
ww.sciencedirect.com

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 4 : 9 1 0e9 4 1
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Review Article
Additive manufacturing of polymer
nanocomposites: Needs and challenges in
materials, processes, and applications
Ans Al Rashid*, Shoukat Alim Khan, Sami G. Al-Ghamdi, Muammer Koç
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a b s t r a c t

Polymer nanocomposites have attracted increasing interest in research anddevelopmentwith

several currentandpotential industrialapplicationsduetotheirwidemarginofsuperiorityover

conventional materials. Polymer composites provide a higher strength-to-weight ratio, easily

customizable product properties, flexible manufacturing processes, high resistance to corro-

sion or erosion, and lower cost. The recent progress in additive manufacturing (AM) methods

has paved the way for even a broader range of flexibilities in design and materials in several

industrial sectors, including aerospace, biomedical, construction, electronics, telecommuni-

cation, mechanical, and defense. However, some hindrances remain in the synthesis of poly-

mer composites and their fabrication through AM technologies. A comparative review of AM

processes for polymer composites and their applications is presented in this study. This study

aims to provide engineers and scientists with an updated understanding of the underlying is-

sues,barriers, limitations, andopportunities. Itwill alsohelp the reader tosystematically reveal

the research problems and future directions related tomaterials synthesis and AM processes.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

There has been an increasing need, hence a research interest,

to utilize polymer composites [1]. Polymer composites provide

flexibility in terms of final product properties, design, starting

raw material options, and continuously expanding progres-

sive innovations in synthesis techniques [2], in addition to

their wide commercial availability and cost-effectiveness

compared to other materials, such as metals and ceramics,

for low-cost applications [3]. They are becoming prime choices

even for critical applications (e.g., aerospace, automotive, and

medical device) due to enhanced and tailored properties [4].

Polymer-based nanocomposites provide a wide margin of

superiority over conventional materials due to their higher

strength-to-weight ratio, easily customizable product prop-

erties, flexible manufacturing processes, and high corrosion

resistance properties. Furthermore, the recent development

of AM methods has provided a new production era in several

industrial sectors, including biomedical, construction, elec-

tronics, telecommunication, mechanical, and defense. AM

processes allow a higher degree of freedom in the design and

fabrication of customized parts, rapid manufacturing, waste

reduction (in some cases elimination), lower chances of

human error, high precision, and accuracy at low costs [5e7].

Generally, polymers exhibit inferior mechanical, thermal,

and electrical properties compared to metal and alloys for

mechanical strength, thermal conductivity, and electrical

conductivity, which are prime considerations for selecting

materials in various applications. These properties can be

improved by adding suitable additives to polymers to syn-

thesize polymer composites of an unlimited number of kinds

and properties [8]. Combining such unlimited flexibility of

polymer composites with AM fabrication provides rapid,

inexpensive, efficient, and multi-functional production and

products [9].

Despite extensive research in synthesis and AM of poly-

mer nanocomposites, some limitations persist, requiring

further investigation. For example, particles-reinforced

polymer composites face problems of inhomogeneous

dispersion, inconsistent feedstock material, unlike the na-

ture of most filler material to polymers, and little awareness

of the shape and size of filler material [10]. Resolution,

repeatability, and printability need to be enhanced by opti-

mizing AM process conditions and starting material pa-

rameters together [11]. Finally, interfacial interaction/

bonding, the material's composition, and structural defects

need to be analyzed in detail to ensure excellent product

performance.

In this article, the authors present an up-to-date review of

polymer nanocomposites, their manufacturing potentials, is-

sues, and opportunities using AM (also widely known as 3D

printing- 3DP) technologies and their applications in different

sectors. Building upon a comprehensive and comparative re-

view and analysis of various research papers and existing

reviews, this study's main aim is to provide researchers with

topical hindrances and limitations in AM of these materials.

This paper will provide a concise guideline to engineers, sci-

entists, and technologists from various industrial sectors to

select the most appropriate materials, synthesis techniques,
and AM process options for their targeted application. An

extensive discussion is presented to address these processes'
restrictions, from material synthesis to characterization of

final AM components. This study's objectives include discus-

sing limitations related to the synthesis of polymer nano-

composites, research gaps to avoid AM process constraints,

factors affecting the end-product performance in 3D printed

polymer nanocomposites, and presentation of research di-

rections to achieve effective and sustainable materials &

processes.

This literature review is performed using the following

methodology. The overall goal was to have a broad under-

standing and detailed analysis of additive manufacturing

(AM)/3D printing (3DP) of polymer matrix nanocomposite

materials. For this purpose, different databases (Scopus, Web

of Science, Springer, and Wiley) were accessed to acquire the

research articles within the study's scope. The search for ar-

ticles was performed using different keywords (additive

manufacturing, 3DP, polymer, nanocomposite) to consider as

much relevant literature as possible. Then, articles containing

searched terminologies in title, abstract, and keywords were

filtered and investigated thoroughly for further reading and

review. To further specify the article's scope within polymer

nanocomposites, studies comprising fiber-reinforced com-

posite materials were not considered for this review. There-

fore, studies related to nanoparticle reinforced composites are

presented. As fiber-reinforced composites and their AM itself

is an independent topic, limitations and processes are

different; therefore, it would require a separate study to

deliver it.

The first section discusses the use of different AM pro-

cesses, working principles, materials, advantages, and limi-

tations. The second section presents the recent advances on

AM of polymer nanocomposites, and the following section

includes the industrial applications of 3D printed polymer

nanocomposites in various industrial sectors. Finally, a crit-

ical analysis of reviewed articles was performed to identify

challenges related to AM of polymer nanocomposites with a

detailed discussion on future research directions addressing

the gaps identified in the literature.
2. Additive manufacturing (AM) processes

Several AM processes currently exist, which have been uti-

lized for rapid prototyping applications. Depending upon the

working principles, AM processes can be broadly classified

into seven categories, vat polymerization (VP), powder bed

fusion (PBF), material extrusion (ME), material jetting (MJ),

binder jetting (BJ), directed energy deposition (DED), and sheet

lamination (SL) [12]. Generally, AM technologies use

computer-aided design (CAD) models [13]. Cross-sections of

the geometries are defined from these CAD models, and ma-

terial is added to each layer to make a tangible and intricate

part. This review mainly focuses on three AM techniques: vat

polymerization, powder bed fusion, andmaterial extrusion, as

these processes are most widely utilized for polymer nano-

composites. Plenty of materials have been developed for each

AM process commercially available with AM technologies in

the market. Following, we present the working principles of

https://doi.org/10.1016/j.jmrt.2021.07.016
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Table 1 e Comparison of AM Processes considered for this study.

AM Process Feedstock
Type

Materials Resolution
(mm)

Advantages Limitations

Vat

Polymerization

Liquid Photopolymers 25 - Highest resolution

among mentioned

processes.

- Slow process due

to curing

- Refill intervals add

delays

- Poor mechanical

properties due to

insufficient poly-

merization and

curing

Material

Extrusion

Solid (Filament) Thermoplastics 50e500 - Cheap technology

- Most widely avail-

able commercially.

- Can process both

amorphous and

crystalline

polymers.

- Relatively lower

resolution.

- Lower mechanical

properties

compared to injec-

tion molded parts.

- High porosity.

- Difficult control of

numerous process

parameters

involved.

Powder

Bed Fusion

Powder Thermoplastics,

Metals, Glass,

Ceramics

60e150 - No support mate-

rial required.

- Recycling of un-

used material.

- Capability to pro-

duce very complex

parts.

- Higher structural

integrity.

- As-built parts

exhibit poor sur-

face finish, di-

mensions, and

mechanical

properties.

- Requires post-

processing

treatments

(surface polishing,

heat treatments)
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selected AM processes and related benefits and limitations for

each technology. Table 1 shows the comparison of different

AM processes considered for this study.

2.1. Vat photopolymerization (VP)

The vat photopolymerization process is an AM technique in

which photo-sensitive materials are exposed to radiation/

light in a controlled manner to obtain polymerized material

layers. Subsequent layers combine to form a 3D object; how-

ever, this process's application is limited to the materials that

polymerize on exposure to light [14]. Photopolymers and

resins can be processed using this technology [15]. Depending

upon the variation in curing source, VP processes can further

be classified into; Stereolithography (SLA), digital light pro-

cessing (DLP), two-photon polymerization (2PP), and volu-

metric 3D printing [16].

SLA photopolymer resins mainly consist of monomers,

oligomers/binders, photoinitiators, and some additives.

Monomers and oligomers are the main constituents of

photopolymer resin, which solidifies due to crosslinking.

Photoinitiators convert into radicals and react with oligomers

and monomers, providing crosslinking to produce polymer

chains on exposure to curing light. Additives may include

nanoparticles or pigmentation for improved resin properties

or desired coloring [17].
Digital light processing (DLP) also relies on UV light-

induced polymerization of the resin [4]. The significant dif-

ference between these two technologies resides in that DLP

induces an instantaneous entire layer polymerization using

digital micro-mirrors devices (DMD) [18,19]. In contrast, in

SLA, a single laser point (e.g., layer pixel) is exposed at a time.

As a result, DLP offers a higher printing speed than SLA and

other technology competitors [20]. The applied light source

has also evolved from standard lamps to light-emitting diode

covering, thus, a more comprehensive range of wavelengths

at a lower cost [21]. The hardware setup for DLP offers higher

lateral printing resolution. The z-resolution is tightly corre-

lated with light penetration and scattering, which can be

improved by adding light absorbers and polymerization fa-

cilitators. DLP achieves a resolution of about 1 mm (while the

printing speed is about 30mm3 s�1) regardless of the layer's
lateral area and complexity [22]. Theworking principles of SLA

and DLP technologies are presented in Fig. 1.

Two-photon polymerization (2PP) is another vat

polymerization-based printing system like SLA and DLP, but

it can provide better control and higher print quality [23]. Due

to single-photon polymerization in SLA, the process occurs

on the surface of a photosensitive resin that only allows

building 3D structures layer by layer. On the other hand, in

2PP, which uses near-infrared (NIR) femtosecond (Fs) laser

pulses, the two photons are simultaneously absorbed by the

https://doi.org/10.1016/j.jmrt.2021.07.016
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Fig. 1 e Working principle of (a) SLA and (b) DLP technologies (reproduced with permission from [4]).

Fig. 2 e Working principle of fused filament fabrication

technology (reproduced with permission from [4]).
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photo-initiator [4]. Allowing them to act as a single photon to

initiate polymerization, enabling direct writing of any desired

3D model into the volume of photosensitive materials

transparent in the NIR and highly absorptive in the UV

spectral range [24].

Volumetric 3D printing directly prints structures in three

dimensions by using a rotating vat and an index-matching

resin [25]. Projecting six distinct images of the object taken

from specific angles and continuously alternating them dur-

ing rotation allows objects to be built. Contrary to other

methods where the 3D structure is built by 2D layers, the ob-

ject is created directly in 3D [16,26].

VP processes provide the highest printing resolution

among the processes discussed here. Despite having an

excellent resolution, several factors affect the properties of

3D-printed parts. The main limitation is the printing time;

although the technology can quickly produce one layer,

curing the processed layer takes time. Secondly, the resin

needs to be refilled continuously in the resin tank, which

adds delays to the process. Finally, the mechanical prop-

erties of the 3D printed parts are affected by the degree of

polymerization and post-print curing process [27].

2.2. Material extrusion (ME)

In extrusion-based processes, the semi-solid liquid is

extruded on a build surface through a nozzle, solidifying in

an extruded shape, with further layers extruded sequen-

tially to obtain a solid part [12]. The most commonly used

technique under this category is fused filament fabrication

(FFF), also known as fused deposition modeling (FDM). In

the FFF process, the material is supplied in the form of fil-

aments. It is heated in a heating chamber to attain the

required viscosity and extruded through a nozzle over a

platform [13]. FFF sales in 2016 shared 96% of the global AM

market; therefore, it is the most widely used AM technology

[28]. Thermoplastics, metal particles reinforced polymers,

and hydrogels have been fabricated using extrusion pro-

cesses [29]. Generally, the feedstock material in FFF is pro-

vided in the form of a filament spool. A mechanism of roller

and gear is used to feed filament material into a heating

chamber, which heats and deposits the material onto the
build platform (Fig. 2). FFF 3D printers may have dual ex-

truders to allow multi-material fabrication or 3D fabricate

support structures for overhanging structures [30].

Significant bonding between adjacent extruded filaments

is vital to achieving the desired strength through the inter-

molecular interaction of polymer chains. Turner et al. [31]

investigated this phenomenon and concluded that several

parameters govern this polymer fusion, including viscosity,

thermal conductivity, heat capacity, and cooling rate. Inter-

laminar adhesion is another critical issue related to FFF pro-

cesses, as fabricated parts can undergo delamination under

shear forces due to insignificant adhesion between the layers

[32]. Process parameters in FFF can be categorized into three

categories: slicing, building orientation, and temperature

conditions (Fig. 3), as defined by Popescu et al. [33]. The print

quality and mechanical properties of parts fabricated through

the FFF process also depend upon several parameters, as

shown in Fig. 4.

The prime advantage of this AM technology over others

is its lower price and its broad commercialization [10].

Although the printing resolution is lower, different amor-

phous and crystalline materials can be processed using the

https://doi.org/10.1016/j.jmrt.2021.07.016
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Fig. 3 e Process parameters for FFF process [33,34].
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FFF technique. Despite having plenty of advantages over

other processes, the main limitation is the inferior me-

chanical properties compared to injection molded parts due

to anisotropy and high porosity [36]. Optimization of pro-

cess parameters involved in this process is an active

research interest, as various parameters affect final product

performance.

2.3. Powder bed fusion (PBF)

In powder bed fusion processes, the powdered material is

carried in a bed, and a layer of material is solidified using a

heat source. Once the fusion of one layer is performed, a new

layer of powdered material is added for the subsequent layer

[12]. Different heat sources are utilized to perform themelting
Fig. 4 e Factors affecting Print Quality and Me
or sintering process of powder. Selective laser melting (SLM)

and selective laser sintering (SLS) processes utilize the laser

source, an electron beam is used in electron beam melting

(EBM), and a thermal printhead performs the function of

material sintering in the selective heat sintering (SHS) process

[37]. PBF processes provide higher resolutions compared to

extrusion-based techniques. Polymer powders, metal alloys,

and ceramics can be processed using these processes [38].

SLS is the most widely used PBF process, in which 3D

objects are fabricated using powder material in a layer-by-

layer manner. Thermal energy (focused laser radiations)

selectively fuses the material depending upon the design of

the fabricated object [39]. SLM process differs from SLS in

terms of solidification of material and resulting bonding

mechanisms. SLM process relies on the melting of the
chanical Performance is FFF Process [35].
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Table 2 e Highlights on 3D printed polymer nanocomposites.

Material Reinforcement (wt%) AMP Synthesis
Technique

Improved Properties/Applications Ref.

PLA HA (5e30%) FFF Solegel � Biomedical implants

� Compressive strength: 19%

� Flexural strength: 9.5%

� Impact strength: 30%

� Loading cycles: 14%

[57]

PLA HA (5e15%) FFF Solution Mixing � Synthetic trabecular bone

� Enhanced mechanical properties

� Comparable strength of the full-scale

specimen

[58]

PLA HA (5e25%) FFF Melt Blending � Medical applications

� Thermomechanical: 12%

� Increase in cell proliferation

[59]

PLA Carbon Black FFF e � Low Voltage applications

� Improved mechanical strength as

compared to conventional materials

[61]

PLA CNT FFF Melt Blending � Electro-conductive Applications [62]

PLA CNF (10e40%) FFF Solution Mixing � Mechanical engineering

� Tensile strength: 80%

� Elastic modulus: 200%

� Strain at break: 76%

� Toughness: 220%

[64]

PLA CNT FFF e � Shape memory applications

� Recovery force: 144%

� Shape memory ratio: 97.3%

� Peak load: 28.5e60.2%

[63]

PLA Cloisite 30B (Nanoclay) FFF � Increased dynamic mechanical

properties

� Better shape stability

[60]

PLA rGO FFF Melt Blending � Electrical applications

� Improved electrical conductivity

� Percolation threshold: between 4 and

8 wt%

� Electrical conductivity: 476 S/m at 6wt%

content

[65]

PCL HA/SrHA (0e20%) ME Mechanical Mixing � Bone Tissue Engineering

� Improved mineralization

� Significant biocompatibility

� Substantial cell proliferation

[68]

HDPE Cardboard Dust (20e75%) FFF Mechanical Mixing � Low-Cost Structures

� Damping capacity

� Low plastic deformation

[70]

HDPE CNT FFF Melt Blending � Electro-conductive Applications [62]

ABS Metallic particles FFF Solution Mixing � Aeronautics and aerospace

� High filling ratio of metallic particles

� Tuned number of particles and physical

properties

[71]

ABS ZnFe2O4 (0e14%) FFF Solution Mixing � Low electrical conductivity applications

� Tensile strength: 52%

� Hardness: 75%

� Thermal conductivity: 87%

[74]

ABS Montmorillonite (MMT) FFF Melt Blending � Thermal and Mechanical

� Improved tensile strength & elastic

modulus

� Lower thermal expansion ratio

� Higher thermal stability

[54]

ABS OMMT FFF Solution Mixing � Microwave & Radio Frequency

components

� Improved mechanical properties

[49]

ABS MMT, MWCNT, CaCO3, SiO2 FFF Melt Blending � Improved tensile and flexural strength

� CaCO3 provided highest failure strain

� Reduced anisotropic effect with CaCO3

reinforcement

[47]

(continued on next page)
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Table 2 e (continued )

Material Reinforcement (wt%) AMP Synthesis
Technique

Improved Properties/Applications Ref.

ABS MWCNT (1e15%) FFF Melt Blending � Electrical, mechanical and thermal

applications

� Reduced melt flow index

� Improved electrical and thermal

conductivity

� Improved elastic modulus and strength

[76]

ABS MWCNT (0e8%) FFF Melt Blending � Electrical and mechanical applications

� Reduced melt flow index

� Improved mechanical and electrical

properties

� Optimum properties at 6%

concentration

[77]

ABS rGO FFF Solution Mixing � Electrical applications

� Better dispersion due to functional

groups

� Improved electrical conductivity

[114]

ABS Graphene (2e8%) FFF Melt Blending � Mechanical applications

� Improved elastic modulus

� Optimum graphene content: 4 wt%

[53]

ABS GO (0.02e0.06) FFF Solution Mixing � Mechanical applications

� Improved strength and stiffness

� Maximum properties improvement at

0.06 wt% GO

� Failure strain: 29%

� Toughness: 55%

[78]

PVDF Zirconium tungstate (1e10%) FFF Melt Blending � Mechanical engineering

� Low coefficient of thermal expansion

� Improved printability

� Enhanced dimensional tolerances

[79]

PVDF MWCNT/BT FFF Melt Blending � Energy harvesting & pressure sensors

� Improved piezoelectric conversion

efficiency

� Piezoelectric coefficient upto: 129 pC/N

� Simplified sensor manufacturing

[50]

TPU MWCNT (1e5%) FFF Melt Blending � High Strain Sensors

� Improved interlayer adhesion and

elastic modulus

� Consistent piezoresistive reponse

[51]

TPU MWCNT (1e2%) FFF Melt Blending � Mechanical Applications

� Improved elastic modulus

� Higher tensile strength for axial printing

direction

[82]

PBT CNT, Graphene FFF Solution Mixing � Electrical applications

� Percolation threshold at: 0.49 wt% for

CNT

� Percolation threshold at: 5.2 wt% for

Graphene

[83]

Epoxy CNF - PEG treated (1e5%) VP Melt Blending � Mechanical engineering

� Tensile strength: 24%

� Hardness: 82%

[98]

Epoxy CNF - rGO treated (1e10%) VP Melt Blending � Mechanical engineering

� Tensile strength: 37%

� Hardness: 129%

[98]

Photopolymer SrFe12O19 (5%) VP Mechanical Mixing � Electrical & electronics

� Stable particle suspension

� Improved yield point & viscosity

[101]

Photopolymer TO or CCT (5e20%) VP Mechanical Mixing � Electromagnetic elements

� Improved viscosity, shear rate & dielec-

tric permittivity

[103]
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Table 2 e (continued )

Material Reinforcement (wt%) AMP Synthesis
Technique

Improved Properties/Applications Ref.

Photopolymer Nanosilica (1e15%) DLP Mechanical Mixing � Shape memory materials

� Curing: From 4s to 0.7s

� Tensile Strength: 2.4e3.6x

� Shape fixity: 100%

� Shape recovery: 90e97%

[104]

Photopolymer

(UV 6105)

MMT (Dellite 43B) SLA Mechanical Mixing � Mechanical applications

� Improved reactivity 15% at 0.3 wt%

loading

� Diffusion aid by particles in polymeri-

zation process

[99]

Photopolymer MMT & Attapulgite SLA e � Mechanical applications

� Improved tensile modulus for both

nano-clays

� Improved elastic strength for MMT

[100]

PCL/PDO e FFF Solution Mixing � Gastrointestinal Stents

� Beneficial for cell growth

� Safe during interaction with blood

[107]

PLA/TPU e FFF Melt Blending � 4D Printing

� Low-cost shape memory material

� Decent shape memory and shape fixity

characteristics

[108]

TPU/PLA GO FFF � Mechanical & biomedical applications

� 75.5% increase in elastic modulus

� 69.2% increase in tensile strength

� Assisted cell growth

[110]

Epoxy Magnetite (55e75%) DIW Mechanical Mixing � EM radiation shielding or thermal

applications

� Improved compressive strength and

ductility

[106]

PA12 Graphene FFF � Mechanical applications

� Lower crystallinity

� Improved thermal stability

[86]

PA12 Glass beads (40%) MJF Melt Blending � Mechanical engineering

� Tensile modulus: 85%

� Flexural modulus: 36%

� Porosity: <1%

[87]

PA 12 Carbon Black SLS e � Electrical and Electronics applications

� Improved electrical conductivity

� Low percolation threshold

[89]

PA12 MWCNT SLS e � Mechanical applications

� Improved tensile strength: 10%

[90]

PA12 Carbon Nanofibers SLS e � Mechanical applications

� Improves storage modulus: 22%

[91]

PA11 & PA12 MMT, CNF, MWCNT SLS e � Mechanical applications

� Improved thermal and mechanical

properties

� Enhanced flame retardancy

� Reduced flammability

[92e94]

PA12 Nanosilica SLS e � Thermal and mechanical applications

� Tensile strength: 20.9%

� Tensile modulus: 39.4%

� Impact strength: 9.54%

[88]

PLA CC (25%) SLS Mechanical Mixing � Bone Tissue Engineering

� Strength up to 75 MPa

� Good biocompatibility

[66]
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powdered material to the liquid phase; however, in SLS,

partial liquefaction is practiced [40]. Different laser sources

are implemented depending upon the absorptivity of the

powder material [41]. CO2, Nd:YAG, short-pulse Cu-vapor,

and fiber laser are the most widely reported thermal energy

sources for SLS [42].
PBF processes do not require to build support material, as

the unsintered powder material acts as support material to

complex or overhanging structures [43]. Besides, this material

can be recycled for use in the fabrication of parts without

significant changes in properties. The major drawback of

these processes is post-processing treatments for better

https://doi.org/10.1016/j.jmrt.2021.07.016
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Fig. 5 e Compressive Strength & Elastic Modulus of PLA/HA Nanocomposites (A) Bulk Materials (B) x2.6 Trabecular Model (C)

x4.3 Trabecular Model (D) Pullout Force & Stiffness of x4.3 Trabecular Model (Reproduced with Permission from [58]).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 4 : 9 1 0e9 4 1918
surface finish and heat-treatments for improved mechanical

properties [44].
3. Additive manufacturing of polymer
nanocomposites

The commercially available polymers for AM cannot

perform adequately in high-performance applications.

Therefore, it is vital to synthesis functional polymer mate-

rials compatible with AM processes discussed above.

Generally, polymers do not exhibit significant mechanical,

thermal, and electrical properties as they do not demon-

strate substantial strength, heat transfer capabilities, and

conductivity. Therefore, they are altered by introducing

filler particles or reinforcement to achieve desired proper-

ties for functional applications.

Polymer nanocomposites are obtained by adding nano-

fillers dispersed within the polymer matrix. These nano-

particles typically lie in the nanometer range and act as

reinforcement to achieve functional properties. These mate-

rials have attracted the research focus due to their extraor-

dinary enhancement in mechanical, thermal, electrical, or

chemical properties even at very low reinforcement content

[45,46]. Polymer nanocomposites provide an added benefit of

homogeneity than fiber-reinforced composites, as they are

less prone to anisotropic effects induced due to uni-

directional reinforcement. Various nanoparticle-based com-

posites have been developed for AM processes and mainly
focused on improvedmechanical and electrical properties. For

example, nanoclay for improved mechanical [47e49], carbon

nanotubes, and graphene for improved electrical conductivity

[50e53] are reported in the literature.

This section provides an overview of recent progress in

nanocomposites for AM processes for improved mechanical,

thermal, or electrical properties. Table 2 presents the high-

lights of different polymer nanocomposites fabrication via AM

processes and their improved properties.

3.1. Polylactic acid (PLA) e based polymer
nanocomposites

Polylactic acid (PLA) is a thermoplastic polyester, generally

obtained from biodegradable resources, and exhibits excellent

mechanical and thermal properties, good processability, and

low impact on the environment [54]. PLA is globally accepted

as biodegradable due to its origin from plants and has proven

safe for biomedical applications and food industries [55].

Therefore, being explored in tissue engineering, biomedical

implants, and food packaging sectors for their performance

and processing through AM processes [56]. PLA is commer-

cially available and can be purchased from Ultimaker, Stra-

tasys, and 3dxtech companies.

In addition to the sustainability aspect, it needs to be

strengthened mechanically for improved performance. Hy-

droxyapatite (HA) has proven an effective reinforcement to

PLA for mechanical strength and biocompatibility. Pet-

rovskaya et al. [57] synthesized PLA-based composite

https://doi.org/10.1016/j.jmrt.2021.07.016
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Fig. 6 e Comparison of Theoretical model and Experimental Results for Electrical conductivity (a) PLA/CNT and (b) HDPE/CNT

nanocomposites (Reproduced with Permission from [62]).
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materials with varying HA contents (0e30%). The composites

obtained were granulated, processed into filaments using a

screw extruder, and 3D printed via a commercial FFF 3D

printer. Extrusion temperature, printing temperature, and

printing speed were optimized for all the mix proportions.

Compression, flexural and impact tests were also performed

on samples for mechanical characterization. Among all the

materials tested, composites with 30% HA contents exhibited

maximum compression, flexural, impact strengths and

withstood themaximumnumber of loading cycles, whichwas

higher than the individual strengths of constituents. In

another study,Wu et al. [58] attempted to explore applying the

FFF process in the 3D printing of bone implants. 5, 10, and 15%

HA reinforced PLA polymer composites were prepared

through the solution mixing process, subsequently molded to

filament using a single screw extruder. Compositional,

microstructural, and mechanical characterization was per-

formed on 3D printed scaled-up trabecular bone models and

standardized compression test samples. Microstructural

analysis revealed that basic trabecular bone structure could be

reproduced via 3D printing. The incorporation of HA in the

PLA matrix improved mechanical properties for bulk and 3D

printed trabecular bone models at different scales (as pre-

sented in Fig. 5) but reduced the print quality was observed.

Backes et al. [59] reported improved composites thermo-

mechanical properties. Increased cell proliferation was

observed at 10% HA content. PLA/HA nanocomposites were

synthesized through melt processing techniques following
Fig. 7 e Characterization of shape recovery ratio (a) 4D printed PL

rectangular braided (BA) preforms and (b) their silicone matrix
the microstructural, mechanical, and thermal analysis. FFF

filaments were also prepared, and the process demonstrated

the feasibility of PLA/HA nanocomposites for AM applications.

3D printed nanocomposites unveiled appropriate print quality

and accuracy.

Coppola et al. [60] investigated Cloisite (nanoclay) rein-

forced PLA nanocomposite filaments for the FFF process.

4 wt% of nanoclay was added to PLA. PLA/nanoclay com-

posites revealed better shape stability with an improved

degree of crystallinity, storage modulus, tensile modulus,

and thermal stability. Carbon-based reinforcement, i.e.,

carbon nanotubes (CNTs), carbon nanofibers (CNFs), gra-

phene, and carbon black, is also reported to enhance the

mechanical and electrical properties of PLA-based 3D

printed parts. Beniak et al. [61] performed the mechanical

and electrical characterization of 3D printed carbon black

reinforced PLA nanocomposites. A strong impact of infill

volume and infill type on the composites' mechanical

properties was noticed. Better strength was observed for

rectilinear infill with 90% infill volume, and in addition to

that, higher nozzle temperatures also resulted in lower

electrical resistivity. Likewise, Mora et al. [62] used the melt

blending technique to fabricate FFF filaments for PLA/CNT

and HDPE/CNT nanocomposites. Different reinforcement

contents were introduced to the base material, and elec-

trical conductivity was measured for each material. The

micromechanics-based model was developed to predict the

electrical conductivity in the case of segregation of CNTs.
A and CNT/PLA ± 45� angle-ply laminated preform (LA) and

composites (Reproduced with Permission from [63]).
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Fig. 8 e Dynamic Mechanical Properties of PLA/cellulose nanofiber composites. (a) Storage modulus of compression-molded

PLA and composites (b) Storage modulus of 3D Printed PLA and composites (c) Comparison of Peak Value (Reproduced with

Permission from [64]).
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The theoretical model results agreed well with the experi-

mental outcomes (as reported in Fig. 6). Therefore, the

model can design polymeric nanocomposites with

agglomerated particles.

CNTs have also evidenced effective reinforcement for

shape memory polymers, as Liu et al. [63] reported, in which

CNT-reinforced PLA nanocomposites for shape memory ap-

plications were fabricated. Microstructural, shape memory

behavior, and mechanical testing were performed on 4D

printed nanocomposites. Results revealed improved recovery

force (up to 144%) and flexural strength of the material with

the inclusion of CNTs. A shapememory ratio of 97.3%was also

observed due to the inclusion of the silicone matrix (Fig. 7).

Cellulose nanofibers reinforced composites have provided

remarkable results in synthesizing and fabricating sustain-

able materials with significant mechanical properties. Teki-

nalp et al. [64] fabricated cellulose nanofibers reinforced PLA-

based composites following microstructural, thermal,
mechanical, and dynamic characterization. Considerable

improvement in tensile strength and elastic modulus was

observed. Synthesized material was also fed to the FFF ma-

chine, and 3D printed samples were tested for their mechan-

ical properties. 3D printed specimens also revealed improved

elastic strength and storage modulus (Fig. 8). Zhang et al. [65]

utilized reduced graphene oxide (rGO) as filler material to PLA

for flexible circuits. PLA/rGO nanocomposites were synthe-

sized through the melt compounding process. A significant

improvement in electrical conductivity was observed for a 4 to

6 wt% increase in rGO concentration. It was also concluded

that the percolation threshold for rGO lies in between 4 and

8 wt%. The authors believed that improved electrical con-

ductivity was achieved due to nanoparticle alignment owing

to the extrusion process.

The PBF process utilization has also been reported in the

literature to 3D print PLA polymer nanocomposites. Gayer

et al. [66] attempted solvent-free material processing for the

https://doi.org/10.1016/j.jmrt.2021.07.016
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Fig. 9 e (a) Cytocompatibility of PCL and PCL/SrHA Nanocomposites (Day 1- 7) (b) Estimation of number of cells using MTT

absorbance up to 21 Days (Reproduced with Permission from [68]).
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selective laser sintering (SLS) process. PLA/calcium carbonate

(CC) composites powder was developed, containing 75% and

25% of PLA and CC. Different PLA grades were analyzed, and

nanocomposites with the lowest inherent viscosity were

observed to have the SLS process's best processability. Careful
selection of process parameters enabled researchers to pro-

duce 3D-printed parts without loss in inherent viscosity. The

manufactured parts revealed maximum biaxial bending

strength of 75 MPa and micro-porosity around 2% only.

3.2. Polycaprolactone (PCL) e based polymer
nanocomposites

PCL is also an approved biodegradable material by the US Food

and Drug Administration (FDA); therefore, its applications in

biomedicalengineeringhavebeenexplored[67]. Someprocesses
are also reported in the literature to 3D print thismaterial owing

to its suitability in bone tissue engineering. Pierantozzi et al. [49]

introduced a novel extrusion-based process for 3D printing

composite scaffolds to explore PCL utilization in biomedical

applications. PCL matrix containing the bioactive reinforcing

phase of HA and strontium substituted HA (SrHA) were printed

directly, eliminating the need to produce filaments, thus avoid-

ing a multi-stepmanufacturing process. The resulting compos-

iteswithvaryingreinforcingcontentwerecharacterizedfor their

physical, mechanical, and biological properties. Different ar-

chitectures were designed to mimic the bone tissue structure,

and printing parameters were optimized for different material

configurations.Micro-CT analysis revealed that the porosities of

3D printed samples were in good agreement with 3D CAD

models, proving the reliability of the introduced process. No

correlation was found between the mechanical properties of

https://doi.org/10.1016/j.jmrt.2021.07.016
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Fig. 10 e (a) HDPE, HDPE/Cardboard-20%, HDPE/Cardboard-50%, HDPE/Cardboard-75 (Left to Right) (b) 3D printed object

fabricated using HDPE/Cardboard-50% filament (Reproduced with Permission from [70]).
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nanocompositesand their formulations.However, filleraddition

revealed biocompatibility of the material and improved miner-

alization for PCL/SrHA composites, as shown in Fig. 9.

3.3. High-density polyethylene (HDPE) e based polymer
nanocomposites

HDPE is the most widely used polymer in the consumer

industry. It exhibits a high strength-to-density ratio as

compared to LDPE. However, HDPE's two most essential

concerns include; its reusability and lower mechanical

strength [69]. HDPE-based composite filaments incorpo-

rated with cardboard dust particles were prepared for the

FFF process to overcome the problem of recycling [70].

Different cardboard dust contents (20, 50, and 75%) were

added to HDPE, and resulting nanocomposite filaments

were analyzed for their microstructural and mechanical

properties. The filament was extruded successfully without

considerable deviation in diameter and density for lower

cardboard content; however, loss in density and larger

filament diameter was observed for higher filler contents.

Degradation of mechanical properties and glass transition

temperature was also observed for an increased ratio of

cardboard dust particles; however, the 3DP process was still

applicable at these percentages. Fig. 10 presents the suc-

cessfully 3D printed object fabricated using 50% cardboard

content in HDPE.

CNTs could also provide significant improvements in HDPE

composites. Mora et al. [62] used the melt blending technique

to fabricate FFF filaments for HDPE/CNT composites. Different

reinforcement contents were introduced to the base material

(HDPE), and electrical conductivity was measured for each

material. The resulting composites were evaluated to be

suitable for electro-conductive applications.

3.4. Acrylonitrile butadiene styrene (ABS) e based
polymer nanocomposites

ABS is an exciting material for the fabrication of polymer

composites; due to its solubility in acetone, which assists the

synthesis of composites, it can hold higher filler content and is

easily extrudable [71]. ABS is commercially available under

different brand names and can be purchased from Ultimaker,

Stratasys, MakerBot, and 3dxtech. It has the advantages of
good flexural and impact strength, resistance against the

chemical environment, and good physical stability [72,73].

However, to improve its thermal and electrical performance,

the addition of metallic particles to ABS evidences its utiliza-

tion in electrical and thermal conductivity applications. Pal-

mero et al. [71] performed a microstructural and

morphological evaluation of ABS polymer composites rein-

forced with metallic particles (aluminum and stainless steel).

Optimum values of metallic reinforcement were obtained for

both reinforcing materials, following the successful extrusion

of the composite filament by the FFF process. The effect of

particle size and distribution on the physical properties of

composites and FFF filaments was demonstrated. Results

provided an adequate basis route for the development and

deployment of novel materials to 3DP processes. It was

concluded that with achieved high filling ratios, tailored ma-

terials with the desired number of metallic particles could be

introduced to achieve desired thermal and electrical

properties.

Similarly, Hamzah et al. [74] performed the mechanical,

electrical, and thermal analysis of 3D printed ABS/ZnFe2O4

composites. The effect of reinforcement particle contents and

raster angle was studied on the examined properties of the

composites. Raster angle did not affect the properties much;

however, improved tensile strength, hardness, thermal con-

ductivity, and electrical conductivity were observed for high

filler ratios.

Several studies report the utilization of clay-based nano-

particles as reinforcement to polymers. Weng et al. [48]

investigated the mechanical and thermal properties of ABS

reinforced with montmorillonite nanoparticles for the FFF

process. Montmorillonite clay was modified using benzyl-di-

methyl hexadecyl ammonium chloride (HDBAC) for variable

loadings (1, 3, and 5wt%). ABS polymer wasmelt compounded

with nanoclay using a twin-screw extruder. Higher void con-

tent and lower polymer chain entanglement were observed

for FFF parts than injection molded parts, resulting in inferior

mechanical properties. Improved mechanical properties were

achieved for higher reinforcement contents (Fig. 11). At higher

nanoclay concentration (i.e., 5 wt%), mechanical properties

did not reveal a significant effect of the fabrication method.

Francis et al. [49] developed ABS/OMMT nanocomposites

through solution mixing technique for ABS filament coating

and their application in microwave and radio components.

https://doi.org/10.1016/j.jmrt.2021.07.016
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Fig. 11 e (a) Flexural Stress vs. Strain strength (b) Flexural

strength & Flexural Modulus of 3D Printed ABS/OMMT

nanocomposites (Reproduced with Permission from [48]).
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The OMMT concentration was 3 wt%. ABS core and ABS/

OMMT shell nanocomposite filament were placed in micro-

wave for better interfacial adhesion of two phases. 3D printed

components revealed an improved tensile strength and

hardness. Meng et al. [47] analyzed four different nanoparticle

reinforcements (montmorillonite (MMT), multi-walled carbon

nanotubes (MWCNT), calcium carbonate (CaCO3), and silica

(SiO2)) to ABS at a fixed concentration of 1 wt% using a twin-

screw extruder. MMT nanocomposites revealed the highest

tensile and flexural strength; however, CaCO3 reinforcement

significantly improved the failure strain. Besides, the effect of

printing orientation was also analyzed, where horizontally

printed specimens provided better mechanical properties.

CaCO3 reinforcement to ABS also resulted in reducedmaterial

anisotropic behavior.

Carbon-based nanoparticle reinforcements have attrac-

ted researchers to fabricate functional nanocomposites

through AM processes for electrical and electronics appli-

cations [52,65,75]. Dorigato et al. [76] introduced varying

concentrations (1e15 wt%) of MWCNTs to ABS polymer

using a twin-screw extruder and produced nanocomposite

filaments for the FFF process. The addition of MWCNTs

drastically improved the electrical conductivity and
mechanical properties; however, at the cost of reduced

failure strain. 3D printed nanocomposites also revealed

lower specific heat and improved thermal conductivity.

Similarly, Dul et al. [77] fabricated ABS/MWCNT nano-

composites with variable loadings (0e8 wt%) through the

melt blending technique. Comparable mechanical and

electrical properties were observed, as reported by Dorigato

et al. [76]. Optimum properties were achieved at a 6 wt%

concentration of MWCNTs.

Graphene nanoparticles are widely reported to improve

the thermal and mechanical properties of thermoplastics

[53]. For the first time, Wei et al. [84] utilized reduced gra-

phene oxide (rGO) as a reinforcing phase to ABS via solution

mixing for the FFF process. GO, owing to the presence of

functional groups, provided better dispersion than pristine

graphene. Results revealed a dramatic increase in electrical

conductivity due to the presence of rGO. Similarly, Dul et al.

[53] synthesized graphene reinforced ABS nanocomposites

through melt blending for the FFF process. Different gra-

phene concentrations (2, 4, and 8 wt%) were analyzed for

tensile and melt flow behavior to achieve the optimum

properties. Elastic modulus was observed to increase with

increasing graphene concentration; however, melt flow

index and tensile strength decreased due to poor adhesion

between graphene and ABS (Fig. 12). Dul et al. concluded

4 wt% content of graphene as optimum in terms of MFI and

mechanical properties.

Yamamoto et al. [78] developed GO reinforced ABS nano-

composites through solution mixing technique for the FFF

process. Varying GO concentrations (0.02, 0.04, and 0.06 wt%)

were analyzed for mechanical properties. Reduced failure

strain and toughness were observed; however, increasing GO

concentration tensile strength and stiffness were improved.

The maximum improvement in mechanical properties was

noticed at 0.06 wt% GO content (i.e., 29% and 55% increase

failure strain and toughness, respectively).

3.5. Polyvinylidene fluoride (PVDF) e based polymer
nanocomposites

Typically, the extrusion process for PVDF is challenging due to

the high coefficient of thermal expansion. The inclusion of

materials with a low thermal coefficient couldmake it feasible

for AM by tailoring the composite material properties. To

study the impact of metallic particles with a negative coeffi-

cient of thermal expansion, Momenzadeh et al. [79] synthe-

sized zirconium tungstate (1e10%) reinforced PVDF

composites for the FFF process. Zirconium tungstate facili-

tated the provision of improved printability of the composites

by lowering the overall thermal expansion. Although

improved dimensional accuracy was achieved using rein-

forcing components, it was attained at the expense of reduced

mechanical strength and elongation compared to pure PVDF.

Kim et al. [80] investigated the piezoelectrical response of

PVDF with the introduction of MWCNT and barium titanate

(BT) nanoparticles for the FFF process. MWCNTs assisted the

higher concentration of b-phase with polymers which resul-

ted in improved piezoelectrical efficiency. The highest piezo-

electric coefficient (i.e., 129 pC/N) was achieved for 0.4 wt% of

MWCNTs and 18wt% of BT concentration. Using TPU/MWCNT
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Fig. 12 e Elastic Modulus, Ultimate Strength and Melt Flow Index of ABS & ABS/Graphene Nanocomposites (Reproduced

with Permission from [53]).
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nanocomposites, the authors were able to 3D print multiaxial

force sensors. In addition, structural and sensor components

were simultaneously 3D printed using a dual-extrusion head,

simplifying the sensor fabrication process.

3.6. Thermoplastic polyurethane (TPU) e based polymer
nanocomposites

TPU is a biocompatible material with excellent mechanical

properties and is widely used as a coating material to

biomedical implants [81]; however, it can be further enhanced

with nanoparticle reinforcement for functional applications.

TPU is commercially available from Ultimaker and Stratasys

companies. Christ et al. [51] synthesized MWCNTs reinforced

(1e5 wt% concentrations) TPU nanocomposites for sensors
Fig. 13 e Electrical conductivity vs. MWCNT content for pressed

with Permission from [51]).
applications. The authors noticed a linear increase in elastic

properties with increasing MWCNT concentrations. A good

interlayer adhesion between printed layers was observed,

which resulted in improved electrical conductivity (Fig. 13). It

was concluded that the piezo sensitivity of the TPU/MWCNT

nanocomposites could be tuned with varying reinforcement

content. Likewise, Hohimer et al. [82] investigated the me-

chanical properties and effect of printing orientation for

similar nanocomposites using the FFF process at 1 and 2 wt%

reinforcement of MWCNTs. The introduction of nanoparticles

improved the elastic modulus; however, elastic strength and

failure strain decreased. Better mechanical properties were

observed for axially printed specimens due to better interfa-

cial adhesion than specimens printed in the transverse

direction.
and 3D Printed TPU/MWCNT nanocomposites (Reproduced
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Fig. 14 e Optical Images of (a) Unused Nozzle (b) Nozzle after printing 10 cm PBT/Graphene (c) Nozzle after printing 1.5m PBT/

CNT (d) SEM image of PBT/Graphene composite printed with an abraded nozzle (Reproduced with Permission from [83]).

Fig. 15 e Schematic of ASTM Standardized Specimens 3D

Printed in different orientations (Reproduced with

Permission from [87]).
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3.7. Polybutylene terephthalate (PBT) e based polymer
nanocomposites

Gannasekaran et al. [83] synthesized carbon nanotubes and

graphene reinforced PBT nanocomposites via solution mixing

process for the FFF process. Graphene/PBT revealed a rough

surface and brittle behavior than CNT/PBT filaments. The

electrical conductivity percolation threshold PBT nano-

composites were calculated as 0.49 wt% of CNT and 5.2 wt% of

graphene, respectively. The calculated values agreed well

with the experimental results. Significant nozzle wear was

also observed due to the presence of abrasive carbon nano-

particles (Fig. 14).

3.8. Nylonebased polymer nanocomposites

Polyamide (also referred to as Nylon) is utilized due to its

significant mechanical properties. Nylon reinforcement with

nanoparticles can provide heat and chemical resistance.

Nylon 6 is commercially available fromStratasys and 3Dxtech.

However, Nylon 12, also known as polyamide 12 (PA12) and

fiber-reinforced Nylon grades, can be purchased from Stra-

tasys. PA12 exhibits a semi-crystalline structure and is the

most widely used material in PBF processes due to its higher

melting point and glass transition temperature [84]. PA12 can

provide high impact strength but prone to be affected by

moisture [85]. Zhu et al. [86] evaluated thermal and mechan-

ical properties of graphene varying (1e10 wt%) reinforced

polyamide 12 (PA12) nanocomposites. The synthesized

nanocomposites revealed lower crystallinity and better ther-

mal resistance, and the graphene agglomeration was promi-

nent. 6 wt% of graphene content was found optimum for

tensile, thermal, and FFF processing.

The serviceability of PBF for 3DP of PA12 composites was

performed by Connor and Dowling [87]. They investigated the
physical, chemical, and mechanical properties of pure PA12

and PA12 reinforced with glass spheres (40% by volume). A

production-scale AM process, known as the multi-jet fusion

(MJF) process, was used to 3D print the specimens in different

orientations, as presented in Fig. 15. It was observed from

thermal and chemical analysis that both materials exhibited

the same properties. Results revealed an improved tensile and

flexural modulus but lower strength and elongation when

compared with pure polymer (Fig. 16). Build orientation

strongly affected the strength and porosity of 3D printed

specimens (Fig. 17). SEM analysis of fractured surfaces

discovered poor interfacial bonding between the two phases;

however, homogenous structure and porosity (<1%) were

observed for pure polymer and composite.

Chunze et al. [88] used nanosilica to reinforce PA12 powder

for improved thermal and mechanical properties. The results

revealed a 20.9% increase in tensile strength, 39.4% in elastic
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https://doi.org/10.1016/j.jmrt.2021.07.016


Fig. 16 e Flexural Stress vs. Strain of PA12 and PA12

Composites (3D Printed in Z-Direction) (Reproduced with

Permission from [87]).
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modulus, and 9.54% in impact strength; however, failure

strain was decreased by 3.65%.

Athreya et al. [89] developed carbon black reinforced Nylon

12 nanocomposites for the SLS process with improved elec-

trical conductivity. The experimental results revealed reduced

flexural modulus owing to weak interfacial bonding between

PA12 and carbon black. However, a dramatic increase in

electrical conductivity (5 times) was observed with a low

percolation threshold (Fig. 18). In another study, MWCNTs

were introduced to PA12 for the SLS process. PA12/MWCNTs

nanocomposites revealed a 10% increase in tensile strength;

however, elongation to break was reduced by 11% [90]. In

addition, a significant improvement in fatigue strength was

observed for 0.5% MWCNTs content to PA12 (Fig. 19).

Goodridge et al. [91] investigated the use of carbon nano-

fillers to PA12 for the SLS process. Results revealed an

increased storage modulus for PA12/carbon nanofillers com-

posites up to 22%. The suitable powder size and morphology

were pointed out as a significant challenge for the SLS process.

Koo et al. [92], Cheng et al. [93], andMoore et al. [94] performed

extensive experimental studies on PA11 and PA12 materials

with MMT, CNFs, and MWCNTs as reinforcement phases.

Enhanced thermal & mechanical properties, as well as flame
Fig. 17 e Flexural Strength and Porosity (%) of PA12/Glass

bead Composites at different printing orientations

(Reproduced with Permission from [87]).
retardancy, were achieved. The authors were able to 3D print

high-density and complex structures using PA11/CNF nano-

composites. Nanoclay and CNFs incorporation to polymers

provided reduced flammability properties.

Metal-based nanoparticles have also proved their potential

as reinforcement to polymers, as they can provide improved

material solidification and mechanical properties. Polyamide

reinforced with nano aluminium oxide particles revealed

improved tensile strength with increasing particle concen-

tration [95]. In another study, aluminium oxide nanoparticles

coated with polystyrene provided increased tensile strength

(up to 300%) and notched impact strength (up to 50%) for the

SLS process [96].

3.9. Photopolymers & epoxies e based polymer
nanocomposites

Photopolymers are light-sensitive materials, normally poly-

mer monomers, which solidify on exposure to radiation [97].

The range of wavelength, which causes these materials to

cure depends upon their nature. Therefore, a variety of light

sources could apply to the vat polymerization technique. In

addition to the development of processes, biodegradable

materials have attracted researchers owing to their sustain-

ability. One of these green materials is cellulose, which has

proven to be a significant reinforcement to polymer-based

materials. Still, such material's utilization is limited due to

dispersion issues [98]. Mohan et al. [98] attempted to produce

cellulose nanofibers reinforced PU-based photopolymer

composites. Cellulose nanofibers were treated with poly-

ethylene glycol (PEG) and rGO to improve their compatibility

with epoxy. The vat photopolymerization process was utilized

to cure photo-sensitive PU epoxy. The resulting nano-

composites were analyzed for the dispersibility of cellulose

nanofibers in epoxy, chemical, and mechanical properties.

Results revealed maximum tensile strength and hardness for

a 3% addition of cellulose nanofibers. Fig. 20 presents the

stressestrain curves for cellulose nanofibers treated with PEG

and rGO. Furthermore, the best dispersion of nanoparticles

within the material was observed for the same ratio of

reinforcement.

Clay reinforced photopolymer resins provide improved

mechanical properties and resin reactivity. Corcione et al. [99]

investigated the compatibility and resin reactivity for organi-

cally modified MMT clay (Dellite 43B) with photo resin (UV

6105). The nano resin reactivity improved by 15%with 0.3 wt%

nanoclay; however, it decreased with further addition. It was

concluded that nanoclay particles act as diffusion aiding

agents at lower loadings and assist the photopolymerization

reaction, resulting in improved curing; however, at higher

concentrations (i.e., 1.0 wt%), these particles hinder the pho-

topolymerization reaction. The agglomeration of nanoclay

particles could also be the reason for declined curing rate of

the resin. Weng et al. [100] also studied MMT and attapulgite

nanoclay reinforced photopolymer resins. An improved

elastic modulus was observed for both types of nanoparticles.

MMT revealed enhanced tensile strength at lower loadings.

Polymers with suspended magnetic particles have found

their electrical and electronic devices applications as they

become responsive to themagnetic field. Nagarajan et al. [101]

https://doi.org/10.1016/j.jmrt.2021.07.016
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Fig. 18 e Electrical conductivity of PA and PA/4%-Carbon

Black Composites 3D Printed via SLS (Reproduced with

Permission from [89]).

Fig. 20 e Stress vs. Strain Diagrams for 3D Printed PU-Resin

reinforced with cellulose nanofibers treated with (a) PEG

and (b) rGO (Reproduced with Permission from [98]).
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used the stereolithography technique to 3D print magnetic

particles suspended in the polymer. UV curable prepolymers

were mixed with 5% magnetic particles (SrFe12O19) and vary-

ing content of rheological additive (0.2%e0.6%). The stability

of suspended particles within any mixture is vital for the ho-

mogenous dispersion of these particles within the compos-

ites; therefore, it was analyzed. Fig. 21 shows nanoparticle

suspensions using different rheological additive contents in

prepolymer immediately after mixing and after 1.5 h. 0.4%

additive content was found appropriate to provide stable

suspension and was selected for 3D printing samples. 3D

printed samples were analyzed using scanning electron mi-

croscopy (SEM), coordinate measuring machine (CMM), and

Fourier transform infrared spectroscopy (FTIR). Aggregation of

magnetic particles between printed layerswas observed in the

microstructural and dimensional analysis of printed samples

due to attraction between these particles. The dimensional

inconsistencies were also observed and were attributed to

selected printing parameters.
Fig. 19 e Fatigue strength as a function of cycle number for

PA and PA/MWCNTs composite (Reproduced with

Permission from [90]).
Higher filler percentages are desired for improved thermal

or electrical conductivity of composites. Nevertheless, the

higher content of filler within the polymer matrix hinders the

utilization of AM processes. Lu et al. [102] presented a novel

technique for 3D printing of polymer composites with

patterned fillers (aluminum powder) within the matrix,

termed acoustic field-assisted projection stereolithography

(A-PSL). A schematic diagram of the process used is presented

in Fig. 22. Piezo elements were utilized to formulate filler

structures within the polymer suspension. Subsequently, the

suspension was cured to produce polymer composites with

structured fillers. 3D printed components revealed enhanced

heat dissipation capabilities for the same amount of filler

content within the polymer matrix as in uniform composite.

Likewise, Malas et al. [103] developed a novel material for

the vat photopolymerization process and investigated its

different physical and electrical properties. Composite resin

was produced by adding titanium dioxide (nano-mesh) or

calcium copper titanate (micro-mesh) in a photopolymer.

Structural, thermal dynamic, and dielectric properties were

https://doi.org/10.1016/j.jmrt.2021.07.016
https://doi.org/10.1016/j.jmrt.2021.07.016


Fig. 21 e Nanoparticle suspensions using different rheological additive contents in prepolymer immediately after mixing

and after 1.5 h (Reproduced with Permission from [101]).
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accounted for to evaluate the material performance. Different

reinforcement percentages were employed to observe the ef-

fect of additives on composite viscosity. Titanium dioxide

polymer composite revealed comparable surface morphology

compared to neat polymer. However, fractured samples

exhibited rough surfaces contrary to control filler-free poly-

mer resin's smooth surfaces. At 20% content by weight of

reinforcing particles, increased glass transition temperature,

storage modulus, and dielectric permittivity were also

observed (Fig. 23).

In addition to higher filler content, faster curing helps

maintain homogeneity and desired properties of 3D printed
Fig. 22 e Schematic diagram of (a) acoustic field-assisted projecti

assembly (Reproduced with Permission from [102]).
parts. Choong et al. [104] fabricated photopolymers rein-

forced with nano-silica through the digital light processing

(DLP) technique. Nano-silica particles served as catalysts and

reduced the curing time of photopolymers. Fig. 24 presents

the schematic diagram of phenomena involved in polymer-

ization assistance due to nano-silica particles. Mechanical,

optical, and thermal characterizations were performed on

additively manufactured shape memory polymers (SMP).

Results revealed an improved mechanical strength of com-

posites and also remarkable shape memory characteristics.

A recent study reported a novel photo-cross-linkable nano-

composite synthesis composed of methacrylate polymer and
on stereolithography (A-PSL) (b) Acoustic field-assisted filler

https://doi.org/10.1016/j.jmrt.2021.07.016
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Fig. 23 e Dynamic Mechanical Properties of Resin/TO composites (a-b) Storage Modulus & Loss Factor vs. Temperature (c-d)

Storage Modulus & Loss Factor vs. Frequency. Dynamic Mechanical Properties of Resin/CCT composites (e-f) Storage

Modulus & Loss Factor vs. Temperature (g-h) Storage Modulus & Loss Factor vs. Frequency (Reproduced with Permission

from [103]).

Fig. 24 e Schematic diagram of phenomena involved in polymerization assistance due to nano-silica particles (Reproduced

with Permission from [104]).
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methacrylate hydroxyapatite nanoparticle filler [105]. An

improved polymereparticle interaction was achieved, in

addition to the improved mechanical properties. Fabricated

novel nanocomposites were found suitable for 3D printed

bone structures, owing to achieved rheological property,

wettability, degradation, and printability.

Epoxies are usually polymer monomers and are widely

utilized for domestic applications, including epoxy floors and

decoration. However, the utilization of these materials in

mechanical applications requires their strength to be

improved. Besides, novel processes for their processes could

unleash their potential. Restrepo and Colorado [106] investi-

gated magnetic reinforced epoxy composite through an

innovative process termed direct ink writing (DIW), with

varying contents. Different magnetite ratios with epoxy were
tested; 72:28 and 75:25 magnetite/epoxy composites were

unfeasible due to higher magnetite concentrations, whereas

55:45 and 57:53 did not ensure the buildability of the material.

Composite with 66% of magnetite was evaluated to be best in

terms of repeatability of the AMprocess. It was concluded that

higher magnetite contents provided better mechanical

strength and microstructure. Manufactured composites pro-

vided superior mechanical strength even at lower reinforce-

ment contents than pure epoxy and were found suitable for

structural, thermal, and defense applications.

3.10. Hybrid polymers e based nanocomposites

To improve the desired properties of polymers, some researchers

have attempted to produce hybrid polymer composites

https://doi.org/10.1016/j.jmrt.2021.07.016
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comprising two polymer phases. Hybrid polymer composites

result in the improvement of properties of the constituent with

inferior properties. Fathi et al. [107] demonstrated the rapid

manufacturing of bi-polymer composites, PCL-PDO, varying their

relative content. Composite filamentswere produced through an

extruder following thechemical,mechanical andmicrostructural

characterization experimentally and numerically. The feasibility

of the AM process for bio-degradable composites could be a

valuable tool for bio-implants. In vivo and ex vivo experiments

revealed the materials' biocompatibility, and the material was

found helpful to cell growth.

Carlson and Li [108] developed PLA-TPU composites with

varying contents of both polymers. Stimuli-responsive mate-

rials were printed through FFF technology and were evaluated

for response to temperature variations. Static and dynamic

deformation was characterized along with the evaluation of

the recovery process. Composites containing 80% PLA content

were best in terms of consistency, recovery time, and shape

memory characteristics.

Parsons et al. [109] fabricated composite filaments through

extrusion for the FFF process with two different thermoplastic

polymers, ABS and HDPE. Base polymers were incorporated

with hollow glass spheres of different sizes and volume frac-

tions. A theoretical model was also presented to predict the

complex permittivity behavior and was successfully validated

through experimental results. 3D printed samples revealed

significantly low permittivity of the composites due to the

incorporation of low permittivity glass spheres.

Chen et al. [110] produced a flexible TPU-rigid PLA blend

with a 7:3 ratio to achieve robust mechanical properties.

Polymer blend was further added with GO in varying content

(up to 5wt%). The authors reported the anisotropic behavior of

3D printed parts under tension and compression loading.

75.5% and 69.2% increase in tensilemodulus and strengthwas

observed at 0.5 wt% content of GO. Hybrid polymer nano-

composites also revealed the best cell growth in the biocom-

patibility test for the same GO concentration.

3.11. Shape memory polymer composites (SMPCs)

There has been an increasing interest in shape memory

polymers (SMPs) to synthesize composites for functional ap-

plications. These materials can regain their original shape

after deformation caused by any external stimuli. SMPs can be

reinforced with nanoparticles to obtain shape memory

nanocomposites with improved recovery mechanisms, me-

chanical properties, and controlled actuation. SMP compos-

ites have a massive potential for their applications in

aerospace, biomedical, electronics, and 4D printing. Readers

are referred to an interesting study by Xia et al. [111] on these

materials and their applications.

Mulakkal et al. [112] developed cellulose-based hydrogel

composites for 4DP. Carboxymethyl cellulose (CMC) hydro-

colloid with incorporated cellulose pulp fibers resulted in

around 50% volume fraction of reinforcement to hydrogel

matrix with good dispersion. The extrusion process was

used to fabricate the structures with controlled material

deposition. The addition of MMT clay was also found

beneficial in the storage stability of composites and the

extrusion process. Likewise, Zhang et al. [113] investigated
the use of Fe3O4 as reinforcement to PLA for 4DP applica-

tions. The magnetic field was employed to study the shape

memory behavior of composites. 4D printed structures

achieved their original shapes within few seconds. 4D

printed bone-tissue structures were actuated using a mag-

netic field (27.5 kHz), and surface temperature was recorded

around 40 �C. The testing of SMP composites revealed sig-

nificant properties for their potential applications in the

biomedical sector.
4. Applications

Applications of 3D printed polymer composites are discussed

in this section. This section presents a summary of applica-

tions of different AM processes in various industrial sectors.

4.1. Biomedical sciences

AM processes are being rapidly employed in the biomedical

field for tissue engineering and patient-specific implants.

Different biomedical science materials include bio-inks,

biomaterial inks, synthetic hydrogels, thermoplastic resins,

ceramics, and metals. The materials for such applications

must exhibit biocompatibility and significant mechanical

properties [115]. Medical applications require implants, in

most cases, with biocompatible materials, complex shapes,

and a high degree of customization [5]. As discussed in pre-

vious sections, variousmaterials are now tested to be safe and

compatiblewith human tissues and the environment [68]. The

complexity and customization, as these implants require

patient-specific dimensions, can be achieved using AM pro-

cesses [57]. Biocompatible scaffolds can be fabricated through

FFF technology using bioactive materials as reinforcement to

polymers [116]. In tissue engineering, precise control over

porosity and fabrication of interconnected networks is quite

challenging. FFF processes have been used for better dimen-

sional and porosity control.

3D printed PLA/HA trabecular bone models, prepared by

Wu et al. [58], displayed comparable mechanical strength

compared to commonly used polymeric foam bone models.

The wetting experiments performed on 3D printed PLA/HA

composites revealed that the limiting contact angle could be

reduced to 60⁰ for a 30% mass fraction of HA in the PLA poly-

mer matrix [57]. The tested material was found out to be bio-

compatible, and the synergistic effect of the two materials

could provide alternative bone implant material to existing

solutions. However, the print quality of the FFF process is a

significant challenge to practical implementation. PCL/HA and

PCL/SrHA 3D printed composites were tested for their bio-

logical performance and potential usage in bone tissue engi-

neering applications (Fig. 25) [68]. In-vitro testing for composite

scaffolds provided a ground for the biocompatibility of these

materials. However, PCL/SrHA revealed better mineralization

as compared to PCL/HA or pure PCL. Fathi et al. [107] demon-

strated PCL-PDO composites' biocompatibility for the rapid

fabrication of customized gastrointestinal stents. Successful

ex-vivo and in-vivo experiments were performed on pig in-

testines (Fig. 26). Gayer et al. [66] recently developed a com-

posite powder, from PLA and calcium carbonate, for the SLS
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Fig. 25 e 3D printed Sr-containing composite scaffolds for bone tissue engineering (Reproduced with Permission from [68]).
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process and successfully demonstrated the modified additive

manufacturing system. Patient-specific bone implants were

printed with interconnected pore-like structures; researchers

also demonstrated newly developed material and fabrication

methods for bone replacement implants with custom

specifications.

Ongoing research also aims to adopt the bio-inspired

design to the medical field to synthesize soft materials (poly-

mers, rubber, and leather) that can be utilized for the fabri-

cation of delicate organs and tissues. In this regard, AMwould

be a potential candidate for integration to realize advanced
Fig. 26 e Stent placement in perforated in-vivo pig intestines (Re

stents of 4 different sizes (B) An abdominal incision is made (C

After stent placement, the intestinal incision was left partially o

is secured in place with sutures, and the intestine is then place
materials [117]. Besides, research has also focused on the

fabrication of smartmaterials for 4DP, which can change their

shape over time, which has attracted biologists’ and material

scientists' attention for their potential use in biomedical ap-

plications [118]. Carve et al. [119] presented a review

addressing the limitations and toxicity issues related to the

rapid prototyping of complex monolithic devices produced

using a vat polymerization process. It was concluded that

applications of vat polymerization (VP) processes in biomed-

ical engineering require in-depth research to eliminate the

potential toxicity of the materials being used.
produced with Permission from [107]) (A) 3D-printed curved

) A gastrointestinal incision is made, and a stent is placed.

pen. Inset depicts the intestine before incision (D) The stent

d back within the pig.
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Fig. 27 e 3D Printed reinforcements for Cementitious Composites with different internal structures (Reproduced with

Permission from [128]).
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AM has found widespread use in biomaterials, regenera-

tive medicine, tissue engineering, drug delivery, and labora-

tory device prototyping [120e122]. In themedical field, AM can

also be used for aims such as teaching [123], functional flow

modeling [124], procedural planning [125], and device engi-

neering [123]. Although 3DP medical applications are still in

early-stage, past and current studies show promising results

and imply a bright future for the field. One of the main ad-

vantages of employing AM in the medical field is its ability to

produce patient-specific devices and therapeutic approaches.

4.2. Construction

The development of AM processes in the construction in-

dustry has recently urged researchers to develop novel ma-

terials, designs, and procedures due to limitations posed by

the utilization of traditional construction materials in current

AM processes [126,127]. Polymers and their composites are

being considered as an alternative to conventional materials

and reinforcements. Xu and Savija [128] developed a tech-

nique for the reinforcement of cementitious materials. 3D
Fig. 28 e Design and 3DP of lattice structures for concrete r
printed ABS structures were utilized as reinforcements to

conventionally casted fine-graded cement mortar (Fig. 27).

Different reinforcement designs were printed and tested

under uniaxial and 4-point loading conditions. Finite element

simulations were also performed for 4-point tests. Results

revealed that strain hardening behavior (desired for cemen-

titious composites) could be achieved for specific reinforce-

ment design, and improved tensile and flexural strengths

were observed for structured polymer reinforced composites.

Finite element simulation results also agreed well with

experimental results. However, more sophisticated efforts

must completely overcome the reinforcement issues and

automation of the complete 3D concrete printing process.

Salazar et al. [129] developed novel lattice structures for con-

crete reinforcement. Design structures were 3D printed using

PLA and ABS polymer materials, following the filling of lattice

structures with concrete (Fig. 28). The resulting structures

revealed an improved ductility as compared to pure concrete

with strain hardening behavior. Application of AM processes

in construction has been hindered for several reasons,
einforcement (Reproduced with Permission from [129]).
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including introducing conventional reinforcements into 3D

printed structures [12].

4.3. Electrical/electronics

The outlook for producing advanced electronic components

and systems using traditional manufacturing processes is

grim, and such production might even be impossible. There-

fore, AM processes are being utilized for cost-saving and

environmentally friendly printed electronics [130]. AM tech-

niques facilitate wide electronics applications, including the

printing of resistors, capacitors, transistors, and circuits on a

flexible substrate, as well as the production of flexible wear-

able gadgets [131] and a wide variety of mechanical, optical,

electromagnetic, medical, and chemical sensors [132]. AM

processes can fabricate micro-level monolithic devices; how-

ever, the applicability of these processes is limited, owing to

materials' biocompatibility [119]. Researchers are also looking

for strategies to print bioresorbable electronic devices for

environmental sustainability [133].

Polymer composites responsive to the magnetic field are

now widely employed in the electrical and electronics sectors

[101]. PLA/carbon black composites manufactured by Beniak

et al. [61] were investigated and proposed to be an appropri-

ately conductive material for low voltage applications with

significant mechanical strength. ABS/ZnFe2O4 composites

fabricated by Hamzah et al. [74] revealed improved mechani-

cal, thermal, and electrical properties for high concentrations

of ZnFe2O4. Although material electrical conductivity didn't
increase much, the proposed material could still provide po-

tential usage for low conductivity applicationswith significant

mechanical strength. Titanium dioxide and calcium copper

titanate polymer composites fabricated for the vat photo-

polymerization process revealed higher resolution, improved

dielectric permittivity, and no dispersion at high frequencies.

Materials with such properties could be utilized to manufac-

ture electromagnetic devices operating at higher frequencies

[103].

3D printing processes capture the interest in manufacturing

telecommunication components with complex geometrical

structures that are difficult, if not impossible, to realize with

traditional manufacturing techniques. Clower et al. [134] per-

formed the finite element analysis (FEA) of the Sierpinski an-

tenna, which led to testing and evaluating its performance

with 3D printed structures. Two different methodologies were

adopted; 3D printing of polymer antenna following its coating

with graphene nanoparticles, secondly, the 3D printing of

polymer composites with embedded conducting particles.

Although the fabricated antenna's conducting capacity was

less than traditionally used copper material, the process pro-

vides rapid fabrication, lightweight structure, resistance

against corrosion, and realization of complex geometrical

systems.

Zhang et al. [135] explored shape memory polymers for

their applications in photonics using 4D printing. 2 PP vat

polymerization process was used, and around 300 nm of the

resolution was achieved. Multiple colors were used to print

nanoscale grids and analyzed for shape memory behavior.

Extraordinary results were observed, as authors were able to

recover original surfaces within seconds of heating.
4.4. Mechanical Engineering

Typically, polymers exhibit inferiormechanical properties, thus

limiting their direct utilization for structural or thermal appli-

cations. Therefore, different composites have been fabricated

andtestedfor theirmechanicalandthermalperformance. Inthis

regard, HDPE/cardboard dust composites could be a sustainable

and economical solution to low-cost engineering applications,

where high strength is not required. These materials could be

utilized in architectural/civil models, interior designing, and in-

door paneling [70].

The utilization of 3DP processes in thermal sciences has

gained attention owing to the opportunity of manufacturing

complex geometries. Fabrication of complex shapes allows for

a high volume-to-area ratio, which provides compact and

efficient heat exchangers. Researchers are putting efforts into

using numerical and experimental tools in evaluating the

thermal performance of 3D printed polymer composites [136].

Likewise, PLA/CNF composites synthesizedbyTekinalp et al.

[64] provided an 80% and 200% increase in strength and elastic

modulus, respectively, compared to pure PLA material. Tested

materials were found suitable for robotic applications, even for

low reinforcement percentages. 4D printed CNT reinforced PLA

shape memory composites fabricated by Liu et al. [63] demon-

strated their potential application for actuators based on sig-

nificant shapememory force and shape recovery.

4.5. Aerospace/defense

The aerospace industry has adopted AM processes to manu-

facture lightweight and high-performance polymer composite

spare parts, as weight reduction in the aerospace industry

leads to lower fuel consumption and cost savings [137]. There

is a high degree of freedom for producing custom parts [138].

Therefore, this sector has undergone tremendous growth in

terms of AM processes [139]. The deployment of AM processes

in aerospace applications is growing swiftly. Different inter-

national standards have been developed by the German

Institute for Standardization (DIN), the International Organi-

zation for Standardization (ISO), and the American Society for

Testing and Materials (ASTM) to ensure the safe utilization of

AM processes in the aerospace sector [140]. AM techniques are

being used to manufacture jet engines and commercial plane

parts, owing to the flexibility of the processes, the ability to

design and realize complex structures with internal linings,

customization of components, waste material reduction,

multi-material utilization, and in-situ fabrication [141].

FFF can provide quicker and cheaper manufacturing of

complex components of unmanned ariel vehicles (UAVs) [142].

Stratasys manufactured a jet engine UAV weighing only 33

pounds in collaborationwithAuroraFlight Sciences [143].Most

of the parts for this lightweight UAV were fabricated through

the FFF technique. Readers are also referred to [142] for more

information on polymer composite UAVs. The anisotropy

involved in AM processes and void contents makes their utili-

zation challenging in the aerospace industry. If these chal-

lenges are successfully addressed, there is a massive scope of

fuel and manufacturing cost saving in this sector [144].

AM processes could also serve the aim of customized and

rapid fabrication in defense or the military. Most critical
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applications in this sector require materials capable of

remaining imperceptible under different frequencies. There-

fore, efforts are beingmade to developmaterials to serve such

aims. Magnetite reinforced polymer-based composite mate-

rials can absorb different wavelengths. Thesematerials can be

utilized to manufacture submarines and drones to avoid ra-

dars [106]. Hollow glass spheres reinforced polymer compos-

ites manufactured by Parsons et al. [109] demonstrated very

low dielectric constants for many frequencies. Suchmaterials

could also provide appealing applications in the military and

defense sectors.
5. Challenges and future outlook

This article presents an up-to-date review of current trends,

challenges, barriers, and research needs for AM of polymer

nanocomposites and their applications in different sectors. It

mainly aims to provide researchers with topical hindrances

and limitations in AM of polymer nanocomposites. An

extensive and comparative discussion is presented to address

restrictions related to the processes and materials for AM of

polymer nanocomposites.

5.1. Challenges and constraints

Based on the literature review, the challenges associated with

materials and AM processes can be summarized as:

� A most critical requirement in feedstock material synthe-

sis is the homogenous dispersion of reinforcement parti-

cles within the matrix, which plays a significant role in the

composite's resulting properties [57]. Also, the accumula-

tion of filler particles could affect the process, uncured

photopolymer in the VP process, and the nozzle's clogging

in the ME process. The uniform distribution is vital to

achieving the required results and avoiding local stress

concentrations, which result in product failure [101].

Nanoparticles play an influential role in improving me-

chanical properties; however, it comes at the cost of

reduced ductility or failure strain in nanocomposites

[48,60] due to poor interfacial adhesion and agglomeration

of nanoparticles. The agglomerated nanoparticles act as

stress concentrating defects, resulting in a deviation from

expected material properties. Homogenous dispersion of

nanoparticles is vital for optimum performance of the

nanocomposites. A high-shear mixing process, like a twin-

screw extruder, should be utilized to ensure adequate

dispersion.

� The physical phenomena involved in AM process result in

nanoparticles' alignment in the printing direction [86].

However, depending upon the functional application of

nanocomposites, it could be beneficial to achieve improved

electrical or thermal conductivity in the direction of ori-

ented nanoparticles.

� Printing orientation strongly affects the mechanical prop-

erties of 3D printed nanocomposites. Anisotropic effects

induced due to printing direction are widely reported

[28,145]. The mechanical properties of vertically printed

parts can reduce up to five times than the parts printed in
XYZ direction. However, tailored mechanical properties

with lower mechanical anisotropy can be achieved using a

polymer blend [28].

� Nanoparticle loading alters the rheological properties of

the polymer material, which in the molten state drives the

successful AMprocess. The addition of nanoparticles to the

polymer matrix restricts the polymer chains' mobility; be-

sides, agglomeration also affects the rheological behavior,

which affects the printability of the material.

� In the FFF process, the feedstock filament diameter plays a

vital role in output product quality. Therefore, consistent

filament diameter must be achieved during the filament

extrusion process [57]. The choice of shape and size of

reinforcement is critical as the particle's profile may not be

suitable to provide good interfacial interaction between

two phases [146]. The optimum particle shape and size

must be chosen to avoid microstructural pores and local-

ized stresses [106]. Many external and internal factors re-

ported by Popescu et al. [18] also play a vital role in final

product quality in the FFF process.

� The nature of filler material also affects its homogeneity

within the composite matrix; polymers are generally hy-

drophobic. It is difficult, if not impossible, to mix a polymer

solutionwith hydrophilic filler. Graphene, for example, can

be dispersed using an aqueous suspension of nano-

fibrillated cellulose and so can be used in cellulose com-

posites. Graphene has been proven to be an excellent filler

material and promising for mechanical, thermal, and

electrical applications. Therefore, it requires innovative

approaches and processes for their proper utilization. The

grafting of polymers has been demonstrated to be an

effective method to improve dispersion [147]. However,

there remain some challenges in the effective distribution

of particles within the polymer matrices.

� The AM process's resolution plays an essential role in the

final product's quality regarding its surface finish, higher

resolution, dimensional tolerance, and mechanical

strength. Generally, VP or PBF processes better control

product surface morphology than ME processes, as it is

convenient to control light source or powder particle size in

VP and PBF processes, respectively. Sophisticated repeat-

ability of the process can be achieved with higher resolu-

tions, which would be beneficial even in critical

engineering applications, e.g., synthetic bone models [58].

However, higher resolution usually means longer printing

times. Thus, optimal process windows (3DP speed, tem-

perature) and parameters need to be designed to coher-

ently consider final product requirements, targeted cost,

lead time, and starting polymer composite characteristics.

� Process conditions, including printing temperature,

ambient temperature, infill pattern, infill density, and

printing speed, significantly impact the printed part's
properties [148]. Processes carried out under high temper-

atures would lead to fewer voids and porosity. The print-

ability of material is an essential factor for consistent

printing. Simple polymers can be printed conveniently;

however, AM of composites is challenging for several rea-

sons, such as gradients in temperature and flow charac-

teristics of composite materials, as presented in previous

sections.
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� Polymer-reinforcement interaction corresponds to the

composites'mechanical and adhesive properties and could

also lead to structural defects [148]. This interaction can be

enhanced through modified morphology, optimum aspect

ratio, surface roughness, or by introducing functional

groups to reinforcements. Increased interfacial bonding

between the two phases will result in improved mechani-

cal properties. Annealing has been utilized to improve

interlayer adhesion of 3D printed composites [149]. How-

ever, detailed studies are still required to achieve optimum

temperatures for different polymers or derive novel post-

printing treatments.

� Reinforcement content or material composition directly

impacts the final product's physical, mechanical, or ther-

mal properties [150]. It is vital to determine the optimum

polymer ratio to reinforce specific particle shape, size, and

polymer type. The reliability of end products is tailored by

the presence of structural defects, which still act as a sig-

nificant limitation to high-performance applications [148].

Generally, structural defects can be avoided by carrying the

process out in vacuum conditions [106]. However, this

condition might not be the appropriate choice for low-cost

applications. Furthermore, recycling waste material and

end-life products must be considered during the design

and manufacturing phase.

5.2. Future research directions

Research in material science and AM processes has urged

scientists to quest for novel materials for functional applica-

tions, resulting in the synthesis of advanced nanocomposites

with higher design flexibilities. It is worthmentioning that the

AM processes should not be considered the full replacement

to conventional manufacturing processes; instead, they can

complement these processes for a synergic output. However,

to utilize the advantages offered by AM processes, the de-

signers must follow the design for AM (DfAM) approach. In

this way, the interlinked parameters of process-material-

design can serve several industries, including aerospace, au-

tomobiles, biomedical, and electrical, in a better way. The

concluding remarks on future research directions are pre-

sented in Fig. 29 and also summarized as follows:

� Novel Materials: The synthesis of novel functional nano-

composites should keep on expanding the materials
Fig. 29 e Future research direction in AM of polymer

nanocomposites.
catalog. Nanocomposites for AM are limited, as very few

polymers are explored yet. The search for more materials

keeping in consideration the property-process-product

relationship will further expand the compatibility of AM

processes. Efforts should be made towards the utilization

of natural reinforcements in polymer nanocomposites.

Furthermore, only a few researchers attempted the AM

process for bio-composites, which creates a considerable

research gap in this area. AM of bio-composites will be a

step forward to the utilization of sustainable materials.

� Test Standards: As mentioned in this review, plenty of

parameters affect the printing process, making it unjust to

compare AM parts properties with conventionally manu-

factured parts. Test standards considering the parameters

involved in these processes should be developed to cater to

the differences.

� Mass Production: The printing speed of these processes

majorly limits their utilization for mass production. Heat

transfer in FFF and residual stresses in PBF processes act as

significant limitations to printing speeds. Although Big

Area Additive Manufacturing (BAMM) scaled up the

extrusion AM process with a 50 kg/h rate, it comes at lower

resolution costs. Maintaining the printing resolution with

adequate speed is still a major challenge.

� Manufacturing Cost: AM processes are economical for low

volume production as tooling cost is eliminated. However,

higher prices are associated with feedstock production for

FFF or PBF processes. Some AM processes require post-

processing, and the cost of energy consumption associ-

ated with lower speeds also adds up. Therefore, this point

is somehow related to the mass production aspect.

� Optimization & Modeling: A major limitation prevails in

predicting AM parts performance and optimization. The

involvement of numerous printing parameters governing

the final product quality cannot be optimized through

oversimplified numerical simulation techniques. There is a

need to develop optimization and modeling tools to

correctly predict properties and optimize the functional

parts for specific applications.

AM processes are relatively new-found than conventional

manufacturing; therefore, several research areas are still

active and under-explored. However, considering the current

progress inmaterial science and evolution of AMprocesses for

nanocomposites, these methods and materials are expected

to emerge as widely adopted in several industries.
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