou a.e syued jo buiysiui4
abesn Jamod ybIH

s1aqy Ayrbua|

YuM [elisiew salisodwod aiedliqey
03 d|qissodw pue suopewi| dzIS
sanadoud

|eanpnuas sjelsarew ul fHuspyag
paads mojs AjpAnesedwo)

ss9204d 3uUo Japun sJojod jo abues
apim pue sued [ealew ajdinw
aJedaid 03 smojje ssax04d By
papJedsIp aJe s|elalew Ssa| Uy
‘wio} s3a|doJp ul [euarew bunisodap
Jo foeandae ybiy spie ssadoud ayy
poylaw siy3 ybnoayy Ajuo s|qissod
s| sbuipeo| pi1jos Jaybiy yum sain|s
saiadoud [edjUuRYIRW J3Y3I0

pue suoneulqwod Japmod-iapulq
JuaJayIp Jo Jaquinu bunywiad
|elsarew jo abueu apim jo abesn ay|
ssa204d Jaisey Apanesedwo)
SJweldd pue siawAjod

‘leaw 31| S|eldlew Jo SdI0Yd IPIM
paJedaid

3q ued syued paJojod snolep
pasnaJ aq ued siapmod pasnun
suondo [eu1ew Jo abuel apip
a.npnJis

Buiioddns e se spe Japmod
auiydew dol 3|qe}

Buisn ajeas |jews adnpoud 01 Ajiqy
paulene ag ued JUIWII0II

J0 Junowe abny yym sausodwio)
sadfyoyoud

pue S|9powW [BNSIA 40} 3|qeNNS
pasud-mo| Aiie4

saJnnJis Woddns pue
Buissadoud-1sod jo juswalinbas oN
£3JE [BUO[}IIS-SSOJD dINIUD

ay3 J0u ‘auipno adeys ayy uo Ajuo
aInoJ bumnd sy 03 anp bupi|s 1se4

punum 121

Bunund gg

Bumsal jeusien

Bumsal Jspuig

Buiauls Jase| aARIRS  UOISNy paq Japmod

(£81'981)  ybnouys parediige; oq ued siaquieyd Huioo) .
syuauodwod |eandun jo Bulneynuew

(S81L781°2S) [ebip 13341p pue sued [euondUNy-UoN
YN suonedjddy

P IRELITET¢]

SIIBN

awieu |eJawwo)

§59304d

panupuo) :€ a|qel



DE GRUYTER

AM (3D printing) technologies for FRPCs: A review == 27

3D printing system

Y

A\

Non-responsive materials

3D bioprinting

3D printing

Without cells

With cells

Stimuli-responsive materials

4D printing 4D bioprinting
\c')
Without cells With cells

Figure 14: Schematic illustration indicating the foremost disputes among 3D and 4D printing (9).

AM (10,19). The AM market is estimated to rise at 14.4% reaching
USD 23.33 hillion in 2026. Clients of aviation-related businesses
show interest in composite materials due to their lightweight,
acceptable strength, and easy transportation. In recent years,
AM technology is widely used in the aviation industry in the
design and fabrication of thin-walled composite parts based on a
global design for AM methodology and also rib-structure with a
large pocket, aiming for lightweight aircraft materials without
compromising on mechanical strength (4). The functionally
graded materials manufactured by AM for missile applica-
tion offer better properties than the fabricated component
(198). The composites used for this application are usually
fabricated with the use of conventional methods such as
heat or cold pressing. Only simple structural components
are produced through the use of conventional methods,
AM provides complex structural components with enhanced
mechanical properties, is lightweight, and has achieved
almost its near-net shape composites (199).

Aerospace components are mostly complex geometries and
demand high performance like the leading edge of hypersonic

vehicle and spacecraft propulsion systems, nozzle throat inserts,
and missile nose cones to withstand high temperatures through
the use of functionally graded materials (3,14,200), for
improved performance of advanced gas turbine engines
compressor blades, or blisks aerofoils (201). Hollow turbine
blades are fabricated rapidly with a sintering temperature
strength setup from 500°C (202) (Figure 15). Polymer-based
materials like epoxy, ABS, and nylon are often used for the
parts of aircraft engines and missile parts (203). The current
trend of AM has been combined with the conventional
casting techniques for the reduction in the density of mate-
rial inevitably with the weight of the airplane components,
helping in the reduction in carbon emission, and consump-
tion. A few leading aviation giants have commenced using
AM for manufacturing their parts and a few examples are
shown in Figure 16 (200).

The process of AM used in health-care is generally
known as bio-printing of FRPCs. It is a computer-assisted
manufacture of tissues, scaffolds, and cells, for creation of
organs through layering of cells. This is one of the ground-
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Figure 15: 3D printed high-pressure turbine blades (202).

breaking resolutions to the healthcare crisis for organ scar-
city and transplantation (204). The major considerations of
these products used in the bio-medical applications are
bio-degradable, bio-compatible, enhanced bending prop-
erty, mechanical strength and bio-mimicking nature, and
for hard parts like bones, porosity, compressive strength,
and few biotic properties such as osteo-conduction and
osteo-integration (205,206). There are three approaches
involved in bio-printing of FRPCs:
(i) Biomimicry:Creation of a structure similar to the nat-
ural structure of muscles and organs in the human

Figure 16: Aerospace parts fabricated using the FFF process (200).

DE GRUYTER

body. It also needs imitation of shape, framework,

and micro-environment of tissue.
(ii) Autonomous self-assembly: The process of embryonic
organ development depends on histogenesis, influen-
cing composition position, and properties of tissues.
Mini tissue: Structural and functional unit of tissue.
Some of the energy system design components are
manufactured using AM for seizing the benefit of
AM capabilities. The major concerns are in the areas
of maintenance and repair, in various industries as
prospective applications, progress justifiable indica-
tors for sustainability measurement in AM processes,
products for recognition of viable industrial mate-
rials (207).

(iii)

With the advent of enhanced AM technology, AM of 3D
porous structures for the application in bone tissue engi-
neering is emerging. Simultaneously, the integration of
artificial intelligence for 3D printing of biologically compli-
cated porous structures through laser-based techniques
has also emerged. By careful optimization of process para-
meters, the 3D printing of porous structures can be fully
ripened (208,209). Recently, the number of patients requiring
organs has been doubled and the number of transplants has
also increased. AM competes for a vital role in the medicinal
field through the use of medical implants and medicinal Kits.
This is considered as the cutting-edge technology that crafts
advance novelties and adopts multifarious medical issues.
This is evidently validated by the outcomes attained in

Interfacial
Bonding

DRAWBACKS

Discontinu'ltv

and Flaw

Figure 17: The challenges and limitations of FRPCs manufactured
through AM.
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Table 4: Possible ways of improving the properties of parts produced by AM techniques
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Properties that need to be Possible ways Ref.

enhanced

Mechanical Low printing speed and minimum layer thickness due to better bonding between layers (216)

Shape memory Addition of nano-filler into various printable resins increases the flexibility and also shape (217-219)
memory property by repeated stretching and bending

Morphing and visco-elastic Use of multi-material (220)

property
Electrically active composite

Addition of carbon nano-fillers

(197,221,222)

regenerative medicine, diagnosis, implantations, and simu-
lated organs (210). The usage of AM composite products in
craniomaxilliofacial implants for severe head injury, tissue

hearing aids, etc. (9,211,212).

Table 5: Drawbacks of AM in processing of FRPCs and suggestions

structures, tissue engineering scaffolds, 3D printed material
for oral and maxillofacial surgery, bone tissue engineering,

Drawbacks

Causes and possible ways to overcome

Ref.

Sizing limitations

Fiber volume and orientation

Interfacial bonding
Property
Electric and magnetic properties

Budget

Blockage in printer nozzle

Design flexibility
Defects

Discontinuities and flaws

Porosity

Cost reduction of machines and
materials
Limited technology adaptation

Most common liquid polymers, powder, ceramic, and photo-polymers are used. These
materials reduce AM to make massive sized products due to excess requirement of resources
and also the properties are influenced. Large-sized objects take time to complete the
production process

FRPCs manufactured through AM suffer from low strength and stiffness as compared to their
conventional counterparts due to the limitation of low fiber volume. Increasing the degrees of
freedom of the fiber placement in the matrix in such a way that the properties may be
improved in all directions

Good bonding between the matrix and fibers is essential to enhance the properties of the
composites

Alternative trial tackled in the material type is the major constraint in the properties of the
FRPCs

Improvement of electrical conductivity and magnetic properties of PMCs by selecting the
appropriate fibers and matrices

The deepest barrier for 3D printing is based on the consumption of money and the expected
product quality from the users. AM equipment is contemplated to be excessive financing than
conventional machinery. AM machine cost is estimated to be as high as 70% of the
conventional machines

Contemporary 3D printing is friendly to particular resin inclusion of reinforcements like filler,
particulate can damage the printer’s nozzle through agglomeration, blockage in printer heads,
and increased curing time

Presently only limited materials are accessible for fiber-based composites, which has limited
applications and design flexibility

Recent methodologies and material preferences escort to the establishment of substantial
defects in the finished products, have an undesirable influence on the accessible strength
Some of the AM parts contain discontinuities and flaws such as porosity and deficit of fusion
are generally probable and they occur usually among the layers, decreasing the load-carrying
extent and mechanical strengths of the parts. There is a linkage among unprocessed material,
type of discontinuity, process parameters, and post-processing

Preventing void formation inside the specimen by choosing proper process parameters like
nozzle temperature, cooling speed, printing speed, etc.

When direct writing techniques are used for printing multi-material part orientation of each
nozzle and its jump and halt ink flow on-demand, without flaws or defects is hectic

Due to the limited availability of the industrial-scale AM printers, it is necessary to develop new
materials and printers in order to make them available at lower cost

Considering the advantages of AM fabricated parts in making lightweight and sustainable
products, integration of the technology to other field of studies will have to grow

(223,224)

(225)

(226)

(227)

(228)
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6 Challenges, limitations, and
opportunities

While a significant quantity of evolution has been crafted
in the field of AM, there are several investigations to be
taken up for finding solutions to encounters seen. AM gives
supreme flexibility in the manipulation around conven-
tional methods, but numerous restrictions hampered the
advancement of the marketplace (213). These include the
impracticality of reproducing materials, slow print, inade-
quate accessibility, imprecise actuation, and expensive
printer heads, with no prospect of printing additional
materials (9). AM has numerous advantages for economic
and environmental society. The major challenges and lim-
itations of FRPCs manufactured through AM are depicted
in Figure 17.

The limitations seen in the use of nanoparticles in AM
include nozzle clogging, and rough surface finish of printed
parts. The distribution of nanoparticles inside composite
materials was investigated and the requirement of emul-
sion polymerization for avoiding agglomeration of nanopar-
ticles and production of good interfacial bonding between
the reinforcements and the matrix material has been seen
(214). 1t is found the parts produced by AM have a low
degree of agglomeration, porosities, and cracks compared
to traditional ways of building composites (2,215). Shofner
et al. (62) processed carbon fibers and ABS material by FDM
and studied issues related to porosity, dispersion, and align-
ment of fibers. Drawbacks seen were the inefficient process
and lack of proven techniques. Direct printing of natural
fiber composites through the available 3D printing techni-
ques was also not feasible due to the dispersion effects
which have to be eradicated through suitable means. In
recent times, self-printing 3D printers have been developed
for the printing of functional materials based on real-time
applications and parameters. The 3D printed materials post
cures itself after 3D printing which can be put directly to
application. The possible ways of improving the properties
of parts produced by AM techniques are presented in Table 4.
Researchers worldwide are working on the methods for over-
coming the drawbacks of AM in processing of FRPCs, which
are listed in Table 5.

7 Summary and conclusion

This review focuses on the different AM technologies
involved in the processing of FRPCs and their process para-
meters for enhancement of the productivity, reduction in
mass material usage, cost-efficient, and enhanced parts

DE GRUYTER

functionality. Besides, this technology is seen whirling
into a multi-disciplinary arena, with the requirement of
proficiency of researchers beyond their strategic province
of study, including ecology, bio-medical, and bio-chemistry.
This review also shows the bonding between fiber and the
matrix material playing a major role in strength distribu-
tion and the strength of the additively manufactured con-
tinuous fibers reinforced composites is high compared
with the short fibers reinforced ones. The practice of con-
tinuous improvement, health and safety standards, use of
energy efficient methods, and utilization of machineries
are the most influential factors for sustainable manufac-
turing processes of composites.

Several printing parameters have influence on the prop-
erties of the materials that include printing time, orientation,
laser power, scanning velocity, power feeding rate, gas feeding
rate, substrate material, printing speed, etc. Inter-layer failure
has been seen in build orientation, which has resulted in
decreased strength and stiffness. On the other hand, the max-
imum mechanical properties have been found in on-edge and
flat samples, with the demonstration of translayer failure.
Variations in the effect of layer thickness on the tensile and
flexural strength of FRPCs have been seen depending on the
construction orientation. Ductility was shown to diminish with
a rise in layer thickness. A decrease in tensile and flexural
strength was seen following a rise in the feed rate. A reduction
in ductility was also seen following the increase in layer thick-
ness, similar to the impact of layer thickness. With the best
printing time, strength, and stiffness, ductile behavior is
sought.

This review further reveals the mechanical properties
of additively manufactured FRPCs as highly influenced by
the fiber layer thickness inside the laminate and a signifi-
cant increment due to the further addition of fibers. It
suggests 3D printing as an evolving technology that is
viable, momentary evolving, and expected to be a foremost
concept in material technology. Perceptions in this field are
deceptive in space, bio-medical, fabric processing, smart
clothing, microchip technology, robotics, and beyond. The
conclusion is that, in the next few years, AM will become a
focal component in all the fields of manufacturing and
progress strongly as a salient method of manufacturing
covering all classes of materials including FRPCs.
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