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Reinforced polymers have gained a significant interest in the research community in recent years due to
their enhanced performance as compared to their parent polymers. Nanosized reinforcement-based poly-
mer composites have shown a considerable enhancement in performance as compared to micro-/macro-
sized fillers. But achieving a high degree of filler alignment in nanocomposites via conventional manufac-
turing techniques continues to be a challenging task. Additive manufacturing (AM) is a possible solution to
this challenge and has undergone a significant development in recent years. AM is an efficient technique to
fabricate nanocomposites in complex shapes which uses a layer-by-layer method to fabricate materials and
thereby eliminates the need for multi-step processing and the use of fasteners/joints to fabricate complex
structures. Due to a wide range of properties and the existence of carbon in a variety of forms, carbon filler-
based polymer matrix composites are suitable for applications in several technical sectors. AM of carbon-
based structures and fiber-reinforced polymer composites enables the production of highly customized
parts with a high degree of filler alignment. AM techniques which are generally employed for the fabri-
cation of carbon-based fillers/fiber-reinforced polymer composites are fused deposition modeling, stere-
olithography, direct ink writing and selective laser sintering. Although AM techniques are efficient, some
critical issues such as voids and defects between interlayers, the low adhesion strength between filaments,

part curling and insufficient curing of layers need to be addressed to utilize its full potential.

Keywords additive manufacturing, carbon, composites, polymers Abbreviations
AM Additive manufacturing
FDM Fused deposition modeling
SLA Stereolithography
- DIW Direct ink writing
1. Introduction SLS Selective laser sintering
AMTs Additive manufacturing techniques
The physical and mechanical properties of composite CAD Computer-aided design
material can be tailored by an appropriate selection of its VP Vat photopolymerization
constituents. Designing a composite at the microstructure level MJ Material jetting
and varying the processing techniques may also be used to BJ Binder jetting
tailor its properties (Ref 1). To design a composite at a ME Material extrusion
microstructural level, a variety of reinforcements can be PBF Powder bed fusion
considered; these include discrete particles (Ref 2), unidirec- SL Sheet lamination
tional short (Ref 3) and continuous fibers (Ref 4), two- DED Directed energy deposition
dimensional woven fabric (Ref 5), three-dimensional fiber SWCNTs/SWNTs  Single-walled carbon nanotubes
arrangement with stitched layers (Ref 6), and randomly MWCNTs/MWNTs  Multiwalled carbon nanotubes
oriented fibers (Ref 7). The filler orientation (Ref 8) is also PBT Polybutylene terephthalate
taken into consideration. However, using conventional tech- ABS Acrylonitrile-butadiene-styrene
niques (i.e., hand lay-up and resin transfer molding) to PVA/PVOH Polyvinylalcohol
manufacture a composite structure with a designed architecture ALO; Aluminum oxide
can impose some technological barriers such as curvature of 710, Zirconium dioxide
laminates (Ref 1). Thus, its performance may exhibit some BaTiO; Barium titanate
SiC Silicon carbide
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Abbreviations

PA Polyamide

STL Standard tessellation language
CAM  Computer-aided manufacturing
HBC Heated build chamber

CNT Carbon nanotubes

LDM  Liquid deposition modeling
CFRP  Carbon fiber-reinforced polymer composite
uv Ultraviolet

VIS Visible

PEO Poly(ethylene oxide)

FDD Fiber dispensing device

PCL Poly(caprolactone)

HA Hydroxyapatite

PANI  Polyaniline

PEEK  Polyether ether ketone

GO Graphene oxide

PLG Polylactide-co-glycolide
hMSCs Human mesenchymal stem cells
GNP Graphene nanoplatelet

PA-12  Polyamide-12

RHEC Rat heart endothelial cells

deviations from the predicted model. Furthermore, conven-
tional manufacturing and machining methods may lead to the
wastage of material, the formation of a variety of defect types
and geometric inaccuracy in the final product (Ref 9).
Therefore, the need to develop new manufacturing techniques
that are able to eliminate the limitations of conventional
manufacturing techniques led to an interest in additive man-
ufacturing techniques (AMTs). AMTs can be used to fabricate a
near net shape composite part with tailored orientation of
reinforcement throughout various sections.

AMTs, also known as 3D printing, rapid prototyping, rapid
manufacturing, and freeform fabrication, involve the manufac-
ture of an object from 3D model data by the process of joining
materials, often layer-by-layer (LBL) on the macro- or

microscale (Ref 10-14). To compare the surface characteristics
of a fabricated component, a pump bowl fabricated by sand
casting and 3D printing is shown in Fig. 1. Since AM processes
are based on adding materials to create an object, rather than
subtractive manufacture, the level of material waste to obtain
the final product is reduced and good geometric accuracy can
also be achieved. AM is able to transform a 3D CAD model
into the final product without requiring any process planning,
extra tooling, and fixtures (Ref 15). Therefore, there is no need
to design molds or special fixtures and assemblies to fabricate a
complex-shaped part. AM can also reduce the design-manu-
facturing cycle time, thus decreases the manufacturing cost (Ref
16).

Additive manufacturing can be achieved through a variety
of processes, where the method of building and consolidating
each layer varies with the process. AM processes can be
categorized according to the method of controlling layer
fabrication, i.e., variable mass, variable energy, and variable
mass and energy process (Ref 17). In the variable mass process,
layer formation controls mass while keeping the energy
constant, whereas, in a variable energy process, selective
bonding of a constant mass takes place by variable energy. Both
mass and energy vary in variable mass and energy processes.
Some AM processes use photopolymer liquids as starting
materials (Ref 18), while others use powders (Ref 19),
filament/paste (Ref 20) or solid sheets (Ref 21) as the starting
material. The working principle of the AM process varies with
the state of starting material. An ASTM committee F42 divided
AM processes into seven main categories, namely.

VAT photopolymerization (VP),
Material jetting (MJ),

Binder jetting (BJ),

Material extrusion (ME),

Powder bed fusion (PBF),

Sheet lamination (SL),

Directed energy deposition (DED).

Nounkwh =

VP, BJ, PBF, and SL can be grouped into variable mass
processes, whereas MJ and ME can be grouped into variable
energy processes. Both mass and energy vary in DED. These

Fig. 1 A pump bowl fabricated by (a) conventional sand casting and (b) 3D printing
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seven categories can further be classified into several AM
technologies which are shown in Table 1.

The broad classification of AM technologies is presented in
Table 1, but some AM technologies adopted for the manufac-
turing of composites can differ somewhat. Table 2 shows
examples of additively manufactured composites and their
adopted AM technology.

From Table 2, it can be observed that AMTs can be used to
manufacture composites with a variety of reinforcement
geometries. The properties of the reinforcement play a vital
role in determining the effective properties of final composites.
Researchers have worked on various reinforcements, but the
use of carbon-based reinforcements is increasing at a significant
rate. The properties of carbon-based materials (CBMs) depend
upon the local bonding of carbon atoms. Thus, their properties

Table 1 Main AM processes and technologies

AM process AM technologies

—

VAT photopolymeriza- . Stereolithography (SLA)

tion . Direct light processing (DLP)
Continuous DLP (CDLP)
Material jetting Material jetting
Nanoparticle jetting
Drop-on-demand (DOD)
Binder jetting Binder jetting

Material extrusion
Powder bed fusion

Fused deposition modeling (FDM)

Selective laser sintering (SLS)

Selective laser melting (SLM)

Direct metal laser sintering (DMLS)

Electron beam melting (EBM)

Multijet fusion (MJF)

Selective heat sintering (SHS)

1. Ultrasonic additive manufacturing

(UAM)

2. Laminated object manufacturing (LOM)

Direct energy deposition 1. Laser-engineered net shape (LENS)
2. Electron beam additive manufacture

(EBAM)

R N S N L

Sheet lamination

differ greatly although they are made up of the same element,
and examples of CBMs are shown in Fig. 2.

CBMs possess excellent electronic (Ref 37), mechanical
(Ref 38), thermal (Ref 39), optical (Ref 40), hydrogen sorption
(Ref 41), and magnetic properties (Ref 42). Thus, these
materials are potential reinforcements in polymer matrix
composites. The additive manufacturing of CBMs-reinforced
polymer matrix composites (CBMPCs) can be realized by
several methods, which are discussed in the next section. Fac-
tors that need to be considered for the additive manufacturing
of CBMPCs include the viscosity of filler/matrix mixture and
bonding between matrix and filler (Ref 43). Thermosetting as
well as thermoplastic polymer materials, such as epoxy resin
(Ref 44), polylactic acid (PLA) (Ref 45), polycarbonate (PC)
(Ref 46), polyamide (PA) and many others (Ref 47), can be
processed by additive manufacturing.

This review focuses on the AM of carbon materials-based
small-scale structures and fiber-reinforced polymer composites
for engineering applications. Although few reviews are already
present on the AM of carbon fillers-based polymer composites,
they are mainly focused on the fused deposition modeling
process. In this review, other widely adopted AM processes for
carbon fillers-based polymer composites are also considered. In
the first section, examples of AM processes adopted for the
fabrication of CBMPCs are discussed. Then, some additively
manufactured CBMPCs with their properties and performances
are examined.

2. Main AM Technologies Adopted for the Fabri-
cation of CBMPCs

Several AM technologies have been used for the fabrication
of CBMPCs, where each technology has its advantages and
disadvantages. The main AM technologies adopted for the
fabrication of CBMPCs are discussed in this section with their
advantages and disadvantages summarized in Table 3.

Table 2 Examples of additively manufactured composite materials and adopted process

Composite material AM technology References
Multiwalled carbon nanotubes (MWCNTs)/polylactic acid (PLA) Liquid deposition modeling Ref 22
Graphene/polybutylene terephthalate (PBT) Fused deposition modeling Ref 23
Graphene/acrylonitrile-butadiene-styrene (ABS) Fused deposition modeling Ref 24
Carbon nanotubes/acrylonitrile-butadiene-styrene (ABS) Fused deposition modeling Ref 25
Carbon nanotubes/polyvinylalcohol (PVOH) Fused deposition modeling Ref 26
Carbon fibers/acrylonitrile-butadiene-styrene (ABS) Fused deposition modeling Ref 16
Al,05/Z10, Stereolithography Ref 27
BaTiO5;/ABS Fused deposition modeling Ref 28
Al,Os/urethane diacrylate and Isobornyl acrylate 3D magnetic printing (SLA based) Ref 29
Optical fiber/aluminum Ultrasonic additive manufacturing Ref 30
Carbon and SiC whiskers/epoxy cellular composite Fused deposition modeling Ref 31
Acrylamide gel/epoxy Stereolithography Ref 32
SWCNT/alginate Multinozzle biopolymer deposition Ref 33
Copper wire/BendLay polymer Fiber Encapsulation Additive Manufacturing Ref 34
VeroWhitePlus/TangoBlackPlus (both are acrylic-based photopolymer resins) Dual material jetting (SLA based) Ref 35
TiC/Ti6Al4V (a titanium alloy) Laser melting deposition Ref 36
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Fig. 2 Carbon-based materials, (a) graphite, (b) diamond, (c) single-layer graphene, (d) single-walled and multi-walled carbon nanotubes, and

(e) carbon fibers

2.1 Fused Deposition Modeling (FDM)

Among the various AM technologies shown in Table 3,
FDM is used most widely for the fabrication of polymer matrix
composites due to minimal material wastage, low cost, and ease
of material change (Ref 16). The process involves a computer-
controlled material extrusion and deposition process. The
standard tessellation language (STL) file generated by CAD
software is sliced into horizontal layers, and these horizontal
layers are built up layer-by-layer onto a platform, as shown in
Fig. 3. In this process, a geometric model is initially generated
using CAD software. The geometric model is then translated
into an STL file which is exported to a CAM unit. The model is
examined for optimum deposition direction, and the STL file is
mathematically sliced into horizontal layers. Support structures
are then generated. The created tool paths are reviewed, and the
data are sent to the FDM system (Ref 52).

FDM system includes a material feed mechanism, print
head, liquefier, gantry and builds surfaces as key elements (Ref
53). In FDM systems, filaments of the desired material are fed
to an extrusion nozzle from a spool of materials. The heated
extrusion nozzle melts the filaments, and the melted materials
are extruded and deposited over a flat base called the build
platform or table. The motion of the nozzle, and the table, is
controlled by a computer along both horizontal and vertical
directions. The extruded materials are deposited layer-by-layer,
and the diameter of the nozzle defines the resolution of printing.
These layers then fuse and solidify into the final part. Printing
parameters such as raster angle, raster width, printing orienta-
tion, model build temperature, air gap, and layer thickness can
be altered to control the quality of printed parts (Ref 54, 55).

To fabricate particulate and chopped fiber-reinforced poly-
mer composites, reinforcements are mixed with thermoplastic
filaments before their loading in the printer (Ref 4). Some
printers also use multi-printer heads to fabricate composites
(Ref 56). However, continuous fibers-reinforced composites
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cannot be fabricated by simply mixing the fibers with
thermoplastic filaments. There is currently no standard and
robust technique to fabricate continuous fibers-reinforced
polymer composites. To fabricate continuous fiber composites,
an in-nozzle impregnation method is generally used (Ref 4, 57),
as shown in Fig. 2(b). Figure 4 shows a schematic represen-
tation of FDM and in-nozzle impregnation setup with some 3D-
printed composites.

The in-nozzle impregnation method utilizes a conical nozzle
to print the composites in which continuous fiber and polymer
filament are supplied separately and mixed uniformly by
heating the polymer filament to its glass transition temperature
(Ref 57). Continuous fiber-reinforced polymers stick to the
panel during printing and provides a sufficient traction force to
the incoming mixture (Ref 57). This traction force pulls
polymer-cladded fiber out of the nozzle and builds the part
layer-by-layer.

Several carbon-based particulate and fiber-reinforced poly-
mer composites have been fabricated by the FDM approach.
Wei et al. (Ref 58) fabricated graphene/ABS composite by
FDM, and it was found that the temperature of the nozzle,
heated build chamber (HBC), heated build platform, and the
glass transition temperature of the printing materials affect the
print quality. The temperature of the heated build chamber
should be sufficiently high to soften the matrix and low enough
so that it should not degrade the polymer ingredients. A high
concentration of filler may lead to jamming of the nozzle. In
addition, the incorporation of hard carbonaceous reinforce-
ments in polymer filaments may lead to the wear of nozzle,
which subsequently reduces the resolution of printing (Ref 23).
This also degrades the esthetics and the functional properties of
the composites. Thus, designing the nozzle to print abrasive
materials and prevent jamming of the nozzle at a high
concentration of filler should be taken into consideration (Ref
23, 58).
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Table 3 Advantages and disadvantages of main AM technologies for CBMPCs fabrication

AM technology Advantages Disadvantages
Fused deposition modeling (FDM) Low cost Removing support material from the model may
support matera Clean and easy process lead to damage of model
A wide range of thermoplastic Lines between the layers are generally observed
Suld mareral materials can be used in the fabricated part
Compact size of setup makes it appropriate High porosity
for remote manufacturing abilities Weak link between the different layers. Thus, it

Build material

spool may lead to delamination of layers upon loading

- Chance of blockage of nozzle
Built object

Support material

(Ref 48)
Stereolithography (SLA) High accuracy Limited to UV-curable resins
Large-sized parts can be manufactured UV-curable resins generally brittle and low
/- % “ Printing resolution is high (50-100 pum) strength
Laser A considerable degree of design freedom SLA system is expensive
Elevator—». f - 1mer bem Limited finishing required in printed parts
Liquid
polymer
Layered part
Moving
platform
(Ref 49)
Direct ink writing (DIW) Excellent surface finish of fabricated Process is slow
part (i.e., surface roughness of about Fabricated parts are fragile
tens of microns) Printing resolution is low. (200400 pm)

Room temperature processing environment

Pressure
regulator

(Ref 50)
Selective laser sintering (SLS) Less reliance for supports Fabricated parts are generally porous
Complex parts can be fabricated with ease ~ Rough surface of fabricated parts
g 5;2’:::" A wide range of materials can be printed Thermal distortion may occur which can cause
Fast process warping and shrinking of fabricated parts

laser fabricated
roller object

powder bed
powder

delivery
system

(Ref 51)
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Fig. 3 Flowchart showing building up of layers. Reprinted from Ref. 1 with permission from Elsevier, Copyright 2015
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Fig. 4 Schematic of a (a) typical FDM setup and (b) in-nozzle impregnation, (c) 3D-printed monolayer of polybutylene terephthalate (PBT)/
CNT composite (C1) and PBT/graphene composite (C2) with their SEM images. Panel (a) is reprinted from Ref 54 with permission from
Elsevier, Copyright 2016. Panel (b) is reprinted from Ref 57 with permission from Elsevier, Copyright 2016. Panel (c) is reprinted from Ref 23

Gnanasekaran et al. (Ref 23) fabricated CNT and graphene-
based polybutylene terephthalate (PBT) composites. They
observed a ridge pattern between the different layers since the
printing nozzle touched the previously printed layers leading to
material flow, although reducing the nozzle temperature may
eliminate this problem, but it leads to an increase in viscosity
which increases the tendency of nozzle jam. Thus, the nozzle
temperature must be chosen to balance these two phenomena.
Carbon nanotubes have also been used in combination with
acrylonitrile-butadiene-styrene (ABS) (Ref 25, 59) and
polyvinylalcohol (PVOH) (Ref 26). Prashantha and Roger
(Ref 60) fabricated graphene/PLA composites by FDM and
found that the time between the deposition of continuous
filaments affects the porosity of fabricated composites. Less

Journal of Materials Engineering and Performance

porosity was observed when the deposition time was shorter,
and this was due to better inter-joining and interaction between
contiguous filaments. This low porosity was due to the low-
temperature difference between already printed layers and the
layer being printed. Better inter-joining can also be obtained by
increasing the heating time using hot air (Ref 61); however, this
may result in a disruption of morphology. Sweeney et al. (Ref
62) fabricated CNT/PLA films by FDM and showed that local
microwave heating can be used to weld the printed filaments
which reduce the probability of delamination of filaments
during in-service conditions; this use of local heating does not
affect the morphology. Dul et al. (Ref 24) incorporated 4 wt.%
graphene nanoplatelets in an ABS matrix to form a nanocom-
posite by FDM where they found that the microstructure of the

Volume 29(7) July 2020—4167



3D-printed parts changes with build orientation of the layers.
The mechanical properties also vary with the change in build
orientation. A slight variant of FDM, termed liquid deposition
modeling (LDM), has also been developed which eliminates
the heating and melting of filament in the nozzle (Ref 22). The
part can be printed directly from the liquid precursors.
Postiglione et al. (Ref 22) fabricated MWCNT/PLA composites
by LDM, and it is cost-effective as compared to the typical
FDM process.

Carbon fiber-reinforced polymer composites have also been
fabricated by FDM. Ning et al. (Ref 16) fabricated short carbon
fiber-reinforced polymer composite by FDM. They showed that
porosity increases when the content of carbon fiber increased to
10 wt.%, and this was due to inconsistent fusion of layers
because of different carbon fiber distributions in the filament.
Ning et al. (Ref 63) also fabricated carbon fiber-reinforced
polymer composite (CFRP) by FDM with 5 wt.% of chopped
carbon fibers in an ABS matrix. They found that the process
parameters such as raster angle, nozzle temperature, infill
speed, and layer thickness affect the mechanical properties of
the fabricated composite. Tekinalp et al. (Ref 64) showed that
FDM yields a high orientation of short carbon fibers in the
printing direction (~ 91.5%), whereas compression molding
leads to a low orientation of fibers in a specific direction.

Continuous carbon fiber-reinforced polymer composites can
also be fabricated using FDM. Li et al. (Ref 57) fabricated
continuous carbon fiber/PLA composites and showed that
continuous fibers can be printed along a curved path. The
nozzle flattens the printed carbon fiber/PLA composite which
results in good fusion. However, there is a slight variation in the
width of PLA resin between carbon fibers. Hatch spacing
(central distance between two adjacent lines) also affects the
quality of printing in continuous carbon fiber-reinforced
polymer composites using FDM (Ref 57). Decreasing the
hatch spacing causes the overlapping of layers, and increasing
it may lead to the low resolution of printing.

The continuous carbon fiber-reinforced thermoplastic poly-
mers had been fabricated via FDM. The FDM-based platform
could be modified to print thermosetting polymers-based
composites. In a research work, Hao et al. (Ref 65) slightly
modified FDM setup to print continuous carbon fiber-rein-
forced epoxy composites. In their modified setup, the fiber
bundle from the supply coil firstly proceeded through the epoxy
spool before entering the printing head. A three-rod mechanism
was used to control the content of epoxy on the fiber bundle.
After printing, the composite was cured at a high temperature.

FDM is a widely used process in the fabrication of polymer
composites. There are several other techniques that are
employed for the fabrication of polymer composites which
are discussed in the subsequent sections.

2.2 Stereolithography

Stereolithography (SLA) takes less time for fabrication as
compared to other conventional prototype techniques such as
FDM and SLS (Ref 66). The process utilizes a UV or VIS light
source to construct an object by curing a thin layer of liquid
resin via photopolymerization layer-by-layer (Ref 67). Com-
mercial SLA was developed in 1986 by 3D systems (Ref 68),
and to fabricate a component using the SLA technique, initial
steps such as the generation of STL file and the mathematical
slicing of the model are carried out in the same way as in FDM
process. After slicing, the data are transferred to an SLA

4168—Volume 29(7) July 2020

apparatus and the component is fabricated by spatially con-
trolled solidification (by photopolymerization) of liquid resin.
The surface of the resin is illuminated at specific locations by a
computer-controlled laser beam (Fig. 5a) or a digital light
projector (Fig. 5b). This results in solidification of the resin to a
certain depth, and it adheres to the support platform. The
platform is then moved away from the surface with a depth
slightly smaller than the curing depth, and the process is
repeated until the whole component is generated. The excess
resin is then washed off to obtain green structure which is post-
cured, generally by ultraviolet light to enhance its mechanical
properties.

Several carbon-based polymer matrix composites have been
fabricated by the SLA technique. Kalsoom et al. (Ref 69)
fabricated a microdiamond-reinforced acrylate resin composite
using the SLA technique. SEM images of the fabricated
composite are shown in Fig. 5(c) and (d), and they found that
adhesion of the printed layer to the printer platform depends
upon the concentration of filler; it was noted that the higher the
filler concentration, the lower the adhesion. Furthermore, the
concentration of filler also affected the curing time. It can be
observed from Fig. 5(c) and (d) that the gap between diamond
particles was significant at 10 wt.% filler, whereas it reduced to
a greater extent at 30 wt.%, which affected the curing time.

Chiappone et al. (Ref 70) fabricated graphene oxide (GO)-
reinforced PEO-acrylates composites and found that an increase
in the concentration of filler led to an increase in curing time by
UV-Vis light. A photoinitiator working under the light of a
longer wavelength can also be used to ensure better curing, and
the cure depth of resin also depends upon the time of exposure
of UV-Vis light (Ref 71). However, incorporating a filler also
affects the curing characteristics of the resin. They also
compared the curing characteristics of the composite film
under thermal treatment and UV-Vis light. Thus, parameters
such as exposure time and wavelength of light should be
optimized to achieve uniform curing extents throughout the
layer. Sandoval et al. (Ref 72) fabricated MWCNTs-reinforced
epoxy resin composites by SLA. They found that a long
exposure time leads to the generation of internal stresses during
curing which may cause the deformation (“curling’’) of layers,
as can be observed in Fig. 5(f). Figure 5(¢) shows a specimen
of pure epoxy resin which does not exhibit any part curling.
Incorporation of MWCNTs also leads to a significant increase
in the surface tension of the MWCNTs/epoxy mixture which
also causes deformation of layers and overall fabricated part.

SLA generally leads to a random orientation of the
particulate filler without controlling any orientation (Ref 74,
75). However, the orientation of continuous fibers can be
controlled in SLA (Ref 76). To reinforce continuous fibers, a
fiber dispensing device (FDD) is generally used which is
controlled electronically by a motion controller regulated by a
computer (Ref 77). FDD dispenses fiber tows on the surface of
the base member. There is a relative motion between base and
FDD which enables FDD to dispense multiple fiber tows at
different locations. Reinforcing carbon fibers in polymers
increases its opacity toward UV light (Ref 78). Thus, it is
difficult to cure resin nearby fiber and embedded in between the
fiber filaments.

2.3 Direct Ink Writing

Direct ink writing (DIW) is an alternative to FDM which
prints viscoelastic materials under ambient conditions (Ref 79).

Journal of Materials Engineering and Performance
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Fig. 5 Schematic showing (a) bottom-up (computer-controlled laser beam) and (b) top-down (digital light projector) approach for
stereolithography. SEM images showing microdiamond-reinforced acrylate resin composite fabricated by DLP-based SLA technique when the
weight percentage of microdiamond is (c) 10% and (d) 30%. SEM images showing (e) epoxy resin specimen and MWCNTs-reinforced epoxy
resin composite fabricated by SLA. Panels (a) and (b) are reprinted from (Ref 73) with permission from Elsevier, Copyright 2012. Panels (c) and
(d) are republished with permission of Royal Society of Chemistry, from “A 3D printable diamond polymer composite: A novel material for
fabrication of low cost thermally conducting devices,” U. Kalsoom, A. Peristyy, P. Nesterenko, B. Paull, Vol 6 (44), Copyright 2016 (Ref 69);
permission conveyed through Copyright Clearance Center, Inc. Panels (e) and (f) are reprinted by permission from Springer Nature: Springer

Nature, Journal of Materials Science (Ref 72), Copyright 2006

In DIW, a controlled flow rate of ink (material mixture in the
liquid phase) is dispensed from a fine deposition nozzle using a
pressurized syringe and is deposited in a similar fashion to
FDM. Its setup is almost the same as the setup for FDM, as can
be observed from Fig. 6. Post-curing of fabricated parts is
required to achieve appropriate mechanical properties. 3D
structures with high aspect ratio, continuous solids or spanning
features can be constructed by direct ink writing.

DIW techniques are generally divided into filamentary-
based (e.g., robocasting and micro-open writing) and droplet-
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based (e.g., ink-jet printing and hot melt printing) approaches
(Ref 80). The design of ink and its rheology are crucial
parameters. To design appropriate inks, its viscoelastic response
and setting capability are kept in mind. The viscoelastic
response determines its “flow” characteristics through the
deposition nozzle, and an ideal ink should possess shear
thinning behavior with moderate yield stress (Ref 81) to
facilitate extrusion under a shear force. It is to be set time
(pseudoplastic to dilatant recovery) that should be low to
facilitate shape retention of deposited features. Compressive
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Fig. 6 Schematic showing setup for direct ink writing. The top left image is reprinted from (Ref 83). © IOP Publishing. Reproduced with
permission. All rights reserved. The right and bottom left images are reproduced from (Ref 84) and (Ref 85), respectively

stresses are generally induced from capillary tension (Ref 82).
Thus, the volume fraction of colloid should be high to minimize
shrinkage due to drying after generation of the part. The
generated particle network should be able to resist the induced
compressive stresses. But high colloidal volume fraction may
affect the viscoelastic response and set time of the ink. Thus,
the optimum of the three parameters is required.

Dorj et al. (Ref 86) fabricated a nanocomposite bone
scaffold of ionically modified carbon nanotubes (imCNTs)-
reinforced poly(caprolactone) (PCL)—hydroxyapatite (HA) by
robocasting. They found that the incorporation of 0.2 wt.% of
imCNTs in PCL-HA has good flow -characteristics and
significantly improved the elastic modulus and compressive
strength of scaffolds. Lewicki et al. (Ref 81) fabricated meso-
structurally ordered carbon fiber and silica/polymer composites
by DIW. Their investigation showed that a high degree of fiber
alignment could be achieved using DIW, as shown in Fig. 7(a),
which outperformed the mechanical and electrical properties of
the equivalently filled CFRP composites with randomly
oriented carbon fibers. The flow characteristics of the fabricated
composite are shown in Fig. 7(b), and it can be observed that
the base epoxy resin acted as Newtonian fluid, whereas the
reinforcement of silica and carbon fiber changed its behavior to
the non-Newtonian fluid. This change in flow properties
ultimately affects the DIW processing parameters.

Compton et al. (Ref 87) reinforced graphene in epoxy at a
range of 10, 15, and 20 weight percentages of graphene. They
found that rheology and shear thinning behavior of prepared
ink vary with the percentage of filler (Ref as shown in Fig. 7(c)
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and (d)) which had a high effect on the effectiveness of DIW.
CNT-reinforced poly(3,4-ethylenedioxythiophene) composites
fabricated by piezoelectric inkjet printing revealed that the
percentage of filler has a significant effect on the thickness of
layers (Ref 88). Cong et al. (Ref 89) prepared a graphene/PANI
paper with good cycling stability for supercapacitors using
inkjet printing.

2.4 Selective Laser Sintering

Selective laser sintering (SLS) comes under the category of
powder bed fusion, and it can be used to generate complex 3D
parts by solidifying successive layers of required material (in
the form of powder) on the top of each other (Ref 19).
Solidification is carried out on selective areas, based on the
CAD model, and the final part is obtained by fusing or sintering
successive layers. The thermal energy required for fusion/
sintering is supplied through a laser beam that scans each layer
based on the CAD model, as shown in Fig. §(a). After sintering
one layer, a powder deposition system then deposits a thin layer
of powder on the top of the first layer, and the process is
continued until the whole part is generated, as shown in
Fig. 8(b). SLS can build complex structures without the
requirement of any tooling. The majority of the polymer matrix
composites fabricated by SLS is based on the thermoplastic
polymer matrix, although some researchers have also attempted
to use thermosetting polymer matrices (Ref 90).

Zhu et al. (Ref 90) used PAl12-coated carbon fibers to
reinforce an epoxy matrix to form a ternary composite by SLS.
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They found that up to 31% volume fraction of carbon fibers
with a good dispersion of carbon fibers in the epoxy matrix can
be obtained by SLS. The incorporation of carbon fibers in a
polyamide-12 matrix decreases its melting temperature which
in turn reduces the SLS part bed temperature (Ref 91). This
leads to lower energy for sintering and less thermal degradation
occurs during the sintering process. Laser power and scan
speed are important process parameters in SLS (Ref 92), and a
high laser power may lead to the pyrolysis of the polymer
matrix which manifests itself in the form of porosity. High scan
speed results in inadequate sintering of powder, and if the
polymer powder does not melt adequately, it results in porosity
due to the improper fusion of powder particles (Ref 93).
Parameters such as laser scan spacing, powder layer thickness,
and the roller speed also affect the quality of a part manufac-
tured through SLS (Ref 94).

Discontinuous carbon fiber-reinforced polymer composites
could be fabricated via SLS. However, the fiber length is
limited by powder structure. Thus, impossible objects had
developed a process that is based on the sheet lamination of the
composites (Ref 95). A carbon fiber tissue paper-like sheets are
taken, and binder is transferred to them after which they are
stacked. Then, the sheets are pressed together to form the
composite. Thus, very complex shaped could be fabricated in
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this way. But only external geometry can be optimized to high
precision, whereas its ability to optimize the fiber orientation is
not very high (Ref 95).

Particulate reinforced composites could also be fabricated
by SLS. In a research work, Yuan et al. (Ref 93) fabricated
MWCNT/polymer composites by SLS and showed that
segregated structures can be fabricated using the SLS
technique. The time of coalescence of the polymer and
carbon reinforcement is important in SLS since it influences
specific parameters such as time between the deposition of
layers and the number of exposures required (Ref 98). Chen
et al. (Ref 98) observed an approximately 10- to 20-s delay
in the onset of coalescence of graphene/PEEK nanocompos-
ite as compared to plain PEEK, as shown in Fig. 8(c). The
surface morphology was observed to change with the
incorporation of graphene, as shown in Fig. 8(d) and (e).
The morphology of the surface also varies at different planes
for a particular build orientation, as shown in Fig. 8(f) and
(g). This indicates that researchers and engineers must adopt
a specific build strategy.

More widely used 3D printing techniques for the fabrication
of carbon-based polymer composites have been discussed in the
previous sections. However, there are some other techniques
also which can also be used.
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3. Carbon-Based Polymer Composites and Their
Applications

Nowadays, most of the research focused on polymer matrix
composites is based on carbon-based reinforcement due to their
wide range of properties. But it is difficult to build large
functional components and complex geometries via conven-
tional methods. The production cost and design-manufacturing
cycle are other concerns. To eliminate these limitations, AM
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methods could be adopted. There are several carbon-based
fillers which can be reinforced in polymers and manufactured
through the additive manufacturing routes, which are now
discussed.

3.1 Graphene-Based Polymer Composites

Graphene is considered as fascinating material in many
technical fields. It is a two-dimensional monolayer of sz_
hybridized carbon atoms which are arranged in a honeycomb
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lattice. It has a typical thickness of 3.4 A° with carbon—carbon
distance of 1.4 A° as shown in Fig. 2 (Ref 99). Graphene is a
single and free-standing atomic plane of graphite, see Fig. 9(a),
which is isolated from its environment (Ref 100). The
electronic structure and its ultrafast temporal dynamics of the
photoexcited electron are shown in Fig. 9(b) and (c), respec-
tively. Graphene exhibits supreme properties such as high
elastic stiffness (~ 340 N-m™'), ultimate tensile strength
(~ 130 GPa), very high thermal conductivity
(~5300 Wm 'K™") and charge carrier  mobility
(200,000 cm? V' s71) (Ref 101). Thus graphene can be used
in a variety of applications ranging from biomedical (Ref 102),
electronics (Ref 101), structural (Ref 103), optics (Ref 104),
and energy storage devices (Ref 105).

Although graphene has attractive properties, its restacking
issue has limited its usage/performance. Thus, to engineer its
performance in a variety of applications, graphene is generally
formed as a composite with a polymer matrix. The advantages
of additive manufacturing over conventional molding tech-
niques for polymer composites, which were discussed in
section 1, have attracted the interest of researchers to fabricate
graphene/polymer composites by additive manufacturing.

Wei et al. (Ref 58) fabricated graphene/ABS composite by
FDM. An electrical conductivity of 1.05 x 10> Sm™' was
observed for a graphene loading of 5.6 wt.%., where these
composites surpassed the percolation threshold (the point at
which the filler makes intimate contact). A fall-off in electrical
conductivity for less than 2 wt.% of graphene, as shown in
Fig. 10(a), of 3D-printed graphene/ABS composites, was
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Fig. 9 Schematic showing (a) pristine graphene with sp’-hybridized carbon atoms, (b) electronic structure of graphene and its equivalent and
inequivalent AB Bernal stacked layers, and (c) ultrafast temporal dynamics of photoexcited electrons in graphene. Panel (a) is reproduced from
(Ref 106). Panel (b) is republished with permission of Royal Society of Chemistry, from “An electronic structure perspective of graphene
interfaces,” B.J. Schultz, R.V. Dennis, V. Lee, S.J.N. Banerjee, Vol 17 (10), Copyright 2014 (Ref 107); permission conveyed through Copyright
Clearance Center, Inc. Panel (c) is reproduced from (Ref 108)

observed due to internal voids being formed between adjacently
stacked filaments. Therefore, 3D-printed graphene-ABS com-
posites can be used in applications such as printable electronics
and the building of smart structures inside ABS models. SEM
images at 3.8 wt.% loading of graphene revealed partially
incorporated dangling graphene sheets.

Energy storage devices can be fabricated by AM, for
example, a lithium-ion battery in which electrodes were made
of graphene oxide and the electrolyte was a polymer gel
fabricated by Fu et al. (Ref 109) using the DIW method. The
GO ink was forced to extrude through the nozzle, and a
rheological behavior study of GO ink and polymer gel
electrolyte showed that they behaved as non-Newtonian fluids
with high yield stress and plateau moduli and thus can be
printed. Due to high shear stresses induced at the nozzle end,
GO flakes were aligned along extruding direction and this
directional printing led to an increase in electrical conductivity
of the electrode. The printed GO electrode contained pores due
to the intrinsically porous structure of the GO flakes, and these
pores acted as housing sites for electrolyte (polymer gel). As
full cells with the different number of layers (same layer
thickness) were fabricated, the total thickness of the cell
exhibited a linear relationship with the number of layers. This
demonstrated the good viscoelastic behavior of the GO and
electrolyte inks, which is a prerequisite for 3D printing. The
cathode and anode exhibited stable cycling performance with
specific capacities of 160 and 170 mAh g, respectively. The
electrochemical performance of the full cell arrangement is
shown in Fig. 10(c) and (d). The initial charge and discharge
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capacities of 117 and 91 mAh g™, respectively, were delivered
by a full cell arrangement at a specific current of 50 mA g~ .
The increase in capacity with number of cycles reflected the
enhanced activation of the electrode after a few cycles. Like
graphene, other carbon-related materials such as carbon
nanotubes and carbon black can also be 3D printed for energy
storage applications (Ref 43).

A graphene/epoxy composite fabricated by Compton et al.
(Ref 87) using DIW revealed that the rheological behavior of
graphene/epoxy composites changed with the percentage of
graphene. An increase in graphene content led to an increase in
apparent viscosity and also shear thinning. The increase in
shear thinning behavior eradicated the need for an excess
driving pressure to flow the material from fine scale nozzles.

Graphene-based polymer composites also find their usage in
biomedical applications such as drug delivery, gene delivery,
cancer therapy, and biosensors (Ref 110, 111). For tissue
engineering applications, scaffolds should provide a physical
connection for cell infiltration and proliferation. It is difficult to
control the number of pores, size and shape of pores, and the
distribution of pores in a scaffold using conventional fabrica-
tion techniques (Ref 54). The use of 3D printing to create such
scaffolds can address these problems and hence can provide
structures with better bioactivity as compared to scaffolds
fabricated through conventional fabrication techniques.

As an example, a biocompatible graphene scaffold was
prepared by Jakus et al. (Ref 111) using DIW printing. The
scaffold was comprised of graphene and polylactide-co-glycol-
ide (PLG), and they showed that the graphene/PLG composite
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can be printed to an overall thickness of 300 um. Graphene
with a 2D structure and formed via a uniaxial printing process
led to an anisotropic microstructure and anisotropic properties
of fabricated composites. The shear forces generated during
extrusion led to the alignment of fibers along the surface,
whereas there is more random orientation of fibers in conven-
tional cast composites. There was a smooth transition between
adjacent layers in terms of physical interaction, which is
generally a challenge in 3D printing. Graphene/PLG composite
is a biocompatible material and exhibited an intrinsic elastic
modulus of 3 MPa and electrical conductivity of 875 S/m. The
conductivity along fiber direction showed an inverse relation
with diameter of the extrusion tip. In vitro biocompatibility and
bioactivity studies were carried out on graphene/PLG and PLG
scaffolds which showed that female bone-marrow-derived
human mesenchymal stem cells (hMSCs) remain viable on
the graphene scaffolds. The proliferation and viability were
significantly higher for graphene/PLG scaffolds as compared to
PLG scaffolds. as shown in Fig. 11(a). The surface of 20 vol.%
graphene/PLG scaffold exhibited a confluent sheet-like mor-
phology, see Fig. 11(b), whereas the surface with 60 vol.%
exhibited high aspect ratio cellular extensions on day seven, see
Fig. 11(c) and (d). A co-dispersed and surface-modified filler-
reinforced polymer scaffolds could also be fabricated via AM
techniques. The basic idea of co-dispersing or surface modi-
fication of filler is to reduce the aggregation tendency of
individual fillers (Ref 112, 113). Shuai et al. (Ref 114)
fabricated a co-dispersed (graphene oxide and Ag) poly-L-
lactic acid (PLLA)-polyglycolic acid (PGA) nanocomposite by
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Fig. 11 (a) Number of hMSCs present on graphene/scaffolds (n = 3) as a function of material and days after seeding. Dotted line represents
initial cell seeding number (50 000), (b) 20, and (c) 60 vol.% graphene/PLG scaffolds after 7 days, and (d) SEM image of cell on day 7.
Reprinted with permission from A.E. Jakus, E.B. Secor, A.L. Rutz, S.W. Jordan, M.C. Hersam, R.N. Shah, Three-dimensional printing of high-
content graphene scaffolds for electronic and biomedical applications, ACS nano, 9(4), 4636-4648 (2015). Copyright 2015 American Chemical
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SLS. The Ag nanoparticles intercalated into GO interlayers, and
GO nanosheets loaded Ag nanoparticles, which increased the
interlamellar space of GO nanosheets and interparticle distance
among Ag nanoparticles. Hence, aggregation of nanoparticles
was significantly reduced and uniform distribution of nanopar-
ticles was achieved. The PLLA-PGA matrix composite with a
uniform distribution of reinforcement was realized by SLS. It
was observed that co-dispersed PLLA-PGA scaffolds exhibited
better performance as compared to GO and Ag as individual
reinforcements, in terms of compressive strength, antibacterial
properties, and cytocompatibility due to homogenous distribu-
tion of reinforcement.

Polymer composites reinforced with graphene also exhibit
excellent mechanical properties and are lightweight. Thus,
graphene/polymer composites are utilized in several mechan-
ical, civil, and aerospace applications (Ref 115). The realization
of complex geometries of mechanical structures, especially in
aerospace applications, is difficult by conventional fabrication
techniques. In addition, these techniques are time-consuming
and costly. To address these problems, 3D printing has been
used to fabricate intricate structures.

Dul et al. (Ref 24) fabricated graphene/ABS composite by
FDM. They showed that the mechanical properties of graphene/
ABS composites change with the orientation of layers and how
the layers were built up. Composites which were horizontally
built exhibited the highest elastic modulus and ultimate tensile
strength followed by vertical and then perpendicular parts,
respectively. The elastic modulus of graphene/ABS composite
was increased by 32, 28, and 8% for horizontal, vertical, and
perpendicularly built-up parts, respectively, as compared to
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pure ABS. The ultimate tensile strength values also followed
the same pattern because fracture behavior and strength values
depend upon the load at which the layers debond which in turn
depends upon the orientation of layers.

A graphene oxide/photopolymer composite was fabricated
by Lin et al. (Ref 75) using a mask projection-based
stereolithography system. Prior to tensile sample fabrication,
they printed a truss using a neat polymer and a graphene oxide-
reinforced polymer, as shown in Fig. 12(a) and (b), respec-
tively, to examine the variability of the mask projection-based
stereolithography system. The tensile strength of 0.5 wt.%
graphene oxide-reinforced polymer composite was 12.99 MPa,
which was 45.3% higher as compared to neat polymer, see
Fig. 12(c). The tensile strength further increased when post-
heat treatment of the composite was undertaken which
increased interfacial strength between different layers. The
microstructure of the composite revealed that graphene oxide
was randomly distributed in the matrix and was not fully flat,
i.e., it was wrinkled. TEM images of graphene oxide/polymer
composite are shown at the edge (Fig. 12d) and middle
(Fig. 12¢) of the TEM sample, which indicated the wrinkling
of graphene oxide in printed composites.

Polyamide-12/functionalized graphene nanoplatelet com-
posite fabricated by Kim et al. (Ref 116) using the SLS
technique showed that a large amount of reinforcement
particles may lead to defect formation, such as agglomeration
and irregular melting, in the composite during fabrication.
Irregular melting can affect the rheological and thermal
behavior of the base material. The stress—strain behavior of
fabricated composite is shown in Fig. 12(f). Reinforcing
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Fig. 12 Panel A; (a-¢): (a) polymer and (b) GO-reinforced polymer trusses fabricated by mask projection-based stereolithography system, (c)
tensile stress—strain behavior of polymer and corresponding GO-reinforced polymers, before and after post-curing, (d) stress—strain behavior, and
(e) ultimate tensile strength of GNP/PA-12 composites fabricated by SLS technique. Panel B; (f, g): (f) stress—strain behavior of
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0.1 wt.% of functionalized graphene increased the ultimate
strength by 15.8% as compared to neat PA-12, as shown in

Fig. 12(g).

3.2 Carbon Nanotubes-Based Polymer Composites

Carbon nanotubes (CNTs) are seamless tubes comprised of
one or more layers of graphene (designated as single-wall,
SWNT, or multiwall, MWNT) with closed or open ends (Ref
117). Conceptually, carbon nanotubes can be infinitely long;
thus, it can be represented as a one-dimensional system as
shown in Fig. 2 (Ref 118). All carbon atoms are bonded in a
hexagonal lattice in a perfect CNT, except at the ends.
However, mass-produced CNTs also contain certain defects
such as pentagons, heptagons, and other imperfections in the
sidewalls which can degrade the properties of CNTs. The
length of CNTs can vary from less than 100 nm to several
centimeters with diameter ranging from 0.8 to 2 nm (SWNTs)
and 5 to 20 nm (MWNTSs). Thus, CNTs can have an aspect ratio
greater than 1000 (Ref 118). At least one end of the cylindrical
tube is capped with a hemisphere having fullerene structure.
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CNTs can have metallic or semiconducting nature depending
upon its chirality, i.e., orientation of the graphene lattice with
respect to the tube axis. It can have three chiralities, i.e., zigzag,
armchair, and chiral one, as shown in Fig. 13(a). Although
CNT is made of graphene lattice, its band structure is different
to graphene, as shown in Fig. 13(b).

CNTs are known for their high mechanical properties. Its
elastic modulus approaches 1 TPa, and its tensile strength is
nearly 100 GPa (Ref 119). This strength is about 10 times more
than that of any industrial grade fiber. Apart from its excellent
mechanical properties, CNTs also exhibit excellent physical
properties. The room temperature thermal conductivity of
SWNT can be 3500 Wm™' K~ (Ref 120), and CNTs also
exhibits excellent electrical conductivity and almost negligible
thermal expansion coefficient (Ref 118). These outstanding
properties of CNTs make it a potential candidate for a wide
variety of applications. However, there are some issues that
must be addressed before applying them on the macroscale.
Poor alignment and contact resistance between individual
CNTs lead to phonon and charge carrier scattering (Ref 121).
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from (Ref 26)

This results in deterioration of its performance in terms of
thermal and electrical conductivity. Further topological defects
affect its mechanical properties, and even a small number of
them can reduce the mechanical properties significantly. To
address these issues, CNTs are generally formed as a composite
with other materials.

Particulate reinforced polymer matrix composites are being
used in a wide variety of applications (Ref 124), and CNTs are
a potential reinforcement in polymer matrix composites for a
variety of applications (Ref 125-129). Yu et al. (Ref 130)
fabricated CNTs-reinforced polyvinyl alcohol (PVA) compos-
ites for microsupercapacitor applications using the DIW
technique. A schematic showing the microcapacitor is shown
in Fig. 14(a) with its SEM image in Fig. 14(c). The authors
found that the geometric features (height and width) of 3D-
printed parts increase with increase in the gas pressure (i.e.,
nozzle pressure) as can be seen in Fig. 14(b). 8 wt.% of CNT
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loading was found to be optimum between viscosity and
rheological behavior of ink.

The authors (Ref 130) also showed that post-heat treatment
increases the adhesion between filaments and thereby improves
the properties of the composite. The electrochemical perfor-
mance of fabricated microsupercapacitors is shown in
Fig. 14(d) and (e). Fabricated composites exhibited an area
capacitance of 0.418 mF cm ™2 at a current density of 20 pA
cm 2, whereas post-heat-treated composites exhibited an area
capacitance of 2.44 mF cm 2 at the same current density, see
Fig. 14(e). This increase in area capacitance was attributed to
improved contact between the CNTs and electrolyte due to
post-heat treatment.

Rigotti et al. (Ref 26) also fabricated CNTs-reinforced
polyvinyl composites by FDM. They found that the extruded
filaments were more like flattened circles when the neat
polymer was extruded, see Fig. 14(f). CNTs increased the
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viscosity of polymer, and this increased the resistance of the
material to be extruded through the nozzle. Thus, as the
percentage of CNTs was increased, the filaments became
more elliptical, see Fig. 14(g). The storage and loss modulus
were not affected by the percentage of CNTs, and the
electrical resistivity of composite filaments was lower than
3D-printed samples as shown in Fig. 14(h) and (i). The high
value of electrical resistivity for 3D-printed samples was
attributed to the enriched regions of CNTs in the printed
filaments which were shielded by an external layer of
polymer.

Currently, CNTs are also used for biomedical applications.
Nanophase biomaterials have higher biocompatibility and
bioactivity as compared to their micro- and macro-phase
counterparts (Ref 131). Researchers have investigated the
interaction of CNTs with several mammalian cells and animals
and have demonstrated positive results in terms of biocompat-
ibility and bioactivity (Ref 132-134). CNTs can promote cell
adhesion and inhibits bone resorption by decreasing osteoclast
number (Ref 135-137). Thus, composites using biocompatible
polymers find applications in biomedical sectors. 3D printing
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has some significant advantages over conventional techniques
to fabricate 3D intricate microarchitectures for biostructures, as
described in section 3.1.

Yildirim et al. (Ref 33) fabricated a SWNTs-reinforced
alginate scaffold using a multi-nozzle biopolymer deposition
technique, see Fig. 15(a). They observed that the 3D-printed
CNTs/alginate composite exhibited a large surface area and
rougher surface as compared to pure alginate. The morphology
of SWCNT/alginate scaffold is shown in Fig. 15(b). The cell
viability and proliferation data showed that rat heart endothelial
cells (RHEC) continuously proliferated at a constant rate up to
one week and its number, on day seven, was increased by more
than six times as compared to its number at day zero, as shown
in Fig. 15(c). The cell proliferation rate of SWCNTs/alginate
was higher than that of pure alginate since the SWCNTs
increased the material defects and electron delocalization at the
surface. The AM techniques could also be used to construct
nanosandwich structures with two types of reinforcements.
These nanosandwich structures may result in increased surface
area due to negligible aggregation of reinforcement and hence
beneficial for applications in scaffolds. In a research work, Feng
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Fig. 15 Panel A; (a-c): (a) schematic of in situ dual-nozzle cross-linking, (b) morphology, and (c) rat heart endothelial cell (RHEC) viability
and proliferation of SWCNTs/alginate scaffold. Panel B; (d-g): (d) optical, surface, and cross-sectional SEM micrographs, (e) porosity, (f) live
(green) and dead (red) MG63 cells after 14 days of culture, with and without electric stimulation, and (g) relative cell viability of electrically
stimulated scaffolds normalized with control scaffolds (black: PCL, red: P/C) for P/C (PCL/CNT) and PCL scaffolds. Panel A is reproduced with
permission from (Ref 33). Copyright 2008 Wiley Periodicals, Inc. Panel B is republished with permission of Royal Society of Chemistry, from
The effect of sinusoidal AC electric stimulation of 3D PCL/CNT and PCL/B-TCP based bio-composites on cellular activities for bone tissue
regeneration, G. Jin, G. Kim, Vol 1 (10), Copyright 2013 (Ref 139); permission conveyed through Copyright Clearance Center, Inc
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et al. (Ref 138) fabricated hydroxyapatite-polyetheretherketone
(HAP-PEEK) scaffolds with a nanosandwich structure of 2D
graphene nanosheets and 1D CNTs as reinforcements, via SLS.
The graphene nanosheets were penetrated by tubular CNTS
which resulted in reduced aggregation and increased surface
area due to which the cells spread well and attached on the
surface of the scaffolds and showed good viability, prolifera-
tion, and differentiation.

Jin et al. (Ref 139) fabricated 3D CNT/polycaprolactone
(PCL)-based biocomposite by the melt-plotting system and
investigated the effect of sinusoidal AC electric stimulation on
cellular activities for bone tissue regeneration. Microscopic
images of CNT/PCL are shown in Fig. 15(d), and if the
percentage of CNT in the mixture was more than 0.2 wt.%,
then it was difficult to extrude the mixture via nozzles. The
measured average pore size (313 £ 12 pm) and porosity
(53 £+ 2%) were not identical to the designed values (pore
size; 300 pm and porosity; 55%) in the CAD system, but were
in a reasonable range, and are shown in Fig. 15(e). The highest
bone mineralization was observed for stimulated scaffolds as
compared to non-stimulated scaffolds. Figure 15(f) shows the
dispersion of dead and live cells after 14 days of cell culture. It
can be observed that for the case of electric field stimulated
scaffolds, dead cells were widely spread and this increased the
cell viability, as shown in Fig. 15(g).

CNTs are mostly known for their excellent mechanical
properties. However, the realization of free-standing mechan-
ical structures is very difficult. The impressive properties of
CNTs make it a material of choice for reinforcement in
composite materials (Ref 127), and CNT-reinforced polymer
composites have been investigated for their mechanical prop-
erties (Ref 125, 140, 141). 3D-printed CNTs/polymer compos-
ites have also been studied for their mechanical properties.

Zhang et al. (Ref 142) fabricated CNT/ABS nanocomposites
by FDM, and composites fabricated by FDM generally exhibit
a weak interlayer adhesion which results in delamination and
mechanical failure of the composites. A post-heat treatment of
FDM-printed composites (to enhance the bonding between
filaments) may resolve this issue, but the probability of
deformation increases with bulk heating.

Thus, to address this problem, Zhang et al. (Ref 142) treated
3D-printed CNT/ABS nanocomposite under the application of
microwave radiation. A large amount of heat was generated in
the vicinity of the carbon nanotubes for a short period of time
which melted the ABS matrix adjacent to the CNTs and
enhanced the interlayer adhesion. Tensile strength of approx-
imately 34 MPa was observed for a composite having
5.85 wt.% of CNT treated for 6 s under microwave radiation,
Fig. 16(a), whereas the untreated composite possessed a tensile
strength of ~ 30 MPa. The same composite showed an 8.8%
increase in flexural strength after microwave treatment, see
Fig. 16(b). These SEM images in Fig. 16(c) for composite with
and without microwave irradiation showed an enhancement in
interlayer adhesion with microwaves.

Sandoval et al. (Ref 72) used an SLA technique to fabricate
MWNTs-reinforced photocross-linkable epoxy resin compos-
ites. They observed a variation in the surface finish for different
faces of a printed composite. The upper surface exhibited a
glossy finish, whereas the lower surface showed a dull or rough
surface. The side faces exhibited a layered surface. Part
deformation and curling were also observed due to the build-up
of internal stresses as the laser cure depth was too great.
Attractive forces between graphitic structures of nanotubes due
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to extended m electron systems led the nanotubes to form a
fiber-like structure in the composite, and TEM analysis showed
good wetting between MWNTs and epoxy. The interface
bonding between the highly cross-linked epoxy resin and
MWNTs was therefore strong. The observed ultimate tensile
strength for MWNTs/epoxy resin composites was 17% higher
than that of pure resin, whereas the breaking strength was 37%
higher, as shown in Fig. 16(d). An effective load transfer via
shear mechanisms was observed, and due to the random
orientation of nanotubes, it was also observed that composite
exhibited almost isotropic properties regardless of its build
orientation.

3.3 Carbon Fiber-Reinforced Polymer Composites

Among various types of reinforcements in polymers, fibers
are considered to be the best choice for polymer matrix
composites, especially for mechanical structures (Ref 143).
Fiber-reinforced composites exhibit superior mechanical prop-
erties as compared to conventional structural materials (Ref
144). Fibers are classified according to their aspect ratio,
namely short fibers (discontinuous) or long fibers (continuous).
The arrangement of fibers in a matrix may vary according to the
application requirement, i.e., random fibers, unidirectional
fibers, angle ply laminates, or fibers weaved in different
directions. Fiber-reinforced polymer composites have already
gained application in aerospace industries, but it can also be
used in other applications such as biomedical (Ref 145),
electrical (Ref 146), and energy storage devices (Ref 147).

High strength and stiffness, excellent damping properties,
low density, and high resistance to corrosion and impact make
carbon fiber-reinforced polymer (CFRP) composites a potential
candidate for aircraft structures, wind turbine blades, and large
civil infrastructures (Ref 146). It also finds applications in
various other sectors such as sports equipment, microelec-
trodes, and automobiles (Ref 148). Carbon fibers are comprised
of at least 92 wt.% of carbon (Ref 149), and their structure may
be crystalline, amorphous, or partially crystalline, where the
properties depend upon the type of precursor used (PAN, pitch-
or cellulose-based carbon fiber) (Ref 150). A schematic
illustrating the cross section, precursors, and types of carbon
fibers is shown in Fig. 17.

The development of various new techniques such as
filament winding, bladder-assisted molding, pultrusion, and
compression process to fabricate CFRP composites has
attracted the attention of many researchers, but these techniques
are time-consuming and require extra tooling which makes
them an expensive processes; it can also be difficult to make
intricate shapes using these techniques, and AM techniques
have potential advantages in this regard. Both continuous and
short carbon fiber-reinforced polymer composites have been
fabricated using AM (Ref 57, 64). Three-dimensional arrange-
ment of carbon fibers can also be realized using AM
techniques.

Lewicki et al. (Ref 81) fabricated three-dimensional carbon
fiber/polymer composite using a DIW technique with a high
degree of fiber alignment. It was observed that 8 wt.%
reinforcement of carbon fiber yields a high resolution in the
fabricated part. Composites exhibited highly orthotropic elec-
trical and mechanical responses due to the high degree of fiber
alignment. Since carbon fibers possess good electrical conduc-
tivity, the electrical conductivity of the polymers can be
enhanced by reinforcement with carbon fibers. The electrical
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Fig. 16 Panel A; (a-c): effects of microwave irradiation exposure on (a) tensile strength and (b) flexural strength of CNT/ABS nanocomposites,
(c) SEM images of CNT/ABS composites for without and with microwave irradiations. Panel B; (d): (d) stress—strain behavior of polymer/
MWCNT and polymer composite under tensile test. Panel A is reprinted by permission from (Ref 142). Copyright 2016, ASME. Panel B is
reprinted by permission from Springer Nature: Springer Nature, Journal of Materials Science (Ref 72), Copyright 2006

conductivity of carbon fiber-reinforced polymer composites
may vary with the printing direction due to the shear alignment
of carbon fibers in the polymer. Carbon fiber/polymer compos-
ites fabricated by Lewicki et al. (Ref 81) exhibited average
surface conductivity of 1.1 S em ™" in a direction parallel to the
printing direction, whereas it was 3.7 x 107> S cm™' in the
perpendicular direction.

Carbon fiber-reinforced polymers are mainly known for
their usage in structural applications due to their high strength
and rigidity, and corrosion resistance. An increase in fiber
length (in the vicinity of critical fiber length) generally results
in an increase in strength of short fiber-reinforced polymer
composites, although many other factors are also involved (Ref
154). Tt is difficult to realize fiber lengths near the critical fiber
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length for composites fabricated by FDM because high shear
mixing of fibers and matrix resin is required prior to feedstock
loading. The interaction of fibers with fibers, matrix, and
instrument surfaces during shear mixing leads to breakage of
fibers. Tekinalp et al. (Ref 64) fabricated carbon fiber-rein-
forced ABS composite by FDM and compression molding. A
schematic showing 3D-printed fiber-reinforced composite by
FDM is shown in Fig. 18(a), and the authors used fibers of
3.2 mm length with 40 wt.% of fiber loading prior to shear
mixing and found that the length of fibers was ~ 0.4 mm after
shear mixing. The length of the fibers further reduces when the
weight percentage of fibers was increased.

Tekinlap et al. (Ref 64) observed that the tensile strength of
3D-printed carbon fiber/ABS composites was ~ 60 MPa at a
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Fig. 18 Panel A; (a-c): (a) schematic presentation of 3D-printed fiber-reinforced composite by FDM, (b) micrographs of polished surfaces of
compression molded and 3D-printed carbon fiber-reinforced ABS composites, and (c) their tensile behavior. Panel B; (d-f): (d) photograph of 3D
printing of carbon fiber-reinforced thermoplastic polymer (CFRTP) composite, (¢) 3D-printed CFRTP, and (c) its tensile behavior. Panel A is
reprinted from (Ref 64) with permission from Elsevier, Copyright 2014. Panel B is reproduced from (Ref 4)

fiber loading of 40 wt.%, which was lower than compression composites, as can be seen in Fig. 18(b). The relatively high
molded composites, as can be observed from Fig. 18(c). Due to strength of 60 MPa (although it is lower than compression
the fiber loading, large voids were observed in FDM printed molded composites but higher in the FDM category of short
composites due to resistance to flow at the nozzle side. fiber composites) was observed due to highly oriented fibers in
However, fewer voids were observed in compression molded composites fabricated by FDM. Besides short fiber-reinforced
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polymers, continuous fiber-reinforced polymers can also be
fabricated by AM techniques. Matsuzaki et al. (Ref 4)
fabricated continuous carbon fiber-reinforced PLA composites
by in-nozzle impregnation. They used a system to supply
carbon fibers and resin separately to the printer head as shown
in Fig. 18(d).

The printed composites contained 6.6% of carbon fibers by
volume. All fibers were aligned in a single direction, as shown
in Fig. 18(e), but the distribution of fibers was not uniform in
the entire composite. Further voids were also observed in the
printed composites. Tensile tests conducted on printed com-
posites along longitudinal direction showed an increase of 435
and 599% in tensile strength and tensile modulus, respectively,
as compared to neat PLA resin specimens. However tensile
strain was decreased to 0.95 (CFRP) from a value 1.45 (PLA),
as shown in Fig. 18(f).

Continuous carbon fiber-reinforced nylon composites could
also be fabricated by the MarkForged MarkOne system which
uses the extrusion technique to print continuous carbon fiber
composites with designed architecture. It has been observed by
several authors (Ref 155-157) that the composites fabricated by
MarkForged system may show a ninefold increase in mechan-
ical properties and relatively less discontinuities as compared to
the composites fabricated by FDM. MarkForged system uses
two separate printing heads, i.e., one for matrix (nylon or nylon
reinforced with chopped carbon fibers), and other for contin-
uous fiber reinforcement. In a research work, Dickson et al.
(Ref 157) fabricated continuous carbon fiber-reinforced nylon
composites via the MarkForged MarkOne system. They
observed a very low level of porosity in the nylon matrix.
However, an increase in porosity was observed with an increase
in fiber content which may be due to improper impregnation of
the matrix while fabricating carbon fiber composite filament.
The tensile strength of fabricated composites was significantly
higher as compared to the composites fabricated by FDM.
Similar results were also observed by Goh et al. (Ref 156) who
also observed flattening of filaments after extrusion due to
which it is impossible to create thin wall structures by
MarkForged MarkOne system.

4. Summary and Some Critical Issues

Additive manufacturing has proved itself as most efficient
technique for the fabrication of multi-material compo-
nents/composite materials. High degree of filler alignment in
composites can be achieved through AM. These techniques are
broadly classified into seven categories, depending on the
method of layers build-up.

Carbon-based materials are considered ideal candidates for a
variety of applications such as biomedical, structural, electrical,
and energy storage applications. The use of carbon-based filler-
reinforced polymer composites is increasing at a significant rate
whether it is graphene, carbon nanotubes, particulates, or
carbon fibers. A variety of AM techniques have been adopted to
fabricate carbon-based filler-reinforced polymer composites
such as fused deposition modeling, stereolithography, direct ink
writing, and selective laser sintering which have been discussed
in this review, where each technique has its own advantages
and disadvantages and no single technique is an optimum for
every composite. Examples of carbon filler-based polymer
composites fabricated by AM techniques have been discussed
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in this review with their performance for specific applications.
While AM techniques have attained a significant pace in terms
of its development, these techniques are still not widely
accepted by most of the industries due to critical issues and
challenges which must be resolved. Some of which include:

1. Despite the rapid expansion of AM facilities in the last
decade, the range of polymers that can be processed
using AM techniques remains relatively limited. Mostly
thermoplastic polymers have been processed by AM, and
studies on additive manufacturing of thermosetting poly-
mers are limited and these polymers yet to be commer-
cially adopted for AM.

2. Voids and defects are generally present between the inter-
layers. The adhesion strength between the interlayers can
also be improved, where post-curing is often carried out
to increase adhesion strength between interlayers.

3. The most commonly used additive manufacturing tech-
nique is FDM which has typically low printing resolution
(approximately 0.2 to 0.3 mm). There are several factors
which affect the printing resolution in FDM; these in-
clude nozzle diameter, scan speed, and heated chamber
temperature. These parameters should be optimized to
achieve a high printing resolution. Furthermore, hard car-
bonaceous fillers can wear out nozzle which affects the
printing resolution and must be taken into consideration.

4. Although high degree of fiber alignment can be obtained
by additive manufacturing techniques, it remains difficult
to obtain fabricated composite with a high degree of par-
ticulate filler alignment, which can be necessary to opti-
mize properties and new techniques to tailor filler
alignment of composite parts will be beneficial. Further-
more, due to the fabrication nature of AM techniques for
fiber-reinforced composites, it is very difficult to achieve
a high volume fraction of fibers (i.e., generally > 40%)
due to which the composites show low properties. There-
fore, efficient AM techniques need to be developed
which will be able to incorporate high volume fraction of
fibers.

5. Due to the difference in the coefficient of thermal expan-
sion between filler and matrix, thermal stresses generate
which may lead to deformation of the final product.

The above-stated issues must be resolved for the utilization
of AM techniques to its full potential for the fabrication of
carbon-based filler-reinforced polymer composites for engi-
neering applications.
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