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Abstract

3D printing is a constantly expanding technology that represents one of the most exciting and disruptive production possibilities
available today. This technology has gained global recognition and garnered considerable attention in recent years. However,
technological breakthroughs, particularly in the field of material science, continue to be the focus of research, particularly in
terms of future advancements. The 3D printing techniques are employed for the manufacturing of advanced multifunctional
polymer composites due to their mass customization, freedom of design, capability to print complex 3D structures, and rapid
prototyping. The advantages of 3D printing with multipurpose materials enable solutions in challenging locations such as
outer space and extreme weather conditions where human involvement is not possible. Each year, numerous research papers
are published on the subject of imbuing composites with various capabilities such as magnetic, sensing, thermal, embedded
circuitry, self-healing, and conductive qualities by the use of innovative materials and printing technologies. This review article
discusses the various 3D printing techniques used in the manufacture of polymer composites, the various types of reinforced
polymer composites (fibers, nanomaterials, and particles reinforcements), the characterization of 3D printed parts, and their
applications in a various industries. Additionally, this review discussed the limitations of 3D printing processes, which may
assist future researchers in increasing the utility of their works and overcoming the shortcomings of previous works. Addition-
ally, this paper discusses processing difficulties, anisotropic behavior, stimuli-responsive characteristics (shape memory and
self-healing materials), CAD constraints, layer-by-layer appearance, and void formation in printed composites. Eventually, the
promise of maturing technology is discussed, along with recommendations for research activities that are desperately required
to realize the immense potential of operational 3D printing.
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1 Introduction This 3D printing is also referred to as rapid prototyping (RP),
solid freeform (SFF), or additive manufacturing (AM) tech-
3D printing is one of the latest popular technologies of manu-  nique, and it was invented by Charles Hull in the year of 1986

facturing, in which it is a process of layer-by-layer deposition [1, 2]. AM is distinct from typical manufacturing methods
of plastics or metals to create a three-dimensional object.  like as casting, forging, and machining, which involve the
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removal of materials from a block or injection of materials
into a mold to make the product. For subtractive manufactur-
ing in the classical sense, comprehensive process planning is
required to calculate the machining steps necessary to create
the physical designs. By comparison, AM is a tool-less tech-
nique that can help to reduce both equipment wear and setup
times. Additionally, additive manufacturing allows for greater
design freedom. In general, there seem to be no design con-
straints, as AM is a layer-by-layer approach. The layer thick-
ness is usually on the order of a hundredth of a millimeter.
Choosing a lesser layer thickness improves the approximation
of the virtual and actual geometries. The layer thickness, on
the other hand, is restricted by the parameters of the input
material, such as the liquid build material’s surface tension or
the powder particle size if sintering is utilized. Additionally,
because the shape of a component may be easily modified,
AM enables more customizable and customized solutions.
Furthermore, AM is employed for topology optimization,
which has an effect on the process and supply chain. In the
past decades, 3D printing was utilized only for creating pro-
totypes of an object, and now it is being used for creating
3D objects in place of traditional manufacturing methods.
The 3D printing setup cost is minimal which allows a higher
degree of customization, as the first and last item cost is simi-
lar. Hence, it is an ideal technique for the kind production of
products at affordable or cost-effective prices [3—-5]. Now,
designs, rather than physical objects, can be transported any-
where in the world as digital files and printed on any printer
that meets the design specifications. The Internet eliminates
the distance factor in information transfer, and 3D printing
eliminates it for the material world. The simple written docu-
ment is sent as a PDF file, and it is printed in 2D, and then
the “STL” design file is sent to the other side instantly using
the internet and finally printed in 3D form. Here, there is
no necessity of building inventories of spare parts or new
products while printing 3D objects in demanding conditions
[6-9]. This manufacturing technique is capable to produce
multi-types of wide-range 3D complex products without the
problem of retooling, and the customization of printing is
done without any additional costs. The quick apparent benefit
of 3D printing is the capability of creating complex shapes
that are not possible using traditional methods [10, 11]. Mod-
eling AM processes presents its own set of difficulties. To
begin, one must establish how the materials’ addition will be
modeled. Then there are unavoidable non-linearities inher-
ent in the process, such as temperature dependency of ther-
mal characteristics, fourth-order reliance of radiation heat
losses, fluidity, and massive deformation models that must
be taken into account. Initially, this technique allows design-
ers to place a relevant material only where it is needed, and
there is the possibility of utilizing natural resources (bone,
wood, coral) to create stiffer and stronger lightweight struc-
tures. This computer-operated process requires a low-level
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expert operator, and it reduces human interaction while print-
ing the objects. Furthermore, the direct part creation from
the stored system model ensures that the printed part shows
the replica of designer intent and eliminates the inaccura-
cies that exist in the traditional processes [12—15]. This AM
technique has more advantages over traditional methods, such
as lower consumption of energy, higher efficiency of using
raw materials, less chemical usage, the possibility of pro-
ducing environmentally friendly objects, and reduced scrap
and material waste. There are different types of 3D printing
techniques, namely, selective laser sintering (SLS), stereo-
lithography (SLA), fused deposition modeling (FDM), inkjet
bioprinting, direct ink writing (DIW), laser-induced forward
transfer (LIFT), and PolyJet printing, etc. These techniques
are especially preferred for the fabrication of polymer-based
components using both thermoplastic and thermosetting
polymer materials. The thermoplastic materials like poly-
lactic acid (PLA), polycarbonate (PC), polyamide (PA), and
acrylonitrile butadiene styrene (ABS), as well as epoxy resins
(thermosetting materials), were processed using 3D printing
techniques [16—19]. The epoxy resin is a commonly used
polymer material in fiber-reinforced composites, and it is a
reactive material that requires UV assisted or thermal cur-
ing to complete the process of polymerization. Hence, this
material is suitable for thermal or UV-based 3D printing pro-
cesses. These attracting factors of 3D printing are utilized for
the manufacturing of complex parts in various industries, like
architectural industries, biomedical fields, construction and
building, aerospace, and small automotive component indus-
tries. However, there are some disadvantages associated with
3D printing techniques, such as limited material” usage, the
requirement for post-processing, restricted printing size, lack
of strength, reduction of fully functional behavior, and 3D
printing reduces employment [20-23]. These issues can be
reduced by combining reinforcement and matrix to achieve
functional properties that are not possible using individual
constituents. Figure 1 depicts the introduction of multi-
functional properties from polymer to 3D printed polymer
and then to 3D printed component. The functional properties
such as thermal conductivity, electrical conductivity, actu-
ating abilities, sensing, and self-healing are obtained either
by incorporating additives or by customizing the component
design [24-26].

The production of 3D complex geometric components is
also possible using conventional techniques like casting and
molding, and this process has happened through the mate-
rial removal process, which causes the requirement of bulk
raw materials and the utilization of more energy, dimen-
sional inaccuracies, more production time, and material
wastage occurring while removing excess material [27-29].
However, composites obtained from these processes are
well understood and controlled, while difficulty occurs in
the control of complex internal design structures. In current
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Fig. 1 Multifunctional concepts from polymers to 3D printed com-
posites [26]. (Reused with the permission from Elsevier, License No.
5195350257776)

days, there is a continuous demand for products with multi-
functionality and complexity, although many new materi-
als have emerged, such as smart materials, nanomaterials,
fast-drying concrete, and functional materials. These are
used as feeding materials for the printing of real 3D appli-
cation parts [30-32]. This 3D technology has the potential
to alter production lines and can revolutionize industries.
This technique is capable of increasing the production speed
with a reduction in cost, and it influences the consumer
demand for overproduction. This leads to greater input on
the final products from the consumers, and they may request
more specifications on the product [33-35]. At the same
time, 3D printing facilities are located near to consumer
and allow for more responsive and flexible manufacturing
processes with higher controllability in quality parameters.
Furthermore, there is less requirement for global transporta-
tion while using the 3D printing technique. This is due to
the availability of manufacturing areas nearer to the final
destinations. Furthermore, the distribution processes occur
through fleet tracking technology, which saves both time
and energy [36-39]. In the literature, there are numerous
research works that deal with topology optimization, design
methodologies, employed materials, and processing param-
eters. However, there are very few reviews of work done
on the usage of 3D printing technology in polymer com-
posites. Hence, this review outlines the description of vari-
ous 3D printing technologies, the advancement of various

types of polymer composites using 3D printing techniques,
the characterization (mechanical, thermal) of 3D printed
composites, and their applications in various sectors with
future aspects.

2 3D printing technologies

There are various 3D printing technologies available for the
manufacturing of components, and the selection of a tech-
nique depends on the type of material used for component
printing. The 3D printing process begins with the virtual
model creation of an object that to be printed. This virtual
model is obtained using a three-dimensional scanner, CAD
software, or through the photogrammetry technique (assem-
bly of more object images obtained from several positions).
After 3D model creation, it is converted to STL file format
and stores the information through coordinate values. This
3D model file format can be universally recognized, and
reading is possible for all types of 3D printers. The model
is subjected to a slicing process followed by conversion to
G-code file format. The slicing process involves 2D cross-
section layer generation for the entire object. Finally, the
printing head starts depositing melted material layer-by-layer
and creates a 3D object as per the design fed at the begin-
ning [40, 41]. Table 1 illustrates the brief introduction to 3D
printing techniques.

2.1 Selective laser sintering (SLS)

The alternative names for selective laser sintering (SLS) are
solid freeform fabrication (SFF), desktop manufacturing
technique, layer manufacturing technique, and rapid proto-
typing technique. SLA was first invented at the University
of Texas, and this process has been commercialized by EOS
GmbH Electro-Optical System and DTM Corporation [48,
49]. The schematic representation of the SLS process is
shown in Fig. 2a. SLS is a type of additive manufacturing
process that involves a powder-based layer manufacturing
process that is generally meant for rapid tooling and rapid
prototyping. This process uses pulse mode or continuous
mode laser beams (heat sources) for the purpose of scanning
and joining powder materials as per pre-uploaded shapes and
sizes of the layers. This scanned layer geometry corresponds
to different cross-sections of the 3D CAD software model
or STL file format of an object. After the completion of the
primary layer scanning, the loose powder is deposited on it
for the second layer, and this process is repeated until the
creation of the 3D object. The SLS technique is also utilized
for making design testing models, smaller volume functional
parts, and investment casting patterns. This process is also
popular in the manufacturing of sand casting molds, polymer
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Disadvantages

Advantages

Description

Table 1 Brief introduction to 3D printing techniques [42—47]

3D printing Compatible polymer materials

techniques
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Printing size restrictions, higher cost

Fast production, high resolution, simple

UV-based scanning and curing

Acrylonitrile butadiene styrene (ABS),

SLA

scalability

polypropylene (PP), epoxy
Polycarbonate (PC), ABS, nylon, PLA

Slightly low process, anisotropy

Materials used are widely available and

Material extrusion through nozzle and

FDM

inexpensive, good strength

deposition

Lesser visibility of square pixels on the

Faster process, larger production, fully

Standard resin, transparent resin, and gray — Curing is done through a UV projector

DLP

screen of an object

dense part printing

resin

More expensive and required post-processing

Higher resolution, quick turnaround times,

Powdered material binding is done

Polystyrenes (PS), polyamides (PA),

SLS

more strength, and stiffness of printed

material

through a laser power source

thermoplastic elastomers (TPE),
polyaryletherketones (PAEK)
Nylon, thermoplastic polymers

Quick and accurate in printing prototypes  Material options are a limited and initially

Fusing and heating to a solid layer on the

MIJF

of functional parts expensive printers

nylon powder bed

Larger parts printing is time-consuming

The printing head drops photopolymer Creates smooth and detailed prototypes,

ABS, nylon-12, PLA, PC, nylon-6

PolylJet

and costly, not recommended for outdoor

production

easy printing of complex shapes

and solidification done through UV light

exposure

molds, sheet metal parts, EDM electrodes, PZT parts, and
zirconia molds [50-52].

2.2 Stereolithography (SLA)

Stereolithography (SLA) is one of the most commonly used
additive manufacturing techniques compared to other tech-
niques. The schematic representation of the SLA process is
shown in Fig. 2b. It involves a photo-curing process of liquid
resin, which is stored in the reservoir, and a programmed
laser head that scans over the surface of the liquid resin fol-
lowed by photopolymerization. This resulted in the curing
of the resin and converts it to solid phase from liquid phase
through the chemical cross-linking processes. This SLA is
capable of printing a wide range of consumer products, pro-
totypes, and living tissues. There are two major issues in the
SLA process, which are processing duration and the thermo-
mechanical performance of printed parts [53—55]. There are
two types of SLA techniques: scanning (SSL) and projection
(PSL)-based stereolithography. Every layer printed in PSL is
through single shots of the laser by producing light in pre-
defined pattern, whereas SSL scans the surface of each layer
for the creation of a pattern. The PSL technique is compatible
for printing small parts with high resolution because of the
restricted size pattern of laser light, while SSL is preferred
for large-sized printing processes at a lower resolution cost.
Both the processes require digital micromirror equipment
for creating the laser light pattern. The SLA technique offers
the highest resolution of 20 pm or even less as compared to
other techniques. The reasons for the high resolution are time
control and the accurate space of the incident laser photons
[56-58].

2.3 Fused deposition modeling (FDM)

Fused deposition modeling (FDM) is a low-cost, widely
used additive manufacturing technique for the purposes of
systems modeling, fabrication, and production applications.
The schematic representation of the FDM process is shown
in Fig. 2c. This technique follows the melt extrusion process
and produces a tissue scaffold followed by layer-by-layer
deposition of thermoplastic polymers. It uses a movable noz-
zle to extrude a thermoplastic material with axis control and
from which the 3D physical models have been built through
layer-by-layer deposition [59, 60]. This FDM process does
not require any solvent removal or loose polymer powder.
Instead it gives more material flexibility while handling and
processing. This technique requires consistent-sized and
thermally stable polymer material that is passed through the
roller and nozzle, and this handling is quite difficult in the
FDM process. The printing part’s quality is easily control-
lable by changing the process parameters, layer thickness,
raster angle, raster width, air gap, and printing orientation.
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Starting from the fabrication of lightweight tools to the final
functional parts, FDM is preferred in the automobile sector.
However, this process has some limitations, including limited
material restrictions and anisotropic and weak properties of
printed parts. Sometimes, it forms a weak bond between the
printed layers. FDM can reduce tool manufacturing time by
85% while also producing complex jigs and fixtures [61, 62].
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2.4 Polylet 3D printing

The PolyJet 3D printing technique builds smooth-surfaced
prototype models through the photopolymerization of resin
materials. The schematic representation of the PolyJet 3D
printing process is shown in Fig. 2d. This process enables
simultaneous modeling material jetting for the creation
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of 3D physical models. It is capable of printing complex
geometric parts with photo-curable resin materials that are
used in medical developments, automotive, electronics, con-
sumer goods, etc. The PolyJet 3D printing head consists of
a number of micro-jetting heads, which inject a resin layer
of 16 pm thickness onto a build tray, corresponding to the
cross-sectional profile of the model. After the jetting of
the photopolymer droplet, it is immediately cured with a
UV lamp, which is printed on the print carriage head. This
repeating process of solidification and addition prints acrylic
three-dimensional models with 0.016 mm of dimensional
resolution. This PolyJet printing is capable of printing mul-
tiple materials simultaneously to obtain unique optical and
mechanical properties. This process is fully controllable, and
parameters can be changed as per customer requirements.
The choice of raw materials is more for PolyJet printing and
can be printed in a versatile manner [63-65].

2.5 Electron beam melting (EBM) technology

This electron beam melting (EBM) technology also works
on the basis of the layer-by-layer deposition process and is
similar to the selective laser melting process. In this EBM
technique, the powder materials/particles are melted using
electron beams in place of laser beams. During the process,
the powder bed is maintained at a higher temperature, which
is greater than 870 K, and after completing the build job, the
bed is cooled overnight to reach room temperature. There are
various controllable parameters in the EBM process, such as
beam power, spacing of the beamline, scanning velocity of
the beam, beam diameter, beam focus, plate temperature, and
scan strategies. The control of all these parameters is slightly
more difficult during the process as compared to the SLM
technique, and hence, printing materials are limited in the
EBM technique. This process exhibits some drawbacks, like
a slow process, more expensive printed parts, and a restricted
size of printed parts [66, 67].

2.6 Direct wire/3D plotting technique

This 3D printing works on the basis of viscous material
extrusion from a high-pressure syringe for the creation
of 3D-shaped materials. The syringe head moves along a
three-dimensional axis, while the bed platform remains sta-
tionary, allowing the extruded material to deposit over the
bed layer by layer. The curing of 3D printed parts is done
by inserting two main reactive elements during the mixing
in nozzles, or curing is also done either using UV light or
heat. In a limited case, the finishing of the curing reac-
tion has been done while delivering material to the plotting
medium [68, 69]. The parameters like the speed of deposi-
tion and material viscosity relate to the final part’s printed
quality. The major advantage of this 3D plotting technology
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is its flexibility in material selection. The hydrogels, solu-
tions, and pastes can be easily loaded into the plotting
printer. But there is a requirement for temporary support-
ing material for the printed element because the printing of
low-stiffness viscous material might collapse the complex
structure of the printed material [70].

2.7 Other 3D printing techniques

The inkjet printing process has high printing resolution
as compared to the direct retting and FDM processes.
The photo-curable polymer materials are liquidized and
deposited over different substrate materials (polyimide).
The printing head propels the ink droplet through a pie-
zoelectric or thermal drop-on-demand device, followed
by a selective deposit on the substrate location. The sur-
face droplets are then sintered or cured via a thermal or
chemical process. The main challenge of inkjet printing is
droplet deposition control, which is mainly affected by the
merging of droplets, substrate surface energy, and droplet
velocity. The other parameters like viscosity, nozzle diam-
eter, and printing speed affect the quality of the printed
parts [71, 72].

The newly emerged digital light processing (DLP) works
on the basis of selective polymerization of the photopol-
ymer surface through the projector light (Fig. 2e), while
liquid deposition modeling (LDM) involves direct mate-
rial layer deposition from volatile solvent solution [73, 74].
Fiber encapsulation additive manufacturing (FEAM) con-
sists of direct encapsulation of fiber within the high viscous
extruded polymer matrix material. As compared to the tra-
ditional 3D printing methods discussed above, these latest
technologies have a wide material selection or a shorter
processing duration. However, their usage is limited because
of complexity and higher cost, although few researchers are
adopting these processes for their work [75].

3 3D printing of polymer composites

Polymer materials possess a liquid state easily because of
their lower melting point and are commonly preferred in
3D printing technology due to their lower cost, flexibility
in processing, and lower weight. Even with these helpful
factors, there are some difficulties in using polymer materi-
als in 3D printing, such as large challenges in functionality,
lower mechanical strength, and geometrical complexity while
using them in wider applications. These challenges can be
overcome by reinforcing different materials, and this also
gives the desired functional and mechanical properties. The
capabilities of polymer materials used in 3D printing can be
observed using their molecular structures, and also it depends
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on the processing of materials [81]. The usage of different
types of polymer materials in 3D printing is discussed in the
following sections.

3.1 Fiber-reinforced composites

The direct wire and FDM techniques are normally
employed for the production of fiber-reinforced com-
posites and also significantly enhance the properties of
different polymer matrices. The process of direct writ-
ing involves the mixing of fibers and polymer paste, fol-
lowed by the extrusion process. Common short fibers
such as carbon and glass are preferred as reinforcements
for the overall improvement of mechanical properties in
3D printed composites. The FDM process involves the
mixing of fibers and polymer material pellets initially
and then extruding them into filament. The secondary
extrusion process is the main reason for the uniform dis-
tribution of fiber [82, 83]. The work highlights of dif-
ferent fiber-reinforced polymer composites are briefed
in Table 2.

Mohammadizadeh et al. [94] studied the structural and
mechanical behavior of 3D printed continuous fiber-reinforced
composites where Kevlar, fiberglass (FG), and carbon fiber
(CF) are used as reinforcements and nylon as a matrix mate-
rial. The experimental results show that the composite with iso-
tropic fiber orientation and fiber inclusions has good mechani-
cal properties as compared to other specimens. Along with that,
homogeneity in fiber orientation and more fiber packing density
along the loading direction show optimum mechanical proper-
ties, which are confirmed by experimental tests. The increase
in temperature above the optimum value leads to high creep
deformation. The carbon fiber-reinforced composite specimen
shows the highest packing density of fibers and exhibits higher
resistance to failure. Also, it was noticed that the composite’s
lower fiber strength (Kevlar) and fiber packing density pos-
sessed lower resistance values to the failure. Akasheh and
Aglan [95] conducted an investigation into the enhancement of
notch sensitivity and fracture resistance of chopped carbon fiber
and nylon composites that use the FDM printing process. The
results of fracture behavior, fracture toughness, and mechanical
properties reveal that the effective wrapping of fibers around the
notches causes notch blunting and redirects the notch tip away
from crack propagation, thereby improving the fracture resist-
ance by lengthening the path of the crack. This improvement
was limited to the saturation level. The more notch reinforce-
ments above the critical limit, the more fracture resistance gain
can be reduced because of notch targeted reinforcements. The
deposition temperature optimization during printing of ther-
moplastic carbon fiber and matrix improves the adhesions and
results in denser composites. The existence of fibers damaged
inside the carbon bundles while printing leads to a reduction
in the reinforcement effect in the printed composite. Invernizzi

et al. [96] conducted a performance analysis of a UV-assisted
3D printed composite reinforced with glass and carbon fibers
with diglycidyl ether as a matrix material. It ensures that there
is an effective interaction between the reinforcing fibers and
the matrix material. In particular, the carbon fiber-reinforced
composite has a higher fraction of photo-curable resin, which
is typically mandatory to ensure the appropriate processing.
The results of DSC and DMA reveal the good thermal and
mechanical stability of 3D printed parts. The interfacial adhe-
sion between matrix and fiber is also improved by using the
carbon fiber sizing treatment, which improves the mechanical
properties of printed parts that are suitable for structural com-
ponents. Dong et al. [97] evaluated the tensile properties of
Kevlar/PLA composites that are fabricated using the FDM pro-
cess. The fiber’s orientation along the tensile direction shows
the positive effect of tensile strength on the printed part. The
printed composite structures with longer cell lengths possess
lightweightness and optimum tensile properties, where these
parameters are important for subjecting the printed components
to engineering applications. Also, the increased number of fib-
ers in the composite gives maximum tensile properties.

Balla et al. [98] conducted a study on treated soybean
hull fibers and thermoplastic copolyester (TPC) composites,
which are fabricated using the FFF process. The soybean
hull fiber treatment affects the interlayer bonding, printing
defects, and surface quality of the printed parts. The com-
posite consists of dilute acid-treated fibers that reduce the
porous size to 39 m from 81 m, elevating the composite
relative density by 99%. The defects in these composites
have been reduced and improved the elastic modulus value
by 54 MPa, from 36 MPa. The composite at 50% strain rate
exhibits higher stress and toughness values, which are 50%
and 30% more than neat TPC composites, respectively. The
surface characteristics of the printed parts were depend-
ent on the material flow while printing and defects in the
neat TPC material because of its more viscous nature than
the composite with soybean hull fiber. Prajapati et al. [99]
studied the effect of fiber volume fraction on the impact
strength of HSHT glass fiber-reinforced onyx (chopped
carbon fiber + nylon) matrix filament composite that is
printed using the FDM process. It was observed that with
the increase in fiber layer numbers, there was a requirement
for more printing time. Hence, more fiber layers result in
an increase in Izod impact strength to a larger extent. This
3D printed specimen’s impact strength is significantly larger
than most printed parts made from thermoplastic polymer.
After reaching the specific limit of fiber layer addition, the
impact strength increment rate was reduced. The fiber-
reinforced composite specimen achieves the highest impact
strength of 2448.34 J/m for 119 fiber layers and 1566.03 J/m
of maximum impact strength for 29 fiber layers. This shows
that the fiber volume percentage was increased to 101.46%
due to fiber layer addition and increased the impact strength
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Table 2 Work highlights of fiber-reinforced polymer composites

Reinforcements

Matrix

Printing
technique

Work highlights

Ref.

Short carbon fibers

Ramie yarns

Bamboo fiber

Short carbon fibers

Continuous carbon

fibers

Carbon fiber

Carbon fiber

Carbon fibers

Flax yarns

Carbon fibers

Onyx (car-
bon +nylon)

PLA

PLA/polypropylene
(PP)

Polycarbonate (PC)

Epoxy resin

Nylon

Polylactide

Acrylic-based Peo-

poly resin

PLA

PLA

FFF

FDM

FDM

FFF

FFF

FFF

FDM

FDM

FDM

FDM

The generation of voids occurs when the filament flows from the nozzle and
decreases in on-bed printing. The fiber’s length has been reduced before and
after the printing, which is attributed to the breakage of fibers when passing
the melted materials through the converged nozzle zone

The elevation in matrix flowability causes an increment in forming pressure
and impregnation duration. This resulted in a change in printing parameters,
leading to microstructural changes. The maximum tensile strength was
86.4 MPa with less porosity and good adhesion between the parts

The bamboo fibers were treated with NaOH solution before printing to
increase their compatibility with the matrix material. The 5% PP reinforce-
ment resulted in an improvement of tensile, impact, and flexural strengths by
13%, 23.5%, and 11.7%, respectively. The modification of BF improves the
overall potential of 3D printed composites

It was reported that the mechanical performance and surface characteristics were
greatly affected by input process parameters like printing speed, orientation,
layer thickness, and nozzle temperature. This means that the addition of more
SCF fibers from 3 to 7.5%, more strength and modulus, but less ductility and
toughness was observed

The printed composite with 58 wt% of fiber content records the highest flexural
strength and modulus values of 952.89 MPa and 74.05 GPa, respectively. To
get the optimum mechanical properties, the author suggested some parameter
values, such as 0.4 mm (thickness), 170 °C (curing temperature), S00 mm/min
(printing speed), 1.2 mm (printing space), and a curing pressure of —90 kPa

Continuous carbon fiber/nylon composites have maximum stiffness and tensile
strength values of 64 GPa and 986 MPa, whereas short fiber/nylon composites
have a stiffness and strength value of 1.9 GPa and 33 MPa, respectively. The
major disadvantages of printing continuous fibers are void creation and less
control over fiber placement while printing complex shapes

The plastic impregnation into the bundles of fiber is easily possible when the
liquefier temperature falls from 200 to 230 °C. The guaranteed bonding strength
among layers and lines was observed with hatch spacing of nearly 0.6 mm and
layer thickness of 0.4-0.6 mm. The 27% fiber content reinforcement gives maxi-
mum flexural modulus and strength values of 30 GPa and 335 MPa, respectively

The thermoset composite with continuous fiber reinforcement has better
mechanical properties and higher thermal stability, which is due to the
existence of cross-linked structures in the polymers. The predicted modulus
values fell between 2 and 5%, and the strength values were lower as com-
pared to the predicted values

The microstructure of printed flax/PLA biocomposites shows the uniform
distribution of flax yarns, and twisted flax yarns have fiber-rich areas. The
results of tensile strength and modulus values were 4.5 times higher than the
natural fiber-based 3D printed composites results recorded in the literature

The annealing process before being subjected to tensile testing leads to an increment
in crystallinity and has no significant effect on mechanical properties. The addition
of short carbon fibers into the PLA matrix leads to an increment in elastic modulus
value

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

by 15.85%. Li et al. [100] characterized the FDM-printed
composite made of 1000 individual carbon fibers (reinforce-
ment) bundles and PLA as a matrix material. The modified
carbon fiber/PLA composite possesses a maximum glass
transition temperature (Tg) of 66.8 °C, followed by 65.2 °C
and 63.6 °C for carbon fiber/PLA and neat PLA compos-
ites, respectively. Also, the modified carbon fiber/PLA 3D
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printed composite achieves storage modulus and loss target
values of 3.25 GPa and 1.32 GPa, respectively, and the other
composite comparison is illustrated in Fig. 3. Carbon fiber
preprocessing is the major requirement for subjecting the 3D
printed component to potential applications. This is attrib-
uted to an improvement in interfacial adhesion between PLA
resin and the carbon fiber. The experimental data reveals
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Fig.3 Loss tangent and storage modulus of PLA, carbon/PLA, and
modified carbon/PLA composites [100]. (Reused with the permission
from Elsevier, License No. 5195360258657)

that the modification of carbon fiber improves the tensile
and flexural strengths by 13.8% and 164%, respectively, as
compared to unmodified carbon fiber composite samples.
Wang et al. [101] investigated the potential of FDM-
printed short carbon fiber (CF) or glass fiber (GF)-reinforced
PEEK polymer composites. The increase of fiber weight frac-
tion from 5 to 15 wt% results in an increase in the melting
point, crystallization, and thermal decomposition tempera-
tures of the composites, where these values are higher than
those of neat PEEK material, and it shows more thermal sta-
bility in the reinforcement of fibers with the PEEK matrix.
The matrix/fiber interfacial bonding is better in the GF/PEEK
composite than in the CF/PEEK composite, which is due to
the presence of a more active group due to surface treatment.
This better interfacial bonding restricts the molecular chain
movements of PEEK material, which lowers the crystallinity
and melting fluidity of the CF/PEEK composite. When the
fiber weight fraction is increased to 15%, the tensile, flex-
ural, impact, and ductility values of the composites decrease,
but the composites remain stronger than neat PEEK mate-
rial. The higher flow of melted composites creates scratches
on the deposited surface and resulted in poor surface qual-
ity. Dickson et al. [102] fabricated glass, carbon, and Kevlar
fiber-reinforced composites using the FDM process and nylon
composites using the Mark One 3D printing system. The
experimental results were compared with the existing litera-
ture values, which confirmed that the composite with carbon
fibers yields higher values of mechanical strength and was 6.3
times stronger than without carbon-reinforced nylon polymer
composites. The 18% glass fiber reinforcement gives maxi-
mum tensile strength efficiency, and up to 33% yielding gives
a slight increase in tensile strength. Yavas et al. [103] evalu-
ated the inter-laminar shear strength of FDM-printed short
and continuous carbon fiber-reinforced polymer composites.
The results reveal that the intrinsic ILSS value of a fully

continuous carbon fiber-reinforced composite is 40.93 MPa,
whereas a 3D printed composite with short carbon fibers and
partially continuous fibers has an ILSS value of 24.42.4 MPa.
This shows that the addition of short carbon fibers in place
of 50% of continuous fiber reinforcement leads to a gradual
decrease in ILSS value. This reduction might be as high as
45%. A 25% ILSS deviation was observed when the staking
sequence of the fibers was changed. The analysis of both
numerical and experimental results shows that the increase
in short CFRP layer thickness causes improved toughness
and fracture strength values, which prevents the cracking of
the brittle matrix at lower stress levels and improves the short
CFRP’s plastic deformation. Sang et al. [104] investigated the
mechanical, thermal, and rheological properties of treated
(KH550) basalt fiber (KBF)/PLA and CF/PLA 3D printed
composites. The results show that KBF/PLA composite
exhibits acceptable tensile properties with superior flexural
characteristics as compared to CF/PLA composites, which
is due to the higher complex viscosity of CF/PLA composite
that affects the adhesion of the interlayer. The higher KBF
weight fraction and fiber length result in lower infill and
defects in the composites, which was confirmed using CT
scans and show good mechanical performance. Mosleh et al.
[105] fabricated and analyzed the FDM-printed continuous
carbon fiber/ABS polymer composites. Initially, the carbon
fibers were subjected to pre-impregnation using the solution
before printing with ABS material. The experimental results
demonstrated that the tensile, ILSS, and flexural strength of
continuous carbon fiber-reinforced composites have been
improved as compared to neat samples. The combination
of carbon and ABS composite is found to have a dramatic
increase in ILSS value as compared to plane ABS material.
All these improvements were due to lower printing speeds
and initial pre-impregnation of carbon fibers, which provides
suitable adhesion among adjacent layers and prevents the
delamination of layers. Along with the improvement in mate-
rial properties, the pre-impregnation also makes the printing
of composites much easier than without pre-impregnation.

3.2 Nanocomposites

Nanocomposites exist as a multiphase solid material, where
any one of the phases having one, two, or three dimensions
with < 100 nm or a structure makes a different phase differ-
ence in nanoscale to make a structure. The common nanoma-
terials such as carbon nanotubes (CNTs), metal nanoparticles,
graphite, and ceramic nanoparticles impose unique mechani-
cal, thermal, and electrical properties to the reinforced com-
posites. These nanoparticles are useful in the creation of
multi-functional composites for high-performance applica-
tions [106]. A summary of different nanofiller-reinforced 3D
printed composites are tabulated in Table 3.
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Table 3 A brief summary of nanofiller-reinforced 3D printed composites

Polymers/filaments

Nanofillers

3D printing
process

Observations

Ref.

Photocurable epoxy
based SL resin

Methacrylate based
(MA) resin

Polyethylene glycol
diacrylate (PEGDA)

PLA

PLA

PLA

PLA

Polycarbonate, ABS

ABS

MWCNTs

Graphene oxide (GO)
nanoparticles

Silver nanoparticles
(AgNO3y)

Graphite nanoplatelets
(GNPs)

MWCNTs, GNPs

Zn0O nanofibers

Graphene

Graphene

Cellulose nanocrystals,
silica

SLA

SLA

DLP

FDM

FDM

Solvent cast 3D
printing

FDM

FDM

FDM

The smaller amounts of MWCNTs added (0.025% w/v) result
in enhanced tensile and flexural strengths by 5.7% and 26%,
respectively. The agglomeration of nanoparticles creates
stress concentration areas and decreases the potential of the
nanocomposites

The addition of nanoparticles improves the overall physio-
mechanical and thermal properties of the resultant functional
nanocomposites. It was also observed that there was a strong
interaction between the resin and the filler material

The embedding of AgNO; nanoparticles improves the overall
material properties, and difficulties were observed during the
printing process

The 2 wt% of modified GNPs loading in the PLA matrix
results in improved tensile and flexural strengths by 43.6%
and 28.5%, respectively. Also, the thermal stability of
resultant nanocomposites was also enhanced, which led to
an increment in degradation temperature of 60 °C and an
increase in residual weight of 7% at the end

The shielding efficiency (SE) reaches up to 13.4 dB from
0.2 dB with the addition of both the fillers, which is 95%
and 4% improvement in SE corresponding to the GNPs and

MWCNT nanoparticles, respectively. The 12 wt% GNP loaded

nanocomposites possess 263% higher thermal conductivity as
compared to unfilled composites

PLA hydrolysis catalyzed by ZnO nanofibers reveals that printed
nanocomposites possess lower thermal stability as compared to

neat PLA material, which is due to PLA hydrolysis catalyzed by
ZnO nanofibers. The presence of ZnO increases the crystallinity

of the nanocomposites

The electrical resistivity value is lower in the perpendicular
direction to the layers than the volume resistivity in the layer
direction. The addition of nanofillers improves thermo-
mechanical properties with EMI shielding properties. Hence,
this nanocomposite is suitable for lightweight EMI shielding
material

The addition of graphene (0.8 wt%) improves the tensile and
impact strengths by 57% and 87%, respectively, while the
reduction of surface roughness was found along the printing
direction and an amount of 40% reduction as compared to neat
PLA/ABS materials

The hybrid fillers’ insertion with ABS gives a better reinforcement
effect as compared to individual reinforced fillers. The shrinking

percentage and warpage degree were reduced due to the addition of

hybrid fillers. The modification of hybrid fillers is also one of the
reasons for the thermal property improvements in nanocomposites

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

Gnanasekaran et al. [116] evaluated the mechanical sta-
bility and printability of polybutylene terephthalate (PBT)-
reinforced CNTs and graphene-filled FDM-printed compos-
ites. The results reveal that the mechanical and conductive
properties of CNT/PBT show higher values and good per-
formance as compared to graphene/PBT composites. The
printing of multi-materials using a single process develops
thermal stresses at the materials’ interfaces because the coef-
ficient of thermal expansion values is different for different

@ Springer

materials. These difficulties were overcome by varying the
printing bed temperatures. Sometimes, the higher specific
Young’s modulus value of graphite and CNT causes nozzle
wear while printing the materials. There is no requirement for
any alterations to process parameters while using CNTs and
graphene as nanoparticles with PBT polymer because of the
lower graphene (0.49 wt%) and CNT (0.31 vol.%) concen-
trations. Coppola et al. [117] fabricated nanoclay-filled PLA
nanocomposites using the FDM technique. The addition of
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nanoclay particles increases the crystallinity of the result-
ant nanocomposites, which is the reason for the existence
of the crystalline phases. The DMA analysis results show
an improvement in storage modulus value as compared to
neat PLA composites. The cold crystallization temperature
of nanoclay/PLA nanocomposite is lower in the range than
the neat PLA material, which is due to the nucleating effect
of nanoclay particles (acceleration of PLA crystallization). It
is also reported that the elastic modulus value was enhanced
by + 15 for the nanocomposite sample. Moreover, the nano-
clay/PLA nanocomposite samples have sharper edges and
better shape stability. Postiglione et al. [118] evaluated the
conductive properties of multi-walled carbon nanotubes
(MWCNTs)/PLA nanocomposites that are printed using the
liquid deposition modeling (LDM) technique. The addition
of more MWCNT content resulted in improvement of elec-
trical properties in resultant nanocomposites. The electrical
conductivity range of 10 to 100 S/m is obtained for higher
MWCNT concentration of above 5 wt%, with a threshold
concentration value of 0.67 wt%. Initially, the woven-like 3D
structure was obtained through the deposition of two-layer
materials on one top of the other with a printing speed of
0.1 mm/s and illustrated in Fig. 4a as an optical micrograph.
The extrusion of filaments having MWCNTs/PLA nanocom-
posite resulted in a planar solid feature with an average width
of 100 pm. The top and side views of ten-layer scaffold of
3D printed filaments are illustrated in Fig. 4b and c. The
example of freeform printing with 3D microstructure solid
filament with a diameter of 100 pm is capable to adopt a self-
standing feature with a few mm of length, and it is illustrated
in Fig. 4d. The application of this conductive nanocomposite
in an electrical circuit is shown in Fig. 4e.

Chen et al. [119] printed and characterized the FDM-
printed nanographene oxide (GO)-filled thermoplastic
polyurethane/PLA nanocomposites. The nanocomposites
were printed easily with complex shapes with good quality
and proper dispersion of nano-GO particles in the polymer
matrix which was observed in SEM and FTIR images. The
loading of nano-GO particles significantly improves the
mechanical properties of the resultant nanocomposites,
which have tensile modulus and compression modulus val-
ues of 75.5% and 167%, respectively. The changes in print-
ing orientations result in different mechanical responses
due to weaker adhesion among layers during printing. The
GO nanoparticle addition gives a better thermal stability by
increasing the degradation temperature by 90 °C and better
formation of crystalline structures. The smaller amounts of
GO addition result in no toxicity to cell growth, and it is a
benefit for cell proliferation. Wei et al. [120] analyzed the
conductive properties of nanosilver material-coated car-
bon nanofibers (Ag @CNFs) that are printed using a direct
3D printing technique. The chosen nanocomposites can
be printed in open air at ambient conditions with a lower

percolation threshold (6 vol.%) and a higher electrical con-
ductivity value of greater than 2.1 105 S/m without any
post-treatment. Further, it was also found that the hybrid
Ag@CNFs nanocomposites deliver a shape memory behav-
ior through low-voltage triggered electrical response, and
the response is quick; hence, it is preferred in the manu-
facturing of electroactive devices. The conductive nano-
composites are also popular in manufacturing different
electrical components like sensors, lightweight scaffolds,
low voltage smart grippers, and ambient conductive com-
ponents. Viskadourakis et al. [121] studied the transport
properties of graphene/PLA and graphite/PLA nanocom-
posites, which are fabricated using the FDM 3D printing
technique. The 3D printed graphene/PLA nanocomposite
possesses a higher order of magnitude of electrical conduc-
tivity than the PLA/graphite nanocomposites. The Seebeck
coefficient value and power factor values are low for PLA/
graphite nanocomposites, making them not acceptable
comparatively for the thermoelectric application. Rosales
et al. [122] investigated the electro-responsive behavior
of carbon black nanoparticles filled with shape memory
polymer (SMP) nanocomposites. The behavior reveals that
the conductive CB/SMP nanocomposite specimen gave
a response to the electrical current stimulus through the
enhancement of toughness, which was four times more than
without current applied while conducting a tensile test. The
conductivity value was further enhanced by increasing the
CB filler concentration in the SMP matrix material. Fur-
thermore, the elongation value was enhanced to 44% from
9.45%. The SEM images reveal the uniform distribution
of CB particles in the SMP material. Sanatgar et al. [123]
studied the adhesive properties of nylon on polyamide, CB/
PLA, and CNT/PLA nanocomposites printed using the
FDM technique. It was observed that the different process-
ing parameters had a significant effect on the adhesion of
polymer materials to fabrics. As per the best-fitted model,
there was a significant effect on the adhesive properties of
nylon on polyamide fabric through the extruder tempera-
ture linear effect and quadratic effect on the printing speed.
The adhesive force is not affected by platform temperature
when the temperature range is below the glass transition
temperatures of reinforced fabrics. This phenomenon was
proven by the diffusion theory, which explains the adhe-
sive nature of polymers through chainlike molecules. Fig-
ure 5 clearly illustrates the effect of processing parameters
on the adhesion force of nylon on polyamide fabric. The 5%
CB-loaded PLA nanocomposite has a more brittle nature
with less break strength as compared to the 2% CNT-loaded
nanocomposites. The loading of 5 wt% organic modified
montmorillonite (OMMT) in the ABS matrix results in an
improvement of 43% higher tensile strength in 3D printed
ABS composites, while 28.9% of tensile strength enhance-
ment was found in injection molded ABS composite
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Fig.4 a LDM printed 3D
woven microstructure of
two-layer filaments, SEM b

top and c side view images of
ten-layer scaffold structures, d
LDM based filament 3D printed
freeform structure, e application
of PLA/MWCNT nanocompos-
ite in electrical circuit [118].
(Reused with the permission
from Elsevier, License No.
5195360542225)

samples. The addition of OMMT improves both mechani-
cal and dynamic properties and reduced the TGA weight
loss and the value of linear thermal expansion [124]. Guo
et al. [125] evaluated the conductive and thermal properties
of PLA and poly(butylene adipate-co-butylene terephtha-
late) (PBAT)-reinforced 3D printed nanocomposites filled
with graphene nanoplatelets (GNPs). The GNP addition to
PLA leads to improper dispersion because of poor affinity
towards PLA material, and uniform and proper dispersion
was observed in the PBAT matrix due to percolated net-
work formation. The maximum electrical conductivity of
338 S/m and a thermal conductivity value of 3.15 W/m-K
were obtained for 40 wt% GNP filler loading and achieved
good mechanical performance due to strong interactions
between the fillers and PBAT material.

Fig. 5 Interaction plots for the
adhesion force v/s different
processing parameters of the
3D printer for nylon deposited
on the polyamide fabric [123].

(Reused with the permission o
from Elsevier, License No.
5195360795891) 75 Extruder Temp (°C)
50
100
75
50
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3.3 Particle-reinforced composites

Concerning economic benefits, the particles are reinforced
in the matrix material to improve composite properties. The
particle reinforcements are easy with the polymers, either
in the liquid form for the SLA or in the powder form for the
SLS technique, also printable in the filament form through
the FDM process [126]. The main key improvements due to
particle additions were storage/tensile modulus (glass beads,
copper, iron particles), wear resistance (aluminum, A1203),
and dielectric permittivity (tungsten, ceramic particles) [127,
128]. The summary of different particle-reinforced polymer
composites are tabulated in Table 4.

Liu et al. [139] evaluated the recovery characteristics of
SiC and carbon particle-filled PLA composites printed using
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Table 4 Summary of particle-reinforced 3D printed composites

Reinforced filaments

Fillers

Printing process

Work outcomes

Ref.

ABS

Polyurethane acrylate

Conductive ABS

Polystyrene

PVA

HDPE, polypropylene
(PP)

PLA, polyethene tereph-
thalate (PET)

ABS

ABS

Diamond micro-particles

Alumina

Zinc oxide (ZnO)

ALO,

Calcium silicate (CaSiOs)

Silicon nitride (SizN,)

Stainless steel and copper
alloy powder

Copper (Cu) particles

Zinc ferrite (ZnFe,0,)

DLP

Magnetically assisted
direct writing

FDM

SLS

SLS

FDM

FFF and laser-based
powder bed fusion
process

FDM

FDM

Minor improvements in heat transfer rate were
observed in ABS composite with up to 25% (w/v)
diamond particle loading, but 30% (w/v) loading
shows significant improvement based on diamond
particle-aggregated interconnection network. The
materials were printed for cooling coils and heat
sinks for thermal applications

The multi-material dispersion and component
mixing units provide additional control over local
composition in the printed materials. There was
also control over magnetized particles’ orientation
in the 3D printed parts

The dynamic storage modulus value was improved
due to the change in infill density from 50 to 100%.
However, a gradual decrement was found in the
damping factor and loss modulus values. The electrical
conductivity and tensile properties were better in the
inline pattern than in the rectilinear. These printed
composites are suitable for thermoelectric applications

The particles’ addition to polystyrene (PS) improves
the impact and tensile strength by 50% and 300%,
respectively, as compared to unfilled PS material.
The rough fractured surfaces were observed in
treated particle-filled PS composites more than in
unfilled and untreated PS composites. The treated
particles absorb the laser and are well dispersed in
the matrix material

The compressive strength value was elevated to 15
wt% filler addition and reduced to 20 wt% CaSiO;
content. The filler addition of less than 20 wt%
improves the bioactivity of the printed scaffolds

The reinforcement of HDPE and PP materials with
10 vol.% of Si;N, particles is not sufficient because
of substantial critical strain decrement and an
insignificant increment in elastic modulus value.
The incorporation of these hard particles in higher
volumes has no significant effect on filament prop-
erties. The filler particles improve the tribological
behavior of 3D printed composites

The reinforcement of hybrid fillers develops interlocking
structures, and their joint strength was improved by
laser heating. The metal/polymer composite possesses
good tensile and shear strength without any adhesives

The maximum tensile strength and density values
were obtained for the parameters of nozzle diameter,
layer height, raster angle, and nozzle temperatures of
0.5 mm, 0.1 mm, 0/90, 240 °C, and 1 mm, 0.1 mm,
0/90, 240 °C, respectively

The 14 wt% filler addition improves the density and
tensile properties by 8% and 70%, respectively,
as compared to neat ABS material. Similarly, the
electrical and thermal conductivities were enhanced
by 186% and 22%, respectively, for the same filler
loading. This is attributed to the formation of a
conductive network or chain between ZnFe,O, and
ABS materials

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]
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Table 4 (continued)

Reinforced filaments Fillers Printing process Work outcomes Ref.
Poly(ethylene glycol) Silica (Si0,) SLA A small amount of silica filler material (1 wt%) [138]
diacrylate (PEGDA) reinforcement improves the compression and tensile

strengths of the PEGDA composite. The swelling
rate depends on the thickness of the printed parts.
The TGA test reveals the slight scattering of mass
value with the different loading conditions. This also
shows the improper distribution of silica particles.
Especially when a higher percentage of fillers is
present

the FDM technique. The 10 wt% of SiC and 50 wt% of C
loading decrease the recovery time by 87% as compared to
the neat PLA matrix. The 20% and 50% of SiC loading into
PLA show a maximum recovery force of 12.9% and 76%,
respectively. Quill et al. [140] evaluated the thermal and
mechanical properties of FDM-printed boron nitride (BN)/
ABS polymer composites. The author compared the conduc-
tivity values of injection molded and 3D printed parts. The
35 wt% BN loaded ABS composite possesses 1.45 W/m-K
of in-plane conductivity printed through the injection mold-
ing process, while 0.93 W/m-K of conductivity value was
obtained for the 3D printed composite for the same material
and weight percentage, which is 5 times higher than neat
ABS conductivity. The composites have anisotropic thermal
conductivity, and their through-plane thermal conductivity
value is lower by a factor of nearly 4 for 3D printing and 3
for injection molding. The addition of BN flakes increases
the optimum flexural modulus value and decreases impact
toughness and flexural strength to a greater extent. Tan and
Low [141] evaluated the electrical properties of nickel and tin
alloy-filled nylon-6 and HDPE composites printed using the
FFF process. The conductivity value of nearly 3.1 X104 S/m
was obtained for the nylon-6 composite filled with 30 vol.%

Fig.6 SEM micrographs of a
top view and b side view of 35
wt% BN reinforced composite.
¢ Randomly oriented compos-
ites with 35 wt% BN particles.
d Top view and e side view

of oriented composites with
30 wt% Al,O5 and 35 wt%. f
Random composites with 35 100pm
wt% BN and 30 wt% AL, O;.
The orange arrows and white
circles indicate vertically and
horizontally alignment of BN
particles [146]. (Reused with
the permission from Elsevier,
License No. 5195361066322)
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of metal loading. The nylon-6 matrix is hygroscopic, which
reduces the thermal conductivity value when interacting with
a humid environment. This could be avoided by composite
drying for 48 h at a temperature of 60 °C. For the 35 vol.%
of filler loading, the PE composite exhibits a conductivity
value of 23,000 S/m. This PE matrix is non-hygroscopic, so
there was no interaction effect on electrical conductivity with
the environment.

Palmero et al. [142] demonstrated the printing suitability
of stainless steel alloy and aluminum particle-filled ABS fila-
ments using the FDM process. The filling factor of magnetic
stainless steel particles in ABS composites has been accu-
rately obtained by magnetization value comparison with
initial powder magnetization. Also, there was no metallic
particle degradation after processing, and it was confirmed
through magnetic measurements. The author also studied the
feasibility of using the smaller size and more uniform dis-
tribution of particles with the ABS materials. Hamzah et al.
[143] characterized the copper ferrite (CuFe,0O,)-reinforced
ABS polymer composites printed using the FDM process.
The composite is studied with 8, 11, and 14 wt% of filler
reinforcement. It was found that 14 wt% of CuFe,O, loading
increases the tensile strength value by 135% as compared to
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neat ABS filament. Also, this specimen is 14% harder than the
neat ABS material. The thermal conductivity value is elevated
by 93% with a filler loading of 14 wt%. The improvement in
mechanical properties was due to strong interlocking between
the matrix and fillers at higher filler concentrations. The con-
ductive nature was improved due to possible mutual contact of
filler particles, which creates a conductive pathway and leads
to good electrical conductivity. Yang et al. [144] developed
FDM-printed particleboard wood flour (PWF)/PLA polymer
composites filled with copper-zinc (mCu-Zn) alloy particles.
The results reveal that the addition of mCu-Zn alloy particles
to wood plastic composite improves overall mechanical and
thermal properties and has good antibacterial performance.
The addition of 2 wt% alloy particles increases the flexural
strength by 47.1% and 18.9% as compared to neat PLA and
PWF/PLA composites. A 1142.6% of the increment was
found in surface gloss as compared to PWF/PLA wood poly-
mer composites. Moreover, the inhibition rate against Escheri-
chia coli was 90.43%. Hence, these antibacterial and novel
high-loss characteristics of wood polymer composites have
potential applications in classic art, furniture, toys, etc. Wu
et al. [145] analyzed the gamma-ray shielding performance
and mechanical properties of tungsten-filled poly-ether-ether-
ketone (PEEK) composites printed using the FDM technique.
The rate of gamma-ray shielding changes exponentially with
varying tungsten particle percentage for the same specimen
thickness. The printed shielding material has a short cycle, a
denser structure, lower porosity, a simple process, and uni-
form dispersion of tungsten particles. These new shielded
materials’ mechanical properties were enhanced due to heat
treatment. The 50, 60, and 70 wt% of PEEK/tungsten compos-
ite improved tensile and flexural strengths by 33.51%, 27.52%,
30.6%, and 33.28%, 34.81%, and 41.29%, respectively. Liu
et al. [146] fabricated alumina and boron nitride (BN) par-
ticles filled with polydimethylsiloxane (PDMS) polymer
composites using a 3D printing process. The SEM micro-
graphs of the hybrid filler reinforcement in different views
are illustrated in Fig. 6. The reinforced BN platelets act as a
heat transfer rapid highway in the matrix, and it resulted in
a thermal conductivity increment along the oriented direc-
tion. Further addition of spheres of Al,O, improves the filler
network and resulted in slurry viscosity growth. The hybrid
filler reinforcements of BN (35 wt%) and Al,05 (30 wt%)
give 90.65% of higher degree orientation and 3.64 W/m-K of
thermal conductivity. These oriented hybrid fillers also reduce
the resistance at the thermal interface, and they show how the
thermal conductivity of these fillers has changed.

Yang et al. [147] printed the boron nitride particles filled
into polyamide 12 conductive composites using the SLS
technique. The addition of BN particles to SLS parts shows
a sharp improvement in thermal conductivity value. How-
ever, the presence of the void slightly lowers the conduc-
tivity value as compared to compression-molded parts. The

printed parts were subjected to epoxy resin post-treatment,
which improves the overall mechanical properties of the SLS
printed parts. The tensile strength and Young’s modulus
values were improved by 19.3% and 123%, respectively, in
post-treated SL parts. This epoxy resin treatment influences
the mechanical properties but doesn’t influence the thermal
conductive network in the SL parts. Aw et al. [148] studied
the effects of filler coating and printing parameters on ZnO-
filled ABS composites printed using the FDM technique. The
11 wt% of ZnO addition gives the optimum tensile strength
of the ZnO/ABS composite with coated fillers with 100%
infill density along with the inline pattern. This improvement
was due to the strong interfacial adhesion that exists between
the coated filler and the matrix. The young’s modulus, hard-
ness, and strength values were enhanced by ZnO addition
to the ABS matrix due to the high strength of the fillers and
stiffening effect. The filler percentage reaching up to leads to
agglomeration formation, which resulted in poor mechanical
properties. The line pattern exhibits higher stability during
the printing process, with higher quality because of less jerk-
ing during the process. However, this printing pattern doesn’t
affect the hardness of the printed composites. Dawoud et al.
[149] analyzed the strain sensing behavior of FDM-printed
carbon black-filled ABS polymer composites. During the ten-
sile testing, the stress change was accompanied by conductiv-
ity changes based on the percolation effect and tunneling of
filler effects. At lower strain levels, these mechanisms’ effects
are greater. At the higher strain level, the chances of breaking
the percolation network are high and decrease the building
of conductive tunnels. Finally, this reduced the conductiv-
ity of carbon black/ABS printed composites. Castles et al.
[150] evaluated the dielectric behavior of a 3D printed bar-
ium titanate (BaTiO)/ABS polymer composite. The 70 wt%
filler-loaded composite was studied for dielectric properties
using a split post dielectric resonator (15 GHz) and shows
the relative permittivity and loss tangent ranges of 2.6 to 8.7
and 0.005 to 0.027, respectively. These permittivity values
can be reproduced during the entire process, and matching
can be done with unprinted materials.

4 Characterization of 3D printed parts
Material characterization is the final process after the parts
have been printed using different additive manufacturing
techniques to check the feasibility of components for various
potential applications. The different characterizations of 3D
printed composites are discussed in the following sections.

4.1 Magnetic properties

The magnetic properties of additively manufactured poly-
mer composites are obtained either by introducing magnetite
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nanofillers into the polymer matrix or through the integration
of an electromagnetic layer inside the multilayered compos-
ite. The performance and efficiency of the magnetic trans-
former were majorly affected by geometry. Using 3D printing
in polymer composites enables the production of complex
geometries, and it gives a contribution to the overall per-
formance of the printed parts [151, 152]. There are various
types of worthy magnetic materials for filler purposes, in that
magnetic ceramics are more popular as compared to alloys
and magnetic materials because of their potential advantages.
The advantages are higher electrical resistivity, wear resist-
ance, ease of synthesis, and corrosion resistance. Most of
the research papers include iron oxide (a type of magnetic
ceramic) as a filler material in various applications in dif-
ferent phases (maghemite, hematite, and magnetite) [153,
154]. Bollig et al. [155] studied the possibility of printing
a transformer core using iron particles and PLA composite
using the FDM technique. The 3D printed transformer core
performance was enhanced with a good magnetic response
using two factors, namely, utilization of the highest fill fac-
tors and increasing iron content. The factor of iron content
increment causes complications during the extrusion pro-
cess. The higher percentage of magnetically responsive
particulates with lower susceptibility and coercivity leads
to an increment in the performance of the printed core. It
is also possible to optimize the performance by changing
the turn ratio and diameter/radius of the transformer geom-
etry. Khatri et al. [156] analyzed the magnetic response of
stainless steel particles filled with ABS polymer compos-
ites fabricated using 3D printing technology. The pure ABS
material has no significant magnetic response, and the addi-
tion of higher filler contents increases the ferromagnetism
of the resultant composite. The composite sample with 40
vol.% stainless steel particles exhibits 15.6 mT of magnetic
retentivity at 485 kA/m applied field. The filler addition of 0,
10, 20, 30, and 40 vol.% to the ABS gives a maximum field
strength of 404, 375, 413, 423, and 485 k/Am, respectively.
The results also reveal that the retentivity (BT) value doubles
for every 10 vol.% of stainless steel particles added. These
composite samples are not subjected to any post-treatment,
and even without treatment, the composites exhibit similar
properties as treated composites. The sample with doubled
magnetic retentivity with higher filler content is a promis-
ing material for magnetic sensing applications. Zhang et al.
[157] investigated the multifunctional properties of Fe;0,
particle-filled mesoporous bioactive glass (MBG) and poly-
caprolactone (PCL) polymer composites. The Fe;O,/MBG/
PCL composite scaffolds show superparamagnetic behav-
ior because of their lack of a hysteresis loop. The value of
magnetization saturation for the Fe;0,/MBG/PCL scaffold
increases with adding more Fe;0, particles, and the mag-
netization value of MBG/PCL, Fe;0, (5 wt%)/MBG/PCL,
Fe;0, (10 wt%)/MBG/PCL, and Fe;0, (15 wt%)/MBG/PCL
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scaffolds is 0, 1.01, 2.02, and 2.90 emu/g, respectively. In
the presence of an alternating magnetic field, the MBG/PCL
scaffold has no significant increment in solution temperature,
and this temperature was rapidly increased with the addi-
tion of filler contents. The 15 wt% of Fe;0, particles loaded
onto the MBG/PCL scaffold shows an increment in induced
temperature from 20 to 43 °C at 180 G magnetic strength
and 409 kHz of frequency within 2-min duration. Yue et al.
[158] fabricated a magneto-responsive three-dimensional
shape memory polymer composite using Fe;0, and cellulose
nanofibers’ (CNFs) reinforcement with poly-hydroxybutyrate
(PHB)/poly-(e-caprolactone) (PCL) blends. The composite
blend combination of 0.5 wt% CNFs, 10 wt% Fe;O,, and
80:20 ratio of PHB/PCL gives optimum magneto-responsive
shape memory characteristics. The author prepared a snow-
flake model with dimensions of 33 mmXx36 mmX 1.2 mm
with 100% infill density, 0° fill angle, and 200 °C printing
temperature. Figure 7a—c illustrates the snowflake model
instantaneous shape and temporary shape with the presence
of the magnetic field. It is observed that the model achieves
unfolding gradually with the temporary shape and regains its
permanent shape within 35 s; this behavior shows that the 3D
printed model has the favorable response of magnetic shape
memory properties.

Schmitz et al. [159] assessed the effectiveness of elec-
tromagnetic interface shielding efficiency (EMI SE) in car-
bon black (CB)- and CNT-loaded ABS polymer composites
printed using the FDM technique. The properties were also
studied with hybrid filler reinforcements (HYB-CB + CNT).
The EMI SE response of the FDM-printed composite is
found to be affected by the printing direction and type of
filler reinforcement in the specimens. The order of maximum
EMI SE of the specimen is CNT/ABS >HYB/ABS > CB/
ABS >neat ABS material independent of growing direc-
tion. The composite specimen fabricated in the perpendicu-
lar direction (PC) has better attenuation of electromagnetic
radiation. For instance, the overall EMI SE of a CNT-based
composite printed along PC was nearly — 16 dB, followed
by — 10 and — 11 dB for horizontal concentric (HC) and hori-
zontal alternate (H45) directions, respectively. whereas the
HYB/ABS specimen shows EMI SE responses of — 12, —8,
and — 8 dB according to PC, HC, and H45 directions. The
two plots in Fig. 8 differentiate the shielding effectiveness in
terms of absorption and reflection. When the incident waves
are propagated through the specimens, an appreciable shield-
ing efficiency is obtained for the absorption commanding
mechanism. This mechanism of attenuation is a function of
both the magnetic and dielectric properties of individual ele-
ments in the composite.

Khamis et al. [160] conducted a study on the magnetic
properties of recycled Fe;O, (rFe;0,)-reinforced 3D printed
polytetrafluoroethylene (PTFE) composites. The complex
permittivity was enhanced with increasing rFe;0, filler
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Fig.7 a Printing path of the
snowflake model in the slicing
software. b Top view of the
printed snowflake model. ¢
The magneto-responsive shape
recovery process of the snow-
flake model with the temporary
shape with the presence of mag-
netic field [158]. (Reused with
the permission from Elsevier,
License No. 5195361309266)

content, which is attributed to the commencement of the
polarization process through the interfacial polarization and
enhanced conductivity and also due to charges exchanged
among localized states. The higher rFe;0, filler content in
the PTFE composite reduces the existing space in the com-
posite blend because of a larger specific area of fillers. Hence,
this leads to difficulties in passing the magnetic field through
the composite, thereby increasing the values of relative com-
plex permeability. Hence, these composites are employed for

applications related to tunable characteristics. At 10 GHz, the
25 wt% rFe;0, filler-loaded composite had a maximum rela-
tive permeability value of 1.1. Palmero et al. [161] utilized
MnA1C particles with a polyethylene (PE) matrix for the
development of an earth-free permanent magnet composite,
and this was printed using the Noztek Ltd. Extruder. This
process involves the utilization of continuous filaments of a
length exceeding 10 m. For quasi-spheroidal ferromagnetic
MnAIC particles, a maximum of 86.5% of the filler factor was
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used. The process parameters are 1.75 mm of nozzle output
diameter, 20 cm/min of extrusion speed, and an extrusion
temperature maintained at 120 °C. The fabricated magnetic
composite shows no deterioration in the permanent magnetic
properties of filler particles after filament extrusion and com-
posite synthesis. The magnetization values directly vary with
the contents of the magnetic particles in the composites.

4.2 Conductive properties

For decades, various carbon-based nanomaterials such as
graphene (2D) and carbon nanotubes (1D) have been used
as a second phase for conductive composite fabrication
because of their attractive electrical properties. The introduc-
tion of these nanomaterials with different polymer matrices
through 3D printing results in conductive nanocomposites
with complex structures [162—-164]. CNTs are the major
potential candidates suitable for modification of filaments or
3D printable inks for the manufacturing of multifunctional
structures. In the conductive composites, the determination
of electrical performance is done through the percolation
threshold, where the long-range conductive networks were
formed with a minimum volume percentage of nanofillers
[165-167]. When the filler percentage reaches beyond the
threshold value, the formation of more conductive networks
occurs and resulted in a significant improvement in conduc-
tivity values. This percolation threshold value is determined
by filler type, size distribution, agglomeration, and disper-
sion. Hence, while choosing the functional filler ratio, both
viscosity and percolation threshold have to be considered
for the 3D printing process [168—170]. Chizari et al. [171]
successfully developed lightweight composite structures
with improved functional performance for electromagnetic
interference shields. The highly conductive structures exhib-
ited an electrical conductivity value that reaches maximum
value up to nearly 5000 S/m, by filling the MWCNTs in the
PLA matrix. The Fisnar dispensing robot (I1&J2200-4) was
utilized to print conductive ink, and the pressure was main-
tained between 2.1 and 4.2 MPa. The robot displacement rate
was varied based on the presence of CNT contents, which
is about 0.3 to 1.0 mm/s. The EMI test results show that the
improvement was observed in EMI shielding effectiveness
as compared to solid form CNT/PLA composites, which is
nearly 70 dB g/cm?. The final structural functional perfor-
mance was possible to improve by varying structural param-
eters like printed layer number and inter-filament spacing.
The detailed electrical conductivity value variation with filler
contents and structures is shown in Fig. 9.

Sezer et al. [172] evaluated the electrical properties
of MWCNT-filled ABS polymer composites fabricated
using the FDM technique. The 1 wt% filler loading causes
agglomeration, and the highest filler reinforcement (10 wt%)
causes nanoparticle bunching. The conductivity value of the
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MWCNT/ABS composite shows critical behavior when the
CNT loading reaches a percolation threshold value of 3 wt%
filler loading for the raster angle of [0, 10]. The maximum
electrical conductivity achieved was 232 e-2S/cm for the 10
wt% MWCNT loadings. The MFI value was dramatically
reduced with filler loading, reaching 0.03 g/10 mm for 10%
loading. This was due to the clogging of nanoparticles at the
nozzle during the printing process. Rymansaib et al. [173]
developed a conductive composite blend made of graphite
and carbon nanofibers with thermoplastic polystyrene mate-
rial. The authors developed electrodes suitable for experi-
ments for conductivity studies using commercially available
conductive polystyrene material. The prepared electrodes
were subjected to a cyclic voltammetry process in the aque-
ous 1,1-ferrocenedimethanol solution and continued with
differential voltammetry detection through anodic stripping
for aq. Pb?*. The graphite/CNF/polystyrene (10/10/80 wt%)
composite possesses good conductivity values and a stable
electrochemical interface with defined geometric surface
areas. The 3D printed electrode forms a stable interface
with the polystyrene shell and gives proper signals through
the voltammetry response, which are also reusable after the
polishing process. Hamzah et al. [174] studied the effect
of printing orientation on the conductive properties of 3D
printed carbon black/ABS polymer composites. The elec-
trodes were prepared using these composites and studied
in both the horizontal and vertical printed directions. The
horizontal printing results in two types of electrodes, namely,
horizontally printed smooth surface (HPSS) electrodes and
horizontally printed rough surface (HPRS) electrodes. For
the various redox couples, the vertically printed electrode
shows improved current response as compared to HPRS and
HPSS electrodes that are printed horizontally. There were no
differences in capacitive responses; this indicates that all the
electrodes possess identical conductive surface areas. The
resistance to charge transfer and solution was reduced in ver-
tically printed electrodes as compared to HPRS and HPSS.
Hence, the electrochemical response was good in vertically
printed composites, and it shows that the printing parameter
is the main key factor in getting the optimum conductivity
values. Ivanov et al. [175] reported the electrical proper-
ties of graphene nanoplatelets (GNPs) and MWCNT-filled
PLA composites printed using the FDM technique. A slight
synergic effect was found in the GNP and MWCNT hybrid
filler reinforcement, which is 3% CNT/3% GNP and a 4.5%
CNT/1.5% GNP PLA composite, showing high electrical
conductivity as compared to individual filler reinforcement
with a PLA matrix having the same filler percentage. This
electrical conductivity improvement was due to GNPs and
CNTs’ interaction, which restricts the GNPs’ agglomera-
tion and forms a bridge with neighboring particles, which
resulted in the effective path for conduction. The addition
of 0.5 wt% graphene particles to the poly(trimethylene
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Fig.9 a Plot of electrical con-
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carbonate) (PTMC) matrix resulted in an electrical conduc-
tivity value of nearly 1x 10> S/m, whereas 3 wt% filler load-
ing results in an improved conductivity value of 1 x 10" S/m
[176]. Compton et al. [177] conducted a study on the elec-
trical properties analysis of graphene-reinforced epoxy 3D
printed composites. The measured average sheet resistance
of composite samples along with the transverse direction to
the printing is 6.7 x 10 2 ‘Q/sq and 1.06 X 10 3 Q/sq, respec-
tively. These measurements show that the printing process
has a significant effect on the conductive network within the
composites because of the graphene flake alignments in the
printed composite. Postiglione et al. [118] evaluated the elec-
trical conductivity values of MWCNT-filled PLA composites
printed using the LDM technique. The electrical conductivity
of PLA composite was influenced by the filler addition (0.5-
10 wt%), which was validated through resistance measure-
ments. The conductivity o values were found to be substan-
tially increased concerning PLA matrix upon the addition of

' U LT

0.5 wt% MWCNT. Moreover, the progressive ¢ increment
was observed with increasing filler concentration followed
by percolation behavior, where the values fall in the range
of 10-100 S/m for higher filler loading (5-10 wt%). These
results demonstrate that the potentiality of LDM printed com-
posite enables the assembling of internal electronic function-
alities into 3D structures in a straightforward and versatile
fashion. Yuan et al. [178] investigated the electrical conduc-
tivity behavior of carbon nanotube-filled thermoplastic poly-
amide 12 (PA12) and polyurethane (PU) composites printed
using the SLS technique. The electrical conductivity value
was found to increase when approaching the filler concentra-
tion of 0.5 wt% in laser sintered composite, which possesses
the magnitude of conductivity values of over 10-5 S/cm at
higher filler concentrations. The variation of DC conductiv-
ity value with the filler concentration in s-CNT-reinforced
PU and PA12 composites is illustrated in Fig. 10a. It was
also observed that higher electrical conductivity was found
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in laser-sintered composites as compared to hot-compressed
composites with the same filler concentration. Moreover, the
s-CNT/PU composite possesses a higher conductivity value
than the s-CNT/PA12 composite. Figure 10b depicts the vari-
ation of electrical measurement values in the X-Y and X-Z
directions in cylindrical samples. It was found that the con-
ductivity value is higher in the X—Z building direction than
in the X-Y building direction. Similarly, these composites
were studied with various AC frequency ranges, and it was
discovered that a 0.5 wt% s-CNT-loaded PA12 composite has
an increased electrical conductivity value ranging from 107>
order to 107 S/cm in the frequency range of 104—107 Hz
(Fig. 10c). The 0.5 wt% CNT-loaded PU composite, on the
other hand, has frequency-independent electrical conduc-
tivity (over 107 S/cm) across the frequency range. The

I s-CNT/PU (SLS)
. 1 [ s-CNT/PU (Hot Compression)
107 Y [ s-CNT/PA12 (SLS)
B s-CNT/PA12 (Hot Compression)

DC Conductivity (Sfcm)

1.0

0.0 05

MWCNT Loading (wt%)

reinforcement of MWCNTs leads to the increased potential
for electrical conductivity enhancement because of the higher
aspect ratio and lower surface area. These particles’ addition
to epoxy forms conductive paths in the network when the
filler concentration reaches above the critical volume frac-
tion. The filler aspect ratio, dispersibility, and capability to
conglomerate are the important factors for the conductivity
study at the lower filler concentration. The treatment of these
particles leads to aspect ratio reduction and elevates the per-
colation threshold value [179].

4.3 Self-healing properties

The self-healing unique composites have remarkable func-
tionalities towards healing damage by restoring their original
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Fig. 10 a DC conductivity comparison in hot compressed and laser
sintered composites, b effect of building directions (X-Y and X-Z) on
DC conductivities of different composites, ¢ variations of AC con-
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ductivities with different frequency range in s-CNT loaded compos-
ites [178]. (Reused with the permission from Elsevier, License No.
5195370603755)



The International Journal of Advanced Manufacturing Technology (2022) 121:127-169 147

performance fully or partially. Self-healing materials are
mainly classified into two classes based on utilized heating
mechanisms and adopted approaches; they are (i) autono-
mous and (ii) non-autonomous materials [180, 181]. Gener-
ally, self-healing composites are further categorized as intrin-
sic, vascular, and capsule-based conceptual approaches. It
was quite difficult to upscale the material self-healing ability
to the 3D structures, so there is a need to place selective self-
healing functionality in a particular area that is prone to dam-
age [182, 183]. The AM techniques are efficient tools for the
introduction of accurate and selective self-healing (SH) func-
tionality into particular areas of the composite structure. In
the case of intrinsic SH structures, 3D printing has provided
precise control over the distribution of SH functional parts,
such as the development of self-healing polymers within or
onto the structure [184, 185].

The SH components were manufactured with resin cast-
ing and FDM 3D printing by utilizing healing components
that release upon damage to the microvascular network. The
SH test was performed on the damaged composite samples,
which demonstrates both mechanical recovery and aestheti-
cal behavior. The uniaxial tensile test reveals that Epoxy-J
and polydimethylsiloxane (PDMS) possess healing efficien-
cies of 82% and 79%, respectively. As the healing agents,
these are preferred as a matrix material where they possess
ideal chemical compatibility with low viscosity suitable for
autonomic curing in the crack plane. The versatile nature
of the manufacturing process allows the use of different
materials with dual SH mechanisms through the integration
of microvascular networks with a matrix that already has
intrinsic molecular level self-healing functionality [186].
The presence of a self-healing mechanism in 3D printed
structures has many advantages, such as being economical,
versatile, requiring less production time, and allowing any
imagined structure to be produced easily. The SH behav-
ior in a 3D structure leads to strain release, which initiates
cracks and causes damage to the material. However, these
SH properties are capable of overcoming potential dam-
age at the sub-surface level, which allows rapid healing of
material cracks without affecting workability and leads to a
significant reduction in vulnerability [187—189]. Wu et al.
[190] developed a novel conductive self-healing polymer
composite ink using 3D extrusion printing on PDMS sub-
strates. Polyborosiloxane (PBS) is used as a matrix material,
which possesses unique chemically activated mechanically
adaptive properties that enable polymer composite extru-
sion in the liquefied state and is quickly restored to a solid-
state when exposed to air. This was attributed to PBS’s shear
thinning behavior in both solid and liquefied states, with a
1% shear amplitude in the dynamic oscillation mode. Along
with shear thinning behavior, the 5 vol.% electrochemical
graphene addition leads to electrically self-healing ability
in the printed composites. Sanders et al. [191] developed a

self-healing composite consisting of anisole modified photo-
curable resin and PMMA-filled microcapsules using a direct
SLA 3D printing technique. The addition of commercial SH
capsules to the resins leads to a maximum recovery healing
efficiency of 87% towards the critical load, analyzed through
fracture toughness (mode 1). These promising results are
optimum for bespoke structure applications with structural
integrity. This technique of adding microcapsules results
in functional incorporation, which is available for differ-
ent commercial inks because of its flexibility and ease of
adoption. The cellulose nanocrystals’ (CNCs) reinforcement
with polycaprolactone and polyurethane matrix results in
improved interfacial compatibility and maintains the self-
healing property through the 3D printing technique. The
crack healing mechanism in the composite occurs in mul-
tiple stages. Initially, the SH process was triggered by the
material heating at a temperature range higher than PCL’s
melting temperatures. At this stage, the molecular chains of
PCL melt and flow towards the crack interface. After lower-
ing the temperature, the molecular chains interlocked and
recrystallized at the interface. This way, the crack interface
was repaired through the diffusion of molecular chains.
Also, the presence of hydrogen bonding among PCL, TPU,
and CNCs promotes the self-healing process in the liquid
phase of the material [192].

4.4 Mechanical properties

The fiber-reinforced polymer composites offer superior direc-
tional mechanical properties, and their usage with different
3D printing techniques improves the mechanical properties
that lead to new innovative research work. The particular pro-
cess parameters have been analyzed to improve the mechani-
cal behavior by optimizing the group of properties or certain
properties of a particular material [193—195]. Table 5 sum-
marizes the mechanical observations in various 3D printed
composites. The hydrous magnesium silicate-reinforced ABS
composites printed using the FDM technique have maximum
flexural and tensile strengths for the conditional parameters
like lower layer thickness and lower printing speed as com-
pared to other parameters for the samples. For the optimum
conditions like 0.2-mm layer thickness and 30 mm/s of print-
ing speed, the result is better adhesion with the previous lay-
ers, which causes an improvement in tensile and flexural
strengths. The other sample process parameters like 0.25-
and 0.3-mm layer thickness achieve a strength value which
is marginally reduced as compared to 0.2-mm samples [196].

The major printing parameters like layer thickness affect
both the tensile and bending properties of wood/PLA 3D
printed composites. The maximum mechanical properties
were achieved for a 0.05 mm thickness, followed by 0.1, 0.2,
and 0.3 mm, respectively. The maximum bending strength
and modulus values achieved were 128.3 MPa and 4887 MPa,
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Table 5 Mechanical observations in various 3D printed composites

Composites Fabrication technique

Working
temperature

range

Mechanical observations Ref.

Spray dried hydroxyapatite (sdHA)/PLA FDM

Nylon/glass (FG)/carbon (CF)/Kevlar FDM

Carbon fiber/PA 12 FDM

175-200 °C

265-270 °C

240-260 °C

Glass fiber/PP/maleic anhydride poly- ~ FDM and compression molding 175-200 °C

olefin (POE-g-MA)

ABS/graphene nanoplatelets FDM
Polyetherimide (PEI)/PEEK FDM
Epoxy/acrylate SLA

180-200 °C

210-270 °C

80-120 °C

The PLA and sdHA/PLA scaffolds exhibited [197]
stiffness values of 238.98 + 19.05 MPa and
124.04 £25.21 MPa, respectively, for a
strain range of 2—10%. The more stiffness
of PLA scaffolds was due to different
porosity. Overall, the sdHA reinforcing
effect is less with PLA on mechanical
properties

The maximum amount of creep deformation [198]
was observed in nylon samples. The creep
results follows the order of nylon > nylon/
FG > nylon/Kevlar > nylon/CF. A similar
trend was observed in creep recovery
behavior

The 10 wt% CF reinforcement with PA12 [199]
enhances the tensile and flexural strengths
by 102.2% and 251.1%, respectively.
Without carbon reinforcement, the PA12
exhibits an impact strength of 22.5 kJ/
m?, whereas 2 wt% and 10 wt% show an
impact value of 12.1 kJ/m? and 24.8 kJ/
m?, respectively. This reduction of impact
properties was due to stress concentration
generation at the fiber end

The composite with GF addition exhibit [200]
higher mechanical properties and modulus
value with lower elongation at break and
flexibility. The 10 and 20 wt% POE-g-MA
addition improves elongation at break value
and reduces modulus value. However, the
increment of modulus value was observed
at 30 wt% of POE-g-MA addition

The addition of filler particles improves [201]
the tensile modulus of ABS filament.
It is also observed that the presence of
GNPs causes a slight reduction of strain at
break and ultimate tensile stress value in
horizontal and vertical printed directions;
moreover, the severe effect was found
along the perpendicular direction

The PEEK samples possess stronger fracture ~ [202]
resistance during the bending test than PEI
samples. The PEEK components produced
using horizontal printing mode show
maximum impact resistance of 113 kJ/m>.
The impact strength in PEI parts was slightly
higher in lower nozzle temperature than
higher nozzle temperature

The printed composite exhibit tensile [203]
and flexural strength of 36.28 MPa and
63.96 MPa, respectively. These samples
show good toughness with an impact strength
of 38.83 kJ/m? and higher elongation at a
break value of 15.09%. This was attributed
to the flexible nature of cured photopolymer
and chain structures of photopolymer and
ethyoxyl groups

@ Springer



The International Journal of Advanced Manufacturing Technology (2022) 121:127-169 149

Table 5 (continued)

Composites Fabrication technique

Working Mechanical observations Ref.
temperature

range

Carbon fiber/bisphenol-F epoxy resin Direct ink writing (DIW)

Onyx/carbon FDM

FDM

ABS/carbon fiber

Wood flour (WF)/PLA FDM

80-200 °C The axially printed unidirectional CF parts ~ [204]
(8 vol.%) show a 37% higher young’s

modulus value than random pressed part

with the same fiber volume fraction. These
improved observations were also found in

compressive properties

250-275 °C The printed composite with concentric car-  [205]
bon fiber infill pattern shows better flexural
strength than the isotropic CF infill pattern.

The composite with 48.72% of CF shows a
maximum flexural strength of 270.63 MPa.

It was observed that the strength values

depend on the concentration levels of

carbon fibers

200-240 °C The printed sample with [0, 90] raster angle [206]
shows larger young’s modulus, tensile and

yield strength than the specimen printed with
[—45,+45] raster angle. The optimum tensile
properties were obtained for 25 mm/s of infill

speed; further increment in infill speed leads

to lower interaction and inter-bonding among

contiguous rasters

171-175 °C In the context of 0—~1.5% strain range, the [207]
tensile stress was elevated with WF addition,

and above 1.5% strain range gives lower

value strength than the neat PLA. The tensile
strength of the specimen is approximately

66% of compressive strength, which means

the tensile strength is lower than compressive

strength

respectively, for a 0.05 mm specimen. Similarly, the 0.3-
mm layer thickness sample has 84.3 MPa and 3580 MPa
of bending strength and modulus values, respectively. The
layer thickness increment causes bigger gaps, which resulted
in porosity in the printed samples. This specimen porosity
causes a reduction in mechanical properties [208]. The FDM-
printed continuous carbon fiber-reinforced thermosetting
epoxy composite possesses better mechanical properties than
similar thermoplastic reinforced composites. The continuous
carbon fibers with thermosetting epoxy composite reach max-
imum tensile strength and modulus values of 792.8 MPa and
161.4 MPa, respectively, while flexural strength and modu-
lus values are 202 MPa and 143.9 MPa, respectively. The
tensile specimen’s failure mechanism reveals that the failure
occurs initially through the matrix cracking in the specimens,
followed by layer separation, fiber breaking, and debonding
with increasing applied load. These fractured cross-sections
are similar to the conventionally manufactured composite
specimen failure mechanism [209]. The wood particles added
to PLA composites possess a lighter density with increas-
ing wood particle content. The FFF-printed PLA filaments

improve the tensile strength from 55 to 57 MPa with 10%
wood particle addition, whereas 50% wood particle addition
reduces the tensile strength value to 30 MPa. The elastic
modulus value of the PLA filaments was elevated from 3.27
to 3.94 GPa due to 20% wood particle addition, and it was
decreased to 3 GPa when the composite sample was loaded
with 50% wood particle addition. This is attributed to lower
levels of filler loading providing a reinforcing effect, whereas
a higher level of loading causes difficulties in particle encap-
sulation in the filaments, which leads to limited load trans-
fer and poor bonding between the particles and the filament
[210]. When filled with graphene nanoplatelets (GNPs), the
PLA composite shows the best performance towards tensile
and flexural stress when printed using the FFF technique. The
upright-oriented printed specimen has 1.5 and 1.7 times more
tensile and flexural stress, respectively, than the neat PLA and
PLA 3D850 sample. Similarly, the graphene/PLA composite
possesses 1.2 times more inter-laminar shear strength than
the neat PLA and PLA 3D850 samples. The GNP addition
reduces the impact strength by 1.2 to 1.3 times in comparison
to neat samples. The reduction of impact strength was due

@ Springer



150 The International Journal of Advanced Manufacturing Technology (2022) 121:127-169

to the brittle behavior of the graphene/PLA composite both
in flat and on-edge orientations. The GNPs strongly adhered
to the interlayers of PLA filaments, and hence, the overall
performance was enhanced without altering the dimensional
accuracy [211]. Melenka et al. [212] evaluated the elastic
properties of carbon, glass fiber, and Kevlar fiber-reinforced
3D printed composites and predicted these values using the
average stiffness (VAS) method. The experimental elas-
tic values achieved were 1767.2, 6920, and 9001.2 MPa,
respectively, for 4.04, 8.08, and 10.1% of fiber volume frac-
tions. But the predicted modulus values are 4155.7, 7380,
and 8992.1 MPa, respectively, for carbon, glass, and Kevlar
fibers. The difference between experimental and predicted
values is found to be 57.5, 6.2, and 0.1%, respectively, for
continuous fibers. This developed model allows the designers
to predict the elastic properties of continuous fiber-reinforced
3D components as functional components. The 5% and 10%
TiO, reinforcement in ABS filaments shows improvement in
tensile and flexural strengths as compared to 1% and unfilled
ABS composites, while TiO, percentage variation has no sig-
nificant effect on Young’s modulus and stress values. In these
studies, the nanoparticle’s size variation also plays a domi-
nant role in determining tensile and flexural strengths [213].
The tensile and flexural strengths of GF/PEEK and CF/PEEK
increased with increasing platform temperature and nozzle
temperature, respectively, whereas impact performance
was not affected by any kind of temperature. The optimum
parameters of 440 °C nozzle temperature and 280 °C plat-
form temperature lead to maximum mechanical properties in
3D printed CF/PEEK and GF/PEEK composites. The high-
est nozzle temperature caused better formability and melting
fluidity of the printed filaments. The diffusion and infiltra-
tion among deposited materials were improved due to the
higher platform temperature that produces maximum energy.
All of these beneficial things improve the adhesion between
interlayers with void reduction, so the overall mechanical
performance of the printed composites was improved. How-
ever, the increased layer thickness and printing speed cause
a reduction in the mechanical properties of the printed PEEK
composites [214]. The raster angles during printing affect
the mechanical properties of the 3D printed parts. It was
observed that the 6 wt% GNP addition to the PA12 matrix
improves the elastic modulus values by 50.6%, 48.3%, 40.5%,
and 43.4% for 0°, 45°, 90°, and compression-molded speci-
mens, respectively. The 0° raster angle specimen exhibits
the largest increment in modulus values, and it indicates that
the GNPs behave as efficient reinforcements in 3D printed
parts. The GNPs are preferentially oriented along the stretch-
ing direction and form the conductive paths easily with the
dissipation of energy during tensile testing. This resulted in
retardation of crack growth during failure, and hence, modu-
lus values are elevated. A slight decrement in tensile strength
was observed with GNPs’ incorporation, and this might be
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due to a compromise between stress concentrations due to
GNPs’ addition with larger size and GNPs’ reinforcing effect
[215]. The addition of short carbon fibers to the PLLA matrix
improves the tensile modulus in the printing direction, the
tensile modulus in the transverse direction, and the shear
modulus values by 2.2, 1.25, and 1.16 times higher than neat
PLA material [216]. For both glass and carbon fiber, it was
observed that the stress values elevated linearly with a strain
before breaking at 6.2% and 5.2% strain, respectively, for
glass and carbon fibers, which indicates the brittle nature of
printed composites. The carbon/nylon composite possesses
maximum tensile strength and young’s modulus values of
600 MPa and 12.99 GPa, respectively, whereas glass/nylon
possesses 450 MPa and 7.2 GPa, respectively. Glass fibers
exhibit more elongation before failure than carbon fibers due
to their greater flexibility. The drop in stress—strain slope is
shown in Fig. 11a. The fracture modes of 3D printed car-
bon and glass fiber composites are illustrated in Fig. 11b,
c. The failure mechanism during the tensile test is illustrated
in Fig. 11d, e. The extensive fiber breakage reveals that the
failure mode of tensioned 3D printed glass and carbon rein-
forced thermoplastic composites is fiber dominant, indicating
that there was an effective load transfer from matrix to fiber
(Fig. 111, g). The fiber pull-out was attributed to improper
nylon matrix coating on the surface of the fiber during fila-
ment printing. The flexural strength and flexural modulus
values were higher for carbon reinforcement than glass fiber
due to more stiffness [217].

Liu et al. [218] evaluated the mechanical properties of
PLA-reinforced composites with wood, copper, carbon fiber,
aluminum, and ceramic as additive materials. The neat PLA,
PLA/wood, and PLA/carbon show better printing formabil-
ity than copper, aluminum, and ceramic-based composites.
The mechanical properties were enhanced due to the addition
of aluminum, copper, and ceramic materials as compared
to neat PLA, while the addition of chopped carbon fibers
and wood reduced the mechanical properties. The param-
eters like +45°/ —45° raster angles with on-edge orientation
show a maximum mechanical strength in the majority of
the cases. Because of weak interlayer bonding, the upright-
oriented samples possess lower mechanical strength and
modulus values. The carbon fiber and wood-based PLA have
higher porosity, poor adhesion, and compaction between
printed layers as compared to neat PLA, which resulted in
lower mechanical strength. The carbon fiber reinforcement
with ABS, polyethylene terephthalate (PETG), and amphora
increases the value of modulus of elasticity in all the printing
directions, while the 0° oriented PETG sample possesses a
313.2% improvement in PETG printed samples. This also
shows an increment in tensile strength of 48.2%. This incre-
ment was attributed to carbon fiber’s alignment along loading
direction with 0° orientation in printed composites [219]. The
reinforcement of 10 vol.% carbon fiber to the polypropylene
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leads to an increment in filament yield stress of more than
100% and the young’s modulus value of more than 400% and
decreases the strain yield value by 50% as compared to neat
PP filament. This was attributed to the anisotropic behav-
ior of fibers oriented in the flow direction, which improves
the stress transfer between matrix and fiber, which causes
good compatibility and restricts the polymer chain move-
ment. The CF10/PP composite shows more brittle behavior

— —

Delamination
(e)

Fibre breakage due to tensile rupture

Matrix crack due to shear rupture

2 mm

(8) d i \!

‘[ | Fibre breakage :a\

Matrix adheres to fibre

tion of matrix crack due to tensile rupture, f fibers pull out in frac-
tured surface, g SEM image of matrix-fiber adhesion and fiber break-
age [217]. (Reused with the permission from Elsevier, License No.
5195370798948)

in fractured surfaces than neat PP filament and exhibits plas-
tic deformation in smaller zones, which results in 2—4 times
lower impact energies than neat PP [220]. The stress—strain
behavior of MWCNT-filled FDM-printed thermoplastic
polyurethane (TPU) for different weight percentages during
loading and unloading is illustrated in Fig. 12. The MWCNT
addition improves the overall strength of the FDM-printed
TPU composite. It is observed that 5 wt% MWCNT-loaded
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Fig. 12 Stress/strain response during loading and unloading of a
extruded filament, b FDM-printed MWCNT/TPU nanocomposite
with different weight percentage [221]. (Reused with the permission
from Elsevier, License No. 5195370963593)

nanocomposite couldn’t be strained up to 100%, instead of
that it falls nearly 60% strain. This lower strain failure was
attributed to weaker adhesion and a decrement in the tacki-
ness of the overall nanocomposites. Also, more defects were
observed in 5 wt% loaded MWCNT composites [221]. The
optimum reinforcement of 6 wt% CNTs in ABS filament
results in significant improvement of tensile strength and
modulus value accompanied by reduction of elongation at
break value [222].

4.5 Thermal properties

The 3D printing offers flexibility in design and fabrica-
tion while manufacturing heat exchangers with lightweight
characteristics and more thermal exchange efficiency using
polymer/metal composites. The novel combination of two
processes was utilized for the fabrication: fiber encapsula-
tion additive manufacturing (FEAM) and FDM [223]. The
heat exchanger component design consists of continuous con-
ductive natural metallic fibers that pass through the walls of
polymer channels, which behave as a thermal link among
two-fluid flows. These specific designs and assemblies over-
come the drawbacks in heat exchangers associated with poly-
mers and heat exchangers made of metals; also these designs
improve heat transfer efficiency in the printed parts [224,
225]. The thermogravimetric analysis of silver nanowires
(Ag NWs)/PLA composite between room temperature and

@ Springer

550 °C is illustrated in Fig. 13a, and their residue SEM image
is shown in Fig. 13b. The initial weight loss was observed in
the TGA curve at 100° C due to moisture loss in PLA. The
effect of Ag NWs on thermal degradation behavior was illus-
trated through the DTGA curve in Fig. 13a. It was observed
that the degradation temperature was almost unchanged with
Ag NW addition. This was due to less chemical interaction
among PLA and Ag NWs. The bare Ag NWs are unstable
over 300 °C temperature, and the majority of Ag NWs remain
intact inside nanocomposites. The DSC curves for neat PLA
and Ag NWs/PLA are shown in Fig. 13c. The melting tem-
perature, cold crystallization, and glass transition tempera-
tures were recorded at 168 °C, 98 °C, and 62 °C, respectively.
These temperatures are almost unchanged due to nanowire
addition, and it is indicated in dashed lines [226]. The per-
colation threshold value of thermal diffusivity falls between
20 and 30% discrete carbon fiber additions with PEEK fila-
ment. The 20% discrete CF filling in PEEK leads to a modest
increment in thermal diffusivity of approximately 20-25%
as compared to unfilled PEEK. The 30% filler reinforce-
ment improves the thermal diffusivity value by three times
as compared to neat PEEK, and it has good agreement with
the rule of mixture. The thermal conductivity of 3D printed
CF/PEEK composite possesses 25-30% lower values than
casted composites due to imperfections and additional poros-
ity [227].

The maximum degradation temperature (Tmax) for neat
polyamide-12 (PA12) is 454.89 °C, whereas the addition of
10 wt% carbon black (CB) to PA12 elevates the T,,,, value
to 468.61 °C. This was attributed to the presence of higher
thermal stability in CB particles, and it enhances the overall
thermal stability of the printed composites. A smaller amount
of CB (1.5, 3 wt%) improves the thermal stability due to the
reduction of peak heat release rate. This enhancement was
attributed to carbon layer formation that inhibits the combus-
tion process. These CB particles have no significant effect on
the semi-crystalline nature of PA-12 filament, hence no sig-
nificant changes in melting and glass transition temperatures
[228]. The addition of micro-diamond particles into ABS fila-
ment with 37.5% and 60% concentration resulted in improved
thermal conductivity value of 0.37 W/m-K and 0.94 W/m-K
as compared to near ABS filament (0.17 W/m-K). Simi-
larly, the thermal diffusivity values were also improved to
0.27+0.01 mm?s and 0.46 +0.01 mm?s for 37.5% and 60%
diamond particle concentration as compared to neat ABS fila-
ment (0.13-0.18 mm?/s). The DSC thermograph reveals that
the D-ABS (37.5%) composite filament shows a glass transi-
tion temperature (Tg) at 108 °C for styrene, followed by acry-
lonitrile melting at 138 °C endothermic peak. It was noted
that the transition peaks are less distinct and broader in the
DSC curves; also the contribution of the micro-diamond par-
ticle is less in Tm and T, peaks. The response from D-ABS
(60%) composite filament shows that the styrene 7, peak
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was shifted to 114 °C higher temperature, followed by acry-
lonitrile melt at 146 °C. This is attributed to strong physical
interlocking between diamond particles and polymer matrix
at higher filler loading, which resulted in restricted molecu-
lar chain mobility [229]. The boron nitride (hBN) materials
are commonly employed for nanocomposites ink that can
enhance the mechanical performance, biocompatibility, and
thermal conductivity in printed scaffolds. The 3D BioPlotter
printer was utilized for the printing process with variations of
printing speed (5-20 mm/s) and printing pressure (0.5-3 bar).
These hBN-included scaffolds are popular in bioelectronics
applications where thermal conductivity is of greater impor-
tance. The nanocomposite ink was printed at room tempera-
ture through the extrusion process for complex architecture
designs by minimizing the post-printing process [230]. The

lower concentration of copper particles (10 vol.%) in ABS has
no significant effect on thermal conductivity, but the addition
of 30 vol.% copper particles over matrix glass transition tem-
perature increases the thermal conductivity value of copper/
ABS composites. The reason was the mobility increment of
copper particles in the molten matrix beyond its glass transi-
tion temperature. Also, the addition of up to 10 vol.% fillers
is not capable to overcome the thermal resistance of the ABS
matrix. A further addition to 20 vol.% was found to begin the
formation of conductive chains and lead to smaller improve-
ment in conductivity values. On the other hand, the addition of
iron particles has a lower effect on the thermal conductivity of
ABS filaments than copper particles. In this case, only above
30 vol.% of iron particles reinforcement leads to the initial for-
mation of conductivity chains. The heat flow and heat capacity
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values are higher for unfilled ABS filament than iron filler
ABS composite [231]. The heat resistance capacity of CNT-
filled epoxy/carbon fiber is better below the 7|, value and worse
above the T, value as compared to CNTs adhered CF/epoxy
composites, and these Tg values are 133 °C and 130 °C, respec-
tively, for CNT-CF/epoxy and CNT-epoxy/CF composites. It
is also evident that the treated fibers enhance the T, value in
resultant composites [232]. The TGA and DSC test reveal that
thermal stability is higher for PLA with nylon glass fiber, car-
bon, and PET-G polymer composite blend than the neat PLA.
The PLA filament with 30% nylon glass fiber composite has
the highest degradation temperature because of silicon com-
pound presence. The order of thermal degradation is PLLA/30%
nylon glass>PLA/10% CF>PLA +PET-G>PLA. The PLA
possesses a different characteristic that it degrades easily under
continuous heating conditions. A considerable increment in
melting temperature was employed for PLA/10% CF than the
PLA filament due to the increment in the amorphous nature
of the resultant composite. The effect of carbon fibers rein-
forcement on the thermal stability of PLA polymer blends is
less than the nylon glass reinforcements. The PLA/30% nylon
glass, PLA/10% CF, PLA +PET-G, and PLA composite blend
records a glass transition temperature of 50.6 °C, 60.3 °C,
74.0 °C, and 58.5 °C; similarly, the degradation temperatures
were found to be 442.3 °C, 346.2 °C, 351.1 °C, and 329.0 °C
[233,234].

5 Applications
5.1 Electronics and electrical devices

The usage of 3D printing techniques certainly provides
appropriate and precise geometrical electronic prototypes
with minimized development time. The insertion of electri-
cally conductive fillers in 3D printed polymer composites
can act as electronic equipment that can be used in many
ways [235]. 3D printed nylon-6-based polymer composites
are studied with electrical characteristics with variations of
filling volume and non-homogeneous relative permittivity
as a dielectric material for the manufacturing of RF/micro-
wave circuits or 3D structures [236]. Jakus et al. [237]
developed a 3D printed graphene/PLA conductive com-
posite for functional electronic applications because of its
flexibility and ability to be mechanically robust in retain-
ing electrical conductivity greater than 800 S/m. These
conductive composites are printable in different ambient
conditions through extrusion-oriented 3D printing to cre-
ate a graphene structure with 100 m smaller dimensions
containing two layers to hundreds of layers with thicker
objects. Leigh et al. [238] fabricated a 3D printed CB/
PCL composite for piezoresistive and capacitive sensors
using the BFB3000 3D printer. The production of these
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functional sensor components is simple, quick production
and can be printed with a low-cost 3D printer. The printed
CB/PCL was subjected to resistivity tests, and it confirmed
the existence of piezoresistive behavior in the composite
blends. The piezoresistive sensor range is capable of sens-
ing mechanical flexing when it is hidden inside the printed
object or on the existing object, where the capacitive sensor
is embedded inside the “smart” vessel as a custom inter-
face device that also senses the liquid present inside the
3D printed object in quantity. The 3D printed piezoresis-
tive sensor, capacitive sensor, and sensor pads are shown
in Fig. 14. The response from the sensors can be easily
detected with simple electronics and simple potential
dividers without the need for amplification.

Farahani et al. [239] designed strain sensors using SWC-
NTs and epoxy composites through the UV-assisted direct-
wire (UV-DW) technique. The UV-DW technique flexibility
allows the sensors and housing elements to be manufactured
in single monolithic structures. The electrical conductivity
analysis of printed composite reveals that the printed sen-
sors are more sensitive to smaller mechanical disturbances,
even with smaller loadings of SWCNTs than the traditional
metallic loadings. Using a highly volatile solvent, the CNTs
are uniformly dispersed in the PLA through direct deposi-
tion and are followed by the formation of 3D microstructures
after solvent evaporation. These 3D flexible conductive parts
printed using these materials were utilized for simple electri-
cal circuits in commercial LEDs, increasing their potential
in the field of electronics. Some of the other efforts were
found in the literature regarding the use of metal wires with
polymer matrices for the printing process for the manufac-
turing of electronic devices. This process is almost similar
to continuous fiber-reinforced composite processing. Molten
styrene and copper wire copolymers are extruded as a dem-
onstration of 3D printed composites for open membrane
switches. This activated switch membrane was deformed
under pressure contact and resulted in physical contact of
copper wires together with the adjacent polymers [240, 241].
Kim et al. [242] studied the influence of FDM 3D printing on
dielectric nanocomposites made of MWCNTs, BaTiO;, and
poly(vinylidene) fluoride (PVDF) extensively for energy stor-
age and harvesting and sensor applications because of their
unique dipole polarization characteristics. To improve the
dielectric properties, the CNTs are utilized with a homoge-
neous dispersion of BaTiO; nanoparticles, which leads to an
ultra-high polarization density and behaves as a local micro-
capacitor within the matrix. It was observed that the 3D
printing technique maintains the uniformity in nanoparticle
dispersion with enhanced dielectric property and reduces the
voids, cracks, and agglomerations in the printed composites.
Paper electronic development requires the low cost and ver-
satile manufacturing of materials and processes. The direct-
write laser patterning was employed for the development of
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Fig. 14 3D printed CB/PCL
composites for a piezoresistive
sensor, b capacitive sensor, ¢
macro-image of 5-mm scale
bar printed sensor pad [238].
(Reused with the permission
from Elsevier, License No.
5195371370822)

(a)

a molybdenum carbide/graphene composite (MCG) directly
on the paper substrate. Further, this MCG structure was
soaked into gelatin-mediated inks containing molybdenum
ions. The resultant composites are electrochemically active
and mechanically stable for potential applications such as
supercapacitors, gas sensors, energy harvesters, and electro-
chemical ion detectors [243]. A solid-state supercapacitor
was constructed using a 3D printed polyaniline/graphene
oxide composite that exhibits 1329 mF cm™2 of areal specific
capacitance. The fabrication of a planar supercapacitor is dif-
ficult using traditional techniques, so it is preferred to use
time-saving, low-cost, and flexible 3D printing techniques
[244].

5.2 Biomedical applications

The continuous development of magnetic resonance imaging
(MRI) and computed tomography (CT) techniques helps to
get 3D images of organs and tissues with accurate, informa-
tive, and higher resolution. Using the gathered data and
images, the patient’s specified organs and tissues are printed
with précised microstructures using 3D printing techniques
[245, 246]. Many polymer materials are available for this
biomedical application, such as naturally synthesized mate-
rials (collagen, gelatin, chitosan, alginate, etc.) and/or syn-
thetic polymer molecules (PVA, PLGA, PEG, etc.). These
materials should possess good structural properties, bio-
compatibility, printability, and mechanical properties when
used in biomedical applications. It is also to ensure that the
transplanted 3D printed scaffolds function properly with liv-
ing organs and interact well with endogamous tissues [247,
248]. The 3D printed antibacterial scaffolds composed of
PLA with silver, copper, and bronze particles show better
mechanical, thermal, and biological properties for bone scaf-
fold application. The bronze incorporation into PLA shows
an improvement in elastic modulus values of up to 27% and
10% for 90° and 0° configured samples, respectively. The 3D
printed scaffold surface was treated with acetic acid, which

creates a porous network at the nanoscale on the scaffold
surface. This acid treatment and the presence of metallic/
alloy particles in PLA increase the antibacterial proper-
ties by nearly 20-25% and bioactivity by 18-100% [249].
The 3D printed PLA and modified PLA/hydroxyapatite
(PLA-HADp) scaffolds are stronger through the analysis of
compressive strength and hence suggested for bone tissue
applications. Additionally, the post-fabrication modifica-
tion with HAp after printing leads to better proliferation
and cell attachment with improved mechanical properties.
The 90°-oriented 3D PLA-HAp scaffold exhibits improved
stability and mechanical strength of up to 47.16%. The HAp
nanoparticles’ interaction on the surface of the PLA scaf-
fold was influenced by cell attachments, which facilitate
cellular activity and absorb protein [250]. Similarly, pris-
tine graphene-filled poly(-caprolactone) (PCL) composites
are used in bone tissue engineering applications. These
polymers are reinforced with electroactive particles, which
modulate the printed scaffolds via cell differentiation and
proliferation. The addition of pristine graphene nanoparti-
cles with lower concentrations shows enhanced proliferation
and viability without cytotoxicity. These nanoparticles also
act as an intermediate for controlling the water-in-air contact
angle more effectively than the neat PCL materials. Further,
the biological behavior and cell attachment were improved
by treating the scaffolds with a 5 M NaOH solution. All
these parameters count towards the usage as a promising
substrate for bone tissue applications [251]. The synthesis
of PLA delivers PLA stereocomplex (SC), where these SC
polymers possess higher mechanical performance, hydroly-
sis resistance, and melting temperature than neat PLA. This
process of stereocomplexation strengthens and stabilizes
the PLA-based nanoparticles or hydrogels for biomedical
applications and also improves the PLA’s barrier proper-
ties with prolonged drug release by PLA-based materials.
The combination of PLA SC and graphene 3D printed
composites possesses better thermo-mechanical properties
suitable for biomedical applications such as drug delivery,
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scaffolds, biological imaging, and cancer therapy [252]. The
3D printed nanocomposite scaffold made of polylactic-co-
glycolic acid (PLGA) and TiO, nanoparticles with a ratio of
10:1 is employed for bone tissue engineering applications.
The addition of TiO, nanoparticles raises the compressive
modulus, thermal decomposition onset, and glass transition
temperature of the resulting composites above that of neat
PLGA. Additionally, these nanoparticles improve the sur-
face wettability, and it was found to reduce contact angles
from 90.5° + 3.2° to 79.8° + 2.4°, which is favorable to
cellular activity and attachment. Moreover, the PLGA/TiO,
nanocomposites improve osteoblast proliferation, calcium
secretion, and possess higher ALP activity. Figure 15A illus-
trates the cells attached to scaffold images obtained through
the laser microscope, and these attachments with cell
penetration depths in different focus planes are illustrated
in Fig. 15B, C [253]. The desktop FDM technique was uti-
lized to print a 3D porous PLA/nano-hydroxyapatite (PLA/
PHA) scaffold with enhanced osteoconductivity and osteo-
genesis for bone regeneration applications. The fabricated
porous PLA/nHA nanocomposite scaffolds are capable of
loading and releasing levofloxacin and vancomycin, which
was confirmed through a vitro antibacterial experiment. The
cytocompatibility was evaluated with MG-63 cells in the
printed scaffold through cellular morphology and prolifera-
tion analysis. Hence, all these evaluations show the potential
of the printed scaffold for regeneration and repair of larger
bone defects [254].

The MWCNT-reinforced (0.25, 0.75, and 3 wt%) poly(-
caprolactone) (PCL) nanocomposites were created using a
3D printing technique, and these printed scaffolds were tested
biologically for bone tissue regeneration applications. The
printed scaffolds within a range of 366 mm—-397 mm pore sizes
are produced, and these are capable of sustaining prior stage
human adipose-derived proliferation and mesenchymal stem cell

Fig. 15 Osteoblasts cultured

on PLGA/TiO, composite
scaffold panels with different
magnifications obtained through
laser microscope (A). The depth
of cell penetration in different
focal planes (B and C) [253].
(Reused with the permission
from Elsevier, License No.
5195380074414)
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attachment. Figure 16 illustrates the live (green color) and dead
(red color) cells in the seeded scaffold after day 1 (Fig. 16a—d)
and 21 days (Fig. 16e—h). After 24 h of cell seeding, only a few
cells are dead, and most of them are alive on the scaffolds. In
that, more numbers were observed in neat PCL scaffolds due to
poor surface characteristics than in the MWCNT-filled scaffolds.
After the completion of 21 days, the majority of the cells are
alive and are attached to the scaffold with more cells bridging
among layers and higher cell density. We also observed fewer
dead cells in the 0.25 wt% MWCNT-loaded scaffold. Overall,
the 3 wt% MWCNT-loaded PCL scaffolds are promising candi-
dates for bone tissue regeneration [255]. The nano-hydroxyapa-
tite (HA)-filled PEEK 3D printed scaffold was tested in vitro for
28 days using stimulated body fluid immersion tests, and apatite
formation on the sample surfaces that contained HA and doped
HA particles was observed. There were not many significant dif-
ferences observed in the crystallinity and mechanical behavior
of printed composites due to filler addition. Hence, the produc-
tion of bioactive HA/PEEK composite is potentially suitable for
craniofacial bone repair applications [256]. The FDM-printed
carbon fiber-reinforced PEEK composites are potentially stable
for dental and orthopedic applications. The CF/PEEK composite
shows good biocompatibility, higher cell densities, and mechani-
cal strength without any surface modifications. Hence, it is a
potential biomaterial for tissue engineering and bone grafting
applications [257].

5.3 Aerospace applications

3D printing techniques in the aerospace industry have become
more popular in recent years due to the production of complex
geometrical parts that are time-consuming and costly in tra-
ditional manufacturing processes [258]. In recent years, tur-
bine blades and engine exhaust aerospace components have
been manufactured using 3D printed metal materials because
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Day 1

Day 21

0.75 wt% MWCNTs 0.25 wt% MWCNTs PCL

3 wt% MWCNTs

Fig. 16 Live and dead cell assay at days 1 and 21 for all combina-
tions of scaffold panels (live cells, green color; dead cells, red color)
[255]. (Reused with the permission from Elsevier, License No.
5195380256857)

of their higher strength and flame retardant properties. Now,
researchers are working hard to replace 3D printed metals
with 3D printed polymer composites in order to improve fuel
efficiency [259, 260]. It is possible to create thermal barri-
ers or thermal pathways in the printed parts through control
over print orientation and geometry. The insertion of silver and
graphite particles/flakes into ABS and carbon fiber reinforce-
ments imposes heat blocking and heat spreading effects on
the 3D printed parts. By the careful design of the structure,
these composites can act as protective elements for sensi-
tive electronics from heat sources. These heating effects are
found in space cube satellites, as their system heat dissipation
is restricted to radiative heat transfer. Hence, the addition of
these anisotropic materials protects the electronics from ther-
mal loads [261]. The preliminary 3D printing test was con-
ducted on a model with a vertical column and with unique

features of decreased angles from bottom 50° to top 20°, with
higher printing complexity. In this particular case, both glass
and carbon fiber-reinforced composite formulations pos-
sessed excellent reproducibility towards the target model with
10 mm/s printing speed and 30 min UV exposure, and 20° and
30° angles were demonstrated with different formulations. All
these things give a clear idea of the good processability while
printing the composites using the UV-3D printing technique.
For this technique, the CF and GF reinforced composite formu-
lations were used as ink to fabricate aerospace structural com-
ponents like propellers and airfoils, as shown in Fig. 17. The
printing parameters employed for component development are
5 mm/s printing speed, 45 min, and 30 min UV exposure time
for propeller and airfoil production, respectively [96, 262].

6 Limitations

The application of 3D printing in polymer composites is limited
because of restrictions on selecting printable materials. The
preferred material is limited to thermoplastic polymers with a
suitable range of melting viscosity and lower glass transition
temperature. Some photopolymers and powdered materials are
also used as printing materials [77, 263, 264]. Hence, these
limited materials are unable to meet the complete requirements
of the industries, so material diversity should be enhanced [265,
266]. The reinforcement effect is less in the 3D printed com-
posites as compared to traditionally fabricated composites in
terms of mechanical strength, and it reduces the functional
performance of the printed composites. The lower mechanical
strength was due to the void’s presence in the printed com-
posites. After printing, the composites are subjected to a post-
treatment process such as consolidation or infiltration, which
leads to an increment in processing time and cost [267-269].
The addition of reinforcements leads to porosity, which is
attributed to poor interfacial adhesion between the matrix and
reinforcements. Furthermore, getting consistency and repeat-
ability in printed parts is difficult in printed parts that might lead
to ununiformed properties in the printed composites [270, 271].
The higher volume production of printed materials is more
difficult and time-consuming than traditional manufacturing
techniques. 3D printing techniques like SLM or SLS possess
higher resolution, so they require more processing energy and
high-cost materials [272, 273]. The 3D printing capability in
producing 3D complex geometries for biomedical applications
causes more cost, especially in scaffold printing in bone tis-
sue engineering applications. One is the selection of printing
materials, and the other one is selection of printing techniques
[274-276]. The void formation is common in contour crafting
or FDM techniques, which results in layer delamination and
inferior mechanical properties. The filament thickness incre-
ment decreases porosity but results in deteriorated cohesion
in printed composites, and it increases the moisture intake
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Fig. 17 (a) Airfoil projection,

(b) propeller projection, UV 3D a)
printed reproduction of airfoil

(c—f), propeller (g—j), the 3D

polymer composite models

developed using GFR (c, d, g,

h) and CER (e, f, i, j) [262].

(Reused with the permission

from Elsevier, License No.
5195380449551)

b)

percentage and reduces the tensile strength [277-280]. The
usage of the laser source in different 3D printing techniques
causes control over the sintering process, but anisotropy was
found because of intensity variations in the depth of printed
materials. The process and printing parameters like orientation,
extrusion pressure, laser power, printing speed, and printing
direction greatly influence the mechanical, thermal, and electri-
cal properties of the printed composites [281-284]. The CAD
software tool is the main requirement for designing the parts
for 3D printing. Because of some drawbacks in the 3D printing
techniques, the printed composite exhibits some defects that are
not expected in the design section [285-287]. The CAD system
employs the tessellation concept to model approximations in
boundaries and solid geometry. However, the CAD transfer into
3D printed parts offers some defects and inaccuracies, espe-
cially on curved surfaces [288-290]. The clear appearance of
layer-by-layer formation in the printed parts is the main limita-
tion while subjecting too many applications. This appearance
is not an important thing when the printed parts are hidden in
final applications, for example, in tissue engineering applica-
tions [291-293]. A flat and plane surface is preferred over a
layer-by-layer printed appearance in specific applications such
as aerospace, building, and toys, or chemical post-treatments or
sintering can be able to reduce this appearance, but this raises

@ Springer

the cost and processing duration [294-296]. The layer-by-layer
appearance of printed filaments is more in contour crafting,
inkjet, and FDM 3D printing techniques than in stereolithog-
raphy or powder bed printing techniques. The limitation of
printing layers is severe for layer-by-layer appearance in the
3D printing techniques [297-299].

7 Future aspects

The integration of multiple nozzles or the use of swarm
intelligence might completely transform the 3D printing
process. The multiple nozzles can be mounted on the exist-
ing single-nozzle printers to print certain areas of the build-
ing component in the shortest time. Inappropriate param-
eter selection can result in poor print quality and, in some
cases, catastrophic failure. The layering effect, which gen-
erates uneven surfaces with voids between the layers, is the
main constraint of the 3D printing method. As a result, tool
path optimization must take into account with build time,
layer printing time gaps, and surface finish as output fac-
tors. Alternatively, the post-processing needs to be done for
the 3D printed part to increase the overall surface quality.
Future heat sink research should concentrate on ideas based
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on conjugate heat transfer numerical models that take into
account material properties and topology, as well as printing
process optimization to reduce porosity and structural opti-
mization. Future trends may include developing materials
having printable and tailorable functional features, such as
coefficient of thermal expansion and thermal conductivity
for smart constructions, or determining the optimal composi-
tion of materials that is still printable while keeping accepta-
ble material properties. Additionally, printing structures and
heat channels that can transmit heat from a source of heat to
a specified place or to the environment are possible. Mov-
ing beyond the current printing-on-arrival system, in which
robot printers navigate to desired printing spots and begin
printing, our future research should focus on the research
on printing-while-moving strategies that fully exploit the
advantages of mobile robot printers and further expand the
printing scale.

8 Conclusions

Complex structure printability, freedom of design, minimum
waste, and mass customization are the benefits of using 3D
printing techniques. This review focused on the description of
various 3D printing techniques, an overview of different types of
reinforced polymer composites (fibers, nanomaterials, and par-
ticle reinforcements), the characterization of 3D printed parts,
the applications in various sectors, and limitations on future
aspects. Energy usage in additive manufacturing techniques is
determined by a number of characteristics that vary by process.
Certain parameters are consistent throughout all AM processes.
For example, increasing the resolution in any AM technique
lengthens the manufacturing process, resulting in increased
energy usage. 3D printing is a promising technique that has the
potential to revolutionize conventional building, and construc-
tion processes in terms of perceptible benefits such as low cost,
high-efficiency automatic construction, design freedom, and
labor requirements and risks associated with construction are
less. However, 3D printing technology continues to encounter
difficulties with mechanical strength, reinforcements, curing, and
durability, as well as with correlated qualities such as buildability,
extrudability, and flowability. Extrusion-based 3D printing tech-
niques such as LDM and FDM are commonly preferred because
of their simplicity, speed of processing, and low cost. The FDM
technique utilizes thermoplastic filaments, and now it uses pel-
lets also through extrusion for a diverse range of polymers. The
types of filaments and properties determine the processability
and properties of printed parts. The LDM technique has many
advantages over FDM in terms of compatibility and ambient
working temperature range with a broad spectrum of molecules.
The selective laser sintering technique uses polymer particles
as reinforcements and works based on the powder bed fusion

process. These particulates melt and soften upon heating through
the sintering process and solidify upon cooling. The sintering
window was primarily determined by polymer transition points
like crystallization, melting, and glass transition temperatures.
The powder size distribution, theological viscosity, and surface
tension affect the printing stability and laser power interactions.
The reinforcement of smaller particles within a range of less than
20-80 m resulted in higher printing resolutions, and less than
20 m smaller particles cause aggregates due to van der Waals
force and also possibly form airborne clouds that affect print-
ing resolution. Materials in the form of powder, wire, filaments,
paste, inks, and sheets can be used as printing elements. Polymers
are preferred as common materials for the development of fast
prototypes. Polymers such as polylactic acid (PLA), polycar-
bonate (PC), polyamide (PA), acrylonitrile-butadiene—styrene
(ABS), and thermosetting powders like polystyrene, photopol-
ymer resins, and polyamides are usually used in 3D printing.
The polymer reinforcement with nanomaterials and fibers
improves the mechanical properties of the printed composites
with improved functional performance. The addition of carbon
nanotubes (CNTs) and, preferably, MWCNTs offers superior
mechanical, electrical, and thermal properties for the multifunc-
tional 3D printed composites. This usage of suitable material
types, interfacial adhesions, interactions, particle dispersion, and
concentrations was also included in this review. The hybridi-
zation of particles caused agglomeration, and it might reduce
the overall functionality of the resultant composites. The parts
consolidation and assembly effort with functionality incorpora-
tion offer cost and mass savings. The parts with the appropriate
strong value proportion are created through selective deposition
with functionality adoption within the 3D structures. The mag-
netic, sensing, electrical, and thermal functionalities have been
adopted in prototype structures like cube satellites and sensing
gloves with high technology readiness levels’ (TRLs) demon-
stration. However, the self-healing functionalities and embedded
circuitry maturity are limited in a research laboratory. Hence, the
development of reliable novel materials with related fabrication
techniques is needed for industrial adoption with the above-men-
tioned functionalities. Materials and process were the two major
pillars of 3D printing techniques. Addressing these two points
carries equal measures while facing the current challenges, and
progression will take place in the development of multifunctional
3D printed composites. The major hurdle in the printing process
was inherent porosity, which affects the functional performance
of the final products. This can be overcome by increasing the
concentration of functional filler materials. However, this comes
at a cost of limited printability due to the increase in viscosity
that leads to clogging at the nozzle. The current limitations are
quoted in this review. The potential efforts and research work
are needed to overcome these challenges to explore 3D printed
polymer composite parts in higher-value manufacturing areas
like defense, automotive, aerospace, and aviation industries.
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