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ABSTRACT

Nanocomposites is a revolutionary development in material science that demonstrates superi-
or performance properties as well as environmental benefits. Nevertheless, a comprehensive
investigation on the preparation methods, structure optimization and application prospect is
necessary. This work bridges this gap by systematically revealing various synthesis methods
and discussing their effect on the structural, mechanical, thermal and electrical properties of
nanocomposites. Using a complementary approach of literature review and controlled syn-
thesis, we isolate key parameters that dictate nanocomposite performance. The results reveal
significant enhancements of functional properties thus making these materials promising
for sustainable applications. More studies are needed to optimize the synthetic process and
broaden its application in new green technologies.

Cite this article as: Jathar A, Fatema S, Farooqui M, Jirekar D, Ghumare P. Nanocomposites:
A comprehensive review for sustainable innovations. Sigma J Eng Nat Sci2025;43(4):1400—-1416.

INTRODUCTION

Nanocomposites: consisting of a substrate matrix-typ-
ically a polymer-that is boosted by nano-sized welding
materials such as nano-particulates, nanotubes or nano-
clays. Such nanoscale additives enhance the physical and
functional attributes of the host material, such as strength,
thermal resistance, electrical conductance, and barrier
performance. Due to this versatile nature, nanocomposites
are increasingly being used in various sectors such as aero-
space, automotive, electronics, packaging and biomedical
engineering. Composites of nanomaterials attract much
attention in recent years, particularly for taking advantage
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of some of the novel properties of CNTs in their applications.
the globe tackles pollution, resource depletion, and climate
change, the need is increasingly felt for the development
of sustainable and eco-friendly materials. Nanocomposites
provide an effective alternative due to the improvement
of performance, tunable functions, and resource savings.
Growing recognition of the negative effects of traditional
materials on the environment-especially its involvement
in generating greenhouse gasses, high energy, and depen-
dence on non-renewable resources-further promotes the
need for alternative materials. In comparison, nanocom-
posites could be produced from renewable feedstock,
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low-energy synthesis path and green chemistry approaches
that make nanocomposites crucial to facilitate the trans-
formation towards sustainable development and circular
material economies. The extraction, manufacture and dis-
posal of subsequent consumer products are detrimental to
the environment, and there is concern over the long-term
sustainability of industrial practices.

Although, nanocomposites possess several promising
characteristics, there still remains some challenges and lim-
itations in current research approaches. However, a number
of bottleneck problems still needs to be overcome before
making nanocomposites realize their promising applica-
tion and potential. Especially the spread of synthesis and
processing methods results in material properties that vary
from lab to lab. One of the key elements affecting the perfor-
mance of nanocomposites is the dispersion of nanofillers in
the matrix. Poor dispersion could cause the agglomeration,
which undermines the structural strength and the func-
tional enhancements of nanocomposites. A related urgent
issue is inadequate knowledge on the long-term environ-
mental effects caused by nanocomposites. Whilst some
studies have focused on their environmental benefits, little
consideration has been given to their comprehensive life
cycle assessments (LCAs). These evaluations are critical in
comparing not only the production and utilization stages but
also the recycle and end-of-life treatment of nanocompos-
ite. Those who latch onto the sustainability argument aren’t
entirely wrong. Also, the economic viability of industrial
scale nanocomposite production is another major restriction.
Production of nanocomposites remains very expensive and
the technology needed to incorporate nanocomposites in
current manufacturing processes is still underway. Lack of
standardized review and classification criteria has further
complicated the challenge of comparing results across stud-
ies. Such non-standardization complicates the reliable set-
ting of benchmarks and industry usage.

Research Objectives

The primary goal of this work is to review the synthesis
and properties and environmental merits of nanocomposites
and to identify routes for future research in this research area.
The focus of this work is to systematically review and detail
the synthesis approaches, inherent properties, and the green
aspects of nanocomposites for overcoming current chal-
lenges and to point out future trends. As indicated by the
recent achievements, nanocomposites present a good possi-
bility in improving the mechanical properties and environ-
ment friendliness [1, 2]. The aims of this study are to develop
a comprehensive overview of the nanocomposites includ-
ing definitions, classifications, and fabrication approaches,
to discuss the effects of the methods of fabrication on the
mechanical, thermal, and electrical properties for both the
traditional and modified methods and to investigate the
environmental benefits of the nanocomposites when using
ordinary materials where the reduction of emissions and the
sustainability criteria have been considered. It also tries to

critically evaluate case studies which reveal practical appli-
cations and advantages of nanocomposites, challenges asso-
ciated with production at scale, cost, standardization issues
and their prospective solutions. Lastly, it aims at giving an
overview of future perspectives highlighting lifecycle assess-
ments, recycling strategies and the addition of nanocompos-
ites into industrial processes.

Significance of the Study

Significance of the study, particularly contribution of
the nanocomposites towards green environment and sus-
tainable future” (Fig. 1). Nanocomposites are composite
materials that consist of nanosized (typically 1-100 nano-
meters) fillers embedded in a continuous material with dif-
ferent properties, and are characterized by properties that
differ due to the presence of the nanosized fillers. These
nano-sized fillers provide outstanding increases in mate-
rial properties such as mechanical strength, thermal resis-
tance, barrier properties and electrical conductivity, even
at low filler load levels. Because of their multifunctional-
ity, nanocomposites are a subject of an intense research in
advanced materials science. There are numerous methods
for the synthesis of nanocomposites with desired proper-
ties. Some of the notable techniques include sol-gel pro-
cess, chemical vapor deposition (CVD), electrospinning
and in situ polymerization. The regulation of these meth-
ods involves controlling synthesis conditions (e.g., tem-
perature, pressure, pH and the concentration of precursors)
to achieve good dispersion of the nanofiller in solution and
a desired material morphology.

Modern methods of characterization including SEM,
XRD, FTIR, TEM have helped understand the effects of
synthesis conditions on physico-chemcial properties of
the nanocomposite. These findings are significant for
the development of nanocomposite for desired functional
applications. In addition, in terms of industrial applicabil-
ity, nanocomposites are receiving more and more atten-
tion by the industry because of their excellent properties.
They are employed in the aerospace sector to manufac-
ture lightweight parts with high mechanical performances,
improving fuel efficiency and loadbearing properties.
Nanocomposites can be used in the automobile industry
as a better alternative for manufacturing wear resistant
parts, under-hood parts, lightweight body parts that aid in
high performance and fuel economy. In Electronics indus-
try to make use of particularly in electromagnetic shield-
ing, conductive films sensors, where controlled functions
are important. Also, in environmental engineering, nano-
composites are being explored for membranes, adsorbents,
and catalysts for water treatment and environmental reme-
diation for sustainable development. Despite this prog-
ress, there remain several challenges such as scalability of
synthesis and cost-effectiveness and environmental friend-
liness of nanocomposite synthesis. Current studies there-
fore focus on efficient greener synthesis methods, recycling
pathway and broadening that the scope of eco-efficient
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applications. The use of nanocomposites is seen as a key
solution for developing sustainable materials that are capa-
ble of fulfilling the requirement for high performance with
global environmental considerations. By lowering energy
inputs, material consumption and environmental burden,
their ability to provide superior qualities at lower material
usage is in perfect harmony with fundamental sustainabil-
ity principles.

Reduced resource consumption

Nanocomposites improve resource efficiency by
increasing material performance while using fewer raw
materials. When compared to traditional composites, the
use of nanofillers allows for the achievement of desired
functional properties such as strength, conductivity and
barrier performance with substantially smaller material
volumes.

Lower energy consumption

When compared to conventional fabrication methods,
advanced synthesis processing techniques used in nano-
composite manufacturing use less energy. supports ener-
gy-efficient industrial practices and helps reduce overall
greenhouse gas emissions.

Enhanced durability and longevity
Superior mechanical integrity and resistance to
fatigue, corrosion, and wear are frequently displayed by

nanocomposites. These characteristics increase the lifespan
of structures and parts, lowering the need for replacements
and the overall environmental impact of production and
disposal.

Recycling and reusability

Recyclability and reuse potential are two end-of-life
considerations that are taken into account when design-
ing some classes of nanocomposites. This strategy adheres
to the circular economy’s tenets by conserving valuable
resources in addition to reducing material waste.

SUSTAINABILITY IN MATERIALS SCIENCE

The Need for Sustainability

In order to solve the world’s environmental and social
problems, materials science is essential. Sustainability is
now a primary focus of materials research and develop-
ment due to the increasing urgency of creating sustainable
technologies.

Environmental and societal challenges

The scrutiny of industrial practices has increased
recently due to pollution and resource depletion. Usually
made from non-renewable resources, conventional mate-
rials are frequently created using energy-intensive proce-
dures. Degradation of the environment is largely caused

O

o
o
o

Figure 1. Significance of nanocomposites in advanced materials.
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by their extraction, production, use, and disposal [3]. This
highlights the need for substitute materials with less of an
impact on the environment. Therefore, materials science
must take the initiative to design materials that are both
environmentally friendly and functional.

Role of materials science in sustainability

Because materials science has the potential to com-
pletely transform how we design, manufacture, and use
materials, it is at the forefront of sustainability initiatives.
Researchers in this field are trying to create materials
that are both environmentally friendly and functional.
Throughout their life cycle, sustainable materials seek
to minimize waste production, energy consumption and
resource consumption. Scientists are helping to create a
more sustainable future by employing cutting-edge meth-
ods and creative materials.

Sustainable Materials

Building a more ecologically conscious society requires
the use of sustainable materials. In contrast to their tradi-
tional counterparts, these materials satisfy important sus-
tainability standards at every stage of their lifecycle, from
the procurement of raw materials to the handling of end-
of-life issues.

Reduced environmental impact

Sustainable materials are developed to minimize adverse
environmental effects. This includes reduced greenhouse
gas emissions, lower energy demands during manufactur-
ing and decreased pollutant generation [4].

Resource efficiency

These materials optimize the use of resources by uti-
lizing renewable feedstocks, recycled inputs, or requiring
smaller quantities of raw materials to achieve the same or
superior performance levels.

Durability and longevity

Extended product lifespans are a hallmark of sustain-
able materials. By resisting degradation and wear, these
materials reduce the frequency of replacement, contribut-
ing to resource and energy conservation.

Biodegradability and recyclability

Sustainable materials are often designed to degrade nat-
urally after use or to be easily recycled. This reduces landfill
accumulation and supports a circular material economy
through the recovery of valuable constituents [5].

Reduced carbon footprint

By prioritizing low-energy manufacturing processes
and efficient material use, sustainable materials inherently
carry a smaller carbon footprint. Their development and
adoption are essential for mitigating climate change and
achieving international sustainability targets.

NANOCOMPOSITES - DEFINITION AND
CLASSIFICATION

Nanocomposites are a class of hybrid materials that
combine a bulk matrix such as a polymer, metal, or
ceramic with nanoscale fillers dispersed uniformly within
the matrix. The nanofillers, which may include particles,
fibers, tubes, or sheets, typically have at least one dimen-
sion in the 1-100 nm range. The introduction of nanoma-
terials into the host matrix generates a synergistic effect,
significantly enhancing the overall performance of the
composite. In contrast to their traditional counterparts,
these materials satisfy important sustainability standards
at every stage of their lifecycle, from the procurement of
raw materials to the handling of end-of-life issues. These
materials are very desirable for cutting-edge applications
because they have better qualities than conventional com-
posites. They exhibit higher modulus and mechanical
strength, which enhances their durability and load-bear-
ing ability. Also, they provide improved conductivity and
thermal stability, enabling efficient operation at high tem-
peratures. Applications in electronic, magnetic and sen-
sor-based technologies are supported by their improved
electrical conductivity and magnetic responsiveness [6].
In order to achieve these property improvements, nano-
fillers’ high surface area and interfacial interaction with
the matrix material are essential. Nanocomposites are
therefore being utilized more and more in leading-edge
applications in the fields of energy, biomedicine, automo-
tive, aerospace and the environment.

Classification of Nanocomposites

Nanocomposites can be broadly classified based
on the type of matrix and the nature of the nanofill-
ers employed. This classification is critical, as both
components significantly influence the structural,
mechanical, thermal, and functional properties of the
resulting composite. The primary categories include
Polymer-based nanocomposites, Metal-based nano-
composites, Ceramic-based nanocomposites, Carbon
nanotube (CNT)-based nanocomposites, Graphene-
based nanocomposites [7]. Each category offers distinct
performance characteristics and is suited for specific
applications across industries such as aerospace, elec-
tronics, energy and biomedical engineering.

The detailed comparison which summarized the
properties, fabrication methods and applications of var-
ious types of nanocomposites based on recent research
findings is shown in Table 1 & their performance met-
rics in Figure 2. Temperature-dependent behavior is
also an important consideration. At lower temperatures,
nanofillers effectively restrict the mobility of polymer
chains, resulting in pronounced strength enhancement.
However, as temperature increases, the softening of the
polymer matrix leads to a gradual decline in mechanical
reinforcement.
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Figure 2. Temperature effect of nanocomposites on strength improvement .

Table 1. Comparison table of properties, fabrication methods & applications of various types of nanocomposites

Type of Fabrication Mechanical Electrical Thermal  Applications Ref.

nanocomposite methods strength conductivity stability

(with Examples) (MPa) (S/m) (°C)

Polymer-Based Nanocomposites

Epoxy / SiO, Solution blending, 50-1500 10-7-103 200-300 Automotive, electronics,  [8]
melt mixing, in situ packaging
polymerization

Polypropylene/ Melt mixing, in situ 30-80 10-10 - 10-8  150-250 Packaging, automotive, [9]

clay (PP/Clay) polymerization construction

Ceramic-Based Nanocomposites

Alumina/TiO, Sintering, sol-gel process, 200-500 10-14-10-6  800-1600 Aerospace, biomedical, [10]

(AL,04/TiO,) hot pressing energy storage

Zirconia/alumina Sintering, hot pressing, 500-1200 10-12 - 10-8  1000-1500  Cutting tools, biomedical [11]

(ZrO,/AlL,05) spark plasma sintering implants, sensors

Metallic-Based Nanocomposites

Aluminium/SiC Powder metallurgy, 300-1000 104 - 106 600-1200 Aerospace, structural [12]

(Al/SiC) electroplating, mechanical components, electronics
alloying

Copper / graphene Electrochemical 400-1200 105 - 107 500-900 Electronics, heat sinks, [13]

(cu/ graphene) deposition, powder conductive materials
metallurgy, ball milling

Carbon Nanotube-Based Nanocomposites

Epoxy/CNT Chemical vapour 1000-2000 102 - 105 400-700 Electronics, sensors, [14]
deposition, arc discharge, reinforced composites
laser ablation

Polyimide/CNT In situ polymerization, 200-500 10-6 - 102 350-450 Aerospace, electronics, [15]
solution mixing, melt high-temperature
blending components

Graphene-Based Nanocomposites

Epoxy/Graphene Chemical vapour 500-1300 102 - 104 300-500 Flexible electronics, [16]
deposition, reduction of supercapacitor, composite
graphene oxide materials

Polystyrene / Solution mixing, melt 50-200 10-6 - 10-3 250-400 Packaging, structural [17]

graphene blending materials, conductive

(PS/graphene)

polymers
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Polymer-based nanocomposites

Clays, silica, metal oxides, or carbon-based nano-
structures are examples of nanoscale fillers embedded in a
polymer matrix to create polymer-based nanocomposites.
Because of their improved mechanical, thermal and bar-
rier qualities, processability, and lightweight nature, these
materials have garnered a lot of interest. Because of their
special set of characteristics, polymer nanocomposites are
used in many different industries. They are employed in
the automotive industry to create strong, lightweight parts
that improve performance and fuel economy. Because of
their high strength-to-weight ratio, they are perfect for
structural components in aerospace that are exposed to
harsh environments. Nanocomposites offer improved bar-
rier resistance and longer shelf life in packaging, which
improves content protection. They support reliability and
miniaturization in cutting-edge electronics by acting as
structural and insulating materials. Polypropylene/clay
(PP/clay) nanocomposites are a well-researched example,
combining the high aspect ratio and reinforcing power
of clay nanoparticles with the flexibility and ease of pro-
cessing of polypropylene. These composites are especially
well-suited for food and automotive packaging applications
due to their increased tensile strength, decreased perme-
ability and enhanced thermal resistance [18]. Epoxy/silica
(Si0,) nanocomposites, which consist of silica nanoparti-
cles evenly distributed throughout an epoxy resin matrix,
are another noteworthy example. The mechanical integrity,
thermal stability, and resistance to crack propagation of the
composite are all greatly improved by the addition of SiO..
These materials are being utilized more and more in struc-
tural adhesives for electronic encapsulation. Recent stud-
ies have consistently shown that polymer nanocomposites,
like PP/clay systems, provide significant improvements in
modulus, tensile strength and heat deflection temperature,
confirming their suitability for demanding applications in
the aerospace and automotive industries [19, 20].

Metallic-based nanocomposites

A metal matrix reinforced with nanoscale fillers, such
as metal, ceramic, or carbon-based nanoparticles, makes
up metallic-based nanocomposites. These composites
have improved wear resistance, outstanding electrical and
thermal conductivity, and superior mechanical strength.
They are widely used in electronics, thermal management
systems, and structural components. Aluminum/Silicon
Carbide (Al/SiC) nanocomposites are a well-known exam-
ple, as they exhibit better mechanical and thermal conduc-
tivity than pure aluminum. Similarly, Copper/Graphene
(Cu/Graphene) nanocomposites merge the exceptional
electrical conductivity of copper with the mechanical rein-
forcement of graphene, making them highly suitable for
next-generation electronic devices [21]. Recent research
has reported that Cu/Graphene composites offer significant
enhancements in both electrical performance and mechan-
ical integrity, positioning them as promising candidates for

advanced microelectronic and thermal interface applica-
tions [12].

Ceramic-based nanocomposites

Ceramic-based nanocomposites are characterized by
a ceramic matrix embedded with nanoscale fillers either
ceramic or non-ceramic. These composites are particularly
valued for their hardness, high-temperature stability, cor-
rosion resistance and superior wear resistance. As a result,
they are widely used in aerospace, armor systems, biomedi-
cal implants and energy-related applications. Representative
systems include Alumina/Titania (Al,O5/TiO,) composites,
which integrate the hardness of alumina with the tough-
ness of Titania and Zirconia/Alumina (ZrO,/Al,O;) com-
posites, known for their enhanced fracture toughness and
mechanical strength [22]. Recent studies reveal that ZrO,/
Al,O; nanocomposites demonstrate notable improvements
in toughness and wear resistance, rendering them highly
effective in load-bearing biomedical applications such as
dental and orthopedic implants [10, 11].

Carbon nanotube (CNT)-based nanocomposites

Carbon nanotube-based nanocomposites harness the
exceptional mechanical, thermal and electrical properties
of CNTs by embedding them into polymeric or metallic
matrices. Owing to their high aspect ratio, CNTs serve as
highly efficient reinforcing agents, improving strength,
modulus and conductivity of the host material even at low
loading levels. Examples include Epoxy/CNT composites,
which enhance toughness and electrical conductivity and
Polyimide/CNT systems that bolster high-temperature
stability and mechanical strength. These materials are
employed in aerospace, sensors, electronics and high-per-
formance structural applications. Recent investigations
have demonstrated that Epoxy/CNT nanocomposites offer
substantial enhancements in mechanical strength and ther-
mal stability, making them ideal for load-bearing and elec-
tronic applications requiring high-performance materials
[15].

Graphene-based nanocomposites

By dispersing graphene or graphene oxide within differ-
ent matrices, graphene-based nanocomposites are created,
which lead to notable enhancements in mechanical, elec-
trical and thermal performance. Even minor additions can
significantly alter the behaviour of the composite because
of graphene’s exceptional conductivity and large surface
area. Composites made of epoxy and graphene, which com-
bine the mechanical qualities of epoxy and the conductiv-
ity of graphene and polystyrene/graphene (PS/Graphene)
nanocomposites, which have better strength, thermal sta-
bility and barrier qualities, are typical examples. Advanced
packaging systems, flexible electronics and supercapacitors
are all areas that are actively investigating these composites.
Particularly, polystyrene/graphene nanocomposites have
shown a lot of promise for application in packaging materi-
als that are strong, light and thermally stable [23].
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CHARACTERIZATION TECHNIQUES OF
NANOCOMPOSITE

Accurate characterization of the structural, morpho-
logical, mechanical, thermal, and chemical properties
of nanocomposite materials is necessary for a thorough
understanding of these materials. Every synthesis method
adds unique characteristics to the final nanocomposite, and
in order to properly assess these characteristics, particular
characterization tools are required. A summary of the main
synthesis techniques and frequently used characterization
techniques are shown in the table below. The capacity to
examine nanocomposite characteristics at various scales

has been greatly improved by recent developments in ana-
lytical instrumentation, providing a deeper understanding
of their functionality and performance. These techniques
are important for analyzing nanocomposites produced
through diverse methods such as solution blending, melt
mixing, in situ polymerization, sintering, sol-gel process-
ing, hot pressing, spark plasma sintering, powder metal-
lurgy, electroplating, mechanical alloying, electrochemical
deposition, ball milling, chemical vapor deposition, arc dis-
charge, laser ablation and the reduction of graphene oxide
[10]. The synthesis routes and associated characterization
techniques are concisely outlined below in Table 2.

Table 2. Synthesis methods and corresponding characterization techniques for nanocomposites

Synthesis method

Key characterization techniques

1. Solution mixing

2. Melt blending

3. In Situ polymerization
4. Sintering
5. Sol-gel process

6. Hot pressing

7. Spark plasma sintering (SPS)

8. Powder metallurgy

9. Electroplating

10. Mechanical alloying

11. Electrochemical deposition

12. Chemical vapour deposition (CVD)
13. Arc discharge

14. Laser ablation

15. Reduction of graphene oxide

DoE = EDNED=EDNEDNERDNEDNERDNDEDED DN R e

TEM (Transmission electron microscopy): Nanostructure visualization
XRD (X-ray diffraction): Crystallinity and phase analysis

FTIR (Fourier transform infrared spectroscopy): Functional group identification
SEM (Scanning electron microscopy): Morphology & dispersion
DSC (Differential scanning calorimetry): Thermal transitions
Rheometry: Viscosity and flow behaviour

NMR (Nuclear magnetic resonance): Molecular structure

GPC (Gel permeation chromatography): Molecular weight distribution
X-ray tomography: 3D structural imaging

Micro-hardness Testing: Mechanical strength evaluation

Raman spectroscopy: Molecular interactions & structural information
TGA (Thermogravimetric analysis): Thermal stability & composition
Thermocouples: Temperature monitoring

Indentation testing: Hardness and mechanical response

EDS (Energy dispersive x-ray spectroscopy): Elemental analysis
Electrical resistivity measurement: Conductivity evaluation
Fractography: Fracture surface analysis

Mercury intrusion porosimetry: Pore size and volume analysis
Tensile strength testing: Mechanical performance

Hardness testing: Material strength

XRF (X-ray fluorescence): Elemental composition

Adhesion testing: Coating integrity assessment

Particle size analysis: Dispersion and size distribution

XRD (Phase analysis): Phase structure and transformations

CV (Cyclic voltammetry): Electrochemical behaviour

Surface profilometry: Surface roughness and topology

Ellipsometry: Thin film thickness and optical properties

SEM: Surface morphology

TEM: Nanostructure and morphology

Raman spectroscopy: Quality and defect analysis

Ablation rate measurement: Material removal efficiency

AFM (Atomic force microscopy): Surface topography at nanoscale
Raman spectroscopy: Degree of reduction & defect analysis

XPS (X-ray photoelectron spectroscopy): Surface elemental & chemical states
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Solution Mixing

Solution mixing involves dissolving both the polymer
matrix and nanofillers in an appropriate solvent, followed by
thorough mixingand solvent evaporation to form the nanocom-
posite. Homogeneous dispersion is achieved using magnetic
stirrers, while ultrasonicators aid in breaking agglomerates for
uniform distribution of nanofillers. Solvent removal is typically
conducted using a rotary evaporator. Characterization of the
resulting material includes Transmission Electron Microscopy
(TEM) to examine nanostructure, X-ray Diffraction (XRD) for
crystallinity and phase identification and Fourier Transform
Infrared Spectroscopy (FTIR) to detect functional groups and
chemical interactions [24].

Melt Blending

In melt blending, the polymer and nanofillers are combined
in the molten state using high-shear mixers such as twin-screw
extruders under controlled temperature and shear conditions.
This process eliminates the use of solvents and facilitates uni-
form dispersion. Rheological behavior is evaluated using rhe-
ometers, morphological analysis is conducted via Scanning
Electron Microscopy (SEM) and Differential Scanning
Calorimetry (DSC) is employed to determine thermal transi-
tions such as melting and crystallization temperatures [25].

In Situ Polymerization

This technique involves the polymerization of mono-
mers in the presence of nanofillers, which become inte-
grated into the polymer matrix during synthesis. Jacketed
reactors with stirrers, heating systems, initiators and cat-
alysts are commonly used in the process. Gel Permeation
Chromatography (GPC) ascertains the molecular weight
distribution of the resultant polymer, while Nuclear
Magnetic Resonance (NMR) spectroscopy evaluates molec-
ular structure and composition [26].

Sintering

In order to achieve densification, compacted powders
are heated below their melting point using a thermal process
called sintering. A press helps compact the powder before
sintering and a furnace is used for regulated heating. X-ray
tomography is used to analyze the internal structure of the
sintered nanocomposite and microhardness testing is used to
evaluate mechanical characteristics like hardness [11].

Sol-Gel Process

A liquid “sol” is converted to a solid “gel” by hydrolysis
and condensation reactions in the sol-gel process. The solid
“gel” is subsequently dried and heated to create nanocom-
posites. Sol-gel reactors maintain controlled reaction con-
ditions and ovens are used for drying. Raman Spectroscopy
provides information on molecular structure and bonding,
while thermogravimetric analysis (TGA) assesses thermal
stability through weight changes upon heating [10].

Hot Pressing
Hot pressing combines pressure and heat to consol-
idate powdered materials into dense nanocomposites.

The process is carried out using hot pressing machines
equipped with hydraulic systems and heating elements.
Thermocouples are used to monitor internal tempera-
tures, Indentation Testing is applied to determine mechan-
ical properties, and Energy Dispersive X-ray Spectroscopy
(EDS) is employed for elemental composition analysis [8].

Spark Plasma Sintering (SPS)

SPS uses a pulsed direct current and mechanical pressure
to rapidly densify powders. The equipment consists of a DC
pulse generator, hydraulic press, and a die-punch system for
shaping. This technique enables sintering at lower tempera-
tures and shorter times. Electrical Resistivity Measurements
evaluate conductivity, and Fractographic analysis of fracture
surfaces provides insights into failure mechanisms [11].

Powder Metallurgy

Powder metallurgy includes the compaction of metal
powders into desired shapes followed by sintering under
controlled atmospheric conditions. Compaction is
achieved using a press, and sintering is performed in fur-
naces with specific temperature profiles. Mercury Intrusion
Porosimetry is used to determine porosity and pore size
distribution, while tensile and hardness testing provide
mechanical performance data [13].

Electroplating

Electroplating deposits a metal layer on a substrate
using electrical current passed through an electrolyte solu-
tion. The setup includes an electroplating bath and a reg-
ulated power supply. X-ray Fluorescence (XRF) is used to
determine coating thickness and elemental composition,
while adhesion strength is evaluated through standardized
adhesion tests [17].

Mechanical Alloying

Mechanical alloying is a solid-state powder processing
technique that uses high-energy ball milling to create uni-
form alloys and nanocomposites. A planetary or attrition ball
mill generates the mechanical energy required for repeated
fracturing and cold welding of powders. Particle size is ana-
lyzed using techniques such as laser diffraction and phase
formation is assessed through X-ray Diffraction (XRD) [27].

Electrochemical Deposition

Electrochemical deposition involves the controlled
deposition of a material on a conductive substrate using
redox reactions in an electrochemical cell. The system typ-
ically includes a potentiostat, electrodes, and an electrolyte
solution. cyclic voltammetry (CV) is used to study electro-
chemical behavior, and Surface Profilometry is employed to
assess surface roughness and film uniformity [10].

Chemical Vapour Deposition (CVD)

CVD creates thin nanocomposite films by reacting
vapor-phase precursors chemically on a heated substrate.
A reaction chamber, a precursor delivery system, and
temperature control units are all part of the setup. Film
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thickness and optical constants are measured by ellipsom-
etry, and surface morphology and homogeneity are exam-
ined by scanning electron microscopy (SEM) [8].

Arc Discharge

This process uses high-voltage arcing to evaporate elec-
trodes in an inert gas environment, producing nanomateri-
als. The arc between metal or carbon electrodes in a sealed
chamber is produced by a DC power source. Raman spec-
troscopy determines structural and bonding properties,
while Transmission Electron Microscopy (TEM) is used for
morphological analysis [13].

Laser Ablation

This process creates nanoparticles by vaporizing a target
material into a plasma plume using a high-energy laser pulse.
The target material, vacuum chamber and pulsed laser sys-
tem are all part of the setup. Atomic force microscopy (AFM)
provides nanoscale surface topography, while Ablation Rate
Measurement assesses the rate of material removal [28].

Reduction of Graphene Oxide

Graphene oxide (GO) is reduced chemically or thermally
to create reduced graphene oxide (rGO), which improves
mechanical strength and restores electrical conductivity. A
thermal chamber or chemical reactor, heating equipment
and reducing agents are usually included in the setup. While
X-ray Photoelectron Spectroscopy (XPS) examines elemen-
tal composition and finds remaining oxygen-containing

functional groups, Raman Spectroscopy is used to assess the
degree of reduction and identify structural defects [10].

Precise control over variables like temperature, pressure,
reactant concentrations, pH and reaction time is necessary
for optimizing these synthesis techniques. By assessing phase
structure, surface morphology and nanofiller dispersion,
advanced characterization techniques such as XRD, SEM and
TEM aid in the further development of synthesis strategies.
Energy storage, electronics, biomedical devices, aerospace,
automotive and environmental engineering are just a few of
the industries that use these nanocomposites. Ongoing R&D
efforts continue to improve the scalability, cost-efficiency
and environmental sustainability of these techniques.

PROPERTIES OF THE NANOCOMPOSITES

Nanocomposites exhibit a set of enhanced properties
that surpass those of conventional bulk materials. These
include improved mechanical, thermal, electrical and bar-
rier properties due to the nanoscale reinforcements inte-
grated within the matrix (Fig. 3).

Mechanical Properties

Nanocomposites are especially valued for their supe-
rior mechanical behavior, characterized by increased ten-
sile strength, stiffness, modulus and fracture toughness.
These enhancements are primarily attributed to the role of
nanofillers, which inhibit matrix deformation mechanisms
such as polymer chain slippage or dislocation motion in
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Figure 3. Key properties of nanocomposites.
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crystalline materials [29]. The key mechanical enhance-
ment mechanisms are:

Reinforcement

Nanofillers with high aspect ratios and surface area serve
as reinforcing agents that hinder dislocation motion and
polymer chain dynamics. This restriction results in improved
stiffness, yield strength and elastic modulus of the composite.

Load transfer

Effective interfacial bonding between the nanofillers
and the matrix allows for efficient load distribution under
stress. This improves the material’s overall mechanical per-
formance by preventing the buildup of localized stress [5].

Toughening mechanisms

Energy dissipation, crack pinning, crack deflection, and
bridging are all made possible by specific nanostructures,
such as nano-particles, nano-rods, or nano-clays. Higher
impact strength, fracture toughness and resistance to crack
propagation are all facilitated by these mechanisms [11].

Thermal Properties

The thermal conductivity of nanocomposites is greatly
increased by the addition of thermally conductive nanofill-
ers, such as metallic nanoparticles, graphene, and carbon
nanotubes. Applications needing effective heat dissipation,
such as electronic devices and thermal management systems,
will especially benefit from this advancement. The improved
thermal performance results from efficient heat transfer
channels created by the matrix’s distributed nanofillers [14].

Enhanced Electrical Conductivity

Significant increase in electrical conductivity is shown
by nanocomposites made with conductive nanofillers, such
as metallic nanoparticles or carbon nanotubes. Because of
their capacity to create percolation networks that promote
charge transport; these materials are being used more and
more in the creation of electronic components, sensors and
conductive coatings [25].

Surface Modification and Functionalization

Nanofillers can be functionalized or chemically modi-
fied to produce the best possible interfacial interactions and
dispersion within the matrix phase or polymer. The com-
patibility between the filler and the matrix is enhanced by
surface treatments such as surfactant use or grafting with
functional groups. This encourages even distribution and
robust interfacial bonding, which improves mechanical,
thermal and electrical properties [12].

Other Relevant Properties
Beyond mechanical, thermal and electrical properties,
nanocomposites often show other beneficial attributes:

Barrier properties
Polymer-based nanocomposites, in particular, can show
improved gas barrier properties and reduced permeability,

making them ideal for food packaging applications where
extended shelf life and reduced spoilage are essential [5].

Flame retardancy

Incorporating flame-retardant nanofillers, such as
nanoparticles with inherent fire-retardant properties,
enhances the flame resistance of nanocomposites. This fea-
ture is important in applications where fire safety is a top
priority [30].

Biocompatibility

Some nanocomposites are designed to be biocompati-
ble, making them suitable for use in medical implants and
drug delivery systems. The remarkable properties of nano-
composites render them highly versatile materials with
applications across a wide range of industries, including
automotive, aerospace, electronics, healthcare and environ-
mentally friendly packaging solutions [31]. Their diverse
characteristics make them indispensable for crafting auto-
motive components, advanced medical devices and numer-
ous other innovative applications.

ENVIRONMENTAL BENEFITS OF
NANOCOMPOSITES

Nanocomposites offer substantial environmental
advantages due to their distinctive properties. These mate-
rials lead to reduced resource and energy consumption
during manufacturing, enhanced product durability and
improved recyclability and reusability [32]. The multifunc-
tional properties of nanocomposites position them as a
promising material class for advancing sustainability across
various sectors:

Reduced Resource Consumption

One of the key environmental advantages of nanocom-
posites is their ability to deliver enhanced material perfor-
mance while requiring lower quantities of raw materials.
The integration of nanofillers-such as nanoparticles, nano-
clays, or carbon-based nanomaterials-enables significant
improvements in mechanical strength, thermal stability
and barrier performance at reduced material volumes. This
promotes sustainable manufacturing practices in addition
to the preservation of natural resources. Lightweight nano-
composites, for example, are used in the automotive indus-
try to reduce vehicle weight, increase fuel efficiency, and
lower greenhouse gas emissions [33, 34].

Lower Energy Consumption

Nanocomposites frequently have advantageous process-
ing properties that can lead to lower manufacturing energy
consumption. Cycle times can be shortened and the nec-
essary processing temperatures lowered with better filler
dispersion within the matrix. In industries such as plastics
and packaging, this leads to decreased energy use and lower
carbon footprints, aligning with broader environmental
goals [35].
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Enhanced Durability and Longevity

The superior mechanical integrity and environmen-
tal resistance of nanocomposites contribute to longer ser-
vice life in various applications. This increased durability
reduces the need for frequent replacements, thereby mini-
mizing material waste and resource depletion over time. In
infrastructure and construction, nanocomposites enhance
the performance of materials such as concrete, coatings and
composites promoting the development of longer-lasting,
sustainable structures [36].

Recycling and Reusability

The potential for recycling nanocomposites var-
ies depending on the matrix and the type of nanofillers
employed. Some nanocomposites pose challenges due to the
difficulty of separating fillers from the base material; how-
ever, others can be effectively recycled through mechanical
or thermal processes. For example, polymer-based nano-
composites may be reprocessed via melt compounding,
although precise sorting and separation techniques may be
necessary. Current research focuses on the development of
more recyclable nanocomposite systems, including the use
of degradable or easily extractable nanofillers and innova-
tive recycling methodologies [37, 38].

Nano-

composites
Applications

Figure 4. Sustainable applications of nanocomposites.

SUSTAINABLE APPLICATIONS AND CASE
STUDIES

Nanocomposites are increasingly applied in sustainable
technologies across various sectors due to their multifunc-
tional capabilities and reduced environmental impact [39].
In the construction industry, they are used in self-cleaning
coatings, energy-efficient smart windows and high-perfor-
mance concrete. In the energy sector, applications include
nanocomposite-based solar cells, fuel cells and energy stor-
age systems such as lithium-ion batteries. In the automotive
industry, nanocomposites contribute to lightweight struc-
tural components, self-healing surfaces and scratch-resis-
tant coatings. These advancements represent the role of
nanocomposites in driving sustainability across critical
industries (Fig. 4).

Industry-Wise Applications of Nanocomposites in
Sustainability

Automobile industry

When we look at the automotive sector, it’s clear that
nanocomposites have made a real difference. They’re not
just theoretical solutions; theyre being actively used to
reduce vehicle weight, improve fuel economy, and enhance
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overall performance [40]. Take polymer nanocomposites,
for instance-they’re now commonly found in bumpers,
dashboards and interior trim. Whats impressive is that
they achieve this without compromising structural strength
[34]. The integration of carbon nanotubes has opened up
even more possibilities, especially for electric vehicles,
where conductivity and weight matter immensely [41].
Another often-overlooked benefit lies in nanocompos-
ite-based coatings that last longer and emit fewer volatile
organic compounds (VOCs), which means fewer repaints
and less harm to the environment. It’s progress-practical
and measurable.

Aerospace industry

In aerospace, where every gram counts, nanocompos-
ites are proving to be indispensable. Using materials rein-
forced with carbon nanotubes or similar nanomaterials,
engineers have developed lighter aircraft parts that don’t
sacrifice strength [42]. This means better fuel efficiency
and lower emissions over long hauls. We have also seen
nanocomposite coatings rise to the challenge of extreme
conditions-like those faced by spacecraft. These coatings
don’t just survive high temperatures; they extend mission
durations and reduce material waste, making space travel
more sustainable [29]. It’s innovation meeting necessity.

Construction industry

The construction industry may not be the first to come
to mind when thinking “nano” but the benefits here are
substantial. Nano-reinforced concrete is stronger, more
resistant to environmental wear and far less prone to
cracking over time [9]. This translates to fewer repairs and
replacements, which means less consumption of resources.
In the long run, that’s good for the environment and the
bottom line. Still, wide-scale adoption will require cost-ef-
fectiveness and standardization-an area where more work
is definitely needed.

Renewable energy

In renewable energy, nanocomposites are helping close
the gap between potential and practicality. They've been
incorporated into solar panels to improve light capture and
charge transport, effectively increasing energy conversion
efficiency. Similarly, in wind turbines, nanocomposites
enhance blade durability and reduce maintenance needs
[43]. It's a good reminder that sustainability isn't just about
generating clean energy-it’s also about making the technol-
ogy more efficient and durable so it lasts longer and works
better.

Biomedical applications

Nanocomposites are making waves in healthcare, par-
ticularly in drug delivery and implant design. These mate-
rials improve drug solubility and allow for more targeted
delivery, which can reduce dosages and side effects- ben-
eficial for patients [44]. More importantly, biodegradable
nanocomposite implants help reduce medical waste. It’s

a subtle shift, but one with real long-term environmen-
tal benefits [45]. However, Regulatory hurdles and long
approval processes sometimes slow innovation down.

Packaging

In packaging, nanocomposites are addressing the
ever-pressing issues of shelf life and food waste. Adding
nano-clays to polymers enhances barrier properties against
oxygen and moisture, which means fresher food for lon-
ger [5]. This kind of innovation might seem minor, but its
impact is massive when scaled. Less spoilage, less plastic
waste and fewer emissions from transportation of wasted
goods. The challenge now is making these solutions afford-
able and accessible across global markets.

Case Studies

Automotive industry

Take Ford’s work with carbon nanotube-reinforced
polymer composites-they’ve actually used these materials
to make engine parts lighter. This cuts weight under the
hood, which boosts fuel efficiency and reduces emissions
[40]. This isn’t just lab research; it’s working in real cars
right now and it shows how nanotechnology can align per-
formance with environmental responsibility.

Food packaging industry

Another compelling example comes from the food
industry. A packaging company started using nano-clay-re-
inforced films to extend the shelf life of fruits and vegeta-
bles. It resulted in to less food wasted, fewer trips to the
landfill and more satisfied consumers [28]. It’s proof that
small-scale material innovations can ripple out into large-
scale sustainability gains.

ENVIRONMENTAL IMPACT ASSESSMENT

Life Cycle Assessment (LCA)

We can't truly call a material “green” without under-
standing its full lifecycle. Life Cycle Assessments (LCAs)
helps in tracking environmental impacts from raw material
extraction to end-of-life disposal. When it comes to nano-
composites, LCAs often show advantages over conventional
materials in energy use, emissions and resource efficiency
[46].

Comparative Analysis

Many comparative studies reveal what we've been hop-
ing for: nanocomposites tend to outperform traditional
materials across various sustainability metrics. Due to their
durability, efficiency and lower processing requirements,
they often carry a smaller environmental burden. A good
example is in automotive components, where they reduce
carbon emissions over the entire product lifespan. Still, we
should remain cautious. Environmental gains depend on
the specific application and production methods. Broad
claims must be backed by solid, context-specific data.
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Reduction in Carbon Footprint

Nanocomposites help reduce carbon emissions in sev-
eral ways: they make manufacturing more energy-efficient,
require fewer raw materials and last longer in use. In trans-
portation and renewable energy systems, their lightweight
and robust properties directly translate to less energy con-
sumption and lower carbon output [47]. It’s a clear pathway
toward climate goals-but adoption will require overcoming
scale and cost barriers.

Waste Reduction and Recycling Potential

Waste reduction is one of the most exciting yet chal-
lenging areas for nanocomposites. These materials
promise less waste due to longer life cycles, but recy-
cling them isn't straightforward. Because nanofillers are
deeply embedded in matrices, separating them efficiently
remains a technical hurdle [48]. Researchers are now
exploring recyclable nanofillers and improved separation
methods. It’s still a work in progress, but the direction is
promising-especially if circular design principles are inte-
grated early in material development. Overall, nanocom-
posites are contributing to sustainability across various
industries, with case studies illustrating their successful
implementation. Environmental impact assessments, such
as LCAs, demonstrate the reduced environmental foot-
print of nanocomposites, underscoring their potential for
a greener future [46].

CHALLENGES AND FUTURE DIRECTIONS

Even with their several sustainability benefits, nano-
composites come with their own set of hurdles that need
addressing for broader use. Some of these challenges and
where future research might take us are as follows:

Technical Challenges

Despite the impressive promise of nanocomposites,
a few technical challenges stand in the way of their wide-
spread adoption:

Dispersion and agglomeration

Achieving uniform dispersion of nanofillers within the
matrix can be challenging. The agglomeration of nanopar-
ticles can lead to variations in material properties and
obstruct performance [39].

Scalability

Scaling up the production of nanocomposites is another
big concern, especially for large-scale industrial applica-
tions. The development of cost-effective and scalable man-
ufacturing methods is essential [49].

Interfacial bonding

For nanocomposites to reach their full potential, strong
interfacial bonding between the nanofillers and the matrix
material is essential. Poor bonding can weaken the overall
material and reduce its effectiveness [50].

Regulatory and Safety Concerns

When it comes to nanocomposites, safety and regulation
aren’t just checkboxes-they’re essential. As the field contin-
ues to expand, addressing the health and environmental
risks associated with nanomaterials becomes more urgent.
If we're going to use these advanced materials responsibly,
we need to look beyond just performance metrics.

Toxicity and health effects

Some nanofillers particularly those with high surface
area or chemical reactivity may have potential health risks,
especially during handling and processing stages [51].
While many nanomaterials are generally regarded as safe, it
is essential to rigorously investigate their interactions with
biological systems. Ensuring the safety of workers is para-
mount, but it is equally important to prevent unintended
long-term health effects on both humans and ecosystems.
Therefore, comprehensive assessment of the toxicity and
health impacts of these materials is critical to safeguarding
occupational and environmental health [52].

Environmental impact

Nanocomposites are often celebrated for their eco-
friendly advantages-but we shouldn’t overlook their long-
term behavior in the environment. How do nanofillers
break down? Do they accumulate in soil or water systems?
These are questions we still need solid answers to. It's one
thing to develop sustainable technologies and another to
ensure they don’t leave behind hidden consequences.

Regulatory frameworks

Despite rapid advancements, regulatory systems are
still catching up. Without clear guidelines, industries might
face uncertainty or even worse unintended harm. We really
need comprehensive, transparent, and science-based poli-
cies that strike the right balance between innovation and
safety [53]. And let’s be honest, better regulation doesn’t sti-
fle progress it enables it.

Future Research

Future research on nanocomposites has enormous
potential-not just making materials stronger or lighter but
also about making them smarter, greener, and more acces-
sible. Future research in nanocomposites should focus on
the development of novel nanofillers, improved dispersion
techniques and the optimization of interfacial interactions
[54]. The next generation of nanocomposites will depend on
synthesis methods that allow better control over structure
and composition, while still being cost-effective and scalable.
Equally important is how we approach dispersion and inter-
facial engineering; mastering these will unlock entirely new
functionalities. Life cycle assessments (LCA) should become
standard in evaluating environmental trade-offs. After all,
sustainability isn’t just about the final product-it's about how
we get there. The success of future research hinges on col-
laboration. By building bridges between labs, industries and
policymakers, we can share knowledge, avoid duplication,
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Figure 5. Future research directions in nanocomposites.

and speed up breakthroughs. Here are a few key directions
that focused more attention (Fig. 5).

Innovative manufacturing techniques

We need to focus on cost-effective, scalable production
methods that can move out of the lab and into real-world
settings. Efficiency is just as important as innovation if we
want these materials to make a global impact.

Functionalization

Surface modification of nanofillers isn’t just a technical
trick-it's what makes them truly versatile. Better compati-
bility means better performance, especially in diverse appli-
cations like biomedical devices or smart packaging.

Recyclability

Nanocomposites aren’t exactly recycling-friendly at the
moment. Developing materials that are easier to reclaim
and reuse should be a top priority moving forward [55].

Biocompatible nanocomposites

Medical applications are one of the most exciting fron-
tiers. From implants to drug delivery systems, the push
toward biocompatibility will make nanocomposites a main-
stay in modern healthcare [29].

Multifunctional nanocomposites

Materials that combine mechanical strength, ther-
mal stability, and electrical conductivity are opening
doors to next-gen electronics, wearables and more [38].
Investigating the development of nanocomposites with

Innovative Manufacturing

Biocompatibility

Multifunctionality

combined mechanical, thermal and electrical properties
will significantly broaden their applications and enhance
their versatility [56].

Proposed Collaborative Research Programs and Initiatives

To truly unlock the full potential of nanocomposites,
we need to work together across disciplines, across borders.
Establishing international collaborations involving univer-
sities, research institutes, industries and government bodies
can catalyze innovation and tackle big-picture challenges
like climate change and clean energy. We should encourage
programs that target specific sectoral needs-like, lighter air-
craft materials or stronger automotive components. Also,
it's necessary for funding agencies to increased their support
for both basic and applied research. Long-term investment
is key. On the academic side, developing training programs
and hands-on workshops will nurture a new generation of
engineers and scientists who are not only skilled but also
sustainability-minded. The research ecosystem can remain
vibrant and forward-thinking by supporting student-led
initiatives and industry-academia partnerships.

CONCLUSION

More than just revolutionary materials, nanocompos-
ites are an important step in the direction of a more sustain-
able future. They provide tangible, quantifiable advantages
in sectors like packaging, transportation, construction, and
energy by improving durability, lowering energy consump-
tion, and lowering the need for raw materials. Performance
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and environmental responsibility can be combined in a
unique way with nanocomposites. Nanocomposites are
made to have a noticeable impact, whether it is through bar-
rier films that minimize food waste or lightweight designs
that lower fuel consumption. However, there are still issues,
especially with regard to long-term safety, recyclability and
large-scale production. Stronger cooperative frameworks,
more thorough research, and environmentally friendly syn-
thesis methods are key to the future of nanocomposites.

In the future, we want to not only develop better mate-
rials but also more intelligent, sustainable systems that
balance the needs of people and the limits of the planet. It
is crucial to guarantee the sustainability and safety of the
manufacturing procedures and finished goods. Leading
innovation and promoting the responsible use of nanocom-
posite materials require cooperation between industries,
researchers, and legislators. The development of sustainable
nanocomposite materials can be accelerated by fostering
interdisciplinary collaborations and establishing knowl-
edge-sharing platforms. Researchers can greatly progress
the field by refining synthesis methods and comprehending
environmental effects. Standardizing performance metrics
and encouraging collaborations among academia, industry
and government agencies will be important for translating
laboratory successes into real-world applications. Future
research should prioritize developing cost-effective, scal-
able and environmentally friendly synthesis methods. With
these efforts, nanocomposites will be essential in tackling
global sustainability challenges, enhancing material perfor-
mance and leading technological advancements.

AUTHORSHIP CONTRIBUTION

All the authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the
findings of this study are available within the manuscript.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest
concerning the research, authorship, and/or publication of
this article.

ETHICS

There are no ethical issues with the publication of this
manuscript.

STATEMENT ON THE USE OF ARTIFICIAL INTEL-
LIGENCE

Artificial intelligence was not used in the preparation
of the article.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

REFERENCES

Khan I, Saeed K, Khan I. Nanoparticles: Properties,
applications and toxicities. Arabian ] Chem
2019;12:908-931. [CrossRef]

Kausar A, Ahmad I, Zhao T, Aldaghri O, Ibnaouf
KH, Eisa MH. Nanocomposite nanofibers of
graphene—Fundamentals and systematic develop-
ments. ] Compos Sci 2023;7:323. [CrossRef]

Alexandre M, Dubois P. Polymer-layered silicate
nanocomposites: Preparation, properties and uses
of a new class of materials. Mater Sci Eng R Rep
2000;28:1-63. [CrossRef]

Arya A, Sharma AL. Investigation on enhancement
of electrical, dielectric and ion transport properties
of nanoclay-based blend polymer nanocomposites.
Polymer Bull 2019;77:2965-2999. [CrossRef]

Awasthi S, De S, Pandey SK. Advancement in fabri-
cation and characterization techniques of nanocom-
posites. ACS Omega 2024;9:19756-19769. [CrossRef]
Raza S, Li X, Soyekwo EF Liao D, Xiang Y, Liu
C. A comprehensive overview of common con-
ducting polymer-based nanocomposites; Recent
advances in design and applications. Eur Polym ]
2021;160:110773. [CrossRef]

Yun J, Im JS, Kim H. Effect of oxygen plasma treat-
ment of carbon nanotubes on electromagnetic
interference shielding of polypyrrole-coated carbon
nanotubes. ] Appl Polymer Sci 2012;126:E39-E47.
[CrossRef]

Moheimani R, Aliahmad N, Aliheidari N, Agarwal
M, Dalir H. Thermoplastic polyurethane flexible
capacitive proximity sensor reinforced by CNTs
for applications in the creative industries. Sci Rep
2021;11:1-12. [CrossRef]

Pandey P, Mohanty S, Nayak SK. Improved flame
retardancy and thermal stability of polymer/clay
nanocomposites with the incorporation of multi-
walled carbon nanotube as secondary filler. High
Perform Polym 2014;26:826-836. [CrossRef]

Uceda M, Chiu H, Gauvin R, Zaghib K, Demopoulos
GP. Electrophoretically co-deposited LisTisO12/
reduced graphene oxide nanolayered composites
for high-performance battery applications. Energy
Storage Mater 2020;26:560-569. [CrossRef]
Szutkowska M, Cygan S, Podsiadto M, Laszkiewicz-
Lukasik J, Cyboron J, Kalinka A. Properties of TiC
and TiN reinforced alumina-zirconia compos-
ites sintered with spark plasma technique. Metals
2019;9:1220. [CrossRef]

Clarissa WH, Chia CH, Zakaria S, Evyan YC. Recent
advancement in 3-D printing: Nanocomposites with
added functionality. Prog Addit Manuf 2021;7:325-
350. [CrossRef]

Rishi AM, Rozati SA, Trybus C, Kandlikar SG,
Gupta A. Investigation of structure-property-boiling


https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.3390/jcs7080323
https://doi.org/10.1016/S0927-796X(00)00012-7
https://doi.org/10.1007/s00289-019-02893-x
https://doi.org/10.1021/acsomega.3c09981
https://doi.org/10.1016/j.eurpolymj.2021.110773
https://doi.org/10.1002/app.36709
https://doi.org/10.1038/s41598-020-80071-0
https://doi.org/10.1177/0954008314531802
https://doi.org/10.1016/j.ensm.2019.11.029
https://doi.org/10.3390/met9111220
https://doi.org/10.1007/s40964-021-00232-z

Sigma J Eng Nat Sci, Vol. 43, No. 4, pp. 1400-1416, August, 2025

1415

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

enhancement mechanisms of copper/graphene
nanoplatelets coatings. Front Mech Eng 2021;7:1-
15. [CrossRef]

Burger N, Laachachi A, Ferriol M, Lutz M, Toniazzo
V, Ruch D. Review of thermal conductivity in com-
posites: Mechanisms, parameters and theory. Prog
Polymer Sci 2016;61:1-28. [CrossRef]

Chen L, Li W, Liu X, Zhang C, Zhou H, Song S.
Carbon nanotubes array reinforced shape-memory
epoxy with fast responses to low-power microwaves.
J Appl Polymer Sci 2019;136:1-12. [CrossRef]

Khalaj M, Ahmadi H, Lesankhosh R, Khalaj G. Study
of physical and mechanical properties of polypro-
pylene nanocomposites for food packaging appli-
cation: Nano-clay modified with iron nanoparticles.
Trends Food Sci Technol 2016;51:41-48. [CrossRef]
Imai Y, Shimamoto D, Hotta Y. Effect of wet jet
milling of carbon nanotube on electrical proper-
ties of polymer nanocomposites. Mater Chem Phys
2014;148:1178-1183. [CrossRef]

Ji B, Gao H. Mechanical principles of biological
nanocomposites. Annu Rev Mater Res 2010;40:77-
100. [CrossRef]

Kumar G, Masram DT. Synthesis and characteriza-
tion of carbon-based ceramic nanocomposites. In:
Elsevier eBooks; 2024. p. 1-18. [CrossRef]

Jawaid M, Qaiss AK, Bouhfid R. Nanoclay rein-
forced polymer composites. In: Engineering materi-
als. New York: Springer; 2016. [CrossRef]

Ray SS, Okamoto M. Polymer/layered silicate nano-
composites: A review from preparation to process-
ing. Prog Polymer Sci 2003;28:1539-1641. [CrossRef]
Ikram H, Rashid AA, Ko¢ M. Synthesis and characteri-
zation of hematite (a-Fe,O;) reinforced polylactic acid
(PLA) nanocomposites for biomedical applications.
Compos Part C Open Access 2022;9:100331. [CrossRef]
Diez-Pascual AM. Development of graphene-
based polymeric nanocomposites: A brief overview.
Polymers 2021;13:2978. [CrossRef]

Lunetto V, Galati M, Settineri L, Iuliano L.
Sustainability in the manufacturing of composite
materials: A literature review and directions for future
research. ] Manuf Process 2023;85:858-874. [CrossRef]
Zeng Y, Liu P, Du ], Zhao L, Ajayan PM, Cheng
H. Increasing the electrical conductivity of carbon
nanotube/polymer composites by using weak nano-
tube—polymer interactions. Carbon 2010;48:3551-
3558. [CrossRef]

Jazzar A, Alamri H, Malajati Y, Mahfouz R, Bouhrara
M, Fihri A. Recent advances in the synthesis and
applications of magnetic polymer nanocomposites.
J Ind Eng Chem 2021;99:1-18. [CrossRef]

Ibrahim A, Klopocinska A, Horvat K, Hamid
ZA. Graphene-based nanocomposites: Synthesis,
mechanical properties and characterizations.
Polymers 2021;13:2869. [CrossRef]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

Rhim JW, Wang LF, Lee Y, Hong SI. Preparation and
characterization of bio-nanocomposite films of agar
and silver nanoparticles: Laser ablation method.
Carbohydr Polym 2014;103:456-465. [CrossRef]
Xavier JR, Pandian VS. Carbon nanotube-based
polymer nanocomposites: Evaluation of barrier,
hydrophobic, and mechanical properties for aero-
space applications. SPE Trans / Polymer Eng Sci
2023;63:2806-2827. [CrossRef]

Shen H, Wu W, Wang Z, Wu W, Yuan Y, Feng Y. Effect
of modified layered double hydroxide on the flamma-
bility of intumescent flame-retardant PP nanocom-
posites. ] Appl Polymer Sci 2021;138:1-12. [CrossRef]
Das P, Manna S, Behera AK, Shee M, Basak P,
Sharma AK. Current synthesis and characterization
techniques for clay-based polymer nano-composites
and its biomedical applications: A review. Environ
Res 2022;212:113534. [CrossRef]

G P, As S, Jayan JS, Raman A, Saritha A. Lignin
based nano-composites: Synthesis and applications.
Process Saf Environ Prot 2021;145:395-410. [CrossRef]
Ismail NH, Mustapha M. A review of thermoplastic
elastomeric nanocomposites for high voltage insu-
lation applications. Polymer Eng Sci 2018;58(Suppl
1)E1—E15 [CrossRef]

Shah V, Bhaliya J, Patel GM, Deshmukh K. Advances
in polymeric nanocomposites for automotive
applications: A review. Polymers Adv Technol
2022;33:3023-3048. [CrossRef]

Kyzas GZ, Bikiaris DN. Recent modifications of
chitosan for adsorption applications: A critical and
systematic review. Mar Drugs 2015;13:312-337.
[CrossRef]

Maragoni L, Carraro PA, Quaresimin M. Effect of
voids on the crack formation in a [45/-45/0] lami-
nate under cyclic axial tension. Compos Part A Appl
Sci Manuf 2016;91:493-500. [CrossRef]

Song K, Lee ], Choi SO, Kim J. Interaction of sur-
face energy components between solid and liquid on
wettability and its application to textile anti-wetting
finish. Polymers 2019;11:1-15. [CrossRef]

Xiang B, Zhang J. Using ultrasound-assisted disper-
sion and in situ emulsion polymerization to syn-
thesize TiO,/ASA (acrylonitrile-styrene-acrylate)
nanocomposites. Compos Part B Eng 2016;99:196-
202. [CrossRef]

Azapagic A. Developing a framework for sustainable
development indicators for the mining and minerals
industry. J Clean Prod 2004;12:639-662. [CrossRef]
Chowdhury MIS, Autul YS, Rahman S, Hoque ME.
Polymer nanocomposites for automotive applica-
tions. In: Elsevier eBooks; 2022. p. 267-317. [CrossRef]
Kulkarni MB, Upadhyaya K, Ayachit N, Iyer N.
Quantum dot-polymer composites in light-emit-
ting diode applications. In: CRC Press eBooks; 2022.
p. 259-279. [CrossRef]


https://doi.org/10.3389/fmech.2021.642214
https://doi.org/10.1016/j.progpolymsci.2016.05.001
https://doi.org/10.1002/app.47563
https://doi.org/10.1016/j.tifs.2016.03.007
https://doi.org/10.1016/j.matchemphys.2014.09.044
https://doi.org/10.1146/annurev-matsci-070909-104424
https://doi.org/10.1016/B978-0-323-88654-3.00001-9
https://doi.org/10.1007/978-981-10-0950-1
https://doi.org/10.1016/j.progpolymsci.2003.08.002
https://doi.org/10.1016/j.jcomc.2022.100331
https://doi.org/10.3390/polym13172978
https://doi.org/10.1016/j.jmapro.2022.12.020
https://doi.org/10.1016/j.carbon.2010.05.053
https://doi.org/10.1016/j.jiec.2021.04.011
https://doi.org/10.3390/polym13172869
https://doi.org/10.1016/j.carbpol.2013.12.075
https://doi.org/10.1002/pen.26407
https://doi.org/10.1002/app.51187
https://doi.org/10.1016/j.envres.2022.113534
https://doi.org/10.1016/j.psep.2020.11.017
https://doi.org/10.1002/pen.24822
https://doi.org/10.1002/pat.5771
https://doi.org/10.1016/j.compositesa.2016.02.018
https://doi.org/10.3390/polym11030498
https://doi.org/10.1016/j.compositesb.2016.06.012
https://doi.org/10.1016/S0959-6526(03)00075-1
https://doi.org/10.1016/B978-0-12-824492-0.00010-6
https://doi.org/10.1201/9781003266518-13

1416

Sigma J Eng Nat Sci, Vol. 43, No. 4, pp. 1400-1416, August, 2025

[42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

Bhat A, Budholiya S, Raj SA, Sultan MTH, Hui D,
Shah AU, et al. Review on nanocomposites based
on aerospace applications. Nanotechnology Rev
2021;10:237-253. [CrossRef]

Kargarzadeh H, Huang J, Lin N, Ahmad I, Mariano
M, Dufresne A, et al. Recent developments in nano-
cellulose-based biodegradable polymers, thermo-
plastic polymers, and porous nanocomposites. Prog
Polym Sci 2018;87:197-227. [CrossRef]

Das TK. Quantum dot-polymer composites in cat-
alytic applications. In: CRC Press eBooks; 2022. p.
281-297. [CrossRef]

Ge X, Wong R, Anisa A, Ma S. Recent development
of metal-organic framework nanocomposites for bio-
medical applications. Biomaterials 2022;281:121322.
[CrossRef]

Hischier R. Life cycle assessment of engineered
nanomaterials. In: Elsevier eBooks; 2021. p. 443-
458. [CrossRef]

Thakur VK, Thakur MK. Recent advances in green
hydrogels from lignin: A review. Int ] Biol Macromol
2015;72:834-847. [CrossRef]

Khodakarami M, Bagheri M. Recent advances in
synthesis and application of polymer nanocom-
posites for water and wastewater treatment. J Clean
Prod 2021;296:126404. [CrossRef]

Shalan AE, Makhlouf ASH, Lanceros-Méndez S.
Advances in nanocomposite materials for environ-
mental and energy harvesting applications. New
York: Springer Nature; 2022. [CrossRef]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

Sharma N, Saxena T, Alam SN, Ray BC, Biswas K,
Jha SK. Ceramic-based nanocomposites: A perspec-
tive from carbonaceous nanofillers. Mater Today
Commun 2022;31:103764. [CrossRef]

Maynard AD, Aitken R], Butz T, Colvin V, Donaldson
K, Oberdorster G, et al. Safe handling of nanotech-
nology. Nature 2006;444:267-269. [CrossRef]

Mali C, Maniyar K, Rupanar S, Jathar A, Nawghare
B, Kakade N, et al. An analysis of nanoparti-
cles in composite materials. ] Mines Metals Fuels
2024;72:1215-1223. [CrossRef]

Hopewell J, Dvorak R, Kosior E. Plastics recycling:
Challenges and opportunities. Philos Trans R Soc B
Biol Sci 2009;364:2115-2126. [CrossRef]

Jathar A, Maniyar K, Nawghare B, Ansari S, Patil
NPG, Mali C, et al. An extensive study of nanoma-
terial and nanotechnology in the various fields of
engineering. ] Mines Metals Fuels 2024;72:1067-
1074. [CrossRef]

Wu H, Fahy W, Kim S, Kim H, Zhao N, Pilato L,
et al. Recent developments in polymers/polymer
nanocomposites for additive manufacturing. Prog
Mater Sci 2020;111:100638. [CrossRef]

Nawghare B, Maniyar K, Jathar A, Mali C, Pawar
D, Jadhav SP, Deshmukh S, Rupanar S, Biradar R,
Gawande J, Warghat S. An extensive study of nano-
fluids and their applications in real life. ] Mines
Metals Fuels 2024;72:1119-1124. [CrossRef]


https://doi.org/10.1515/ntrev-2021-0018
https://doi.org/10.1016/j.progpolymsci.2018.07.008
https://doi.org/10.1201/9781003266518-14
https://doi.org/10.1016/j.biomaterials.2021.121322
https://doi.org/10.1016/B978-0-12-820505-1.00001-8
https://doi.org/10.1016/j.ijbiomac.2014.09.044
https://doi.org/10.1016/j.jclepro.2021.126404
https://doi.org/10.1016/j.jclepro.2021.126404
https://doi.org/10.1016/j.mtcomm.2022.103764
https://doi.org/10.1038/444267a
https://doi.org/10.18311/jmmf/2024/45579
https://doi.org/10.1098/rstb.2008.0311
https://doi.org/10.18311/jmmf/2024/45658
https://doi.org/10.1016/j.pmatsci.2020.100638
https://doi.org/10.18311/jmmf/2024/45407



