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Abstract - Nanoparticle-boosted composites have developed into a revolutionary category of materials in quick prototyping, with
improved mechanical, thermal, and functional characteristics, which are superior to conventional matrices. The review is a full
review of development, properties, and use of nano-composites in additive manufacturing, and emphasis was placed on polymer,
metal, ceramic matrices reinforced with carbon-based, oxide, nitride, and hybrid nanoparticles. The main methods of fabrication
and dispersion, such as melt blending, in situ polymerization, powder mixing, and extrusion, are analysed regarding their effects
on printability, interfacial bonding, and material performance. The paper reviews case studies of FDM, SLA, SLS, and DED
systems whereby structural integrity, thermal stability, and multifunctional capabilities have been improved. Issues concerning
nanoparticle agglomeration, process optimization, and standardisation are considered, but new trends in sustainable
nanomaterials, Al/ML-assisted design, and multifunctional composites are also considered. This review combines material
invention, processing techniques, and knowledge to define emerging trends in the development of nanoparticle-enhanced

composites as a platform of high-performance and multifunctional rapid prototyping technologies.

Keywords - Additive Manufacturing, Directed Energy Deposition, Fdm, Nanoparticle-Reinforced Composites, Rapid
Prototyping, Sla, Sls.

1. Introduction

Additive manufacturing (AM) or rapid prototyping has
transformed the manufacturing sector in modern times
through the ability to create layer-by-layer complex three-
dimensional structures directly out of digital models [1]. Since
its discovery in the late 1980s, a range of AM methods, such
as Fused Deposition Modelling (FDM), Selective Laser
Sintering (SLS), Stereolithography (SLA), binder jetting, and
Directed Energy Deposition (DED), have been deployed in a
variety of industries, including aerospace, biomedical, and
automotive industries. Rapid prototyping is illustrated in
Figure 1.

Fig. 1 Steps in rapid prototyping [1]

Addition of nanofillers (one-dimensional fibers such as
Carbon Nanotubes (CNTSs), two-dimensional platelets such as
graphene or nanoclay, or zero-dimensional nanoparticles of
materials such as metals or oxides) has been shown to improve
several regimes of material behaviour significantly. As an
example, tensile strength, electrical conductivity, and thermal
stability of polymer matrices are significantly improved by the
presence of CNTs or graphene at low loading concentrations.
Direct-write 3D printing with epoxy systems incorporated
with nanoclay has attained flexural strengths up to 143 MPa,
which is much higher than conventional thermoplastic
composites. Likewise, oriented SiC whisker epoxy nano-
composites have a better wear resistance, which depends on
the direction of build and the orientation of the fillers [2].

In metal matrices, nano-reinforcements such as TiOx,
ALOs, or SiC have shown profound grain refinement,
hardness and tensile strength multipliers, and reduced wear
rates, making them compelling candidates for high-
performance AM applications in aerospace and automotive
domains. The biocompatible systems are also evolving: nano-
composites that can be used in biomedical scaffolds using
SLA with promising mechanical, osteogenic, or biocidal
characteristics are on the rise [3].
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Simultaneously, the evolution of the research area has
been traced by critical reviews, including nano-composites of
polymeric nanoparticles to AM, and those made of carbon-
and cellulose-based nanoparticles. More extensive reviews
examine nanomaterial-based AM dynamics and point out new
trends in functional and processing in the field [3].

While nanoparticle-reinforced composites have revealed
remarkable growth in additive manufacturing, the current
study is still quite fragmented. Much of the work tends to
emphasize precise materials, single nanoparticle types, or
isolated 3D printing methods. Current investigation inclines to
arrange property development over establishing a clear
connection between nanoparticle properties and element
performance. This method overlooks the vital connection
between processing conditions and the final product's
behavior. Also, there is partial research relating to additive
manufacturing procedures for nano-composites. Because of
this, it is hard to simplify conclusions across diverse
applications. Current research lacks an in-depth analysis of
how materials function in multiple ways and their overall
environmental impact. These boundaries display a need for
unified review to merge existing knowledge. Such a review
will help us identify key challenges and future directions for
developing nanoparticle-reinforced composites in rapid

prototyping.

This review is a comprehensive study of the formation,
characteristics, and projections of nanoparticle-reinforced
composites that can be used in rapid prototyping. It will
synthesize previous results in over 20 systems based on
polymeric and metal matrices, diverse nanofillers, varied AM
approaches by conducting it to: (a) develop a general literaxys
of how nanoparticle inclusion fundamentally modulates
physical, mechanical, thermal, functional properties; (b)
contrast strategies, capabilities, drawbacks between different
systems; (c) develop answers to future one that include
sustainable nanofillers, multifunctional delivery, artificially
intelligence based design, industrial manufacturing routes [4],

[5].

2. Overview of Rapid Prototyping and Material

ensure this, we systematically selected the included literature
to cover all essential aspects of the topic. To gather relevant
publications, major scientific databases, including Scopus,
Web of Science, ScienceDirect, and IEEE Xplore, are
searched. This allowed us to compile a comprehensive
collection of studies from key scholarly sources. The search
was conducted using combinations of keywords such as
"nanoparticle reinforced composites," "additive
manufacturing,” "rapid prototyping,” "FDM," "SLA," "SLS,"
"directed energy deposition,” "nano-composite dispersion,"
and "hybrid nanofillers."” To capture the up-to-date progress,
this literature survey primarily emphasizes journals from 2015
to 2025. The key foundational studies from before this period
established the necessary theoretical background in
nanoparticle dispersion, interfacial bonding, and composite
processing mechanisms.

Recent studies have extensively explored nanoparticle-
reinforced composites for additive manufacturing, particularly
focusing on enhancing mechanical, thermal, and functional
properties. For FDM 3D printing, adding CN and graphene to
polymers works wonders, creating much stronger parts with
better layer-to-layer sticking. Meanwhile, in SLA systems,
mixing in oxide nanoparticles like TiO- and SiO: is a popular
way to improve curing speed and achieve a smoother surface
finish. In metal-matrix systems, adding ceramic nanoparticles
like Al:Os and SiC significantly boosts hardness, wear
resistance, and thermal stability during SLS and DED
manufacturing. Recent research further establishes that using
hybrid nanofillers united with Al/ML optimization can push
these performance limits even further.

2.1. Brief History and Evolution of Rapid Prototyping

AM, also known as Rapid Prototyping (RP), first
appeared in the late 1980s as a disruptive process to
subtractive manufacturing processes [2]. Table 1 demonstrates
the development of rapid prototyping methods and their main
properties. The oldest technologies, including SLA, used
photopolymer resins to produce models in 3D, based on
Computer-Aided Design (CAD) files. During the following 30
years, RP developed into a conceptually modelling system as
well as a flexible manufacturing system that could make

Requirements fun](c:tional compogents, custom implants, and high-
This review provides comprehensive coverage of performance parts [6].
nanoparticle-reinforced composites for rapid prototyping. To
Table 1. Evolution of rapid prototyping techniques and their key characteristics[6]
Technique Year of Material Compatibility Resolution Key Advantages Limitations
Development
FDM 1989 Thermoplastics, composites | Moderate Low _cost,  easy L'.m'tEd strength,
operation anisotropy
SLA 1986 Photopolymers High Ex_cellent surface Bl’ltt|(_5 parts, limited
finish materials
SLS 1992 Polymers, metals, ceramics | High Fur)ctlonal parts, | Post-processing
design freedom needed
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Bln_der 1993 Metals, ceramics, sand Moderate Large parts, low cost Low depsny,
Jetting weaker properties
DED Mid-1990s Metals and alloys High Repair and high- | Expensive,
performance parts complex process

Different types of RP methods have been developed, each
possessing its own principle of processing and material
compatibility: Fused Deposition Modeling (FDM). FDM,
demonstrated in Figure 2, is one of the most popular
techniques that pours thermoplastic strands onto an object one
layer at a time. It is also used because of its affordability, but
it has drawbacks in surface finish and anisotropic mechanical
properties [7].
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Fig. 2 FDM[7]

Stereolithography (SLA): The technique uses ultraviolet
light to cure liquid photopolymer resins, utilizing a laser
source to produce parts with high resolution and surface finish,
as in Figure 3. Nevertheless, the fragility of photopolymers
and the necessity to cure them after the process are still issues

(8].
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Fig. 3 Steriolithography [8]
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Selective Laser Sintering (SLS): Figure 4 represents SLS,
which uses a laser to unite powdered polymers, metals, or
ceramics. It is desirable since it is capable of creating complex
geometries without support structures, although porosity
control and energy consumption play critical roles [9].
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Fig. 4 Selective laser sintering [9]
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Fig. 5 Binder jetting [10]

Binder Jetting: The process places a liquid binder on a
powder bed, and then the post-process includes sintering or
infiltration, as illustrated in Figure 5. It can print in multi-
materials and use large parts, although in many cases,
secondary finishing is needed to provide the required strength
[10].
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Directed Energy Deposition (DED): DED melts powders
or wires deposited on it using a concentrated energy source
(either laser or electron beam), as illustrated in Figure 6. It is

particularly applicable in metal repair, hybrid production, and
massive structural parts [11].
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Fig. 6 Direct energy deposition [11]

3. Fundamentals of Nanoparticle Reinforced

Composites
3.1. Common Matrices in Rapid Prototyping

The matrix material is also a key factor in deciding the
overall performance of nano-composites [12]. The most
extensively studied matrices are polymers, such as
thermoplastics and thermosets, because of their ease of
processing, affordable cost, and their ability to be used with

fast prototyping processes, such as fused deposition modelling
and SLA. The common matrices and nanoparticle
reinforcements in RP are presented in Table 2. Aluminium,
titanium, and magnesium alloys are also being used more
where structural integrity, heat conductivity, or corrosion
resistance is needed, especially in aerospace and automotive
applications [13].

Table 1. Common matrices and nanoparticle reinforcements used in RP [13]
Matrix Type Typical Nanoparticles Benefits Applications
Polymers (PLA, ABS, CNTs, graphene, SiOs, TiO: Improved tensne_syrength, Blomedlca_l scaffolds,
epoxy) thermal stability automotive parts
Metals (Al, Ti, Ni ALOs, SiC, BN Higher ha(dness, fatigue Aerospace, automotive
alloys) resistance
Ceram}cs (ZrO2, Graphene, TiOs, clay Improved tpughness, wear Implants, aerospace
Si3Na4) resistance components

3.2. Types of Nanoparticles

A wide variety of nanoparticles, as shown in Figure 7,
have been investigated for reinforcing matrices in RP systems.
Carbon-based nanoparticles, such as CNTs and graphene, are
of particular interest due to their exceptional strength,
electrical conductivity, and thermal stability [14]. The
inclusion of silicon dioxide (Si02), aluminum oxide (Al203),
and titanium dioxide (TiO2) as nanoparticles is very common
to enhance hardness, wear resistance, and thermal stability.
The nitrides and carbides offer a mixture of hardness and
thermal conductivity, including silicon carbide (SiC) and
boron nitride (BN), which is applicable in structural and
electronic applications. Clay-based nanoparticles represent
another important type, and they are commonly utilised to
promote barrier and dimensional stability to polymer matrices
[15], [16]. In the recent past, bio-based nanoparticles,
composed of natural materials, particularly cellulose or
chitosan, have been regarded because of their sustainability,

biocompatibility, and general potential for application in
biomedical equipment. These nanoparticles are highly
versatile, and this indicates a wide range of customized
characteristics that can be achieved in the selection and
combination of such nanoparticles [17].
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Fig. 7 Types of nanoparticles [17]

3.3. Fabrication and Dispersion Techniques
Introduction of nanoparticles into a matrix is one of the
most significant processes in the production of effective
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composites. The quality of dispersion is extremely important
to final material performance because when nanoparticles
agglomerate, weak spots and non-uniform stresses may appear
[18]. The dispersion and fabrication methods of nano-
composites are presented in Table 3. Melt blending is a
common method of polymer-based composites in which
nanoparticles are added to melted polymer and mixed together
by mechanical means to ensure a homogenous distribution.
Another path is in-situ polymerization, where nanoparticles
are incorporated into the monomer phase, and a polymer
network is built around them, as a result of which interfacial
adhesion is high.

Homogeneous distribution is done by using powder
mixing techniques followed by sintering, in the case of
powder-based metal or ceramic systems. Also popular are
extrusion-based techniques, particularly in the case of RP
filaments, where nanoparticles are mixed with the polymer
backbone, and then filaments are made. Further developments
in ultrasonic, surface functionalization, and hybrid mixing
techniques have enhanced the dispersion of nanoparticles,
which leads to wuniform mechanical and functional
improvement in RP applications [19].

Table 3. Fabrication and dispersion techniques for nano-composites [19]

Technique Suitable Matrices Advantages Challenges
Melt blending Polymers Scalable, cost-effective Agglomeration at high loadings
In-situ polymerization | Polymers Strong interfacial bonding | Complex chemistry

Powder mixing Metals, ceramics Simple, adaptable for SLS | Non-uniform dispersion

Extrusion Polymers

Produces
FDM

filaments for | » oolomeration control required

4. Development of Nano-Composite Materials for Rapid Prototyping

Table 4. Taxonomy of Nano-composites in Rapid Prototyping

Category Sub-category Examples Key Characteristics
Matrix Type Polymer PLA, ABS, Epoxy Easy processing, lightweight
Metal Al, Ti, Ni alloys High strength, thermal resistance
Ceramic ZrO2, SisNa High hardness, wear resistance
Nanoparticle Type Carbon-based CNTs, Graphene High strength, conductivity
Oxides AlLOs, TiO2 Thermal stability, hardness
Carbides/Nitrides SiC, BN Wear resistance, thermal conductivity
Hybrid CNT + SiO: Multifunctional properties
RP Technique FDM/SLA Polymers Low cost, high flexibility
SLS/DED Metals/Ceramics High-performance components
Nanoparticle-reinforced composites as a rapid nanoparticles, including CNTs, graphene, and silica, into

prototyping method have advanced considerably in the last
decade, as materials that integrate high mechanical, thermal,
and functional capabilities with compatibility in the process
are required. These materials are not only meant to overcome
natural constraints of traditional polymers, metals, and
ceramics, but also to increase the range of industrial
applications of AM. The fabrication strategies, choice of
nanoparticles, and integration methods are important factors
that affect the performance of printed final components. The
subsequent subsections describe processing pathways, case
studies, innovations of metal-matrix systems, and hybrid
nanoparticle methods [20].

4.1. Processing Routes for Nano-composites Compatible
with RP

The compatibility of processing methods with AM
platforms is key to the successful integration of nanoparticles
into rapid prototyping systems. In case of polymer matrices,
melt compounding and extrusion are 2 of the most commonly
used methods, particularly in the production of filaments to be
utilised in FDM [21]. These techniques enable dispersal of
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thermoplastic matrices and, thus, enhance stiffness, thermal
conductivity, and dimensional stability during printing. The
liquid resins of SLA are usually nanoparticles that have been
ultrasonically or surface-functionalized, such that they assume
a homogeneous structure and reliable light-curing character.
In powder-based processes, e.g., SLS, nanoparticles are
incorporated with polymeric or metallic powders to enhance
sintering kinetics and lessen porosity. DED technologies use
powder or wire feedstock in the processes, with nanoparticles
either mixed with the powder or mechanically alloyed or
grown in situ via laser processing. Every processing pathway
should strike a balance between nanoparticle dispersion,
interface bonding, and processability to give the best
performance without affecting the printing resolution or build
reliability.

4.2. Nano-Filled Polymers for FDM and SLA

With regard to polymer-based AM, a number of studies
have shown that using nanoparticles in FDM and SLA systems
can be successful [9]. An example is the addition of CNTSs to
Acrylonitrile Butadiene Styrene (ABS) matrices, which have
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demonstrated remarkable tensile strength, electrical
conductivity, and thermal stability. Equally, graphene-
reinforced Polylactic Acid (PLA) has demonstrated an
increase in stiffness and a decrease in warpage during printing
and thus, overcomes one of the prevailing drawbacks of
thermoplastic filaments. Dispersal of silica nanoparticles in
photocurable resins in SLA-based systems has been reported
to improve the mechanical strength of the printed structure
without negatively impacting the curing process. Furthermore,
the addition of titanium dioxide nanoparticles in resins used in
SLA has enhanced UV-curing performance and wearability,
paving the way to increased use of print parts in biomedical
and optical control fields. These case studies highlight the
prospects of nanoparticle reinforcement to fill material
shortcomings without compromising process compatibility in
polymer-based RP systems.

4.3. Advances in Metal-Matrix Nano-composites for SLS
and DED

Metal-matrix nano-composites have attracted
considerable attention for high-performance rapid prototyping

applications, particularly in aerospace and automotive sectors
[22]. Ceramic nanoparticles, including silicon carbide and
alumina, have been shown to be able to reinforce aluminium
and titanium alloys in SLS to enhance their hardness, wear
resistance, and fatigue strength.

The reinforcing nanotechnology enhances the fineness of
grains in processes of solidification, leading to better
microstructural  stability. The in-situ modification of
mechanical properties in DED systems has been considered by
directly adding nanoparticles to the molten metal pool. As an
example, nickel-based alloys with yttria-stabilised zirconia
nanoparticles have been shown to be better creep-resistant and
thermally stable at high temperatures [23].

There are still difficulties in uniform distribution and
avoiding agglomeration of high-energy processes, and with
the development of nanoparticle surface treatment and hybrid
laser-powder methods, these issues have been alleviated to a
large extent.

Table 5. Comparative Analysis of Nano-composites in RP

Nan_(ln_sggtlcle Matrix RP Technique Major Improvement Limitation Research Gap
CNTs Polymer FDM Strength, conductivity Agglomeration Scalability issues
Graphene Polymer SLA/FDM Stiffness, thermal Dispersion difficulty | Process optimization
AlOs Metal SLS Hardness, wear Porosity Uniform distribution
SiC Metal DED Fatigue resistance Oxidation Process control
Hybrlsdi(()C)NT * Polymer FDM Multifunctional Complex mixing Standardization
2

4.4. Hybrid Nanofillers in Multi-Nanoparticle Systems

The most recent development in nano-composites during
RP is the use of hybrid filler systems, in which 2 or more types
of nanoparticles are used to obtain multifunctional properties
[24]. An example here is that silica on top of graphene was
found to enhance electrical conductivity and dimensional
stability of thermoplastic filaments. Likewise, CNTs mixed
with clay nanoparticles in polymer materials have shown
synergistic behaviour of toughness and barrier properties,
which render the material appropriate for packaging and

structural applications. Hybrid reinforcements like alumina
and titanium carbide have also been developed in metal
matrices, improving wear resistance and high-temperature
behaviour. The reasoning of hybrid systems is to take
advantage of the complementary effects of various
nanoparticles and thus eliminate constraints of individual
fillers. With the development of RP technologies into
multifunctional and application-specific components, hybrid
nanofillers will become an increasingly important part of the
next generation of nano-composite materials [25].

Table 6. Summary of Key Literature on Nano-composites in RP

Author Material System Nanopatrticle RP Technique Key Findings Limitation

[26] Polymer CNTs FDM Impro_ved strength and | Limited to
adhesion polymers

[27] Polymer Graphene FDM Reduced warpage, !Dlspersmn
improved stiffness issues

[1] Photopolymer TiO2 SLA Improved curing and Light scattering
accuracy

[28] Metal Al0Os SLS Enhanced hardness Porosity

challenges

[22] Metal CNTs DED Improved fatigue D_|sperS|on

resistance difficulty
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5. Effect of Nanoparticles on Composite

Properties
5.1. Mechanical Properties

The integration of nanoproducts in matrices has been
largely identified with their ability to strengthen the
mechanical functionality of rapid prototyping materials [17].
The large surface area-volume ratio of nanoparticles allows a
quicker transfer of loads between matrix and filler, leading to
tensile strength, flexural rigidity, and impact resistance
enhancements. Carbon-based nanoparticles, including CNTs
and graphene, have shown especially large effects in polymer
matrices, where tensile strength increases by as much as 40-
60% at quite low loading concentrations are commonly

observed. Ceramic nanoparticles, such as alumina and silica,
have been used to enhance stiffness and hardness and also to
decrease wear rates. The metal-matrix nano-composites are
also characterised by significant improvements; aluminium or
titanium-based matrices being reinforced with silicon carbide
or titanium carbide nanoparticles have shown increased
hardness, fatigue strength, and creep behaviour. Nevertheless,
uniform dispersion is significant, since agglomeration may
present weak points, which compromise mechanical integrity.
The achievement of the full potential of mechanical
reinforcement,  therefore,  requires  proper  surface
functionalization of nanoparticles and improved mixing
methods [29]. Table 4 reveals the impact of nanoparticles on
composite properties.

Table 7. Effect of nanoparticle addition on composite properties [29]

Nanoparticle Type Matrix Property Improvement Reference Case
CNTs ABS (FDM) +35% tensile strength Automotive housing
Graphene PLA (FDM) Reduced warpage, improved Biomedical scaffold
modulus
AlOs Al alloy (SLS) Increased hardness by 40% Aerospace bracket
TiO: Epoxy (SLA) UV curing gfflClency, wear Dental resin
resistance

5.2. Thermal Properties

Thermal behavior is a key determinant of performance in
many AM applications, especially in high-temperature or
load-bearing environments. Nanoparticles can significantly
improve the thermal conductivity and stability of composite
materials [30]. For instance, graphene and BN are often added
to polymers to enhance heat dissipation, which reduces
warpage during printing and improves dimensional stability.

In metal matrices, ceramic nanoparticles help refine grain
structure during solidification, leading to improved thermal
resistance and reduced thermal expansion. These effects are
critical not only for functional performance but also for
maintaining print fidelity in techniques such as FDM, SLA,
SLS, and DED, where uneven thermal gradients can cause
distortions or residual stresses [31].

Table 8. Comparison of mechanical and thermal performance of different nanoparticle fillers in polymer matrices for RP [31]

Tensile Thermal
Nanoparticle Matrix RP Strength o -
. . Conductivit Key Findings
Type Material Technique | Improveme (W/m-K)
nt (%) Y
Carbon Enhanced stiffness and
Nanotubes ABS FDM 55 0.32t0 0.68 conductivity; printability is
(CNTs) moderately affected
Graphene PLA FDM 48 025t0070 | 'Mproved strength and reduced
warpage; good layer adhesion
TiO, Epoxy Resin SLA 35 0.18t0 0.45 | 'MProved UV-curing response and
wear resistance
SO, Photopolym SLA 28 0.22 10 0.36 Enhan_ced SL_jrface hardness and
er dimensional accuracy
Increased abrasion resistance and
AlO3 Nylon SLS 42 0.27 t0 0.62 thermal stability
5.3. Functional Properties custom electrical or electromagnetic properties, creating
Other than mechanical and thermal improvement, possibilities in sensors, actuators, and wearable electronics.

nanoparticles also confer other functional characteristics to
composites. Graphene or carbon nanotube electrically
conductive fillers can be used to create RP components with

Surf surface activity and stability can be enhanced with
photocatalytic or UV-sensitive nanoparticles such as titanium
dioxide, useful especially in optical and biomedical
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applications. Bio-based nanoparticles such as cellulose
nanocrystals on the same note, can enhance biocompatibility
and biodegradability of polymer composites, which can fit
performance expectations of material towards sustainability.

The potential of nanoparticle-enhanced composites in multi-
purpose and application-based demands in rapid prototyping
is emphasised by the dynamic quality of functional additions.

Table 9. Comparative performance of metal-matrix hano-composites fabricated by different AM techniques[32]

. Yield
Metal . AM Density | Hardness
Matrix Reinforcement Technique (%) (HV) Strength Remarks
(MPa)
Al-Si Alloy SIC_ SLS 96.5 138 240 Improved wear resistance; minor
Nanoparticles porosity observed
Ti_6AL4V AIZO? DED 98.8 392 980 Enhance'd mlcrohardness and
Nanoparticles fatigue resistance
Ni Alloy YSZ_ DED 992 410 1045 Excellept th_ermal _stablllty and
Nanoparticles oxidation resistance
Stainless TIC_ SLS 973 285 780 Uniform dispersion and fine-grain
Steel Nanoparticles structure
5.4. Challenges and Optimization Strategies thermal performance. Researchers have addressed such
Although nanoparticles have the potential to  challenges by coming up with strategies like surface

significantly enhance composite properties, a number of
challenges persist. Processability and uniform property
enhancement in polymer systems may be hindered by
agglomeration, unfavourable interfacial bonding, and
augmented viscosity. To achieve high-energy production of
metal systems, e.g., laser melting, uneven particle distribution
of oxidation can occur, which influences mechanical and

functionalization, ultrasonication, in-situ polymerization, and
hybrid nanoparticle techniques. To achieve the required
balance of processability, structural integrity, and functional
performance of nanoparticles, care should be taken to optimise
nanoparticle type, size, and loading fraction so that the
obtained improvements can be reproducible and scalable to
industrial use [33].

Table 10. Summary of Key Literature on Nano-composites in RP

Materials . S Contribution of the
Study Focus Area Covered RP Techniques Limitations Present Work
- Covers polymer,
[1] P%Igrrr?egs?fenso' Polymers only FDM, SLA L'g}'tﬁ?etro metal, and ceramic
P poly systems
No comparative Provides
[13] Nanomaterials in AM | Broad overview General AM analpsis performance-based
y comparison
. . . Includes
[34] Bio-based nano- Bio-materials Limited RP No industrial sustainability +
composites focus .
scalability
Present Integrated nano- Polymer + FDM, SLA, SLS, Comparative ’
. Metal + — Al/ML + hybrid
Work composites . DED :
Ceramic fillers

6. Applications and Case Studies of Nano-
Composite Materials in Rapid Prototyping

6.1. Aerospace Applications

Nanoparticle-strengthened composites have
demonstrated tremendous possibilities in aerospace usage
because they provide a high level of strength-to-weight ratios
and thermal stability. Carbon nanotube or graphene-reinforced
polymer composites, when processed via FDM or SLS, have
enabled the fabrication of lightweight structural components
with improved load-bearing capacity. In the case of metallic
systems, high-temperature engine components and heat
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exchangers have been made using aluminium and titanium
alloys reinforced with ceramic nanoparticles of silicon carbide
or alumina.

The  nanoscale  reinforcement also  improves
microstructure and fatigue resistance, which is essential in
aerospace components that are exposed to cyclic loading.
Cases that have been reported have shown a decrease in part
weight of up to 30% without affecting mechanical integrity,
proving practical benefits of nano-composites in flight-critical
applications [33].
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6.2. Biomedical Applications

Nano-composite materials have also been extensively
used in biomedical engineering to fabricate implants,
scaffolds, and prosthetic devices through AM. Nanoparticles
of hydroxyapatite or titanium dioxide in polymer or metal
frameworks  have enhanced biocompatibility and
osteointegration of bone frameworks. SLA and the SLS
methods have allowed for regulating porosity and surface
roughness in a very accurate way, which is crucial in tissue
development and fluid flow. Also, electrically conductive
nanofillers like graphene or CNTs have been incorporated into
polymer scaffolds to support electrical stimulation to induce
cell proliferation and differentiation to be used in tissue
engineering. These articles emphasise the unique capability of
nano-composite RP materials to achieve mechanical strength
and biological performance [35].

6.3. Automotive and Industrial Applications

Due to the use of nanoparticle-reinforced composites, the
automotive industry has been advantaged in terms of the
production of lightweight structural and functional parts.
Nano-composites of graphene or silica fillers in polymer have
enhanced wear resistance, dimensional stability, and heat
conductivity in parts under hoods produced through FDM or
SLA.

Engineer parts and tooling of superior hardness and
fatigue life have been made using metal-matrix nano-
composites, such as aluminium reinforced with ceramic
nanoparticles. SLS and DED processes using nano-composite
powders have seen application in industrial machine
production of wear-resistant gears, impellers, and moulds,
saving lead time and amplifying operational efficiency [36].

6.4. Electronics and Functional Devices

Nano-composites have also been used in electronics,
sensors, and energy devices since they can be tuned to an
electrical and thermal property. Printed circuit substrates,
electromagnetic shielding components, and flexible sensors
have also been produced using FDM and SLA with graphene
and carbon nanotube fillers embedded into polymer matrices.
The use of metal-matrix nano-composites as thermal
conductivity-enhanced heat sinks and thermal interface
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